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Abstract

:

Cadmium (Cd) is a non-essential heavy metal with high toxicity to plants. Plants have acquired specialized mechanisms to sense, transport, and detoxify Cd. Recent studies have identified many transporters involved in Cd uptake, transport, and detoxification. However, the complex transcriptional regulatory networks involved in Cd response remain to be elucidated. Here, we provide an overview of current knowledge regarding transcriptional regulatory networks and post-translational regulation of the transcription factors involved in Cd response. An increasing number of reports indicate that epigenetic regulation and long non-coding and small RNAs are important in Cd-induced transcriptional responses. Several kinases play important roles in Cd signaling that activate transcriptional cascades. We also discuss the perspectives to reduce grain Cd content and improve crop tolerance to Cd stress, which provides a theoretical reference for food safety and the future research of plant varieties with low Cd accumulation.
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1. Introduction


Cadmium (Cd) is one of the naturally occurring heavy metals, which is extremely toxic to plants and humans [1]. In recent years, the increase in Cd content in soils has caused serious and widespread pollution to farmland. The accumulation of Cd in plants has toxic effects on the normal growth of plants. For example, Cd affects enzyme activity and the absorption and consumption of essential elements, generates reactive oxygen species (ROS), and impairs photosynthesis, respiration, and membrane systems. All these effects ultimately result in plant tissue necrosis, chlorosis, and eventual death [2,3]. Cd is also a threat for human health. The bone itai-itai disease in Japan in the 1950s was caused by long-term consumption of rice (Oryza sativa L.) produced in Cd-contaminated soils [4]. Cd enters the human body through the food chain and mainly accumulates in the kidneys, causing a series of diseases, such as anaemia, cancer, heart failure, steoporosis, emphysema, and renal function diseases [5,6,7,8]. Therefore, it is necessary to limit Cd in the food chain from soils to reduce health risks to humans.



Recent studies have made important progress in elucidating the physiological and molecular mechanisms of Cd transport and tolerance in plants. According to the relation between the metal content in the soil and metal in the plants, plants are divided into three groups: excluder, indicator, and hyperaccumulator plants [9]. So far, many transporters related to Cd uptake, transport, sequestration, and detoxification in plants have been identified [10,11,12,13] (Table 1, Figure 1). Metal transporters and ROS-scavenging enzymes are major functional proteins that are induced by Cd stress. Heavy metal accumulation and tolerance in plants are associated with a highly complex regulatory network system involving a large number of genes. Recent studies in rice, Arabidopsis thaliana, and other plants have revealed multi-layered transcriptional networks comprising many transcriptional factors (TFs), long non-coding RNAs (lncRNAs), and microRNAs (miRNAs) in responses to Cd stress [14,15,16] (Figure 2). An increasing number of reports indicate that epigenetic regulation, such as DNA methylation, is important in Cd-induced transcriptional responses. Many kinases play important roles in Cd signaling that activate transcriptional cascades [17,18]. In this review, we focus on recent findings regarding the transcriptional network and post-translational regulation of TFs that control the expression levels of metal-responsive genes. The review on the regulatory mechanisms of Cd uptake, transport and accumulation in plants is of great significance for reducing Cd content in food crops to ensure food safety.




2. Cd Transport and Accumulation in Plants


Cd transport and accumulation in plants have been most extensively investigated in rice and involve four steps: (1) uptake by roots, (2) xylem-loading-mediated translocation to shoots, (3) redistribution through stems and nodes, and (4) further translocation to grains through the phloem [4]. As shown in Table 1, many metal transporters related to Cd uptake, transport, and detoxification have been cloned in plants, including iron (Fe)-regulated transporter1 (OsIRT1) [20,54], OsIRT2 [54,55], natural resistance-associated macrophage protein 1 (OsNRAMP1) [33], AtNRAMP1, AtNRAMP3, AtNRAMP4 [28,29,30,31], zinc (Zn)-/iron-regulated transporter-like protein 1 (OsZIP1) [21,22], OsZIP3 [21,23], Cd accumulation in leaf 1 (CAL1) [51], OsNRAMP5 [35,56], HvNRAMP5 [32], cation/calcium (Ca) exchanger (OsCCX2) [38], heavy metal ATPase 2 (OsHMA2) [42,57], OsHMA3 [43,58], low-affinity cation transporter 1 (OsLCT1) [46], and oligopeptide transporter 3 (OPT3) [53]; excluders–ATP-binding cassette, subfamily C/G (OsABCG36) [49], pleiotropic drug resistance 8 (AtPDR8) [50], and plant cadmium resistance protein 2 (SaPCR2) [52]. The discovery of these genes provides an important theoretical and practical basis for molecular breeding of crops with low Cd accumulation.



2.1. Cd Entry into the Roots


2.1.1. Cd Absorption by Transporters


At present, there are no transporters in plant roots that specifically absorb Cd. Cd can be absorbed mainly through synergistic action by other essential mineral elements, such as Zn, Fe, and manganese (Mn) ions. Several metal transporters, like OsIRT1, OsNRAMP1, and OsNRAMP5 have been reported to be responsible for Cd entry into rice roots [33,54]. OsIRT1 and OsIRT2 are located on the plasma membrane. After 10 days of 100 μM CdSO4 treatment, the expression of OsIRT1 and OsIRT2 was highly increased in rice roots [59]. OsIRT1 and OsIRT2 both display Cd, Fe, and Zn influx activities in yeast, and overexpression of OsIRT1 increases these metals in different plant tissues [20]. These results indicate that both OsIRT1 and OsIRT2 play important roles in rice by uptaking Cd from soil to roots. OsCd1, a major facilitator superfamily (MFS) protein, has been demonstrated to be involved in Cd uptake in root cells. OsCd1 resides in the plasma membrane of roots and contributes to Cd accumulation in rice grains [48]. In addition, OsNRAMP5 is located in the plasma membrane and is mainly responsible for the transport of Cd, Fe, and Mn in the rice root system. The osnramp5 knockout mutants significantly reduced Cd concentration in roots and buds and increased Cd tolerance [11,60,61]. OsNRAMP1 is highly homologous to OsNRAMP5 and is also involved in Cd uptake and transport by root cells. Knockout of OsNRAMP1 resulted in a significant decrease in the uptake of Cd and Mn by rice roots [33]. These results have important implications for the application of OsNRAMP1 and OsNRAMP5 mutations in mitigating Cd toxicity and reducing the risk of Cd contamination in rice grains. Under 10 μM CdCl2 stress for three days, compared with the yeast transformed with an empty vector, the growth of yeast expressing AtNRAMP1, AtNRAMP3, and AtNRAMP4 was seriously impaired. In the meantime, after 3 μM CdCl2 treatment for 24 h, these three kinds of yeasts contained more Cd in yeast cells than the yeast transformed with empty vector [29]. Under 2 μM CdSO4 stress for 14 days, the growth of the nramp1 Arabidopsis mutant roots was little affected compared to the wild type (WT) [28]. Under both 1 and 10 μM CdCl2 stress for 10 days, the growth of AtNRAMP3 overexpression in Arabidopsis roots was significantly reduced compared to WT [29]. Under 500 nM CdCl2 treatment for 14 days, the AtNRAMP4 overexpression in Arabidopsis roots accumulated more Cd than WT [31]. These results indicate that these genes are related to Cd transport in Arabidopsis roots. HvNRAMP5, located in the plasma membrane, is also a major transporter for the uptake of Cd and Mn in barley [32].




2.1.2. Cd Efflux by Transporters


OsZIP1 functioned as a metal-detoxified transporter through preventing excess Cd and Zn accumulation in rice [22]. OsZIP1 is located at the endoplasmic reticulum and plasma membrane [62]. OsZIP1 overexpression in rice grew better under 5 μM CdCl2 stress for six days, but accumulated less Cd in plants. By contrast, the oszip1 mutants and RNA interference (RNAi) lines accumulated more Cd in roots and displayed Cd-hypersensitive phenotypes. Tian et al. (2019) [23] found that both roots and shoots of OsZIP3-overexpressed transgenic rice plants were longer than those of WT plants under 10 μM CdSO4 for seven days. OsZIP3 overexpression also reduced the Cd content in the roots and shoots. In addition, OsABCG36 localized at the plasma membrane was also involved in Cd efflux in rice roots. Knockout of OsABCG36 increased Cd accumulation in root cell sap and enhanced Cd sensitivity [49]. SaPCR2 is localized at the plasma membrane and plays an important role in Cd detoxification. Under 15 and 30 μM CdCl2 stress for seven days, the Cd content in the roots of SaPCR2-overexpressed transgenic Arabidopsis plants were decreased compared to WT. Under 10 μM CdCl2 stress for seven days, the Cd content in the roots of SaPCR2-overexpressed transgenic Sedum alfredii plants were also decreased compared to WT plants. That means SaPCR2 provided a route for Cd efflux in both Arabidopsis and non-hyperaccumulating ecotype (NHE) S. alfredii [52]. AtPDR8 is localized at the plasma membrane and was expressed in Arabidopsis roots and leaves. Kim et al. [50] found that under 5, 10, 20, and 30 μM CdCl2 for two to three weeks, atpdr8 knockout plants and atpdr8 RNAi plants were more sensitive to Cd than WT, while AtPDR8-overexpressed plants were resistant to Cd. That means AtPDR8 acts as an efflux pump of Cd2+ in plants.





2.2. Cd Transport to Shoots by Loading into the Xylem


Cd is transported to shoots by loading into the xylem vessel. Xylem-mediated root-to-shoot translocation is shown as a major determinant for shoot Cd accumulation in many plants including rice [63,64]. CAL1 was a major quantitative trait locus (QTL) for Cd accumulation in rice leaves. CAL1 protein reduced Cd accumulation in rice leaves by specifically chelating Cd in the cytosol and promoting Cd secretion to extracellular spaces. CAL1 also regulated Cd root-to-shoot translocation through the xylem, and cal1 knockout mutants significantly reduced Cd concentration in rice leaves after 10 μM CdCl2 treatment for seven days [51]. OsHMA2 is mainly expressed in rice roots and enriched in the vascular tissues, facilitating root-to-shoot Cd translocation. Knockout of OsHMA2 significantly reduced Cd accumulation in shoots and grains [57]. The expression of OsHMA2 was prominent in rice, which accumulated more Cd in its grains [65]. These results mean Cd can be transported from shoots to the xylem and, finally, to grains through OsHMA2. OsHMA3, a close homolog of OsHMA2, is a tonoplast-localized transporter for Cd in rice roots and is responsible for sequestering Cd in vacuoles [43]. Overexpression of OsHMA3 significantly reduced Cd transport from roots to shoots and Cd content in grains (≥90%) [58,66]. Even in seriously Cd-contaminated soils, overexpression of OsHMA3 alone produced rice grains with Cd concentration below the Chinese limit (Cd, 0.2 mg kg−1) [67], representing an ideal target for breeding low grain Cd rice. In Arabidopsis, the P1B-type ATPases, AtHMA2 and AtHMA4, both regulate root-to-shoot translocation of Cd and Zn and were mainly expressed in the vascular tissues of roots, stems, and leaves [39]. Overexpression of AtHMA4 led to an increased tolerance to Zn, Cd, and Co and accumulated more metals in stems than WT [41]. Another P-type ATPase family member, AtHMA3, located at the vacuolar membrane, also participates in the vacuolar storage of Cd. Under 30 μM CdCl2 stress for 11 days, the roots and shoots of AtHMA3-overexpressed transgenic Arabidopsis plants accumulated more Cd than WT [40]. These results suggest that AtHMA3 plays a role in the detoxification of Cd through the vacuolar sequestration.




