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Abstract

:

Heavy metal (HM) stress poses a global risk to crops, ecological systems, and human health. It disrupts cellular ionic equilibrium, cell membrane integrity, metabolic balance, and the activities of enzymes and proteins, severely impacting physiological processes, plant development, and agricultural productivity. Although plants naturally activate defense mechanisms to mitigate the adverse effects of HM stress, they cannot completely prevent them. Phytohormones counter HM toxicity, aiding growth. External application and internal regulation via signaling/biosynthesis genes offer defense against HM-induced damage. A pivotal signaling molecule in plant adaptive responses to environmental stressors, including HM toxicity, is abscisic acid (ABA). Despite ABA’s role in abiotic stress responses such as drought and salinity, its function and crosstalk with other phytohormones under HM stress remain poorly understood. Nonetheless, exogenously applied ABA serves as a strategic approach to enhancing plants’ resistance to HM toxicity by promoting osmolyte accumulation and reinforcing antioxidant activity. ABA significantly regulates various plant growth and metabolic activities under diverse environmental conditions. This review highlights the effects of HM stress on plants and explores ABA involvement in production, signaling, catabolism, and transport within plant tissues. The purpose of this paper is to shed light on the complex interplay between the metabolism of ABA, its signaling, and its interactions with other phytohormones (e.g., auxins, gibberellins, and ethylene) during HM exposure. Furthermore, we delve into the function of ABA to mitigate HM stress and elucidate its interactions with other phytohormones.
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1. Introduction


Abiotic stresses, such as metal, heat, drought, cold, and salt, that have a direct impact on overall agricultural production are continually exposed to plants over a long period [1]. Heavy metal (HM) stress poses a more serious and challenging threat than pesticides and other major pollutants, including carbon dioxide and sulfur dioxide, making it a critical concern in the realm of abiotic stressors. HMs are metallic elements that are nonbiodegradable by nature and have a higher density than water [2]. The threat posed by HM contamination in soil on the worldwide agricultural system has grown significantly [3]. The buildup of these HMs and metalloids degrades soil quality, which undermines the stability of the entire food chain. The list of HMs and metalloids includes mercury (Hg), lead (Pb), chromium (Cr), iron (Fe), cadmium (Cd), zinc (Zn), copper (Cu), cobalt (Co), nickel (Ni), and arsenic (As); these are crucial for both metabolism and plant growth and development. On the other hand, these HMs may have negative impacts on the physiology as well as the biochemistry of plants when they accumulate in a higher concentration [4,5,6].



Researchers have also predicted that, in the near future, HMs will transcend solid and nuclear waste, elevating themselves to the status of one of the most hazardous pollutants with significant repercussions for humanity [7,8].



Modern agricultural practices, accelerating anthropogenic activity, and recent rapid industrialization have all contributed to a significant increase in HM accumulation in plants [9]. Key plant processes like ion distribution, photosynthesis, mineral feeding, and water uptake are negatively impacted, as the soil deposits and roots are responsible for the entry of HMs [10]. Plants use different strategies to decrease HM toxicity, including osmoprotectant biosynthesis and accumulation, compartmentalization, exclusion, the synthesis of metallothioneins and phytochelatins, and others [11,12]. However, plants get harmed due to the rise in threshold level by the accumulation of HMs, which affect the majority of biological processes [13]. Plants essentially reduce the consequences of HM stress by controlling the process of HM absorption and translocation, their chelation/compartmentation, and their transport by inducing ion homeostasis, structural modifications of different plant parts, antioxidant defense pathway activation, osmoregulation, and metal ion transporter induction [14,15]. Additionally, a number of chemical and biological techniques have been used to counteract the hazardous effects of HMs from contaminated water and soil resources. They involve stabilization or in situ fixation, soil washing, adsorption, ion exchange, excavation to remove HMs, filtration, chemical precipitation, electrochemical procedures, solvent extraction, phytoremediation, and coagulation/flocculation [16,17,18]. Recent research has also emphasized the use of biochar, compost, and nanoparticles for boosting plant development and minimizing the impacts of HM toxicity [19,20,21,22]. Furthermore, extensive effort has been made to develop crop cultivars resistant to HM stress through plant breeding, genetic engineering, and genomics methods [23].



