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Heavy metals in agricultural soils pose a major threat to food safety and human health. Among all heavy metals, cadmium (Cd) is the most problematic with contamination rates of 7% in arable land and 5.3% in facility vegetable growing soils in China. In order to employ a “remediation while producing” mode in the contaminated soils, many remediation approaches have been investigated with unsatisfactory results. Recently, grafting has been reported to have the potential of being environmentally friendly, efficient, widely applicable and low-cost for soil remediation in vegetable production. A review of recent advances in the mechanisms of Cd accumulation in plants as influenced by grafting was conducted, including the processes of root uptake and translocation to the aboveground tissues, and xylem/phloem loading. The impact of grafting on numerous aspects associated with Cd accumulation in plants was found to extend from the rhizosphere soil microbial community, rootstock genetic variation, rootstock-scion interaction to plant responses. By understanding the mechanisms of grafting in Cd detoxification, it provided a theoretical basis for the selection of rootstocks with low Cd accumulation potential and its application as an effective phytoremediation method in Cd contaminated soils.
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1 Introduction

Heavy metals in agricultural soils mainly originate from mineral weathering, mining, wastewater irrigation, organic fertilizer application and atmospheric deposition, and pose a major threat to food safety and human health (Chen et al., 2013; Gu et al., 2014; Irfan et al., 2021). Among all heavy metals, cadmium is the most severe, with contamination rates of 7.00% in arable land and 5.30% in facility vegetable growing soils in China (MEP (Ministry of Environment Protection of China), 2014; Jia et al., 2020). Moderately and mildly contaminated farmland accounted for about 90.00% of the contaminated soils in China. Therefore, a “remediation while producing” mode has been proposed to reduce the amount and availability of soil Cd, while producing agricultural products that do not exceed the national Cd limit (Zeng et al., 2013; MEP (Ministry of Environment Protection of China), 2014; Chen W. et al., 2018; Xu J. et al., 2018).

Many remediation approaches have been investigated on farmland with Cd contamination (Deng et al., 2020). Chemical remediation (e.g., addition of lime, biochar, soil conditioners and passivators) can increase soil pH and soil Cd chelation to achieve Cd passivation, thereby decrease Cd bioavailability in soil (Arao et al., 2009; Chen et al., 2017). However, these approaches often had unsatisfactory and unstable effects in decreasing soil Cd availability, with possible secondary contamination and damage to soils by introducing exogenous substances (Chen et al., 2017). Microbial passivators (e.g. sulfate-reducing bacteria and gram-negative bacteria) can chelate Cd in soil, reducing its bioavailability, but are often expensive and difficult to establish stable colonization (Xu J. et al., 2018). Phytoremediation is an approach that uses plants to mitigate heavy metal contamination in soils, involving the processes of phytostabilization, phytoextraction, and phytovolatilization in the terrestrial ecosystem (Nong et al., 2023; Liu et al., 2024). By using hyperaccumulators (such as Sedum alfredii H. and Viola baoshanensis S.) with high Cd uptake, soil Cd can be extracted and transferred to above-ground tissues that are relatively easy to handle. However, phytoremediation has its limitations of low metal bioavailability in soil, low plant biomass and low economic value while changing the planting system (Liu et al., 2024). The annual plant removal amount of soil Cd was minimal and would take extremely long time to reduce it under the contamination risk screening value (Arthur et al., 2000; Rosenfeld et al., 2018). Therefore, the search for environmentally friendly, efficient, widely applicable and low-cost Cd pollution control technologies has become an urgent issue.

As a common horticultural practice, grafting is widely used in the production of fruit vegetables. Rootstocks usually have well-developed root systems and high resistance to cold, salinity, pests and diseases, which positively affect plant growth, fruit yield and quality of agricultural products (Zhang Z. et al., 2019; He L. et al., 2020). In recent years, researchers have reported that appropriate grafting combinations (rootstock + scion) could reduce Cd levels in crops, without introducing exogenous substances into the soil, no change in cropping system, low cost, and not subjected to certain soil properties (such as pH) while producing agricultural products (He L. et al., 2020; Huang et al., 2020; Xie et al., 2020; Yuan et al., 2021; De Almeida et al., 2022). Xie et al. (2020) grafted two tomato scions onto different rootstocks (Solanum torvum S. and ‘Totosga’), and observed a significant reduction in fruit Cd content of 45.53-84.78% on soil contaminated with 10 mg kg-1 Cd. Yuan et al. (2021) reported reduced Cd levels of up to 85% in tomato, eggplant and pepper shoots after being grafted with the rootstock cultivar S. torvum. He L. et al. (2020) also reported large reductions in Cd levels in tomato fruit (by 75.30-81.70%) after grafting with ‘Torubamu’ rootstocks on Cd contaminated soils. However, large variations in Cd accumulation in scion tissues after grafting with different rootstocks were observed. Huang et al. (2020) reported an increase of 52.38%, and a decrease of 47.62% of fruit Cd in watermelon after grafting with a wild watermelon rootstock and a Chinese pumpkin rootstock, respectively. The mechanism of reduced Cd accumulation in aboveground tissues by grafting with certain rootstock-scion combinations remains unclear (Xie et al., 2020; De Almeida et al., 2022). The objective of this study was to review the current progress on the mechanisms of Cd uptake and translocation to the aboveground tissues as affected by grafting, provide a theoretical basis for rootstock selection with low Cd accumulation potential, and offer a low-cost, long-lasting and green technology to control farmland Cd pollution while producing.




2 Root Cd uptake as affected by genetic variation in rootstocks and scions

Apart from atmospheric deposition, the main pathway for Cd entry into plants is root uptake, a process that significantly influences Cd accumulation in aboveground tissues (Gaion and Carvalho, 2018). Genetic variation has been demonstrated to have a major impact on the capacity of roots to absorb Cd. A wide range of root Cd levels were observed in different rootstock species or cultivars, when grafted with the same scion and cultivated in soil with the same level of Cd content. Huang et al. (2020) reported a large variation in root Cd content (81.55-168.50 mg kg-1 DW) when grafting the watermelon scion on different rootstocks (one gourd, one watermelon and two pumpkins). In a separate study, Xie et al. (Xie et al., 2020) reported a range of root Cd content (62.39-110.26 mg kg-1 DW) when grafting a common tomato cultivar scion onto five Solanaceous rootstock cultivars on soil with a contaminant level of 10.00 mg kg-1 DW Cd. Significant differences in root Cd content in different tomato and eggplant cultivars were also reported by Hussain et al. (2015) and Qin et al. (2013).

Roots can sense stressful environmental conditions and reflect adaptability on root morphology (Lu et al., 2019; Yu et al., 2021). Grafting substituted rootstocks often with well-developed root systems (higher biomass, surface area, root tip number and root sheath development), which contributed to root uptake of free state Cd in the rhizosphere, and resulted in increased Cd contents in certain grafted rootstocks (Lu et al., 2019; Huang et al., 2020; Xie et al., 2020; Yu et al., 2021). Meanwhile, genetic variation in rootstocks may also affect root physiological function, such as root respiration rate, which was significantly correlated with root Cd content by influencing root metabolism, nutrient and water uptake (Clemens, 2001). The transcription of genes that regulate Cd uptake and the expression levels of transporter proteins also contributed to root Cd accumulation levels in grafted plants, such as root HA7, FRO2-like, and NRAMP1, NRAMP 2, NRAMP 3, and leaf HA7 (He J. et al., 2020; Marques et al., 2023). The expressing level of Cd uptake genes and transporters was strongly associated with root Cd contents in the rootstock. Recently, researchers have found that the ability of the rootstock to take up Cd from the growing medium was also responsive to the selected scion cultivar, which can be enormous for certain grafting combinations (Gao, 2018; Chen et al., 2020). For instance, Xie et al. (2020) reported significant differences (83.45 and 123.77 mg kg-1 DW) in Cd levels in the same rootstocks (‘Banzhen 18’) after grafting with different scions (‘Zhongyanhong 6’ and ‘Hongyu F1’). RNAs, phytohormones and proteins that transferred over long distances between rootstock and scion communication might be involved in response to external adverse environmental stimuli, such as Cd stress (Chen C. et al., 2018; Wang et al., 2018).