2.3. Cd Transport through the Phloem to Grains


Cd transported from the xylem to the shoots in rice is stored in nodes, transferred to the phloem, and then transported to rice grains through leaves, especially flag leaf phloem [48,68]. Phloem mediates nearly 100% of Cd deposition into grains in rice [69]. Cd can also be transferred to the grains through phloem in other plants, such as peanut (Arachis hypogaea L.), linseed (Linum usitatissimum L.), and potato (Solanum tuberosum L.) [70,71]. Cd mediated by phloem in S. alfredii participated in Cd remobilization from the older to younger leaves [72]. This reallocation could avoid excessive accumulation of Cd in leaves and stems. OsLCT1 is the first identified transporter for phloem Cd transport in plants [46]. OsLCT1 is mainly expressed in leaf blades and nodes during the reproductive stage. The Oslct1 knockdown mutant significantly reduced Cd content in rice grains as well as in phloem sap [46]. The expression of OsLCT1 was significantly enhanced in rice, which over-accumulated Cd in grains, indicating possible translocation of Cd from shoots to grains [65]. These results suggest that OsLCT1 in leaf blades functions in Cd remobilization by the phloem. In addition, OsCCX2, a putative Ca exchanger, is a node-expressed transporter involved in Cd accumulation in the grains of rice. OsCCX2 is mainly expressed in the xylem region of vascular tissues at the nodes and plays a crucial role in mediating Cd translocation and distribution. Knockout of OsCCX2 resulted in a significant decrease in Cd accumulation in rice grains when planted in 3.89 mg kg−1 Cd-contaminated paddy soils [38]. More recently, Gu et al. (2023) [69] identified a defensin-like gene, DEFENSIN 8 (DEF8), as the phloem Cd unloading transporter. DEF8 is mainly expressed in rice grains. The DEF8 mutant significantly decreased Cd accumulation in rice grains, offering an effective strategy to reduce the risk of Cd contamination without affecting important agronomic traits or the concentration of essential micronutrients. OPT3 is located at the plasma membrane and preferentially expressed in the Arabidopsis phloem. After 50 μM CdCl2 stress for two weeks, the OPT3-overexpressed transgenic Arabidopsis plants reduced the accumulation of Cd in grains and the opt3 mutant Arabidopsis plants accumulated more Cd in grains and roots [53]. These results suggest that OPT3 plays an important role in the transport of Cd from phloem to grains.





3. The Transcriptional Regulation of Cd Response by TFs


Recent studies have identified the complex transcriptional networks of plant Cd stress responses (Figure 2). TFs are major regulators of plant growth and development, as well as in abiotic and biotic stress responses. TFs belong to different families, such as WRKY, myeloblastosis protein (MYB), basic leucine zipper (bZIP), and heat shock transcription factor (HSF) [73,74,75]. They play important roles in signal transduction of Cd stress response by activating or repressing a series of genes involved in Cd uptake, transport, and tolerance in rice. The sensing of heavy metals by plants generates responses such as modulation of molecular and biochemical mechanisms of cells [58,76]. The ultimate plant Cd stress responses include altered synthesis of metal transporter proteins and metal binding proteins to counteract excessive metal stress in plants [74,77].



3.1. WRKY


The WRKY family is a unique plant TF family and plays an important regulatory role in plant development and response to various environmental stresses [75]. Under Cd stress, 35 WRKY genes were differentially expressed in rice, of which 25 were up-regulated and 10 were down-regulated. Under Cd treatment, the expression of OsWRKY15 was induced in both leaves and roots, which may participate in Cd response via NO and ABA signaling pathways. The expression of WRKY104 increased more than 90-fold after 24 h of Cd treatment [78]. Under Cd stress, WRKY12 negatively regulated Cd tolerance via the glutathione (GSH)-dependent PC synthesis pathway in Arabidopsis. WRKY12 directly targeted GSH1 by binding to its promoter and indirectly inhibited the expression of other PC synthesis-related genes (GSH1, GSH2, PCS1, and PCS2), thereby negatively regulating Cd accumulation and tolerance in Arabidopsis [79]. The expression levels of TaWRKY74 were significantly induced by Cd stress in wheat. TaWRKY74 alleviated Cd toxicity in wheat by regulating the expression of Ascorbic Acid (ASA)-GSH synthesis genes [16]. In addition, Cd stress induced the expression of WRKY13. Overexpression of WRKY13 decreased Cd accumulation and enhanced Cd tolerance, while the loss of function of WRKY13 led to Cd accumulation and increased Cd sensitivity. WRKY13 can bind the promoter of the Cd extrusion pump gene PDR8 and activate its expression to positively regulate Cd tolerance in Arabidopsis [80].




3.2. MYB


The MYB TF family is a large and functionally important class of proteins involved in the regulation of diverse biological processes. MYB proteins are divided into four classes according to the number and position of MYB repeats: 1R-MYB/MYB-related, R2R3-MYB, R1R2R3-MYB, and 4R-MYB [81]. BnMYB2, encoding a 1R-MYB protein from Boehmeria nivea (ramie), was significantly up-regulated in roots and leaves under Cd stress. The overexpression of BnMYB2 in Arabidopsis resulted a significant increase in Cd tolerance and accumulation [82]. In addition, Tiwari et al. (2020) [83] identified another member of the rice 1R-MYB family involved in heavy metal tolerance. OsMYB-R1-overexpressed rice plants exhibited a higher auxin accumulation and a significant increase in lateral roots, which resulted in the increased tolerance under 150 μM and 300 μM Chromium (Cr) (VI) exposure for 21 days. RNA-seq analysis revealed over-representation of salicylic acid (SA)-regulated genes in OsMYB-R1-overexpressed rice plants [83]. These results imply that OsMYB-R1 is part of a complex network of TFs controlling the cross-talk of auxin and SA signaling, which regulates heavy metal response.



The R2R3-MYB genes are more prevalent in plants and involved in regulating responses to environmental stresses [82,84]. Recent reports have established the role of OsMYB45 in rice tolerance to Cd stress (Figure 3). The expression of OsMYB45 was induced by Cd stress and highly expressed in the leaves, husks, stamens, pistils, and lateral roots of rice. Under 5 μM CdCl2 treatment for three days, the Osmyb45 mutant was hypersensitive to Cd, which is associated with increased accumulation of hydrogen peroxide (H2O2) and reduced expression of antioxidative enzymes compared with WT. Catalase (CAT) is the main antioxidant enzyme and is encoded by three genes in the rice genome (OsCATA, OsCATB, and OsCATC). OsCATA and OsCATC expression was inhibited in Osmyb45 mutations, which may be associated with Cd-sensitive phenotypes. The overexpression of OsMYB45 in the mutant complemented the mutant phenotype [85]. In addition, another R2R3-type MYB member, MYB49a, was reported to be involved in the regulation of Cd accumulation in plants by physically interacting with the central ABA signaling molecule ABI5 [14]. MYB49 was induced under Cd stress. Overexpression of MYB49 in Arabidopsis significantly increased Cd accumulation, whereas myb49 knockout plants reduced Cd accumulation. Further investigations revealed that MYB49 positively regulated the expression of basic helix-loop-helix (bHLH) TFs, bHLH38 and bHLH101, by directly binding to their promoters and indirectly up-regulating expression of the IRT1 transporter gene. MYB49 also binds to the promoter regions of the heavy metal-associated isoprenylated plant proteins, HIPP22 and HIPP44, leading to the activation of their expression and subsequent Cd uptake and accumulation [14].




3.3. bZIP


The bZIP family is one of the largest TF families in plants with important regulatory roles in various biological processes, including plant defense and responses to environmental challenges [86,87,88]. RNA-Seq results indicated that three differentially expressed genes encoding bZIP6, bZIP19, and bZIP43 were involved in Cd stress in bentgrass [89]. After 400 μM CdCl2 treatment for four days in Sedum plumbizincicola, the expression levels of 32 SpbZIP genes changed and most of their expression levels peaked earlier in roots than in stems and leaves [88]. These results suggest that SpbZIP may play a major role in the initial response to Cd stress in the roots. In addition, TGACGTCA cis-element-binding protein (TGA) factors in Arabidopsis represent a subfamily of bZIP TFs. In Arabidopsis, TGA3 transcription was induced by Cd [90]. Compared with WT plants, the tga3 mutant accumulated higher amounts of Cd in the roots and lower amounts in the shoots [91]. Fusco et al. (2005) [92] found that under Cd treatment, BjCdR15, acting as orthologue of TGA3 in Arabidopsis, regulated the expression of several metal transporters in Brassica juncea, such as PDR8, HMA4, and NRAMP3, thus mediating long-distance root-to-shoot transport of Cd. Overexpression of BjCdR15 in Arabidopsis and Nicotiana tabacum (tobacco) enhanced Cd tolerance and accumulation in shoots [91]. These results indicate that bZIP TFs play crucial roles in the regulation of Cd accumulation, which provide useful candidates for potential biotechnological applications in the phytoextraction of Cd-contaminated soils.




3.4. HSF


The HSF family is an important member in plant stress response to several abiotic stresses by regulating the expression of stress-responsive genes, such as heat shock proteins (Hsps). In Arabidopsis, the Hsfs family is systematically divided into three classes of HsfA, B, and C [93]. In the plant response network, HsfA1 specifically interacts with HsfA2 to mediate the expression of genes encoding molecular chaperone HSPs such as HSP70 and HSP90 [94]. HSFs have been reported to play crucial roles in Cd tolerance in plants. HsfA1a conferred Cd tolerance in Solanum lycopersicum (tomato) by partially up-regulating Hsps expression [95] (Figure 4). After 100 μM CdCl2 stress for 15 days, Hsfa1a-silenced plants exhibited reduced melatonin levels, while HsfA1a overexpression stimulated melatonin accumulation and the expression of the melatonin biosynthetic gene caffeic acid O-methyltransferase 1 (COMT1). Exogenous melatonin promotes the modulation of GSH and PC biosynthesis which can detoxify Cd under Cd stress [96].



In S. alfredii, SaHsfA4c also played an important role in Cd tolerance. Compared with WT, the accumulation of ROS in SaHsfA4c-overexpressed Arabidopsis was reduced, and the expression of ROS-scavenging enzyme genes and Hsps was increased [97]. It has been found that the TaHsfA4a gene confers strong Cd tolerance in yeast and rice. CUP1, which encodes metallothioneins (MTs), contributes to the TaHsfA4a-induced Cd tolerance by acting as a downstream target of HsfA4a. OsHsfA4a is a rice homolog of TaHsfA4a. In rice plants expressing TaHsfA4a, Cd tolerance was enhanced, but in oshsfa4a knockdown rice plants, Cd tolerance was decreased. In addition, TaHsfA4a mediated Cd resistance in yeast by regulating MTs. The expression levels of HsfA4a and the MT gene were increased in rice roots under Cd stress. Therefore, HsfA4a in rice induced Cd tolerance by up-regulating MT gene expression in plants [98,99] (Figure 4).




3.5. Other TFs


The no apical meristem (NAM), Arabidopsis transcription activation factor (ATAF1/2), and cup-shaped cotyledon (CUC2) (NAC) family is a kind of pivotal TF in the response to various abiotic stresses [100]. They contain a conserved N-terminal DNA-binding NAC domain and a highly variable C-terminal domain. In Aegilops markgrafii, AemNAC2 was found to be associated with reducing accumulation of Cd. Overexpression of AemNAC2 could decrease accumulation of Cd in roots, shoots, and grains of transgenic wheat. In this type of transgenic wheat, AemNAC2 suppressed the expression of TaNRAMP5 and TaHMA2 [101].



The ethylene responsive factor (ERF) family belongs to APETALA2/ethylene responsive factor (AP2/ERF) superfamily, which is one of the largest group of TFs involved in abiotic stress response in plants [102]. In Glycyrrhiza uralensis, overexpression of lrERF061 led to maximum Cd uptake and enhanced antioxidant enzyme activities (SOD, CAT, and POD) under 10 mg L−1 Cd treatment [103]. This study contributes to the understanding of the role of LrERF061 in Cd resistance and offers a useful way to increase the phytoextraction efficiency of Cd-polluted soils.