In recent years, the application of phytohormones as an alternative environmentally benign strategy to increase plant HM stress resistance has gained traction [8]. The chemical messengers known as phytohormones are created at quite low concentrations and are essential for controlling a variety of plant growth and developmental processes [24,25]. In response to abiotic stressors, they also activate a variety of signal transduction pathways [26,27]. According to earlier studies, stress tolerance increased in plants exposed to HMs by exogenous treatment with phytohormones [8]. As a result of HM exposure, the phytohormone endogenous levels also alter, modulating a number of plant stress adaptation traits [8,11]. The characterization and identification of various pathways linked to HM stress mediated through phytohormones have been permitted by a lot of research tools like microarrays, system biology, mutant screening, expression profiling, proteomics, and bioinformatics [28]. There are few reports available as evidence that show that phytohormones are responsible for different responsive signaling components of HM stress. In the context of this review, ABA a crucial phytohormone takes center stage as we explore its multifaceted role in the context of HM stress. ABA selection as the focal point of this study is driven by its pivotal function in mediating plant responses to HM stress, including its intricate crosstalk with other phytohormones. Additionally, we delve into ABA’s significance in devising effective strategies for mitigating the adverse impacts of HMs on plants, offering insights into the intricate interplay between phytohormones and their contribution to HM stress adaptation and tolerance mechanisms.




2. Abscisic Acid


A sesquiterpene phytohormone called ABA performs crucial roles in plant growth and development. For example, it induces dormancy in seeds and buds, causes stomatal closure, and encourages flower and fruit abscission [29,30]. Although ABA was first identified in the 1960s [31], its physiological effects have not yet been thoroughly investigated. Plants have an adaptation process known as seed dormancy that allows them to quickly go into dormancy in unfavorable environmental conditions. The hormone ABA is the primary hormone that initiates and sustains seed dormancy [32], and it is one of several hormonal routes that regulate how precisely seeds react to environmental conditions.



When plants need to close their stomata, the root-produced ABA moves to the leaves. Recent research suggests that signals related to water flow can also boost ABA production in leaves [33]. Later research [34] has suggested that ABA may also be synthesized by the vascular tubes and guard cells of nutritive organs. ABA induces the stomata of guard cells to close, according to all specialists, despite disagreements among them on the location of ABA synthesis. Another point of concern among scholars is the abscission of flowers, leaves, and fruits. Primarily, it was assumed that ABA would cause plant tissues to abscise [35]. Later, scientists proposed that ethylene and ABA might possibly be involved in the process of abscission [36,37]. Other researchers, however, have also proposed that ethylene may play a direct role and that ABA’s contribution may be accidental [38]. Additionally, in plants, ABA actively participates as a natural “stress hormone” that responds to abiotic stresses [39]. Exogenous ABA injection has been demonstrated to decrease HM accumulation and enhance HM tolerance in plants [40,41,42]. Spraying ABA on Pingyi sweet tea roots reduced cell death, H2O2 and malondialdehyde buildup, leaf transpiration rate, plant Cd content, Cd2+ influx in the root system, and Cd transport from the root system to the shoots, all of which were considerably reduced by Cd stress [43]. When sprayed, the ABA synthesis inhibitor fluridone (Flu) produced the opposite effects [43], but the amount of Cd+ can be decreased by ABA treatment (Malus hupehensis Rehd. var. pingyiensis Jiang) under Cd stress [44]. Figure 1 represents an overview of the ABA mechanism under normal and HM stress conditions.



It is widely acknowledged that ABA is essential for enhancing crop plant morphological characteristics, developmental aspects, quality, yield metrics, and mitigating the negative effects of HM stress.