To summarize, grafting affected Cd uptake ability of the root system by the changes of root morphology, metabolism and the expression levels of transporter proteins. Previous studies on rootstock-scion compatibility have mainly focused on graft survival rate, plant growth and development, and fruit yield and quality (Mudge et al., 2009; Melnyk and Meyerowitz, 2015). We suggest that the compatibility of rootstock/scion on Cd accumulation characteristics should be given more consideration, when using grafted plants as a remediation approach on heavy metal contaminated soils.




3 Root Cd uptake as affected by microenvironment in the rhizosphere soil

In the terrestrial ecosystem, plants, microbes and soil in the rhizosphere interact with each other, linking biotic and abiotic factors into a complex through material cycling and energy flow (Wardle et al., 2004; Bardgett and van der Putten, 2014). Root exudates play an important role in information transfer and substance exchange between the soil-microbe-plant interactions by responding to external environmental stresses, regulating plant growth and development, and the rhizosphere environment (Vives-peris et al., 2020). Grafting altered root exudates (such as organic acids, amino acids, enzymes, and secondary metabolites like alkaloids) that varied by crop species and cultivars, which directly influenced the rhizosphere soil environment (such as pH, soil redox potential, and microbial community), and subsequently affected Cd availability and plant uptake (Figure 1) (Bali et al., 2020; Chai and Schahtman, 2022). For example, Meng et al. (2024) compared the soil microbial community of low and high Cd accumulating tomato cultivars, and reported significant differences in the abundance of dominant genera (Actinoplanes, Nitrospira, Hydrogenophaga and Lysobacter), which may be related to the differences in soil Cd availability and plant Cd accumulation. Huang et al. (2023) reported that the organic acid content in root exudate of tobacco cultivar ‘RG11’ was only 51.1-61.0% of that of another cultivar ‘Yuyan5’, and the significant correlation between organic acid and root Cd content. At present, grafting affected rhizosphere microbiome via root exudates mainly focused on diseases, such as Fusarium wilt, Verticillium wilt and Ralstonia solanacearum. More research on effects of root exudates on soil Cd availability and plant uptake should be investigated (Liu et al., 2008; Zhao et al., 2019; Ge et al., 2022).




Figure 1 | Mechanisms of plant Cd accumulation as affected by grafting.



Furthermore, altered root exudates by grafting can also shift the soil microbial community when growing muskmelon, tomato, eggplant and watermelon (Bai et al., 2020; Ogundeji et al., 2021; Song et al., 2016; Huang et al., 2020; Zhang et al., 2019; Zhang et al., 2024). Recently, microbes in relation to soil Cd availability as affected by grafting have been investigated. Xue et al. (Xue et al., 2022) grafted native Xanthium sibiricum onto an invasive plant Xanthium strumarium, and observed increased plant biomass, Cd accumulation (by 1.51 and 3.39 fold in stem and leaf, respectively) and microbial abundance of certain genera without enhancing its invasiveness on a tailing soil. Enriched beneficial microbes such as Gammaproteobacteria, Rhizobiales, Actinobacteria, Chloroflexi in the grafted treatments promoted the material cycling and contributed to plants growth on the tailings (Bai et al., 2022; Jia et al., 2022; Xue et al., 2022). Zhang et al. (Zhang et al., 2022) inoculated phosphate-solubilizing bacteria (PSB) with grafted watermelon and reported that it could increase plant growth and reduce Cd accumulation in plants (by 22.12% in root, and 19.42% in shoot) on a soil contaminated with 50 μmol Cd. They found that grafting with PSB inoculation reduced Cd toxic effect and restored the soil bacterial community, by promoting the production of siderophores to enrich other bacterial OTUs related to nitrogen respiration and chloroplast functions. Zhang J. et al. (2019) reported reduced plant Cd uptake in grafted muskmelon seedlings when the pH of the growing substrate was increased (5.50-8.00), which was strongly associated with bacterial community composition and Cd bioavailability. Zhang et al. (2024). reported that grafting activated a greater number of beneficial microbes by secreting and modifying easily available organic carbon into the rhizosphere. Previous studies reported that rhizosphere microbes have evolved many strategies to counter heavy metal stress, including directly fixing Cd through cell surface functional group adsorption, secretion of polysaccharides and other organic complexes, and formation of insoluble precipitates, or indirectly weakening Cd migration by increasing soil pH, decomposing large soil particle aggregates, and producing siderophores and organic acids (Shen et al., 2010; Yu et al., 2019; Cheng et al., 2021; Yin et al., 2021; Wang et al., 2023). Grafting with selected rootstocks affected soil Cd availability and root Cd uptake by altering soil microbes (diversity and abundance) using one or more of these strategies.

Arbuscular mycorrhizal fungi (AMF) can form a beneficial symbiotic system with the majority of plants, by improving soil structure and moisture retention, and promoting mineral uptake and root growth (Johri et al., 2015; Tania and Manuel, 2022; Yin et al., 2024). Therefore, AMF inoculation has been proposed as a promising tool to enhance plant resistance to stressful environments, including Cd-contaminated soils (Kumar et al., 2015b). Improved Cd resistance by AMF inoculation has been observed in maize and B. napus plants under Cd stress, due to improved root growth, nutrient uptake and antioxidant enzyme activity, and up-regulated expression of genes related to peroxisomes, phytohormone signaling, and carotenoid biosynthesis (Yin et al., 2024; Kuang et al., 2025). However, AMF inoculation had variable results on Cd accumulation in plants. Kumar et al. (Kumar et al., 2015b). inoculated AMF on grafted tomato plants, and observed a decrease in plant growth and yield, but an increase in shoot Cd contents. Kuang et al. (2025) observed significantly increased root Cd contents and reduced shoot contents in maize after AMF inoculation. It is speculated that fungal species, crop type and Cd levels may be the reasons for the opposite results (Rouphael et al., 2015). Therefore, when using AMF in vegetable production, a comprehensive consideration of plant growth, yield and Cd content in the edible part needs to be made.