4. Regulation of Cd Response by DNA Methylation, Long RNAs, and Small RNAs


As discussed above, TFs are the core regulators of transcription under Cd stress. However, increasing evidence has revealed a complex regulatory system comprising not only TFs, but also DNA methylation, long RNAs, and small RNAs with crucial roles in Cd response (Figure 2).



4.1. DNA Methylation


Heavy metal stress has an effect on DNA structure, DNA stability, DNA methylation, and the regulation of gene expression. When these effects occur in plants, changes in DNA methylation can make plants adapt to heavy metal stress, especially to Cd stress [18,104]. DNA methylation can regulate gene expression and induce corresponding phenotypic changes without altering DNA sequence [105].



Cd treatment can lead to an increase in DNA methylation levels in rice, Arabidopsis, Zostera marina, and barley, which endows plants with higher tolerance to Cd [106,107,108,109]. Feng et al. (2016) [110] used high-throughput single-base-resolution bisulfite sequencing (BS-Seq) and RNA-Seq to analyze DNA methylation patterns in Cd-treated rice seedlings. A group of genes encoding metal transporters, Cd-detoxified proteins, and metal-related TFs were found to be differentially methylated, implying their roles in regulating rice tolerance to Cd stress. After 80 μM CdSO4 for four days, both GSH2 and GSHU35 upstream regions were hypermethylated. The sequence downstream of the coding region for iron-related transcription factor 2 (OsIRO2, a bHLH TF gene) was hypermethylated, while the coding region of metal transporter OsZIP1 was hypomethylated. The expression level of OsIRO2 was repressed, while OsZIP1 was induced by Cd. These results suggest that DNA methylated modification was most likely involved in transcriptional regulation of metal transporter genes. Sun et al. (2022) [111] found that grafting significantly reduced the total sulfur and Cd accumulation in soybean, which was mediated by DNA methylation. The expression level of methyltransferase genes decreased, leading to the decreased expression of sulfur metabolism-related genes, especially S-adenosylmethionine (SAM). These results imply that DNA methylation was involved in a decrease in total sulfur and Cd content. In addition, Cd treatment can lead to a decrease in DNA methylation levels in Trifolium repens and Cannabis sativa, which reduces the tolerance of plants to Cd [112]. These results indicate that DNA methylation dynamics in response to Cd vary with species.




4.2. lncRNAs


LncRNAs are a class of non-protein coding RNAs with >200 nt, which act as ‘biological regulators’ to control transcriptional regulation and genome imprinting [106,113]. Many lncRNAs in plants were induced or inhibited by Cd stress, affecting plant morphology, physiology, and biochemistry, and thus producing response to stress. They were reported to play key roles in controlling the uptake of heavy metals by the plant system in order to minimize the uptake of heavy metals from soil to plants [15,114].



Chen et al. (2018) [115] used deep sequencing to study the differential expression of lncRNAs under Cd stress in rice. A total of 75 lncRNAs were down-regulated and 69 lncRNAs were up-regulated by Cd treatment. Analysis of the target gene related pathways revealed significant changes in genes associated with the cysteine (Cys) and methionine (Met) metabolic pathways, for example, Os03g0196600, which was involved in these pathways, was clearly up-regulated and might contribute to the production of Cys-rich peptides. XLOC_086307, the lncRNA targeted Os03g0196600 in cis, was also up-regulated significantly, which suggests that XLOC_086307 likely participated in Cd response in rice by regulating the Cys-rich peptide metabolism-related gene Os03g0196600. In addition, Feng et al. (2016) [106] identified 301 Cd-responsive lncRNAs in Brassica napus by RNA-seq analysis, of which 67 acted as competing endogenous target mimics (eTMs) for 36 Cd-responsive miRNAs. Four lncRNAs were identified to serve as precursors of miR824, miR167d, miR156d, and miR156e in response to Cd stress. Interestingly, TCONS_00035787 was shown to target miR167d in B. napus. The target gene of miR167d encodes a NRAMP1-type metal transporter, which plays an important role in Cd uptake in plants [106,116]. This is the first report of a lncRNA (TCONS_00035787)–miR167-Nramp1 pathway in plants, indicating that lncRNAs can serve as new transcripts involved in the regulation of Cd uptake and accumulation in plants.




4.3. miRNAs


MiRNAs are a new class of small non-coding RNA molecules in plants, which negatively regulate specific target mRNAs at the post-transcriptional level. They are involved in plant growth and development, organ morphogenesis, and responses to heavy metal, drought, and chilling stress [117,118]. In our lab, Ding et al. (2011) [119] used miRNA microarray to analyze miRNA expression patterns in 60 μM Cd-treated and untreated rice seedlings. In addition to the up-regulation of miR528 under Cd stress, miR166, miR171, miR159, miR390, and miR192 were significantly inhibited [119,120]. Most of these miRNAs were reported to target TF genes, for example, miR166, miR171, and miR396 target homeodomain-leucine zipper TFs, scarecrow-like TFs, and growth regulating factor TFs, respectively. These results imply that miRNAs are key components of the transcriptional regulatory network of heavy metal stress responses in plants. The expression of miR166 was significantly repressed under 60 μM CdCl2 exposure in rice seedlings. Overexpression of miR166 reduced both Cd translocation from roots to shoots and Cd accumulation in the grains. In 35S: miR166 plants, the expression of OsHMA2 decreased. Thus, the reduced Cd translocation in plants overexpressing miR166 may be at least partly attributable to the effect on OsHMA2 expression [121]. In addition, miR390 was found to be significantly down-regulated under Cd stress. Overexpression of miR390 increased Cd accumulation and reduced tolerance to Cd toxicity in rice [122].



Meng et al. (2017) [123] found that miR167 could cleave BnNRAMP1b (one of the NRAMP genes), thus BnNRAMP1b was a target of miR167. Huang et al. (2010) [124] validated that miR395 targeted the sulfate assimilation related genes-sulfate transporter 2; 1 (SULTR2; 1) and ATP sulfurylases (APS) by using 5′-RACE assay in B. napus. After 40 μM CdCl2 treatment for seven days, miR395-overexpressed B. napus plants exhibited high Cd accumulation and fewer toxicity symptoms in comparison to WT, due to increased synthesis of sulfur-containing compounds used for heavy metal chelation [125]. These results demonstrate the role of miR395 in the detoxification of Cd in B. napus. MiR398 targets two closely related cuprums (Cu)/Zn-SODs (CSDs), CSD1 and CSD2, which promote defense against ROS accumulation in Arabidopsis. Transgenic Arabidopsis plants overexpressing a miR398-resistant form of CSD2 accumulated more CSD2 miRNA than plants overexpressing a regular CSD2 and were consequently much more tolerant to heavy metals and other oxidative stresses [126]. Wang et al. (2022) [127] used high-throughput sequencing to analyze miRNA expression patterns in Cd-tolerant/sensitive barley. MiR156g was identified to be Cd-induced and target nucleobase-ascorbic acid transporters 2 (HvNAT2). HvNAT2 was negatively regulated in the high-Cd-accumulating and Cd-tolerant genotype Zhenong8. Overexpression of HvNAT2 enhanced ROS enzyme activities and GSH content, thus enhancing Cd tolerance in barley. These results indicate that metal-regulated miRNAs and their target genes are involved in the diverse processes of Cd response, including metal uptake and transport, sulfate allocation, metal chelation, and ROS detoxification.





5. How Plants Sense and Transduce Cd Signals to Transcriptional Regulators


How plants sense and transduce Cd signals to transcriptional regulators is one of the most important open questions. Recent studies revealed that heavy metal stress activates Ca2+ and ROS signaling that mediate signal transduction and enhance the expression of stress-responsive genes or TFs. ROS can also act downstream of the mitogen-activated protein kinase (MAPK) pathway [128]. MAPKs are among the most important and highly conserved signaling molecules that are activated by ROS production and induced upon metal stress. MAPK cascade consists of three tier components MAP kinase kinase (MAPKKKs/MEKKs), MAP kinase kinase kinase (MAPKKs/MEKs), and MAPKs/MPKs mediating phosphorylation reactions from the upstream receptor to the downstream target [129]. It has been shown that Cd stress activates different kinase enzymes belonging to the MAPK family. The phosphorylation cascade is therefore thought to be involved in Cd signaling to the nucleus. Research confirms that transcripts for OsMSRMK2 (OsMPK3 homolog), OsMSRMK3 (OsMPK7 homolog), OsBWMK1 (or OsMPK12), and OsWJUMK1 (OsMPK20-4 homolog) increased in response to Cd and Cu treatment in rice roots and leaves [130,131].



A connection between miRNA and MAPK signaling was deciphered by a study which showed regulation of miR398b/c by oxidative signal-inducible kinase 1 (OXI1) upon Cd and Cu treatment [132]. OXI1 can enhance MAPK3 and MAPK6 activities based on the finding that knockout mutant plants for OXI1 could not activate MAPK3 and MAPK6 under H2O2 treatment [133]. MEKK1 and ANP1 are both Arabidopsis MAPKKKs, which are regulated by H2O2 under Cd stress and can activate MAPK3 and MAPK6 through MKK4 or MKK5 [134]. Apart from this, several TFs, like bZIP-, MYB-, and myelocytomatosis (MYC)-related TFs, are known to act as downstream targets of MAPKs [135,136]. In addition, Opdenakker et al. (2012) [137] reported that downstream signal transduction targets of MAPK during Cd or Cu stress included WRKY22, WRKY25, and WRKY29. MAPK cascades regulate gene transcription by activating or inhibiting TFs such as WRKY and TGA (a subfamily of bZIP TFs), thus regulating a variety of cellular responses [138,139].




6. Future Perspective


Cd accumulation and exposure in crops poses a serious threat to organisms and human health. Breeding of new cultivars with low Cd levels is the most cost-effective and eco-friendly strategy to reduce the risk of Cd contamination in plants. To achieve this goal, we need a comprehensive understanding of not only the mechanisms but also the regulation of Cd uptake, translocation, sequestration, and other processes important for plant Cd stress responses. Over the past decades, different families of Cd transporters have been identified in plants, and their functional analysis through molecular and genetic approaches has provided critical insights into Cd uptake and translocation mechanisms (Figure 1). More recently, a large number of regulatory proteins including those involved in protein phosphorylation have been identified. Regulatory RNAs and DNA modifications have also been identified with roles in plant Cd accumulation and tolerance likely by affecting their expression, synthesis, activities, stability, and other properties (Figure 2). TFs are the core regulators of transcription under Cd stress. Several TFs in the transcriptional network and their functions during Cd stress have been analyzed. In addition, there is emerging evidence that epigenetic regulation through DNA methylation, lncRNAs, miRNAs, and kinases are involved in Cd-induced transcriptional responses. These signaling and responding mechanisms at transcriptional and post-transcriptional levels will facilitate our understanding of regulatory pathways and serve as a basis for developing efficient strategies to reduce Cd in plants.