3. Abscisic Acid Biosynthesis


ABA is crucial for both healthy growth and development and enhances plants’ ability to adapt to environmental challenges. According to Humplik et al. [45], tissue and dose sensitivity are used to check for ABA activation or inhibition. Fine-tuning the de novo biosynthesis and catabolism of ABA allows for precise and appropriate management of its levels. Several studies have revealed that the endogenous ABA concentration increases in response to HM stress [46,47]. Under HM stress, Tamarix hispida showed enhanced expression of the ABA uncoupling enzyme β-glucosyltransferase and the ABA production pathway enzyme isoprenoid synthetase [48]. The ABA production pathway enzymes zeaxanthin epoxidase (ZEP) and ζ-carotene dehydrogenase (ZDS) interestingly showed a negative tendency under identical conditions [48]. Figure 2 depicts the catabolic and synthesis routes of ABA. Isopentenyl diphosphate (IPP) and its isomer, dimethylallyl diphosphate (DMAPP), both contain five carbon atoms and are necessary for the synthesis of ABA [49,50]. In plants, IPP is produced via methylerythritol phosphate (MEP) and mevalonate (MVA) pathways [50,51,52,53]. Both the MVA and MEP routes can create IPP through six successive steps during the IPP synthesis phase [51,52,53]. An IPP: DMAPP isomerase (IDI) interconverts IPP and DMAPP [50,51].



In the initial phase of carotenoid synthesis, IPP (isopentenyl diphosphate) undergoes a series of condensation reactions, sequentially adding one isoprene unit at a time. This process leads to the production of various compounds, including geranylgeranyl phosphate (GGPP), farnesyl pyrophosphate, and others [33]. Subsequently, two GGPP molecules are fused head-to-head by phytoene synthase, resulting in the formation of colorless phytoene [33,54]. The crimson trans-lycopene is created by a four-step dehydrogenation of phytoene [33,49]. Lycopene ε-cyclase and lycopene β-cyclase, respectively, cycle the trans-lycopene and introduce ε- or β-rings [35,54]. An ε-ring and a β-ring form α-carotene along with its derivatives [49,54]; to form β-carotene and its derivatives, two β-rings are introduced [49,54]. β-carotene hydroxylase catalyzes the hydroxylation of β-carotene to form β-cryptoxanthin, which is then further hydroxylated to form zeaxanthin [49]. Trans-violaxanthin is produced when zeaxanthin is transformed into antheraxanthin by the enzyme zeaxanthin epoxidase [54,55]. Trans-violaxanthin de-epoxidase can be converted into zeaxanthin in a reversible process known as the xanthophyll cycle, which can offer plants effective photoprotection [55]. Trans-neoxanthin can be transformed into cis-neoxanthin, trans-violet xanthin, and cis-violaxanthin [56]. Using 9-cis-epoxy carotenoid dioxygenase (NCED), cis-violet xanthin and cis-neoxanthin are split in the plastid to produce xanthoxin and the C25 metabolite [57]. Short-chain dehydrogenase (SDR) catalyzes the conversion of xanthoxin into abscisic aldehydes in the cytoplasm [56].



Abscisic aldehyde oxidase and molybdenum cofactor play a role in cleaving abscisic aldehyde, leading to the synthesis of ABA [56]. Additionally, Jia et al. [58] discovered an alternative ABA synthesis pathway independent of zeaxanthin epoxidase (ZEP). This pathway starts from β-carotene and zeaxanthin carotenoid cleavage of ROS and dioxygenases involved in producing β-carotene and zeaxanthin. Subsequently, 3-OH-β-apo-11-carotenoid aldehyde and β-apo11-carotenoid aldehyde are formed. Through the action of isomerase and hydroxylase, the former converts into 9-cis-3-β-apo-11-carotenoid aldehyde, and the latter forms 9-cis-β-apo-11-carotenoid aldehyde. Furthermore, in the presence of isomerase, 9-cis-3-OH-β-apo-11 carotenoid aldehyde can produce 9-cis-3-OH-β-apo-11-carotenal, and this compound can be further transformed into ABA when cyclooxygenase is present. This alternative pathway highlights the diverse and intricate mechanism involved in ABA synthesis from the carotenoid precursor.