4 Cd translocation to aboveground tissues as affected by grafting

Some researchers believe that the ability of roots to take up Cd from the external environment plays a determining role in Cd accumulation in aboveground tissues, and therefore suggest the use of rootstocks with a low Cd uptake potential for soil remediation. Sun et al. (2023) used low Cd accumulating cultivars as rootstocks and reported a 50.00%~70.00% reduction in Cd content in grafted soybean, without affecting soybean yield and quality. However, studies have reported Cd translocation from roots to aboveground tissues as a major determinant of aboveground Cd accumulation (Clemens and Ma, 2016; Li et al., 2017). Yuan et al. (2019). reported that grafting onto S. torvum rootstock had significantly reduced Cd levels in leaves of eggplant and tomato plants (89.00% and 72.00% reduction, respectively), while root Cd levels of all treatments were not significantly different. Kumar et al. (2015a) and Xin et al. (2013) also observed reduced Cd accumulation in leaves of grafted tomato and water spinach due to limited Cd translocation. Huang et al. (2020) and Xing et al. (2022) found that the ability to block Cd in rootstock species (Chinese pumpkin, Indo-Chinese hybrid pumpkin, wild watermelon and gourd) determined Cd accumulation in the watermelon fruit. Based on the results of previous studies, we conclude that Cd accumulation in fruit is a comprehensive result of both root uptake and translocation, rather than having a determinant factor in one specific tissue (Zare et al., 2018; Yuan et al., 2019; Xie et al., 2020). Cd translocation as influenced by grafting could occur in any tissue, such as root to stem, or stem to leaf, or leaf to fruit.

In plants, the form of Cd changes with the transport process, and the chelation of certain substances with Cd can reduce its mobility, thereby reducing the accumulation of Cd in aboveground tissues or edible parts (Loix et al., 2017). Cell wall immobilization and vacuolar compartmentalization play an important role in reducing free Cd in the cell (Figure 1) (Xiao et al., 2020). Chemical functional groups (such as –COOH and –SH) of cell wall components (including pectin acid, polysaccharides and proteins) can bind Cd, thereby restricting its transmembrane transport and further translocation to other plant tissues (Wojcik et al., 2005; Wang et al., 2008; Xiao et al., 2020). High pectin content in cell wall indicated a high proportion of Cd binding to the cell wall, strong Cd retention capacity and low accumulation of Cd in aboveground tissues (Wang et al., 2020). Xin et al. (Xin et al., 2013). found that grafting reduced root-to-shoot Cd translocation, possibly due to thicker phellem and outer cortex cell walls in the rootstocks, which retain more Cd, and thus reduce Cd translocation to shoots. Cell wall immobilization has also been reported as an important mechanism to reduce Cd transport to aboveground tissues in cucumber, grape and apple rootstocks (Zhang, 2009; Li, 2011; Zhou, 2017).

Excess Cd enters the cell cytoplasm, when the retention capacity of the cell wall is exceeded (Wang et al., 2020). Substances in the cytoplasm, such as organic acids, proteins, and sulfhydryl compounds (glutathione, phytochelatins, metallothionein and cysteine) can chelate with Cd to form a non-toxic PC-Cd complex, which is then sequestered in the vacuole (Figure 1) (Aborode et al., 2016; Xu Y. et al., 2018; Yang et al., 2019; Yu et al., 2023; Teng et al., 2024). Previous studies have reported the influence of grafting on sulfhydryl compound synthesis to influence Cd transport and accumulation in plants, which has the potential to mitigate Cd toxicity in plants (Gao, 2018; Lian et al., 2021; Xue et al., 2024). Sun et al. (2023) reported that low Cd accumulating rootstocks reduced 50-70% of Cd in aboveground tissues by reducing Cd translocation and down-regulating of sulfur-containing compounds, which was possibly due to differentially expressed genes enriched in sulfur-related pathways induced by grafting. This is supported by the results of Yuan et al. (Zare et al., 2018). who grafted eggplant and tomato on S. torvum and reported a significant positive correlation between leaf Cd content and total sulfur content. They stated that sulfur elements in plant leaves (mainly sulfate) may play an important role in regulating Cd accumulation in eggplant and tomato plants. He et al. (He L. et al., 2020). reported that grafting on ‘Torubamu’ rootstock significantly reduced the accumulation of both Cd (4.10-11.70%) and total sulfur (25.00-36.70%) in leaves, compared to the non-grafted tomato plants.

Although sulfur has been reported to have a major effect on Cd mobility and translocation in plants, the specific substances and the mechanism of how they work as affected by grafting remain uncertain. Previous studies have reported translocators on the membranes of the cytoplasm or vacuole, with the ability to transport of Cd2+ or Cd chelate complexes over long distances, such as AtZIP1, HMA3, HMA4, BjYSL7, etc (Brunetti et al., 2015; Feng et al., 2017; Cao et al., 2018; Zhang Z. et al., 2019). For example, HMA3 is a vacuolar membrane transporter that plays a key role in transporting Cd to the vacuole and in limiting Cd transport from root to stem in many plants (Liu et al., 2017; Gong et al., 2020). Loss of HMA3 function leads to a significant increase in Cd levels in aboveground tissues of rice (Yan et al., 2016), while overexpression of OsHMA3 could significantly reduce Cd levels in rice grains (Sasaki et al., 2014). Diverse miRNAs have been implicated as key epigenetic regulators in different organisms, and regulating many different response pathways in response to internal developmental signals and external adverse environmental stimuli (Chen C. et al., 2018). He L. et al. (2020) reported that grafting with S. torvum can significantly reduce Cd accumulation in tomato due to the increased expression levels of miR166a and miR395b in scions, which enhanced sulfate transport capacity. Therefore, it is speculated that rootstock-scion communication via miRNA transfer may have affected the expression levels of the translocator or the transport of sulfhydryl compounds, thereby influencing the Cd subcellular distribution and its translocation to other tissues.

In light of the findings of previous studies, it can be concluded that that plants have evolved and screened directed, effective and simple survival strategies with minimal energy and material consumption at the individual level to cope with the changes in the external environment, such as the synthesis of antioxidants (such as proline and malondialdehyde) and antioxidases (such as superoxide dismutase) that respond to stress conditions (Jiang and Yu, 2010; Chen, 2017). Similarly, grafting affected the translocation of Cd to aboveground tissues by influencing sulfhydryl compound synthesis, the expression levels of these transporters, and consequently the Cd subcellular distribution and mobility. The influence of grafting with different rootstocks on these factors may have been significant or minimal, resulting in different levels of Cd accumulation in the aboveground tissues.




5 Xylem/phloem loading of Cd in plants as affected by grafting

Cd translocation in the plant includes the processes of root uptake, long-distance transport to the aboveground tissues, and leaf storage (Gaion and Carvalho, 2018). The xylem and phloem are responsible for the transfer and distribution of water, ions and other nutrients, and rootstock cultivar has been reported to affect the transport of inorganic ions to scions (Kawaguchi et al., 2022). Previous studies have reported that Cd is mainly transported by the xylem rather than the phloem in most plants, and grafting may affect the accumulation of Cd in the above-ground tissues of plants by influencing this process in the xylem (Zhao et al., 2015; Kawaguchi et al., 2022). Arao et al. (2008) found that the Cd concentration in the stem xylem of S. torvum was 22.00% of that of the common eggplant cultivar, explaining the lower Cd accumulation in the aboveground tissues of S. torvum. However, there are researchers who believe that the alteration of the phloem by grafting plays a more important role in Cd translocation in plant tissues. Wu et al. (Wu, 2011) found that Cd content in the phloem was 14 times higher than that in the xylem, indicating that there was an obvious phloem transport characteristic of Cd during long-distance transport from the root to aboveground tissues in willow. Qin et al. (2013) found that grafting reduced Cd accumulation in the above-ground part of the eggplants by altering the sieve tube structure in the phloem of the rootstock and scion, as it could not affect the process of Cd loading in xylem with a penetrating structure. Cd transport via xylem or phloem varied on plant species or tissues (Wu, 2015; Shen et al., 2019). Shen et al. (2019) reported that phloem loading and unloading played a major role in the transfer and accumulation of Cd in maize grains during long-distance Cd transport. Wu et al. (Wu, 2015) found that the transport capacity of cadmium in the xylem is the key process determining the accumulation of Cd in the aboveground tissue of Brassica napus L. There have also been reports that Cd levels in grain were determined by both xylem transport and phloem re-transport to the ear in rice and wheat (Chen, 2009; Xu et al., 2021). Therefore, grafting with rootstocks of different crop species may have led to different conclusions in previous studies. In addition, grafting operation disrupts the original xylem and phloem connections that associated with the Cd transport corridor, and consequently Cd accumulation in aboveground tissues (Qin et al., 2013).