Despite the important progress, our understanding of the signaling and complex transcriptional regulatory networks in Cd stress response remains to be very limited. First, it is unclear how plants sense Cd. Do plant cells sense Cd through specific recognition of Cd itself or through indirect recognition of certain Cd-associated molecules or induced effects? Given that all identified Cd transporters also transport other metal ions, it is possible that plants sense Cd simply as a heavy metal and there are overlapping mechanisms in signaling upon exposure to different types of heavy metals. Second, upon Cd stress perception, what are the earliest signaling events? Even though MAPK cascades are implicated in plant Cd signaling and responses, there are usually other regulatory proteins that act upstream of MAPK cascades. For example, in plant immune responses, plasma membrane-localized pattern-recognition receptors can recognize specific pathogen elicitors to trigger plant immune response through activation of the MAPK cascade. Given that Cd is transported into plant cells through plasma membrane-localized transporters, it is possible that the early signaling in Cd response starts at the plasma membrane as well and could directly involve Cd transporters through coordination with other proteins such as plasma membrane-localized receptor-like proteins. Third, even though a substantial number of TFs have been identified with a role in Cd accumulation and tolerance, many lack information about their regulation and action mechanisms. For example, it is unclear how some of the identified TFs are activated or induced in response to Cd exposure. For many TFs, this remains unclear regarding direct target genes under their regulation. More importantly, there is little knowledge about the cooperation and coordination among different TFs for the effective and tight control of the transcription programs of plant Cd responses. Fourth, more recent discoveries about the role of DNA methylation and regulatory RNAs in Cd responses will expand the complex transcriptional landscape of plant Cd stress responses. It will be critical to identify the target genes that are subjected to regulation by epigenetic mechanisms and regulatory RNAs and establish the processes and pathways by which these target genes influence plant Cd accumulation and responses. Finally, most of the research on plant Cd accumulation and responses has been carried out in rice and Arabidopsis. It is very likely that there are many unknown components and mechanisms that are present in different plants with important roles in plant Cd accumulation and tolerance. There are, for example, plants that hyperaccumulate Cd and can be highly valuable research materials for discovery of novel mechanisms by which plants accumulate, sequester, and detoxify high levels of Cd from heavily contaminated soils. In the hyperaccumulator S. alfredii, some genes related to Cd uptake and hyperaccumulation have been characterized, such as SpHMA3, SaNramp6, and SaHsfA4c [97,140,141]. Isolation of new genes including those TFs and interacting factors with regulatory roles in plant Cd accumulation and tolerance will help elucidate regulatory mechanisms in response to heavy metal stress. They can also be exploited as potential targets for genetic engineering through molecular breeding and clustered regularly inter-spaced short palindromic repeat (CRISPR)-Cas9 technology to reduce grain Cd accumulation and increase Cd tolerance in crop plants.







Author Contributions


Y.L., L.D., M.Z. and Y.D. collected the literatures and wrote the manuscript. Z.C. and C.Z. supervised the project. All authors have read and agreed to the published version of the manuscript.




Funding


The National Natural Science Foundation of China (32272051), the Natural Science Foundation of Zhejiang Province (LZ22C130003), the National Key Research and Development Project of China, the International Cooperation Project (2018YFE0111900), and the Fundamental Research Funds for the Provincial Universities of Zhejiang (2022YW79).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable to this article as no new data were created or analyzed in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kumar, S.; Sharma, A. Cadmium Toxicity: Effects on Human Reproduction and Fertility. Rev. Environ. Health 2019, 34, 327–338. [Google Scholar] [CrossRef]

	



Qadir, S.; Jamshieed, S.; Rasool, S.; Ashraf, M.; Akram, N.A.; Ahmad, P. Modulation of Plant Growth and Metabolism in Cadmium-Enriched Environments. In Reviews of Environmental Contamination and Toxicology; Whitacre, D.M., Ed.; Springer: Cham, Switzerland, 2014; Volume 229, pp. 51–88. ISBN 978-3-319-03776-9. [Google Scholar]

	



Jawad Hassan, M.; Ali Raza, M.; Ur Rehman, S.; Ansar, M.; Gitari, H.; Khan, I.; Wajid, M.; Ahmed, M.; Abbas Shah, G.; Peng, Y.; et al. Effect of Cadmium Toxicity on Growth, Oxidative Damage, Antioxidant Defense System and Cadmium Accumulation in Two Sorghum Cultivars. Plants 2020, 9, 1575. [Google Scholar] [CrossRef] [PubMed]

	



Uraguchi, S.; Fujiwara, T. Cadmium Transport and Tolerance in Rice: Perspectives for Reducing Grain Cadmium Accumulation. Rice 2012, 5, 5. [Google Scholar] [CrossRef] [PubMed]

	



Clemens, S.; Aarts, M.G.M.; Thomine, S.; Verbruggen, N. Plant Science: The Key to Preventing Slow Cadmium Poisoning. Trends Plant Sci. 2013, 18, 92–99. [Google Scholar] [CrossRef]

	



Ebrahimi, M.; Khalili, N.; Razi, S.; Keshavarz-Fathi, M.; Khalili, N.; Rezaei, N. Effects of Lead and Cadmium on the Immune System and Cancer Progression. J. Environ. Health Sci. Eng. 2020, 18, 335–343. [Google Scholar] [CrossRef]

	



Unsal, V.; Dalkõran, T.; Çiçek, M.; Kölükçü, E. The Role of Natural Antioxidants Against Reactive Oxygen Species Produced by Cadmium Toxicity: A Review. Adv. Pharm. Bull. 2020, 10, 184–202. [Google Scholar] [CrossRef]

	



Singh, P.; Mitra, P.; Goyal, T.; Sharma, S.; Sharma, P. Blood Lead and Cadmium Levels in Occupationally Exposed Workers and Their Effect on Markers of DNA Damage and Repair. Environ. Geochem. Health 2021, 43, 185–193. [Google Scholar] [CrossRef]

	



Küpper, H.; Leitenmaier, B. Cadmium-Accumulating Plants. In Cadmium: From Toxicity to Essentiality; Metal Ions in Life Sciences; Sigel, A., Sigel, H., Sigel, R.K., Eds.; Springer: Dordrecht, The Netherlands, 2013; Volume 11, pp. 373–393. ISBN 978-94-007-5178-1. [Google Scholar]

	



Sasaki, A.; Yamaji, N.; Ma, J.F. Overexpression of OsHMA3 Enhances Cd Tolerance and Expression of Zn Transporter Genes in Rice. J. Exp. Bot. 2014, 65, 6013–6021. [Google Scholar] [CrossRef]

	



Tang, L.; Dong, J.; Qu, M.; Lv, Q.; Zhang, L.; Peng, C.; Hu, Y.; Li, Y.; Ji, Z.; Mao, B.; et al. Knockout of OsNRAMP5 Enhances Rice Tolerance to Cadmium Toxicity in Response to Varying External Cadmium Concentrations via Distinct Mechanisms. Sci. Total Environ. 2022, 832, 155006. [Google Scholar] [CrossRef]

	



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

	



Zhong, S.; Li, X.; Li, F.; Huang, Y.; Liu, T.; Yin, H.; Qiao, J.; Chen, G.; Huang, F. Cadmium Uptake and Transport Processes in Rice Revealed by Stable Isotope Fractionation and Cd-Related Gene Expression. Sci. Total Environ. 2022, 806, 150633. [Google Scholar] [CrossRef]

	



Zhang, P.; Wang, R.; Ju, Q.; Li, W.; Tran, L.-S.P.; Xu, J. The R2R3-MYB Transcription Factor MYB49 Regulates Cadmium Accumulation. Plant Physiol. 2019, 180, 529–542. [Google Scholar] [CrossRef]

	



Wen, X.; Ding, Y.; Tan, Z.; Wang, J.; Zhang, D.; Wang, Y. Identification and Characterization of Cadmium Stress-Related LncRNAs from Betula platyphylla. Plant Sci. 2020, 299, 110601. [Google Scholar] [CrossRef]

	



Li, G.-Z.; Zheng, Y.-X.; Liu, H.-T.; Liu, J.; Kang, G.-Z. WRKY74 Regulates Cadmium Tolerance through Glutathione-Dependent Pathway in Wheat. Environ. Sci. Pollut. Res. 2022, 29, 68191–68201. [Google Scholar] [CrossRef] [PubMed]

	



Dowen, R.H.; Pelizzola, M.; Schmitz, R.J.; Lister, R.; Dowen, J.M.; Nery, J.R.; Dixon, J.E.; Ecker, J.R. Widespread Dynamic DNA Methylation in Response to Biotic Stress. Proc. Natl. Acad. Sci. USA 2012, 109, E2183-91. [Google Scholar] [CrossRef] [PubMed]

	



Niekerk, L.-A.; Carelse, M.F.; Bakare, O.O.; Mavumengwana, V.; Keyster, M.; Gokul, A. The Relationship between Cadmium Toxicity and the Modulation of Epigenetic Traits in Plants. Int. J. Mol. Sci. 2021, 22, 7046. [Google Scholar] [CrossRef] [PubMed]

	



Ishimaru, Y.; Suzuki, M.; Tsukamoto, T.; Suzuki, K.; Nakazono, M.; Kobayashi, T.; Wada, Y.; Watanabe, S.; Matsuhashi, S.; Takahashi, M.; et al. Rice Plants Take up Iron as an Fe3+ -Phytosiderophore and as Fe2+. Plant J. 2006, 45, 335–346. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; An, G. Over-Expression of OsIRT1 Leads to Increased Iron and Zinc Accumulations in Rice. Plant Cell Environ. 2009, 32, 408–416. [Google Scholar] [CrossRef]

	



Ramesh, S.A.; Shin, R.; Eide, D.J.; Schachtman, D.P. Differential Metal Selectivity and Gene Expression of Two Zinc Transporters from Rice. Plant Physiol. 2003, 133, 126–134. [Google Scholar] [CrossRef]

	



Chou, T.-S.; Chao, Y.-Y.; Huang, W.-D.; Hong, C.-Y.; Kao, C.H. Effect of Magnesium Deficiency on Antioxidant Status and Cadmium Toxicity in Rice Seedlings. J. Plant Physiol. 2011, 168, 1021–1030. [Google Scholar] [CrossRef]

	



Tian, S.; Liang, S.; Qiao, K.; Wang, F.; Zhang, Y.; Chai, T. Co-Expression of Multiple Heavy Metal Transporters Changes the Translocation, Accumulation, and Potential Oxidative Stress of Cd and Zn in Rice (Oryza sativa). J. Hazard Mater. 2019, 380, 120853. [Google Scholar] [CrossRef] [PubMed]

	



Spielmann, J.; Ahmadi, H.; Scheepers, M.; Weber, M.; Nitsche, S.; Carnol, M.; Bosman, B.; Kroymann, J.; Motte, P.; Clemens, S.; et al. The Two Copies of the Zinc and Cadmium ZIP6 Transporter of Arabidopsis halleri Have Distinct Effects on Cadmium Tolerance. Plant Cell Environ. 2020, 43, 2143–2157. [Google Scholar] [CrossRef] [PubMed]

	



Tan, L.; Zhu, Y.; Fan, T.; Peng, C.; Wang, J.; Sun, L.; Chen, C. OsZIP7 Functions in Xylem Loading in Roots and Inter-Vascular Transfer in Nodes to Deliver Zn/Cd to Grain in Rice. Biochem. Biophys. Res. Commun. 2019, 512, 112–118. [Google Scholar] [CrossRef] [PubMed]

	



Tan, L.; Qu, M.; Zhu, Y.; Peng, C.; Wang, J.; Gao, D.; Chen, C. ZINC TRANSPORTER5 and ZINC TRANSPORTER9 Function Synergistically in Zinc/Cadmium Uptake. Plant Physiol. 2020, 183, 1235–1249. [Google Scholar] [CrossRef]

	



Yang, M.; Li, Y.; Liu, Z.; Tian, J.; Liang, L.; Qiu, Y.; Wang, G.; Du, Q.; Cheng, D.; Cai, H.; et al. A High Activity Zinc Transporter OsZIP9 Mediates Zinc Uptake in Rice. Plant J. 2020, 103, 1695–1709. [Google Scholar] [CrossRef]

	



Cailliatte, R.; Schikora, A.; Briat, J.-F.; Mari, S.; Curie, C. High-Affinity Manganese Uptake by the Metal Transporter NRAMP1 Is Essential for Arabidopsis Growth in Low Manganese Conditions. Plant Cell 2010, 22, 904–917. [Google Scholar] [CrossRef]

	