The two primary mechanisms used to catabolize ABA are hydroxylation and conjugation [56,59]. Depending on where the methyl group is being oxidized, three distinct ABA hydroxylation routes are seen [59,60]. The most common hydroxylation process is 80-hydroxylation, which results in 80-OH-ABA. The subsequent independent isomerization of 80-OH-ABA results in phaseic acid (PA) [59], which is then further transformed into dihydro-phaseic acid (DPA) by PA reductase [61].



ABA levels are delicately managed by synthesis and catabolism, as previously mentioned; however, this is insufficient. The organism needs a more effective means of response than ABA production and catabolism when the external environment changes significantly. This issue is resolved by the coupling cycle’s presence. The inactive ABA-glucose ester (ABA-GE) is formed when ABA and glucose are properly linked [33]. ABA is stored and transported through ABA-glucose ester, which is restricted to the endoplasmic reticulum as well as the vacuole [33,61]. ABA-GE can be quickly transformed into ABA by BG1 (β-glucosidase 1) and BG2 (β-glucosidase 2) in response to changes in the external environment, which is crucial for responding to unfavorable conditions [61].



Therefore, under both favorable and unfavorable circumstances, ABA catabolism considerably regulates ABA levels. HM toxicity reduces endogenous ABA levels by preventing the gene expression necessary for ABA production, which halts the physiological impact mediated by ABA.




4. Transport of Abscisic Acid


ABA is chiefly synthesized in vascular tissue and plays a crucial role in regulating various physio-biochemical processes in response to diverse environmental conditions [62]. Within plants, ABA exists in both protonic (ABAH) and anionic (ABA-) forms. In its protonated state, ABA acts as a weak acid, facilitating passive diffusion across the biomembrane [63]. Active translocation of ABA across the plasma membrane is facilitated by various transporters, including toxic and di/tri-peptide or nitrate transporters [PTR/NRT1family proteins (NPF)], multidrug compound extrusion (MATE)-type/DTX transporters, ATP-binding cassette (ABC) transporter proteins, and AWPM-19 family proteins (OsPM1). These transporters enable efficient movement of ABA within the plant’s cells and tissues. Notably, the identification of these transporters originated from studies in Oryza sativa L., commonly known as rice [64,65,66]. ABC transporters in eukaryotes are divided into subfamilies ABCA through ABCH. In Arabidopsis thaliana L., 129 ABC transporters of ABA have been found [67]. It is reported that several ABCG members participate in ABA transportation. ABA is exported from vascular tissue to various plant parts by the ATP-binding cassette (ABC) transporter gene AtABCG25, which is found in the plasma membrane of the root vascular bundles and near the veins [68,69]. By restricting ABA uptake, the transporter AtABCG40, which facilitates ABA import into plant cells, slows stomatal closure when it is lost in guard cells [67]. By encouraging ABA absorption, the transporter AtABCG22 may assist in controlling stomatal function [70].



In Arabidopsis thaliana L., the import and export of ABA play crucial roles in regulating seed germination and stomatal movement. AtABCG30 and AtABCG40 are responsible for importing ABA into the embryo, which regulates seed germination. On the other hand, AtABCG31 and AtABCG25 control the export of ABA from the endosperm to various locations in the plant. As part of the ABA efflux process, AtDTX50, a DTX/MATE-type transporter, is found in guard cells and vascular tissue. When exogenous ABA is administered, it leads to an increase in the expression of the AtDTX50 gene, contributing to the regulation of ABA levels [71,72]. Recently, Shimizu et al. [73] have revealed two Arabidopsis transporters, NPF4.6 and NPF5.1, which act as ABA importers. These transporters are crucial in regulating stomatal movement by controlling the absorption of ABA in guard cells, vascular tissue, and leaf cells. According to studies, smaller concentrations of HM contamination cause ABA levels inside plant cells to rise. ABA is thus continually distributed throughout the plant, controlling its defensive reactions. However, due to obstructions in the vascular transportation pathway, ABA production and transport diminish under severe HM stress. In these circumstances, exogenous ABA administration can reduce these disturbances.