During the long-distance transport to aboveground tissues, transporters of divalent cations (Zn, Fe, Ca and Mn) are often involved in the processes of Cd uptake, transport and chelation (Cao et al., 2018). This is due to the fact that Cd is not an essential element and does not have a specific transporter. Previous studies have reported the presence of Cd transporters (ZIP, NRAMP, HMA, MTP, CAX, ABC and YSL) in a number of crops, mainly in rice and Arabidopsis (Baxter et al., 2003; Shigaki et al., 2006; Curie et al., 2009; Tiong et al., 2014; Pottier et al., 2015; Yan et al., 2016; Cao et al., 2018). At present, there is little evidence on the effect of grafting on the expression levels of Cd-related transporters in fruit vegetables. However, some progress has been made. Zhao et al. (2024) identified eight slHMAs in the tomato genome, and confirmed their function in response to Cd stress. Liu et al. (Liu et al., 2022) reported the expression of the Cd resistance gene NRAMP3 in tomato roots and leaves in response to Cd stress. Wu et al. (2022) reported that Cd stress induced the expression of ZIP11 and ZIP5 in roots, stems and leaves of eggplant and S.torvum plants. Analyzing the expression levels and regulatory pathways of these transporters in rootstocks and scions could clarify the mechanism of reduced Cd translocation as affected by grafting in future research. This would also provide valuable genetic resources and a theoretical basis for breeding new Cd resistant varieties, and improving safety in vegetable production.




6 Future research prospect

This review presents recent research on the mechanisms of plant Cd uptake and translocation as influenced by grafting, mainly in fruit vegetables, with the aim of using grafting as a remediation approach on Cd-contaminated soil. The current research suggests that grafting could reduce Cd accumulation in aboveground tissues by amplifying the Cd-resistant effects of one or more of the strategies that plants have evolved and screened in response to the external environment, with minimal energy and material consumption. However, previous studies on the mechanisms of grafting-mediated reduction of Cd accumulation are relatively basic. Further research is needed to gain a deeper understanding of the regulatory pathways at the metabolic, molecular and genetic levels as influenced by rootstock-scion interactions needs to be further explored. In addition, other signaling processes and detoxification strategies that may be affected by grafting, such as the synthesis of antioxidants and hormones, need to be further investigated. The decisive characteristics of rootstocks with low Cd accumulation potential should be identified in the future research, in order to select the ideal rootstocks for different crop species and use them as an effective phytoremediation approach.





Author contributions

RZ: Conceptualization, Funding acquisition, Writing – original draft. YZ: Conceptualization, Writing – original draft. HL: Funding acquisition, Supervision, Writing – review & editing. NS: Conceptualization, Funding acquisition, Investigation, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by National Key Research and Development Project (2023YFD1700104); Youth Research Fund of Beijing Academy of Agriculture and Forestry Sciences (QNJJ202202); Team Promotion Project of Institute of Plant Nutrition, Resource and Environment, Beijing Academy of Agriculture and Forestry Sciences (ZHS202302; ZHS202401); Student Innovation Training Program of the City Vocational College of Jiangsu (XJ2022012).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be constructed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Aborode, F. A., Raab, A., Voigt, M., Costa, L. M., Krupp, E. M., and Feldmann, J. (2016). The importance of glutathione and phytochelatins on the selenite and arsenate detoxification in Arabidopsis thaliana. J. Environ. Sci. 49, 150–161. doi: 10.1016/j.jes.2016.08.009

 Arao, T., Kawasaki, A., Baba, K., Shinsuke, M., and Matsumoto, S. (2009). Effects of water management on cadmium and arsenic accumulation and dimethylarsinic acid concentrations in Japanese rice. Environ. Sci. Technol. 43, 9361–9367. doi: 10.1021/es9022738

 Arao, T., Takeda, H., and Nishihara, E. (2008). Reduction of cadmium translocation from roots to shoots in eggplant (Solanum melongena) by grafting onto Solanum torvum rootstock. Soil Sci. Plant Nutri. 54, 555–559. doi: 10.1111/j.1747-0765.2008.00269.x

 Arthur, E., Crews, H., and Morgan, C. (2000). Optimizing plant genetic strategies for minimizing environmental contamination in the food chain. Int. J. Phytoremediat. 2, 1–21. doi: 10.1080/15226510008500027

 Bai, D., Yang, X., Lai, J., Wang, Y., Zhang, Y., and Luo, X. (2022). In situ restoration of soil ecological function in a coal gangue reclamation area after 10 years of elm/poplar phytoremediation. J. Environ. Manage. 305, 114400. doi: 10.1016/j.jenvman.2021.114400

 Bai, Y., Ren, P., Feng, P., Yan, H., and Li, W. (2020). Shift in rhizospheric and endophytic bacterial communities of tomato caused by salinity and grafting. Sci. Total. Environ. 734, 139388. doi: 10.1016/j.scitotenv.2020.139388

 Bali, A. S., Sidhu, G. P. S., and Kumar, V. (2020). Root exudates ameliorate cadmium tolerance in plants: A review. Environ. Chem. Lett. 18, 1243–1275. doi: 10.1007/s10311-020-01012-x

 Bardgett, R. D., and van der Putten, W. H. (2014). Belowground biodiversity and ecosystem functioning. Nature 515, 505–511. doi: 10.1038/nature13855

 Baxter, I., Tchieu, J., Sussman, M. R., Boutry, M., Palmgren., M. G., Gribskov, M., et al. (2003). Genomic comparison of P-type ATPase ion pumps in Arabidopsis and rice. Plant Physiol. 132, 618–628. doi: 10.1104/pp.103.021923

 Brunetti, P., Zanella, L., De Paolis, A., Di Litta, D., Cecchetti, V., Falasca, G., et al. (2015). Cadmium-inducible expression of the ABC-type transporter AtABCC3 increases phytochelatin-mediated cadmium tolerance in Arabidopsis. J. Exp. Bot. 66, 3815–3829. doi: 10.1093/jxb/erv185

 Cao, Y., Nie, Q., Gao, Y., Xu, Z., and Huang, W. (2018). The studies on cadmium and its chelate related transporters in plants. Crops 3, 15–24. doi: 10.16035/j.issn.1001-7283.2018.03.003

 Chai, Y. N., and Schahtman, D. P. (2022). Root exudates impact plant performance under abiotic stress. Trends Plant Sci. 27, 80–91. doi: 10.1016/j.tplants.2021.08.003

 Chen, F. (2009). Research on mechanism of cadmium absorption and translocation in barley. Doctoral dissertation (Hangzhou: Zhejiang University).