Thomine, S.; Wang, R.; Ward, J.M.; Crawford, N.M.; Schroeder, J.I. Cadmium and Iron Transport by Members of a Plant Metal Transporter Family in Arabidopsis with Homology to Nramp Genes. Proc. Natl. Acad. Sci. USA 2000, 97, 4991–4996. [Google Scholar] [CrossRef]

	



Thomine, S.; Lelièvre, F.; Debarbieux, E.; Schroeder, J.I.; Barbier-Brygoo, H. AtNRAMP3, a Multispecific Vacuolar Metal Transporter Involved in Plant Responses to Iron Deficiency: NRAMP Vacuolar Metal Transporter. Plant J. 2003, 34, 685–695. [Google Scholar] [CrossRef]

	



Pottier, M.; Oomen, R.; Picco, C.; Giraudat, J.; Scholz-Starke, J.; Richaud, P.; Carpaneto, A.; Thomine, S. Identification of Mutations Allowing Natural Resistance Associated Macrophage Proteins (NRAMP) to Discriminate against Cadmium. Plant J. 2015, 83, 625–637. [Google Scholar] [CrossRef]

	



Wu, D.; Yamaji, N.; Yamane, M.; Kashino-Fujii, M.; Sato, K.; Feng Ma, J. The HvNramp5 Transporter Mediates Uptake of Cadmium and Manganese, But Not Iron. Plant Physiol. 2016, 172, 1899–1910. [Google Scholar] [CrossRef]

	



Chang, J.; Huang, S.; Yamaji, N.; Zhang, W.; Ma, J.F.; Zhao, F. OsNRAMP1 Transporter Contributes to Cadmium and Manganese Uptake in Rice. Plant Cell Environ. 2020, 43, 2476–2491. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Yang, W.; Zhang, S.; Yang, T.; Liu, Q.; Dong, J.; Fu, H.; Mao, X.; Liu, B. Genome-Wide Association Study and Candidate Gene Analysis of Rice Cadmium Accumulation in Grain in a Diverse Rice Collection. Rice 2018, 11, 61. [Google Scholar] [CrossRef]

	



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

	



Lim, S.D.; Hwang, J.G.; Han, A.R.; Park, Y.C.; Lee, C.; Ok, Y.S.; Jang, C.S. Positive Regulation of Rice RING E3 Ligase OsHIR1 in Arsenic and Cadmium Uptakes. Plant Mol. Biol. 2014, 85, 365–379. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, A.K.; Shankar, A.; Jha, S.K.; Kanwar, P.; Pandey, A.; Pandey, G.K. A Rice Tonoplastic Calcium Exchanger, OsCCX2 Mediates Ca2+/Cation Transport in Yeast. Sci. Rep. 2015, 5, 17117. [Google Scholar] [CrossRef] [PubMed]

	



Hao, X.; Zeng, M.; Wang, J.; Zeng, Z.; Dai, J.; Xie, Z.; Yang, Y.; Tian, L.; Chen, L.; Li, D. A Node-Expressed Transporter OsCCX2 Is Involved in Grain Cadmium Accumulation of Rice. Front. Plant Sci. 2018, 9, 476. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, D.; Haydon, M.J.; Wang, Y.; Wong, E.; Sherson, S.M.; Young, J.; Camakaris, J.; Harper, J.F.; Cobbett, C.S. P-Type ATPase Heavy Metal Transporters with Roles in Essential Zinc Homeostasis in Arabidopsis. Plant Cell 2004, 16, 1327–1339. [Google Scholar] [CrossRef]

	



Morel, M.; Crouzet, J.; Gravot, A.; Auroy, P.; Leonhardt, N.; Vavasseur, A.; Richaud, P. AtHMA3, a P1B-ATPase Allowing Cd/Zn/Co/Pb Vacuolar Storage in Arabidopsis. Plant Physiol. 2009, 149, 894–904. [Google Scholar] [CrossRef]

	



Verret, F.; Gravot, A.; Auroy, P.; Leonhardt, N.; David, P.; Nussaume, L.; Vavasseur, A.; Richaud, P. Overexpression of AtHMA4 Enhances Root-to-Shoot Translocation of Zinc and Cadmium and Plant Metal Tolerance. FEBS Lett. 2004, 576, 306–312. [Google Scholar] [CrossRef]

	



Takahashi, R.; Ishimaru, Y.; Shimo, H.; Ogo, Y.; Senoura, T.; Nishizawa, N.K.; Nakanishi, H. The OsHMA2 Transporter Is Involved in Root-to-Shoot Translocation of Zn and Cd in Rice: Characterization of OsHMA2. Plant Cell Environ. 2012, 35, 1948–1957. [Google Scholar] [CrossRef]

	



Ueno, D.; Yamaji, N.; Kono, I.; Huang, C.F.; Ando, T.; Yano, M.; Ma, J.F. Gene Limiting Cadmium Accumulation in Rice. Proc. Natl. Acad. Sci. USA 2010, 107, 16500–16505. [Google Scholar] [CrossRef] [PubMed]

	



Shao, J.F.; Xia, J.; Yamaji, N.; Shen, R.F.; Ma, J.F. Effective Reduction of Cadmium Accumulation in Rice Grain by Expressing OsHMA3 under the Control of the OsHMA2 Promoter. J. Exp. Bot. 2018, 69, 2743–2752. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Kim, Y.-Y.; Lee, Y.; An, G. Rice P1B-Type Heavy-Metal ATPase, OsHMA9, Is a Metal Efflux Protein. Plant Physiol. 2007, 145, 831–842. [Google Scholar] [CrossRef]

	



Uraguchi, S.; Kamiya, T.; Sakamoto, T.; Kasai, K.; Sato, Y.; Nagamura, Y.; Yoshida, A.; Kyozuka, J.; Ishikawa, S.; Fujiwara, T. Low-Affinity Cation Transporter (OsLCT1) Regulates Cadmium Transport into Rice Grains. Proc. Natl. Acad. Sci. USA 2011, 108, 20959–20964. [Google Scholar] [CrossRef]

	



Liu, S.; Jiang, J.; Liu, Y.; Meng, M.; Xu, S.; Tan, Y.; Li, Y.; Shu, Q.; Huang, J. Characterization and Evaluation of OsLCT1 and OsNramp5 Mutants Generated through CRISPR/Cas9-Mediated Mutagenesis for Breeding Low Cd Rice. Rice Sci. 2019, 26, 88–97. [Google Scholar] [CrossRef]

	



Yan, H.; Xu, W.; Xie, J.; Gao, Y.; Wu, L.; Sun, L.; Feng, L.; Chen, X.; Zhang, T.; Dai, C.; et al. Variation of a Major Facilitator Superfamily Gene Contributes to Differential Cadmium Accumulation between Rice Subspecies. Nat. Commun. 2019, 10, 2562. [Google Scholar] [CrossRef]

	



Fu, S.; Lu, Y.; Zhang, X.; Yang, G.; Chao, D.; Wang, Z.; Shi, M.; Chen, J.; Chao, D.-Y.; Li, R.; et al. The ABC Transporter ABCG36 Is Required for Cadmium Tolerance in Rice. J. Exp. Bot. 2019, 70, 5909–5918. [Google Scholar] [CrossRef]

	



Kim, D.; Bovet, L.; Maeshima, M.; Martinoia, E.; Lee, Y. The ABC Transporter AtPDR8 Is a Cadmium Extrusion Pump Conferring Heavy Metal Resistance: Role of AtPDR8 in Cadmium Resistance. Plant J. 2007, 50, 207–218. [Google Scholar] [CrossRef]

	



Luo, J.-S.; Huang, J.; Zeng, D.-L.; Peng, J.-S.; Zhang, G.-B.; Ma, H.-L.; Guan, Y.; Yi, H.-Y.; Fu, Y.-L.; Han, B.; et al. A Defensin-like Protein Drives Cadmium Efflux and Allocation in Rice. Nat. Commun. 2018, 9, 645. [Google Scholar] [CrossRef]

	



Lin, J.; Gao, X.; Zhao, J.; Zhang, J.; Chen, S.; Lu, L. Plant Cadmium Resistance 2 (SaPCR2) Facilitates Cadmium Efflux in the Roots of Hyperaccumulator Sedum Alfredii Hance. Front. Plant Sci. 2020, 11, 568887. [Google Scholar] [CrossRef] [PubMed]

	



Mendoza-Cózatl, D.G.; Xie, Q.; Akmakjian, G.Z.; Jobe, T.O.; Patel, A.; Stacey, M.G.; Song, L.; Demoin, D.W.; Jurisson, S.S.; Stacey, G.; et al. OPT3 Is a Component of the Iron-Signaling Network between Leaves and Roots and Misregulation of OPT3 Leads to an Over-Accumulation of Cadmium in Seeds. Mol. Plant. 2014, 7, 1455–1469. [Google Scholar] [CrossRef]

	



Pradhan, S.K.; Pandit, E.; Pawar, S.; Pradhan, A.; Behera, L.; Das, S.R.; Pathak, H. Genetic Regulation of Homeostasis, Uptake, Bio-Fortification and Efficiency Enhancement of Iron in Rice. Environ. Exp. Bot. 2020, 177, 104066. [Google Scholar] [CrossRef]

	



Nakanishi, H.; Ogawa, I.; Ishimaru, Y.; Mori, S.; Nishizawa, N.K. Iron Deficiency Enhances Cadmium Uptake and Translocation Mediated by the Fe2+ Transporters OsIRT1 and OsIRT2 in Rice. Soil Sci. Plant Nutr. 2006, 52, 464–469. [Google Scholar] [CrossRef]

	



Moore, R.E.T.; Ullah, I.; de Oliveira, V.H.; Hammond, S.J.; Strekopytov, S.; Tibbett, M.; Dunwell, J.M.; Rehkämper, M. Cadmium Isotope Fractionation Reveals Genetic Variation in Cd Uptake and Translocation by Theobroma cacao and Role of Natural Resistance-Associated Macrophage Protein 5 and Heavy Metal ATPase-Family Transporters. Hortic. Res. 2020, 7, 71. [Google Scholar] [CrossRef]

	



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

	



Chen, H.-P.; Wang, P.; Chang, J.-D.; Kopittke, P.M.; Zhao, F.-J. Producing Cd-Safe Rice Grains in Moderately and Seriously Cd-Contaminated Paddy Soils. Chemosphere 2021, 267, 128893. [Google Scholar] [CrossRef] [PubMed]

	



Dai, S.; Wang, B.; Song, Y.; Xie, Z.; Li, C.; Li, S.; Huang, Y.; Jiang, M. Astaxanthin and Its Gold Nanoparticles Mitigate Cadmium Toxicity in Rice by Inhibiting Cadmium Translocation and Uptake. Sci. Total Environ. 2021, 786, 147496. [Google Scholar] [CrossRef] [PubMed]

	



De Storme, N.; Geelen, D. The Impact of Environmental Stress on Male Reproductive Development in Plants: Biological Processes and Molecular Mechanisms. Plant Cell Environ. 2014, 37, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Tang, L.; Mao, B.; Li, Y.; Lv, Q.; Zhang, L.; Chen, C.; He, H.; Wang, W.; Zeng, X.; Shao, Y.; et al. Knockout of OsNramp5 Using the CRISPR/Cas9 System Produces Low Cd-Accumulating Indica Rice without Compromising Yield. Sci. Rep. 2017, 7, 14438. [Google Scholar] [CrossRef]

	



Liu, X.S.; Feng, S.J.; Zhang, B.Q.; Wang, M.Q.; Cao, H.W.; Rono, J.K.; Chen, X.; Yang, Z.M. OsZIP1 Functions as a Metal Efflux Transporter Limiting Excess Zinc, Copper and Cadmium Accumulation in Rice. BMC Plant Biol. 2019, 19, 283. [Google Scholar] [CrossRef]

	



Uraguchi, S.; Mori, S.; Kuramata, M.; Kawasaki, A.; Arao, T.; Ishikawa, S. Root-to-Shoot Cd Translocation via the Xylem Is the Major Process Determining Shoot and Grain Cadmium Accumulation in Rice. J. Exp. Bot. 2009, 60, 2677–2688. [Google Scholar] [CrossRef] [PubMed]

	



Mori, I.C.; Arias-Barreiro, C.R.; Ooi, L.; Lee, N.-H.; Sobahan, M.A.; Nakamura, Y.; Hirai, Y.; Murata, Y. Cadmium Uptake via Apoplastic Bypass Flow in Oryza Sativa. J. Plant Res. 2021, 134, 1139–1148. [Google Scholar] [CrossRef]

	



Adil, M.F.; Sehar, S.; Chen, G.; Chen, Z.-H.; Jilani, G.; Chaudhry, A.N.; Shamsi, I.H. Cadmium-Zinc Cross-Talk Delineates Toxicity Tolerance in Rice via Differential Genes Expression and Physiological/Ultrastructural Adjustments. Ecotoxicol. Environ. Saf. 2020, 190, 110076. [Google Scholar] [CrossRef] [PubMed]

	



Lu, C.; Zhang, L.; Tang, Z.; Huang, X.-Y.; Ma, J.F.; Zhao, F.-J. Producing Cadmium-Free Indica Rice by Overexpressing OsHMA3. Environ. Int. 2019, 126, 619–626. [Google Scholar] [CrossRef]

	



GB 2762-2017; Maximum Levels of Contaminants in Foods. Ministry of Health of the People’s Republic of China: Beijing, China, 2017; p. 4.