5. Signaling of Abscisic Acid


The ABA mechanism action is crucial for plants to increase their biological activity in unfavorable environmental conditions [74]. Sucrose non-fermenting (SNF1) related protein phosphatase 2C (PP2C; negative regulators), protein kinase 2 (SnRK2; positive regulators), and pyrabactin resistance (PYR)/pyrabactin resistance-like (PYL)/regulatory component ABA receptor (RCAR) are three crucial components of the ABA signaling process [75]. PYR/PYL/RCARPP2C begins to create a complex structure in the presence of ABA that inhibits the negative effects of PP2C. Additionally, SnRK2 activators promote the ABA-responsive gene expression by phosphorylating downstream proteins, such as transcription factors [76].



The ABA receptors PYL/RCAR/PYR, the protein kinase SnRK2, and the phosphatases PP2Cs make up the fundamental elements of the ABA signaling pathway. RCAR1-14 is an ABA receptor regulatory component, while PYR1 and PYL1-13 are ABA receptors [77]. Phosphatases PP2Cs are monomeric group Thr/Ser phosphatases whose activity is dependent on Mn2+ and Mg2+ [78]. There are ten types (A–J) of Arabidopsis PP2Cs, and the majority of the A-type PP2Cs are engaged in ABA signaling [79]. There are 38 SnRKs in the Arabidopsis genome, which are classified into SnRK3 (3.1–3.25) groups, SnRK2 (2.1–2.10), and SnRK1 (1.1–1.3). A family of ABA-activated protein kinases called SnRK2 is involved in the signaling of HM stress [79]. The SnRK2 family’s ten members can be further classified into three categories: 1, 2, and 3. ABA had no effect on Group 1 (SnRK2.1, SnRK2.4, SnRK2.5, and SnRK2.9), Group 2 (SnRK2.7 and SnRK2.8), and Group 3 (SnRK2.2, SnRK2.3, and SnRK2.6) [79]. The primary positive regulator of ABA signaling was found to be Group 3. One of them, SnRK2.6, is strongly related to the opening and closing of plant stomata, and Arabidopsis SnRK2.6 deletion mutants have problems with ABA-induced stomatal closure [79].



Type PP2Cs act as potent inhibitors of SnRK2 [77]. At this stage, the SnRK2 kinase remains inactive, and the transcription factors responsible for controlling ABA-responsive genes cannot trigger the pathway. However, during stressful conditions, the ABA concentration increases due to elevated ABA production and slows down the degradation or release of the conjugated ABA-GE form [8]. The activation of SnRK2 enables it to undergo autophosphorylation and subsequently activate downstream effectors, like transcription factors and ion channels [79]. These downstream effectors then initiate ABA-responsive gene transcription, contributing to the plant’s response and adaptation to the stressful environment. Plant cells close their stomata in response to HM stress, which is accomplished through ABA-mediated signal transduction. The guard cells integrate endogenous hormonal impulses and external inputs to control the stomatal pore openings [80]. A complicated signaling pathway, including secondary messengers, kinase/phosphatase, and ion channel control, is activated in guard cells by the stress hormone ABA and environmental signals (such as CO2) [80]. Stomatal aperture size has been linked to ABA via Cd2+-dependent and -independent mechanisms [61]. To close the stomata, the guard cells’ intracellular Cd2+ concentration must rise in the Cd2+-dependent pathway. ABA activates plasma-membrane-bound respiratory burst oxidase homolog (RBOH), which then catalyzes reactive oxygen species (ROS) generation by extracellular superoxide dismutases (SOD) [81]. ABA causes PYL/PYR/ RCAR to derepress PP2Cs on the protein kinase OST1/SnRK2.6 [82]. Additionally, calcineurin B subunit-like proteins (CBLs) interact with and control the activity of CBL-interacting protein kinases when they are Cd2+-bound [81]. The RBOHF protein’s N-terminal interacts with the CBL1/CBL9-CIPK26 complex, which phosphorylates RBOHF and increases the production of ROS through RBOHF [81]. Cd2+ channels can be further encouraged to open by ROS, especially H2O2, raising the Cd2+ content in the guard cells [61,81]. Numerous Cd2+ sensors detect changes in the concentration of Cd2+, such as calcium-dependent protein kinase. These channels may be phosphorylated and activated, such as slow anion channel associated 1 (SLAC1) and slow anion channel 3 [61,83,84], which ultimately causes stomatal closure. Activated SnRK2.6/OST1 interacts and phosphorylates SLAC1 and the quick activating anion channel (QUAC1) directly in the Cd2+-independent pathway [81,85]. The defense of the cell’s fast anion efflux activates SLAC1 and QUAC1 channels, depolarizing the plasma membrane and causing K+ efflux and solute release from the guard cells [85], which finally causes stomatal closure. It is simple to discover that the protein kinase SnRK2.6 does play a significant role in the process of stomatal closure by contrasting the Cd2+-dependent and -independent pathways, which is compatible with the earlier assertion. Figure 3 depicts the different phytohormone signaling genes under HM stress.