 Chen, F. (2017). What is the basis of variation in stress tolerance in plants? Chinese. Sci. Bull. 62, 3295–3301. doi: 10.1360/N972017-00563

 Chen, J., Li, D., Yang, Q., Dai, X., Jing, M., and Liu, H. (2020). Research progress on regeneration mechanism of plant grafting. Plant Physiol. J. 56, 1690–1702. doi: 10.13592/j.cnki.ppj.2019.0575

 Chen, W., Lu, S., Peng, C., Jiao, W., and Wang, M. (2013). Accumulation of Cd in agricultural soil under long-term reclaimed water irrigation. Environ. pollut. 178, 294–299. doi: 10.1016/j.envpol.2013.03.036

 Chen, Z., Tang, Y., and Yao, A. (2017). Mitigation of Cd accumulation in paddy rice (Oryza sativa L.) by Fe fertilization. Environ. pollut. 231, 549–559. doi: 10.1016/j.envpol.2017.08.055

 Chen, W., Xie, T., Li, X., and Wang, R. (2018). Thinking of construction of soil pollution prevention and control technology system in China. Acta Pedol. Sin. 55, 557–568. doi: 10.11766/trxb201711300488

 Chen, C., Zeng, Z., Liu, Z., and Rui, X. (2018). Small RNAs, emerging regulators critical for the development of horticultural traits. Hortic. Res. 5, 2053–2056.32. doi: 10.1038/s41438-018-0072-8

 Cheng, C., Wang, Q., Wang, Q., He, L., and Sheng, X. (2021). Wheat-associated Pseudomonas Taiwanensis WRS8 reduces cadmium uptake by increasing root surface cadmium adsorption and decreasing cadmium uptake and transport related gene expression in wheat. Environ. pollut. 268, 115850. doi: 10.1016/j.envpol.2020.115850

 Clemens, S. (2001). Molecular mechanisms of plant metal tolerance and homeostasis. Planta 212, 475–486. doi: 10.1007/s004250000458

 Clemens, S., and Ma, J. (2016). Toxic heavy metal and metalloid accumulation in crop plants and foods. Annu. Rev. Plant Biol. 67, 489–512. doi: 10.1146/annurev-arplant-043015-112301

 Curie, C., Cassin, G., Couch, D., Divol, F., Higuchi, K., Jean, M. L., et al. (2009). Metal movement within the plant: contribution of nicotianamine and yellow stripe 1-like transporters. Ann. Bot. 103, 1–11. doi: 10.1093/aob/mcn207

 De Almeida, N. M., De Almeida, A. A. F., De Almeida Santos, N., Do Nascimento, J. L., De Carvalho Neto, C. H., Pirovani, C. P., et al. (2022). Scion-rootstock interaction and tolerance to cadmium toxicity in juvenile Theobroma cacao plants. Sci. Hortic. 300, 111086. doi: 10.1016/j.scienta.2022.111086

 Deng, M., Zhu, Y., Duan, L., Shen, J., and Feng, Y. (2020). Analysis on integrated remediation model of “phytoremediation coupled with agro-production” for heavy metal pollution in farmland soil. J. Zhejiang. Univ. (Agric. Life Sci.). 46, 135–150. doi: 10.3785/j.issn.1008-9209.2019.07.051

 Feng, S., Tan, J., and Zhang, Y. (2017). Isolation and characterization of a novel cadmium-regulated Yellow Stripe-Like transporter (SnYSL3) in Solanum nigrum. Plant Cell Rep. 36, 281–296. doi: 10.1007/s00299-016-2079-7

 Gaion, L. A., and Carvalho, R. F. (2018). Long-distance signaling: what grafting has revealed? J. Plant Growth Regul. 37, 694–704. doi: 10.1007/s00344-017-9759-6

 Gao, X. (2018). The mentor effect of rootstock of wild-type eggplant on cadmium accumulation in scion of Solanaceous fruit vegetables (Shenyang: Chinese Academy of Sciences).

 Ge, A., Liang, Z., Han, L., Xiao, J., Zhang, Y., Zeng, Q., et al. (2022). Rootstock rescues watermelon from Fusarium wilt disease by shaping protective root-associated microbiomes and metabolites in continuous cropping soils. Plant Soil 479, 423–442. doi: 10.1007/s11104-022-05532-z

 Gong, Z., Xiong, L., Shi, H., Yang, S., Herrera-Estrella, L. R., Xu, G., et al. (2020). Plant abiotic stress response and nutrient use efficiency. Sci. China Life Sci. 63, 635–674. doi: 10.1007/s11427-020-1683-x

 Gu, Y., Li, Q., Fang, J., He, B., Fu, H., and Tong, Z. (2014). Identification of heavy metal sources in the reclaimed farmland soils of the pearl river estuary in China using a multivariate geostatistical approach. Ecotox. Environ. Safe. 105, 7–12. doi: 10.1016/j.ecoenv.2014.04.003

 He, L., Wang, H., Zhao, Q., Cheng, Z., Tai, P., and Liu, W. (2020). Tomato grafting onto Torubamu (Solanum melongena): miR166a and miR395b reduce scion Cd accumulation by regulating sulfur transport. Plant Soil 452, 267–279. doi: 10.1007/s11104-020-04564-7

 He, J., Zhou, J., Wan, H., Zhuang, X., Li, H., Qin, S., et al. (2020). Rootstock-scion interaction affects cadmium accumulation and tolerance of Malus. Front. Plant Sci. 11, 1264. doi: 10.3389/fpls.2020.01264

 Huang, H., Lu, R., Zhan, J., He, J., Wang, Y., and Li, T. (2023). Role of root exudates in cadmium accumulation of a low-cadmium-accumulating tobacco line (Nicotiana tabacum L.). Toxics 11, 141. doi: 10.3390/toxics11020141

 Huang, Y., Xing, N., Fu, Y., Wang, Y., Yan, L., Ying, Q., et al. (2020). Influences of cadmium content in watermelon fruit grafted by different type of rootstocks. Acta Agric. Shanghai. 36, 60–64. doi: 10.15955/j.issn1000-3924.2020.04.11

 Hussain, M., Saeed, A., Khan, A. A., Javid, S., and Fatima, B. (2015). Differential responses of one hundred tomato genotypes grown under cadmium stress. Genet. Mol. Res. 14, 13162–13171. doi: 10.4238/2015.October.26.12

 Irfan, M., Liu, X., Hussain, K., Mushtaq, S., Cabrera, J., and Zhang, P. (2021). The global research trend on cadmium in freshwater: a bibliometric review. Environ. Sci. pollut. Res. 30, 71585–71598. doi: 10.1007/s11356-021-13894-7

 Jia, T., Liang, X., Guo, T., Wu, T., and Chai, B. (2022). Bacterial community succession and influencing factors for Imperata cylindrica litter decomposition in a copper tailings area of China. Sci. Total. Environ. 815, 152908. doi: 10.1016/j.scitotenv.2021.152908

 Jia, L., Qiao, Y., Chen, Q., Li, H., Shao, X., and Ma, H. (2020). Characteristics and affecting factors of heavy metals content in greenhouse vegetable soils in China. J. Agro-Environ. Sci. 39, 263–274. doi: 10.27735/d.cnki.gxzdx.2020.000344

 Jiang, C., and Yu, G. (2010). A review on terrestrial plant acclimation to global environment change. Chin. J. Eco-Agri. 18, 215–222. doi: 10.3724/SP.J.1011.2010.00215

 Johri, A. K., Oelmuller, R., Dua, M., Yadav, V., Kumar, M., Tuteja, N., et al. (2015). Fungal association and utilization of phosphate by plants: success, limitations and future prospects. Front. Microbiol. 6, 984. doi: 10.3389/fmicb.2015.00984