	



Wu, Z.; Zhao, X.; Sun, X.; Tan, Q.; Tang, Y.; Nie, Z.; Hu, C. Xylem Transport and Gene Expression Play Decisive Roles in Cadmium Accumulation in Shoots of Two Oilseed Rape Cultivars (Brassica napus). Chemosphere 2015, 119, 1217–1223. [Google Scholar] [CrossRef]

	



Gu, T.-Y.; Qi, Z.-A.; Chen, S.-Y.; Yan, J.; Fang, Z.-J.; Wang, J.-M.; Gong, J.-M. Dual-Function DEFENSIN 8 Mediates Phloem Cadmium Unloading and Accumulation in Rice Grains. Plant Physiol. 2023, 191, 515–527. [Google Scholar] [CrossRef]

	



Reid, R.J.; Dunbar, K.R.; Mclaughlin, M.J. Cadmium Loading into Potato Tubers: The Roles of the Periderm, Xylem and Phloem: Cadmium Mobility in Potatoes. Plant Cell Environ. 2003, 26, 201–206. [Google Scholar] [CrossRef]

	



Qin, Q.; Li, X.; Zhuang, J.; Weng, L.; Liu, W.; Tai, P. Long-Distance Transport of Cadmium from Roots to Leaves of Solanum Melongena. Ecotoxicology 2015, 24, 2224–2232. [Google Scholar] [CrossRef]

	



Hu, Y.; Tian, S.; Foyer, C.H.; Hou, D.; Wang, H.; Zhou, W.; Liu, T.; Ge, J.; Lu, L.; Lin, X. Efficient Phloem Transport Significantly Remobilizes Cadmium from Old to Young Organs in a Hyperaccumulator Sedum alfredii. J. Hazard. Mater. 2019, 365, 421–429. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Song, W.; Ko, D.; Eom, Y.; Hansen, T.H.; Schiller, M.; Lee, T.G.; Martinoia, E.; Lee, Y. The Phytochelatin Transporters AtABCC1 and AtABCC2 Mediate Tolerance to Cadmium and Mercury. Plant J. 2012, 69, 278–288. [Google Scholar] [CrossRef] [PubMed]

	



Singh, S.; Parihar, P.; Singh, R.; Singh, V.P.; Prasad, S.M. Heavy Metal Tolerance in Plants: Role of Transcriptomics, Proteomics, Metabolomics, and Ionomics. Front. Plant Sci. 2016, 6, 1143. [Google Scholar] [CrossRef] [PubMed]

	



Mirza, Z.; Haque, M.M.; Gupta, M. WRKY Transcription Factors: A Promising Way to Deal with Arsenic Stress in Rice. Mol. Biol. Rep. 2022, 49, 10895–10904. [Google Scholar] [CrossRef] [PubMed]

	



Maksymiec, W. Signaling Responses in Plants to Heavy Metal Stress. Acta Physiol. Plant 2007, 29, 177–187. [Google Scholar] [CrossRef]

	



Chen, P.; Li, Z.; Luo, D.; Jia, R.; Lu, H.; Tang, M.; Hu, Y.; Yue, J.; Huang, Z. Comparative Transcriptomic Analysis Reveals Key Genes and Pathways in Two Different Cadmium Tolerance Kenaf (Hibiscus cannabinus L.) Cultivars. Chemosphere 2021, 263, 128211. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z. Studies on the Regulatory Mechanism and Interacting Proteins of Rice WRKY Gene under Heavy Metal Stress. p. 69. Available online: https://cpfd.cnki.com.cn/Article/CPFDTOTAL-ZWFZ201810001061.htm (accessed on 12 October 2018).

	



Han, Y.; Fan, T.; Zhu, X.; Wu, X.; Ouyang, J.; Jiang, L.; Cao, S. WRKY12 Represses GSH1 Expression to Negatively Regulate Cadmium Tolerance in Arabidopsis. Plant Mol. Biol. 2019, 99, 149–159. [Google Scholar] [CrossRef] [PubMed]

	



Sheng, Y.; Yan, X.; Huang, Y.; Han, Y.; Zhang, C.; Ren, Y.; Fan, T.; Xiao, F.; Liu, Y.; Cao, S. The WRKY Transcription Factor, WRKY13, Activates PDR8 Expression to Positively Regulate Cadmium Tolerance in Arabidopsis. Plant Cell Environ. 2019, 42, 891–903. [Google Scholar] [CrossRef]

	



Li, C.; Ng, C.K.-Y.; Fan, L.-M. MYB Transcription Factors, Active Players in Abiotic Stress Signaling. Environ. Exp. Bot. 2015, 114, 80–91. [Google Scholar] [CrossRef]

	



Zhu, S.; Shi, W.; Jie, Y.; Zhou, Q.; Song, C. A MYB Transcription Factor, BnMYB2, Cloned from Ramie (Boehmeria nivea) Is Involved in Cadmium Tolerance and Accumulation. PLoS ONE 2020, 15, e0233375. [Google Scholar] [CrossRef]

	



Tiwari, P.; Indoliya, Y.; Chauhan, A.S.; Singh, P.; Singh, P.K.; Singh, P.C.; Srivastava, S.; Pande, V.; Chakrabarty, D. Auxin-Salicylic Acid Cross-Talk Ameliorates OsMYB-R1 Mediated Defense towards Heavy Metal, Drought and Fungal Stress. J. Hazard. Mater. 2020, 399, 122811. [Google Scholar] [CrossRef]

	



Dubos, C.; Stracke, R.; Grotewold, E.; Weisshaar, B.; Martin, C.; Lepiniec, L. MYB Transcription Factors in Arabidopsis. Trends Plant Sci. 2010, 15, 573–581. [Google Scholar] [CrossRef]

	



Hu, S.; Yu, Y.; Chen, Q.; Mu, G.; Shen, Z.; Zheng, L. OsMYB45 Plays an Important Role in Rice Resistance to Cadmium Stress. Plant Sci. 2017, 264, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Jakoby, M.; Weisshaar, B.; Dröge-Laser, W.; Vicente-Carbajosa, J.; Tiedemann, J.; Kroj, T.; Parcy, F. BZIP Transcription Factors in Arabidopsis. Trends Plant Sci. 2002, 7, 106–111. [Google Scholar] [CrossRef] [PubMed]

	



Choi, B.Y.; Kim, H.; Shim, D.; Jang, S.; Yamaoka, Y.; Shin, S.; Yamano, T.; Kajikawa, M.; Jin, E.; Fukuzawa, H.; et al. The Chlamydomonas BZIP Transcription Factor BLZ8 Confers Oxidative Stress Tolerance by Inducing the Carbon-Concentrating Mechanism. Plant Cell 2022, 34, 910–926. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Qiu, W.; Jin, K.; Yu, M.; Han, X.; He, X.; Wu, L.; Wu, C.; Zhuo, R. Identification and Analysis of BZIP Family Genes in Sedum Plumbizincicola and Their Potential Roles in Response to Cadmium Stress. Front. Plant Sci. 2022, 13, 859386. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, J.; Bai, Y.; Chao, Y.; Sun, X.; He, C.; Liang, X.; Xie, L.; Han, L. Genome-Wide Analysis Reveals Four Key Transcription Factors Associated with Cadmium Stress in Creeping Bentgrass (Agrostis stolonifera L.). PeerJ 2018, 6, e5191. [Google Scholar] [CrossRef] [PubMed]

	



Kesarwani, M.; Yoo, J.; Dong, X. Genetic Interactions of TGA Transcription Factors in the Regulation of Pathogenesis-Related Genes and Disease Resistance in Arabidopsis. Plant Physiol. 2007, 144, 17. [Google Scholar] [CrossRef] [PubMed]

	



Farinati, S.; DalCorso, G.; Varotto, S.; Furini, A. The Brassica juncea BjCdR15, an Ortholog of Arabidopsis TGA3, Is a Regulator of Cadmium Uptake, Transport and Accumulation in Shoots and Confers Cadmium Tolerance in Transgenic Plants. New Phytol. 2010, 185, 964–978. [Google Scholar] [CrossRef]

	



Fusco, N.; Micheletto, L.; Corso, G.D.; Borgato, L.; Furini, A. Identification of Cadmium-Regulated Genes by CDNA-AFLP in the Heavy Metal Accumulator Brassica juncea L. J. Exp. Bot. 2005, 56, 3017–3027. [Google Scholar] [CrossRef]

	



von Koskull-Döring, P.; Scharf, K.-D.; Nover, L. The Diversity of Plant Heat Stress Transcription Factors. Trends Plant Sci. 2007, 12, 452–457. [Google Scholar] [CrossRef]

	



Wang, Y.; Cai, S.; Yin, L.; Shi, K.; Xia, X.; Zhou, Y.; Yu, J.; Zhou, J. Tomato HsfA1a Plays a Critical Role in Plant Drought Tolerance by Activating ATG Genes and Inducing Autophagy. Autophagy 2015, 11, 2033–2047. [Google Scholar] [CrossRef]

	



Cai, S.; Zhang, Y.; Xu, Y.; Qi, Z.; Li, M.-Q.; Ahammed, G.J.; Xia, X.-J.; Shi, K.; Zhou, Y.-H.; Reiter, R.J.; et al. HsfA1a Upregulates Melatonin Biosynthesis to Confer Cadmium Tolerance in Tomato Plants. J. Pineal. Res. 2017, 62, e12387. [Google Scholar] [CrossRef]

	



Li, M.-Q.; Hasan, M.K.; Li, C.-X.; Ahammed, G.J.; Xia, X.-J.; Shi, K.; Zhou, Y.-H.; Reiter, R.J.; Yu, J.-Q.; Xu, M.-X.; et al. Melatonin Mediates Selenium-Induced Tolerance to Cadmium Stress in Tomato Plants. J. Pineal. Res. 2016, 61, 291–302. [Google Scholar] [CrossRef]

	



Chen, S.; Yu, M.; Li, H.; Wang, Y.; Lu, Z.; Zhang, Y.; Liu, M.; Qiao, G.; Wu, L.; Han, X.; et al. SaHsfA4c from Sedum alfredii Hance Enhances Cadmium Tolerance by Regulating ROS-Scavenger Activities and Heat Shock Proteins Expression. Front. Plant Sci. 2020, 11, 142. [Google Scholar] [CrossRef]

	



Shim, D.; Hwang, J.-U.; Lee, J.; Lee, S.; Choi, Y.; An, G.; Martinoia, E.; Lee, Y. Orthologs of the Class A4 Heat Shock Transcription Factor HsfA4a Confer Cadmium Tolerance in Wheat and Rice. Plant Cell 2010, 21, 4031–4043. [Google Scholar] [CrossRef]

	



Rono, J.K.; Le Wang, L.; Wu, X.C.; Cao, H.W.; Zhao, Y.N.; Khan, I.U.; Yang, Z.M. Identification of a New Function of Metallothionein-like Gene OsMT1e for Cadmium Detoxification and Potential Phytoremediation. Chemosphere 2021, 265, 129136. [Google Scholar] [CrossRef]

	



Ng, D.; Abeysinghe, J.; Kamali, M. Regulating the Regulators: The Control of Transcription Factors in Plant Defense Signaling. Int. J. Mol. Sci. 2018, 19, 3737. [Google Scholar] [CrossRef]

	



Du, X.; He, F.; Zhu, B.; Ren, M.; Tang, H. NAC Transcription Factors from Aegilops markgrafii Reduce Cadmium Concentration in Transgenic Wheat. Plant Soil 2020, 449, 39–50. [Google Scholar] [CrossRef]

	



Charfeddine, M.; Saïdi, M.N.; Charfeddine, S.; Hammami, A.; Gargouri Bouzid, R. Genome-Wide Analysis and Expression Profiling of the ERF Transcription Factor Family in Potato (Solanum tuberosum L.). Mol. Biotechnol. 2015, 57, 348–358. [Google Scholar] [CrossRef] [PubMed]

	



Chahel, A.A.; Yousaf, Z.; Zeng, S.; Li, Y.; Ying, W. Growth and Physiological Alterations Related to Root-Specific Gene Function of LrERF061-OE in Glycyrrhiza uralensis Fisch. Hairy Root Clones under Cadmium Stress. Plant Cell Tissue Org. 2020, 140, 115–127. [Google Scholar] [CrossRef]

	



Lanier, C.; Bernard, F.; Dumez, S.; Leclercq, J.; Lemière, S.; Vandenbulcke, F.; Nesslany, F.; Platel, A.; Devred, I.; Cuny, D.; et al. Combined Effect of Cd and Pb Spiked Field Soils on Bioaccumulation, DNA Damage, and Peroxidase Activities in Trifolium repens. Environ. Sci. Pollut. Res. 2016, 23, 1755–1767. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.; Zhu, C.; Jiang, J.; Zhang, H.; Zhu, J.; Duan, C. Epigenetic Regulation in Plant Abiotic Stress Responses. J. Integr. Plant Biol. 2020, 62, 563–580. [Google Scholar] [CrossRef] [PubMed]

	



Feng, S.J.; Zhang, X.D.; Liu, X.S.; Tan, S.K.; Chu, S.S.; Meng, J.G.; Zhao, K.X.; Zheng, J.F.; Yang, Z.M. Characterization of Long Non-Coding RNAs Involved in Cadmium Toxic Response in Brassica napus. RSC Adv. 2016, 6, 82157–82173. [Google Scholar] [CrossRef]

	



Greco, M.; Sáez, C.A.; Contreras, R.A.; Rodríguez-Rojas, F.; Bitonti, M.B.; Brown, M.T. Cadmium and/or Copper Excess Induce Interdependent Metal Accumulation, DNA Methylation, Induction of Metal Chelators and Antioxidant Defences in the Seagrass Zostera marina. Chemosphere 2019, 224, 111–119. [Google Scholar] [CrossRef] [PubMed]

	



Fan, S.K.; Ye, J.Y.; Zhang, L.L.; Chen, H.S.; Zhang, H.H.; Zhu, Y.X.; Liu, X.X.; Jin, C.W. Inhibition of DNA Demethylation Enhances Plant Tolerance to Cadmium Toxicity by Improving Iron Nutrition. Plant Cell Environ. 2019, 43, 275–291. [Google Scholar] [CrossRef] [PubMed]

	



Su, T.; Fu, L.; Kuang, L.; Chen, D.; Zhang, G.; Shen, Q.; Wu, D. Transcriptome-Wide M6A Methylation Profile Reveals Regulatory Networks in Roots of Barley under Cadmium Stress. J. Hazard. Mater. 2022, 423, 127140. [Google Scholar] [CrossRef] [PubMed]

	



Feng, S.J.; Liu, X.S.; Tao, H.; Tan, S.K.; Chu, S.S.; Oono, Y.; Zhang, X.D.; Chen, J.; Yang, Z.M. Variation of DNA Methylation Patterns Associated with Gene Expression in Rice (Oryza sativa) Exposed to Cadmium: DNA Methylation in Cd-Exposed Rice. Plant Cell Environ. 2016, 39, 2629–2649. [Google Scholar] [CrossRef]

	



Sun, L.; Xue, C.; Guo, C.; Jia, C.; Yuan, H.; Pan, X.; Tai, P. Maintenance of Grafting Reducing Cadmium Accumulation in Soybean (Glycine max) Is Mediated by DNA Methylation. Sci. Total Environ. 2022, 847, 157488. [Google Scholar] [CrossRef]

	



Aina, R.; Sgorbati, S.; Santagostino, A.; Labra, M.; Ghiani, A.; Citterio, S. Specific Hypomethylation of DNA Is Induced by Heavy Metals in White Clover and Industrial Hemp. Physiol. Plant. 2004, 121, 472–480. [Google Scholar] [CrossRef]

	



Jha, U.C.; Nayyar, H.; Jha, R.; Khurshid, M.; Zhou, M.; Mantri, N.; Siddique, K.H.M. Long Non-Coding RNAs: Emerging Players Regulating Plant Abiotic Stress Response and Adaptation. BMC Plant Biol. 2020, 20, 466. [Google Scholar] [CrossRef]

	



Rowley, M.J.; Böhmdorfer, G.; Wierzbicki, A.T. Analysis of Long Non-Coding RNAs Produced by a Specialized RNA Polymerase in Arabidopsis thaliana. Methods 2013, 63, 160–169. [Google Scholar] [CrossRef]

	



Chen, L.; Shi, S.; Jiang, N.; Khanzada, H.; Wassan, G.M.; Zhu, C.; Peng, X.; Xu, J.; Chen, Y.; Yu, Q.; et al. Genome-Wide Analysis of Long Non-Coding RNAs Affecting Roots Development at an Early Stage in the Rice Response to Cadmium Stress. BMC Genom. 2018, 19, 460. [Google Scholar] [CrossRef]

	



Zhou, Z.; Song, J.B.; Yang, Z.M. Genome-Wide Identification of Brassica Napus MicroRNAs and Their Targets in Response to Cadmium. J. Exp. Bot. 2012, 63, 4597–4613. [Google Scholar] [CrossRef]

	



Chuck, G.; Candela, H.; Hake, S. Big Impacts by Small RNAs in Plant Development. Curr. Opin. Plant Biol. 2009, 12, 81–86. [Google Scholar] [CrossRef]

	



Ding, Y.; Huang, L.; Jiang, Q.; Zhu, C. MicroRNAs as Important Regulators of Heat Stress Responses in Plants. J. Agric. Food Chem. 2020, 68, 11320–11326. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Y.; Chen, Z.; Zhu, C. Microarray-Based Analysis of Cadmium-Responsive MicroRNAs in Rice (Oryza sativa). J. Exp. Bot. 2011, 62, 3563–3573. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Y.; Tao, Y.; Zhu, C. Emerging Roles of MicroRNAs in the Mediation of Drought Stress Response in Plants. J. Exp. Bot. 2013, 64, 3077–3086. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Y.; Gong, S.; Wang, Y.; Wang, F.; Bao, H.; Sun, J.; Cai, C.; Yi, K.; Chen, Z.; Zhu, C. MicroRNA166 Modulates Cadmium Tolerance and Accumulation in Rice. Plant Physiol. 2018, 177, 1691–1703. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Y.; Ye, Y.; Jiang, Z.; Wang, Y.; Zhu, C. MicroRNA390 Is Involved in Cadmium Tolerance and Accumulation in Rice. Front. Plant Sci. 2016, 7, 235. [Google Scholar] [CrossRef] [PubMed]

	



Meng, J.G.; Zhang, X.D.; Tan, S.K.; Zhao, K.X.; Yang, Z.M. Genome-Wide Identification of Cd-Responsive NRAMP Transporter Genes and Analyzing Expression of NRAMP 1 Mediated by MiR167 in Brassica napus. Biometals 2017, 30, 917–931. [Google Scholar] [CrossRef]

	



Huang, S.Q.; Xiang, A.L.; Che, L.L.; Chen, S.; Li, H.; Song, J.B.; Yang, Z.M. A Set of MiRNAs from Brassica Napus in Response to Sulphate Deficiency and Cadmium Stress. Plant Biotechnol. J. 2010, 8, 887–899. [Google Scholar] [CrossRef]

	



Zhang, L.W.; Song, J.B.; Shu, X.X.; Zhang, Y.; Yang, Z.M. MiR395 Is Involved in Detoxification of Cadmium in Brassica napus. J. Hazard. Mater. 2013, 250–251, 204–211. [Google Scholar] [CrossRef] [PubMed]

	



Sunkar, R.; Kapoor, A.; Zhu, J.-K. Posttranscriptional Induction of Two Cu/Zn Superoxide Dismutase Genes in Arabidopsis Is Mediated by Downregulation of MiR398 and Important for Oxidative Stress Tolerance. Plant Cell 2006, 18, 2051–2065. [Google Scholar] [CrossRef]

	



Wang, N.-H.; Zhou, X.-Y.; Shi, S.-H.; Zhang, S.; Chen, Z.-H.; Ali, M.A.; Ahmed, I.M.; Wang, Y.; Wu, F. An MiR156-Regulated Nucleobase-Ascorbate Transporter 2 Confers Cadmium Tolerance via Enhanced Anti-Oxidative Capacity in Barley. J. Adv. Res. 2022, 44, 23–37. [Google Scholar] [CrossRef] [PubMed]

	



Kapoor, D.; Singh, S.; Ramamurthy, P.C.; Jan, S.; Bhardwaj, S.; Gill, S.S.; Prasad, R.; Singh, J. Molecular Consequences of Cadmium Toxicity and Its Regulatory Networks in Plants. Plant Gene 2021, 28, 100342. [Google Scholar] [CrossRef]

	



Sinha, A.K.; Jaggi, M.; Raghuram, B.; Tuteja, N. Mitogen-Activated Protein Kinase Signaling in Plants under Abiotic Stress. Plant Signal. Behav. 2011, 6, 196–203. [Google Scholar] [CrossRef]

	



Yeh, C.-M.; Chien, P.-S.; Huang, H.-J. Distinct Signalling Pathways for Induction of MAP Kinase Activities by Cadmium and Copper in Rice Roots. J. Exp. Bot. 2007, 58, 659–671. [Google Scholar] [CrossRef]

	



Rao, K.P.; Vani, G.; Kumar, K.; Wankhede, D.P.; Misra, M.; Gupta, M.; Sinha, A.K. Arsenic Stress Activates MAP Kinase in Rice Roots and Leaves. Arch. Biochem. Biophys. 2011, 506, 73–82. [Google Scholar] [CrossRef]

	



Smeets, K.; Opdenakker, K.; Remans, T.; Forzani, C.; Hirt, H.; Vangronsveld, J.; Cuypers, A. The Role of the Kinase OXI1 in Cadmium- and Copper-Induced Molecular Responses in Arabidopsis thaliana: The Role of OXI1 in Metal Stress. Plant Cell Environ. 2013, 36, 1228–1238. [Google Scholar] [CrossRef]

	



Kovtun, Y.; Chiu, W.-L.; Tena, G.; Sheen, J. Functional Analysis of Oxidative Stress-Activated Mitogen-Activated Protein Kinase Cascade in Plants. Proc. Natl. Acad. Sci. USA 2000, 97, 2940–2945. [Google Scholar] [CrossRef]