 Kawaguchi, K., Nakaune, M., Ma, J., Kojima, M., Takebayashi, Y., Sakakibara, H., et al. (2022). Plant hormone and inorganic ion concentrations in the xylem exudate of grafted plants depend on the scion-rootstock combination. Plants 11, 2594. doi: 10.3390/plants11192594

 Kuang, Q., Wu, Y., Gao, Y., An, T., Liu, S., Liang, L., et al. (2025). Arbuscular mycorrhizal fungi mitigate cadmium stress in maize. Ecotox. Environ. Safe. 289, 117600. doi: 10.1016/j.ecoenv.2024.117600

 Kumar, P., Edelstein, M., Cardarelli, M., Ferri, E., and Colla, G. (2015a). Grafting affects growth, yield, nutrient uptake, and partitioning under cadmium stress in tomato. HortScience 50, 1654–1661. doi: 10.21273/HORTSCI.50.11.1654

 Kumar, P., Lucini, L., Rouphael, Y., Cardarelli, M., Kalunke, R. M., and Colla, G. (2015b). Insight into the role of grafting and arbuscular mycorrhiza on cadmium stress tolerance in tomato. Front. Plant Sci. 6, 477. doi: 10.3389/fpls.2015.00477

 Li, H. (2011). Physiology effects of cadmium chloride on Chardonnay (Vitis vinifera) young plants and distribution of cadmium (Chongqing: Southwest University).

 Li, H., Luo, N., Li, Y., Cai, Q., Li, H., Mo, C., et al. (2017). Cadmium in rice: Transport mechanisms, influencing factors, and minimizing measures. Environ. pollut. 224, 622–630. doi: 10.1016/j.envpol.2017.01.087

 Lian, H., Yan, K., Tuo, F., Xin, Y., Shu, B., and Tang, Y. (2021). Effect of mutual grafting on the fruit quality and Cd content of post-grafting generation of cherry tomato. J. Yunnan. Agric. Univer. (Natural. Sci.) 36, 891–897. doi: 10.12101/j.issn.1004-390X(n).202011036

 Liu, J., Guo, B., Qiu, G., Liu, C., Chen, X., Li, H., et al. (2022). Tomato heavy metal cadmium resistance gene NRAMP3, related protein and its application. 202210706277.0 [P]. 2022-09-06. Beijing, China: National Intellectual Property Administration.

 Liu, N., Zhao, J., Du, J., Hou, C., Zhou, X., Chen, J., et al. (2024). Non-phytoremediation and phytoremediation technologies of integrated remediation for water and soil heavy metal pollution: A comprehensive review. Sci. Total. Environ. 948, 174237. doi: 10.1016/j.scitotenv.2024.174237

 Liu, H., Zhao, H., Wu, L., Liu, A., Zhao, F., and Xu, W. (2017). Heavy metal ATPase 3 (HMA3) confers cadmium hypertolerance on the cadmium/zinc hyperaccumulator Sedum plumbizincicola. New Phytol. 215, 687–698. doi: 10.1111/nph.2017.215.issue-2

 Liu, N., Zhou, B., Li, Y., Hao, J., and Fu, Y. (2008). Allelophathy of the eggplant/tomato grafted eggplants root exudates to verticillium wilt (verticillium dahllae). Acta Hortic. Sin. 35, 1297–1304. doi: 10.16420/j.issn.0513-353x.2008.09.011

 Loix, C., Huybrechts, M., Vangronsveld, J., Gielen, M., Keunen, E., and Cuypers, A. (2017). Reciprocal interactions between cadmium-induced cell wall responses and oxidative stress in plants. Front. Plant Sci. 8, 1867. doi: 10.3389/fpls.2017.01867

 Lu, H., Li, W., Tam, N. F. Y., and Ye, Z. (2019). Effects of root morphology and anatomy on cadmium uptake and translocation in rice (Oryza sativa L.). J. Environ. Sci. 75, 296–306. doi: 10.1016/j.jes.2018.04.005

 Marques, D. N., Mason, C., Stolze, S. C., Harzen, A., Nakagami, H., Skirycz, A., et al. (2023). Grafting systems for plant cadmium research: Insights for basic plant physiology and applied mitigation. Sci. Total. Environ. 892, 164610. doi: 10.1016/j.scitotenv.2023.164610

 Melnyk, C. W., and Meyerowitz, E. M. (2015). Plant grafting. Curr. Bio. 25, 183–188. doi: 10.1016/j.cub.2015.01.029

 Meng, Q., Zhang, G., Gao, X., Gao, J., Mi, L., Chen, L., et al. (2024). Effects of two Cd accumulating varieties of tomato combined with indigenous microorganisms on soil available Cd. Chin. J. Eco-Agri. 32, 1227–1240. doi: 10.12357/cjea.20240015

 MEP (Ministry of Environment Protection of China) (2014). National soil Pollution Survey Bulletin . Available online at: http://www.gov.cn/foot/site1/20140417/782bcb88840814ba158d01.pdf (Accessed October 30, 2024).

 Mudge, K., Janick, J., Scofield, S., and Goldschmidt, E. E. (2009). A history of grafting. Hortic. Rev. 35, 437–593. doi: 10.1002/9780470593776.ch9

 Nong, H., Liu, J., Chen, J., Zhao, Y., Wu, L., Tang, Y., et al. (2023). Woody plants have the advantages in the phytoremediation process of manganese ore with the help of microorganisms. Sci. Total. Environ. 863, 160995. doi: 10.1016/j.scitotenv.2022.160995

 Ogundeji, A. O., Li, Y., Liu, X., Meng, L., Sang, P., Mu, Y., et al. (2021). Eggplant by grafting enhanced with biochar recruits specific microbes for disease suppression of Verticillium wilt. Appl. Soil Ecol. 163, 103912. doi: 10.1016/j.apsoil.2021.103912

 Pottier, M., Oomen, R., Picco, C., Giraudat, J., Scholz-Starke, J., Richaud, P., et al. (2015). Identification of mutations allowing Natural Resistance Associated Macrophage Proteins (NRAMP) to discriminate against cadmium. Plant J. 83, 625–637. doi: 10.1111/tpj.2015.83.issue-4

 Qin, Q., Li, X., Tai, P., Liu, W., Feng, Q., Deng, X., et al. (2013). Cadmium accumulation in different eggplant cultivars and the effects of grafting on the cadmium accumulation characteristics. Chin. J. Ecol. 32, 2043–2048. doi: 10.13292/j.1000-4890.2013.0408

 Rosenfeld, C. E., Chaney, R. L., and Martinez, C. E. (2018). Soil geochemical factors regulate Cd accumulation by metal hyperaccumulating Noccaea caerulescens (J. Presl & C. Presl) F.K. Mey in field-contaminated soils. Sci. Total. Environ. 616, 279–287. doi: 10.1016/j.scitotenv.2017.11.016

 Rouphael, Y., Franken, P., Schneider, C., Schwarz, D., Giovannetti, M., Agnolucci, M., et al. (2015). Arbuscular mycorrhizal fungi act as biostimulants in horticultural crops. Sci. Hortic. 188, 97–105. doi: 10.1016/j.scienta.2015.03.031

 Sasaki, A., Yamaji, N., and Ma, J. (2014). Overexpression of OsHMA3 enhances Cd tolerance and expression of Zn transporter genes in rice. J. Exp. Bot. 65, 6013–6021. doi: 10.1093/jxb/eru340

 Shen, Q., Hu, L., He, Y., Chen, D., and Jian, F. (2010). Rhizosphere environment regulation of cadmium contaminated soil. J. Hebei. Agric. Sci. 14, 76–78. doi: 10.16318/j.cnki.hbnykx.2010.03.003

 Shen, T., Shi, J., Hu, Y., Gu, J., Guo, Y., Liao, F., et al. (2019). Mechanism of cadmium transport and accumulation in maize and its physiological response against Cd toxicity. J. Chin. Cereals. Oils. Assoc. 34, 139–146.