	



Nakagami, H.; Soukupová, H.; Schikora, A.; Zárský, V.; Hirt, H. A Mitogen-Activated Protein Kinase Kinase Kinase Mediates Reactive Oxygen Species Homeostasis in Arabidopsis. J. Biol. Chem. 2006, 281, 38697–38704. [Google Scholar] [CrossRef]

	



Roelofs, D.; Aarts, M.G.M.; Schat, H.; Van Straalen, N.M. Functional Ecological Genomics to Demonstrate General and Specific Responses to Abiotic Stress. Funct. Ecol. 2008, 22, 8–18. [Google Scholar] [CrossRef]

	



Guo, Z.; Zeng, P.; Xiao, X.; Peng, C. Physiological, Anatomical, and Transcriptional Responses of Mulberry (Morus alba L.) to Cd Stress in Contaminated Soil. Environ. Pollut. 2021, 284, 117387. [Google Scholar] [CrossRef]

	



Opdenakker, K.; Remans, T.; Vangronsveld, J.; Cuypers, A. Mitogen-Activated Protein (MAP) Kinases in Plant Metal Stress: Regulation and Responses in Comparison to Other Biotic and Abiotic Stresses. Int. J. Mol. Sci. 2012, 13, 7828–7853. [Google Scholar] [CrossRef] [PubMed]

	



Jalmi, S.K.; Bhagat, P.K.; Verma, D.; Noryang, S.; Tayyeba, S.; Singh, K.; Sharma, D.; Sinha, A.K. Traversing the Links between Heavy Metal Stress and Plant Signaling. Front. Plant Sci. 2018, 9, 12. [Google Scholar] [CrossRef] [PubMed]

	



Ghori, N.-H.; Ghori, T.; Hayat, M.Q.; Imadi, S.R.; Gul, A.; Altay, V.; Ozturk, M. Heavy Metal Stress and Responses in Plants. Int. J. Environ. Sci. Technol. 2019, 16, 1807–1828. [Google Scholar] [CrossRef]

	



Chen, S.; Han, X.; Fang, J.; Lu, Z.; Qiu, W.; Liu, M.; Sang, J.; Jiang, J.; Zhuo, R. Sedum alfredii SaNramp6 Metal Transporter Contributes to Cadmium Accumulation in Transgenic Arabidopsis thaliana. Sci. Rep. 2017, 7, 13318. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Zhao, H.; Wu, L.; Liu, A.; Zhao, F.; Xu, W. Heavy Metal ATPase 3 (HMA3) Confers Cadmium Hypertolerance on the Cadmium/Zinc Hyperaccumulator Sedum plumbizincicola. New Phytol. 2017, 215, 687–698. [Google Scholar] [CrossRef]








[image: Ijms 24 04378 g001 550] 





Figure 1. Transporters involved in the absorption and transport of Cd from soils to grains in rice. The pathways of Cd absorption by roots include Cd absorption and efflux by transporters, Cd fixation by the cell wall, and Cd chelation by vacuoles. Cd is transported to shoots by loading into the xylem. Then, Cd will be redistributed through stems and nodes and further translocated to grains through the phloem. 
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Figure 2. Overview of the transcriptional regulatory network in the response to Cd stress. As indicated in blue, H2O2 acts as a signaling molecule activating MAPK cascades. Key factors including TFs and metal transporters involved in Cd transport and efflux are indicated in green. Key factors involved in Cd chelation into vacuoles are indicated in orange. Key factors involved in ROS scavenge are indicated in purple. Arrows show simultaneous effects in the pathway, while the nail shapes represent repression. Dashed lines denote links to be confirmed. 
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Figure 3. Transcriptional regulatory pathways of MYB TFs. MYB proteins are divided into four categories: 1R-MYB, R2R3-MYB, R1R2R3-MYB, and 4R-MYB. MYB2, as a 1R-type MYB, was up-regulated significantly under Cd stress. MYB-R1 is crucial for controlling the cross-talk of auxin and SA signaling and heavy metal response. The R2R3-MYB proteins are more prevalent in plants including MYB45 and MYB49. MYB45 regulates Cd tolerance and accumulation by producing CAT and SOD. MYB49 has three ways to regulate Cd tolerance and accumulation: (I) up-regulates the expression of metal transporter IRT1 by directly binding to bHLH38/101 promoter; (II) binds to the promoter regions of HIPP22/44 and activates their expression; (III) physically interacts with ABI5 and prevents its binding to the promoters of downstream genes. 
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Figure 4. Transcriptional regulatory pathways of HSF TFs. HSFs are divided into three types: A, B, and C. HsfA plays a major role in enhancing Cd tolerance. HsfA1 interacts with HsfA2 to mediate the expression of HSPs such as HSP70 and HSP90. HsfA1a, as a kind of HsfA1, stimulates COMT1 gene expression and produces melatonin under Cd stress. Melatonin promotes the regulation of GSH and PC synthesis, causing Cd to enter the vacuole for sequestration. HsfA4 not only increases the expression of ROS-scavenging enzymes and HSPs, but also up-regulates the MT producing gene, CUP1, to enhance Cd tolerance. 
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Table 1. Genes involved in Cd uptake, transport, sequestration, and detoxification in plants.
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Family Name

	
Gene Name

	
Main

Expression Organ

	
Subcellular

Localization

	
Function

	
Metal

	
Concentration

	
Exposure Time

	
Reference






	
ZIP

family

	
OsIRT1/

OsIRT2

	
Root

	
Plasma

membrane

	
Cd absorption by root

	
Cd/Fe

	
300 μM CdCl2/

0.1 mM Fe-EDTA

	
10 d/7 d

	
[19,20]




	
OsZIP1

	
Root

	
Endoplasmic

reticulum, plasma

membrane

	
Cd and Zn transport

	
Cd/Zn

	
5 μM CdCl2/

12 μM ZnCl2

	
6 d/21 d

	
[21,22]




	
OsZIP3

	
Stem

	
Plasma

membrane

	
Cd accumulation

	
Cd/Zn

	
10 μM CdSO4/

12 μM ZnCl2

	
7 d/21 d

	
[21,23]




	
OsZIP6

	
Root,

stem

	
Plasma

membrane

	
Cd transport

	
Cd/Zn

	
0.05 μM CdCl2/

1, 20 μM ZnCl2

	
21 d

	
[24]




	
OsZIP7

	
Root, node

	
Plasma

membrane

	
Cd and Zn

accumulation

	
Cd/Zn

	
0.1, 0.4, 40 μM CdSO4/

0.1, 0.4, 40 μM ZnSO4

	
7–28 d/

7–28 d

	
[25]




	
OsZIP9

	
Root

	
Plasma

membrane

	
Cd and Zn

uptake

	
Cd/Zn

	
5 μM CdSO4/

0.04, 0.4 μM ZnCl2

	
24 h/21 d

	
[26,27]




	
NRAMP

family

	
AtNRAMP1

	
Root, leaf

	
Plasma

membrane,

tonoplast

	
Cd uptake

	
Cd/Fe

	
2 μM CdSO4/0.2 mM FeCl3

	
14 d/3 d

	
[28,29]




	
AtNRAMP3

	
Root, leaf

	
Tonoplast

	
Cd uptake

	
Cd/Fe

	
1, 10 μM CdCl2/0.2 mM FeCl3

	
3 d

	
[29,30]




	
AtNRAMP4

	
Root, leaf

	
Tonoplast

	
Cd uptake

	
Cd/Fe

	
500 nM CdCl2/0.2 mM FeCl3

	
14 d/3 d

	
[29,31]




	
HvNRAMP5

	
Root

	
Plasma

membrane

	
Cd transport

	
Cd/Fe/Mn

	
0.1, 0.5, 1 μM CdSO4/0.1, 2, 10 μM FeSO4/0.05, 0.5, 5 μM MnCl2

	
14 d

	
[32]




	
OsNRAMP1

	
Root, leaf

	
Plasma

membrane

	
Cd absorption by root

	
Cd/

Mn

	
0.1, 1 μM CdCl2/0.5, 5, 20, 80 μM Mn

	
3 d/7 d

	
[33]




	
OsNRAMP2

	
Shoot

	
Tonoplast

	
Cd transport and accumulation

	
Cd

	
5 μM CdCl2

	
1–5 d

	
[34]




	
OsNRAMP5

	
Root

	
Plasma

membrane

	
Cd transport into vascular bundles

	
Cd/Fe/Mn

	
100 nM CdSO4/

5, 20 μM Fe-EDTA/

2,4,6 μM Mn

	
21 d/

14 d/

18 d

	
[11,33,35]




	
HIR

family

	
OsHIR1

	
—

	
Plasma

membrane and nucleus

	
Cd uptake

	
Cd/As

	
50 μM CdSO4/

150 μM As (V)

	
12 d

	
[36]




	
CaCA

family

	
OsCDT1/

OsCCX2

	
Node

	
Plasma

membrane

	
Cd loading in xylem

	
Cd/Ca

	
0.1, 100 μM CdCl2/50 mM CaCl2

	
32 h, 7 d/

3 d

	
[37,38]




	
P-type ATPase

family

	
AtHMA2

	
Root,

Stem, leaf

	
Plasma

membrane

	
Cd root-to-shoot translocation

	
Cd

	
0.06, 0.15, 0.3 Cd

	
14 d

	
[39]




	
AtHMA3

	
Root, shoot

	
Tonoplast

	
Cd sequestrating in vacuoles

	
Cd

	
30 μM CdCl2

	
11 d

	
[40]




	
AtHMA4

	
Root,

Stem, leaf

	
Plasma

membrane

	
Cd and Zn root-to-shoot translocation

	
Cd/Zn/Co

	
40 μM CdCl2/3, 200 μM ZnSO4/40 μM CoCl2

	
24 h

	
[41]




	
OsHMA2

	
Root, node

	
Plasma

membrane

	
Cd loading in xylem

	
Cd

	
0.2, 1 μM CdCl2

	
10 d

	
[42]




	
OsHMA3

	
Root

	
Tonoplast

	
Transportation of Cd from cytoplasm to vacuoles

	
Cd

	
0.1, 1 μM CdSO4

	
8 d

	
[43,44]




	
OsHMA9

	
Leaf

	
Plasma

membrane

	
Cd efflux

	
Cd

	
500 μM CdCl2

	
12 d

	
[45]




	
LCT

transporter

	
OsLCT1

	
Node

	
Plasma

membrane

	
Cd transporter in phloem

	
Cd

	
0.2 μM CdCl2

	
6 h, 60 d

	
[46,47]




	
MFS

superfamily

	
OsCd1

	
Root, grain

	
Plasma

membrane

	
Cd uptake in roots and accumulation in grains

	
Cd

	
1 μM CdCl2

	
20 d

	
[48]




	
ABC

transporter

	
OsABCG36

	
Root

	
Plasma

membrane

	
Cd efflux

	
Cd

	
0.1, 1, 5 μM CdSO4

	
14 d

	
[49]




	
AtPDR8

	
Root, leaf

	
Plasma

membrane

	
Cd efflux

	
Cd/Pb

	
5, 10, 20, 30 μM CdCl2/0.5 mM Pb(NO3)2

	
14–21 d

	
[50]




	
—

	
CAL1

	
Root

	
Cell

membrane

	
Cd accumulation in leaves

	
Cd

	
10 μM CdCl2

	
7 d

	
[51]




	
PCR

family

	
SaPCR2

	
Root

	
Plasma

membrane

	
Cd efflux

	
Cd

	
10, 15, 30 μM CdCl2

	
7 d

	
[52]




	
OPT

family

	
OPT3

	
Root, grain

	
Plasma

membrane

	
Cd transporter in phloem

	
Cd

	
50 μM CdCl2

	
14 d

	
[53]
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