 Shigaki, T., Rees, I., and Nakhleh, L. (2006). Identification of three distinct phylogenetic groups of CAX Cation/Proton antiporters. J. Mol. Evol. 63, 815–825. doi: 10.1007/s00239-006-0048-4

 Song, Y., Ling, N., Ma, J. H., Wang, J., Zhu, C., Raza, W., et al. (2016). Grafting resulted in a distinct proteomic profile of watermelon root-exudates relative to the un-grafted watermelon and the rootstock plant. J. Plant Growth Regul. 35, 778–791. doi: 10.1007/s00344-016-9582-5

 Sun, L., Jia, C., Xue, C., Guo, C., Li, X., and Tai, P. (2023). Mechanism and stability of low cadmium accumulation in grafted soybeans induced by rootstocks. Plant Soil 483, 313–329. doi: 10.1007/s11104-022-05740-7

 Tania, H., and Manuel, G. J. (2022). Molecular regulation of arbuscular mycorrhizal symbiosis. Int. J. Mol. Sci. 23, 5960. doi: 10.3390/ijms23115960

 Teng, Y., Yang, Y., Wang, Z., Guan, W., Liu, Y., Yu, H., et al. (2024). The cadmium tolerance enhancement through regulating glutathione conferred by vacuolar compartmentalization in Aspergillus sydowii. Chemosphere 352, 141500. doi: 10.1016/j.chemosphere.2024.141500

 Tiong, J., Mcdonald, G. K., Genc, Y., Pedas, P., Hayes, J., Toubia, J., et al. (2014). HvZIP7 mediates zinc accumulation in barley (Hordeum vulgare) at moderately high zinc supply. New Phytol. 201, 131–143. doi: 10.1111/nph.2013.201.issue-1

 Vives-peris, V., De Ollas, C., Gomez-Cadenas, A., and Perez-Clemente, R. M. (2020). Root exudates: from plant to rhizosphere and beyond. Plant Cell Rep. 39, 3–17. doi: 10.1007/s00299-019-02447-5

 Wang, L., Li, R., Yan, X., Liang, X., Sun, Y., and Xu, Y. (2020). Pivotal role for root cell wall polysaccharides in cultivar-dependent cadmium accumulation in Brassica chinensis L. Ecotox. Environ. Safe. 194, 110369. doi: 10.1016/j.ecoenv.2020.110369

 Wang, X., Liu, X., Ji, H., and Xia, T. (2023). Poly-γ-glutamic acid-producing bacteria reduce wheat Cd uptake by promoting Cd transfer from macro-to micro-aggregates in Cd-contaminated soil. Front. Environ. Sci. 10, 2022. doi: 10.3389/fenvs.2022.1097865

 Wang, X., Liu, Y. O., Zeng, G. M., Chai, L. Y., Song, X. C., Min, Z. Y., et al. (2008). Subcellular distribution and chemical forms of cadmium in Bechmeria nivea (L.) Gaud. Environ. Exp. Bot. 62, 389–395. doi: 10.1016/j.envexpbot.2007.10.014

 Wang, L., Wu, X., Li, G., Wu, X., Qin, D., Tao, Y., et al. (2018). Generating homo- and hetero-grafts between watermelon and bottle gourd for the study of cold-responsive microRNAs. J. Vis. Exp. 141, e58242. doi: 10.3791/58242

 Wardle, D. A., Bardgett, R. D., Klironomos, J. N., Setala, H., van der Putten, W., and Wall, D. H. (2004). Ecological linkages between aboveground and belowground biota. Science 304, 1629–1633. doi: 10.1126/science.1094875

 Wojcik, M., Vangronsveld, J., D’Haen, J., and Tukiendorf, A. (2005). Cadmium tolerance in Thlaspi caerulescens- II. localization of cadmium in Thlaspi caerulescens. Environ. Exp. Bot. 53, 163–171. doi: 10.1016/S0098-8472(04)00047-4

 Wu, H. (2011). Cadmium tolerance of and cadmium transportation and accumulation in Salix matSudana. Master dissertation (Beijing: University of Chinese Academy of Sciences).

 Wu, Z. (2015). Screening of high/low cadmium accumulation brassica napus cultivars and research on the biochemical mechanisms. Doctoral dissertation (Wuhan: Huazhong Agricultural University).

 Wu, F., Liu, F., Zhang, P., Li, D., Sun, L., and Xu, J. (2022). Response analyses of ZIP5 and ZIP11 genes in Solanum melongena and Solanum torvum to zinc/cadmium toxicity. J. Shanxi. Agric. Univer. (Nat. Sci. Ed.) 42, 37–44. doi: 10.13842/j.cnki.issn1671-8151.202111010

 Xiao, Y., Du, Z., Busso, C., Qi, X., Wu, H., Guo, W., et al. (2020). Differences in root surface adsorption, root uptake, subcellular distribution, and chemical forms of Cd between low and high-Cd-accumulating wheat cultivars. Environ. Sci. pollut. Res. 27, 1417–1427. doi: 10.1007/s11356-019-06708-4

 Xie, Y., Tan, H., Sun, G., Li, H., Liang, D., Xia, H., et al. (2020). Grafting alleviates cadmium toxicity and reduces its absorption by tomato. J. Soil Sci. Plant Nutr. 20, 2222–2229. doi: 10.1007/s42729-020-00289-9

 Xin, J., Huang, B., Yang, J., Yang, Z., Yuan, J., and Mu, Y. (2013). Role of roots in cadmium accumulation of two water spinach cultivars: reciprocal grafting and histochemical experiments. Plant Soil 366, 425–432. doi: 10.1007/s11104-012-1439-5

 Xing, N., Yan, L., Wang, Y., and Huang, Y. (2022). Effects of different types of rootstocks on fruit quality and cadmium content of grafted watermelon. Acta Agric. Jiangxi. 34, 17–21. doi: 10.19386/j.cnki.jxnyxb.2022.08.004

 Xu, X., An, P., Guo, T., Han, D., Jia, W., and Huang, W. (2021). Research progresses on response mechanisms and control measures of cadmium stress in rice. Chin. J. Rice Sci. 35, 415–426. doi: 10.16819/j.1001-7216.2021.201209

 Xu, J., Meng, J., Liu, X., Shi, J., and Tang, X. (2018). Control of heavy metal pollution in farmland of China in terms of food security. Bull. Chin. Acad. Sci. 33, 153–159. doi: 10.1016/j.scitotenv.2017.11.214

 Xu, Y., Seshadri, B., Sarkar, B., Wang, H., Rumpel, C., Sparks, D., et al. (2018). Biochar modulates heavy metal toxicity and improves microbial carbon use efficiency in soil. Sci. Total. Environ. 621, 148–159. doi: 10.1016/j.scitotenv.2017.11.214

 Xue, C., Sun, L., Liu, W., Gao, Y., Pan, X., Yang, X., et al. (2024). Decreased cadmium content in Solanum melongena induced by grafting was related to glucosinolates synthesis. Sci. Total. Environ. 915, 170115. doi: 10.1016/j.scitotenv.2024.170115

 Xue, C., Sun, L., Qu, B., Gao, Y., Liu, Z., Guo, C., et al. (2022). Grafting with an invasive Xanthium strumarium improves tolerance and phytoremediation of native congener X. sibiricum to cadmium/copper/nickel tailings. Chemosphere 308, 136561. doi: 10.1016/j.chemosphere.2022.136561

 Yan, J., Wang, P., Wang, P., Yang, M., Lian, X., Tang, Z., et al. (2016). A loss-of-function allele of OsHMA3 associated with high cadmium accumulation in shoots and grain of Japonica rice cultivars. Plant. Cell Environ. 39, 1941–1954. doi: 10.1111/pce.12747

 Yang, X., Lina, R., Zhang, W., Xua, Y., Wei, X., Zhuo, C., et al. (2019). Comparison of Cd subcellular distribution and Cd detoxification between low/high Cd-accumulative rice cultivars and sea rice. Ecotox. Environ. Safe. 185, 109698. doi: 10.1016/j.ecoenv.2019.109698

 Yin, C., Lei, W., Wang, S., Xie, G., and Qiu, D. (2024). Biochar and arbuscular mycorrhizal fungi promote rapid-cycling Brassica napus growth under cadmium stress. Sci. Total. Environ. 953, 176034. doi: 10.1016/j.scitotenv.2024.176034

 Yin, A., Wang, Q., Ge, M., Lu, T., and Ren, L. (2021). Research progress in the application of microbial siderophores. Environ. Prot. Circ. Eco. 41, 20–24.

 Yu, Z., Li, S., Zhao, X., Li, M., Li, B., He, Y., et al. (2021). Differences in root morphology, rhizosheath traits, and Cd uptake in maize cultivars. J. Agro-Environ. Sci. 40, 747–755. doi: 10.11654/jaes.2020-0733

 Yu, F., Liang, X., Li, Y., Su, Y., Tang, S., Wei, J., et al. (2023). A modified diatomite additive alleviates cadmium−induced oxidative stress in Bidens pilosa L. by altering soil microbial communities. Environ. Sci. pollut. Res. 30, 41766–41781. doi: 10.1007/s11356-023-25216-0

 Yu, X., Peng, S., Wang, H., Fu, Y., Li, J., and Zhang, S. (2019). Mechanism of Cd2+ absorption by cadmium tolerant Bacillus sp. Jiangsu. Agric. Sci. 47, 293–297. doi: 10.15889/j.issn.1002-1302.2019.20.065

 Yuan, H., Sun, L., Tai, P., Liu, W., Li, X., and Hao, L. (2019). Effects of grafting on root-to-shoot cadmium translocation in plants of eggplant (Solanum melongena) and tomato (Solanum lycopersicum). Sci. Total. Environ. 652, 989–995. doi: 10.1016/j.scitotenv.2018.10.129

 Yuan, H., Tai, P., Gustave, W., Xue, F., and Sun, L. (2021). Grafting as a mitigation strategy to reduce root-to-shoot cadmium translocation in plants of Solanaceae family. J. Clean. Prod. 319, 128708. doi: 10.1016/j.jclepro.2021.128708

 Zare, A. A., Khoshgoftarmanesha, A. H., Malakoutib, M. J., Bahramib, H. A., and Chaneyc, R. L. (2018). Root uptake and shoot accumulation of cadmium by lettuce at various Cd: Zn ratios in nutrient solution. Ecotox. Environ. Safe. 148, 441–446. doi: 10.1016/j.ecoenv.2017.10.045

 Zeng, X., Xu, J., Huang, Q., Tang, S., Li, Y., Li, F., et al. (2013). Some deliberations on the issues of heavy metals in farmlands of China. Acta Pedol. Sin. 50, 186–194.

 Zhang, Y. (2009). Effect of cadmium on physiological characteristics of cucumber seedlings and physiological mechanisms of grafting to alleviate cadmium toxicity (Wuhan: Huazhong Agricultural University).

 Zhang, H., Ruan, Y., Kuzyakov, Y., Qiao, Y., Xu, Q., Huang, Q., et al. (2024). Carbon flow from roots to rhizobacterial networks: Grafting effects. Soil Biol. Biochem. 199, 109580. doi: 10.1016/j.soilbio.2024.109580

 Zhang, J., Tian, H., Wang, P., Xiao, Q., Zhu, S., and Jiang, H. (2019). Variations in pH significantly affect cadmium uptake in grafted muskmelon (Cucumis melo L.) plants and drive the diversity of bacterial communities in a seedling substrate. Plant Physiol. Bioch. 139, 132–140. doi: 10.1016/j.plaphy.2019.03.013

 Zhang, J., Wang, P., Tao, Z., Tian, H., and Guo, T. (2022). Phosphate-solubilizing bacteria abate cadmium absorption and restore the rhizospheric bacterial community composition of grafted watermelon plants. J. Hazard. Mater. 438, 129563. doi: 10.1016/j.jhazmat.2022.129563

 Zhang, Z., Zhou, T., Tang, T., Song, H., Guan, C., Huang, J., et al. (2019). A multiomics approach reveals the pivotal role of subcellular reallocation in determining rapeseed resistance to cadmium toxicity. J. Exp. Bot. 70, 5437–5455. doi: 10.1093/jxb/erz295

 Zhao, Y., Wen, L., Luo, S., Li, Z., and Liu, C. (2024). Identification of HMA gene family and cadmium transport function of SlHMA1 in tomato. Biotechnol. Bull. 40, 212–222. doi: 10.13560/j.cnki.biotech.bull.1985.2023-0896

 Zhao, S., Zhang, Y., Zhang, Q., Wang, G., and Ye, X. (2015). Differential responses of two tomato cultivars to cadmium stress. J. Plant Nutri. Ferti. 21, 1261–1268. doi: 10.11674/zwy.2015.0520

 Zhao, W., Zheng, X., Zhang, Y., Zhong, C., Yang, Y., and Yu, W. (2019). Effects of root exudates from tomato grafted with different rootstocks on Ralstonia solanacearum and seedling growth. China Vege. 5, 58–63.44. doi: 10.19928/j.cnki.1000-6346.2019.05.012

 Zhou, J. (2017). A study on mechanisms of uptake, accumulation and tolerance of cadmium in apple rootstocks (Shenyang: Shenyang Agricultural University).




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Zhang, Zhu, Li and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1526041-g001.jpg
Cell wall retention

QA MOMOIS N O IHTTEI el

Cytoplasm

Vacuolar compartmentalization

O Bioavailable Cd PC: phytochelatins
Cd immobilizing microbes  OA: organic acids
@ Root exudates





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Recent advances in understanding the mechanisms of plant cadmium accumulation as affected by grafting in vegetable production

      

        		

          1 Introduction

        



        		

          2 Root Cd uptake as affected by genetic variation in rootstocks and scions

        



        		

          3 Root Cd uptake as affected by microenvironment in the rhizosphere soil

        



        		

          4 Cd translocation to aboveground tissues as affected by grafting

        



        		

          5 Xylem/phloem loading of Cd in plants as affected by grafting

        



        		

          6 Future research prospect

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls.2025.1526041_cover.jpg
& frontiers | Frontiers in Plant Science

Recent advances in understanding the
mechanisms of plant cadmium
accumulation as affected by grafting in
vegetable production





OEBPS/Images/crossmark.jpg
©

2

i

|