6. Regulation of ABA-Responsive Detoxification of Heavy Metals


ABA, a well-known stress hormone, controls an extensive variety of physiological functions and aids plants in overcoming the negative effects of HM stress [86]. The movement of hazardous metal from roots to shoots is controlled by ABA. It limits the long-distance transmission of HMs by closing stomata and slowing transpiration [40]. The effects of HM stress are lessened by ABA’s enhancement of plant physiological functions, biomass, osmolyte accumulation, and the antioxidant defense system. Under Cd stress, gene activation linked to ABA production raises endogenous ABA concentration in some plant species, including Oryza sativa L., Triticum aestivum L., Brassica napus L., Solanum tuberosum L., and others [40,86,87,88]. By lowering the Cd concentration and transpiration rate, exogenous ABA supplementation enhances the tolerance of Cd in the seedlings of Oryza sativa L. [87].



In Arabidopsis, IRT1 and its homologs ZIP1 and ZIP4 were expressed more frequently when endogenous ABA content was lower [89], although ABA is able to prevent Cd absorption and accumulation facilitated by IRT1, HIPP22, and HIPP44 at transcriptional levels [90]. According to Rogers et al. [91] and Vert et al. [92], IRT1 is a ZIP family member and uses substrates made of Fe, Zn, Co, Mn, and Cd. With the exception of Rhodophyta Porphyrayezoenesis and Chlodophyta Volvox carteri, homologs of ZIPs were found in almost all of the investigated algae and terrestrial plants. There are 17 ZIPs in Arabidopsis, and only angiosperms have members that resemble IRT1 [93]. For instance, four and five ZIPs were identified from P. patens and M. polymorpha, respectively. They were grouped into two subgroups: in Arabidopsis ZIP2-like subgroup carrying Zn, Fe, and Mn but not Cd, and the IRT3-like group expressing Fe/Zn transporters. While MYB49 directly controls the expression of HIPP22 and HIPP44, activating IRT1 by MYB49 necessitates Ib subgroup members of bHLHs to serve as bridge regulators [90]. Chlorophyta is where bHLHs first appeared, while HIPPs and MYBs seem to be unique to terrestrial plants.



In Arabidopsis, uptake of metalloid As facilitated by PHT1;1 can be regulated by transcriptional factor WRKY6, but MYB protein OsARM1 represses the uptake and distribution of As(III) facilitated by NIPs, and its expression is downregulated by ABA [94]. As(V) and phosphate (P), a macroelement required for all living things, are both substrates for PHTs [95]. Porphyray ezoenesis, Klebsormidium flaccidum, and Chlorophyta Ostreococcus sp. all have 4, 8, and 12 PHT orthologues, respectively, but the numbers quickly rise to 25 in the moss Physcomitrella patens, 19 in Arabidopsis, and 26 in Oryza sativa. Additionally, all terrestrial plants exhibit substantial PHT protein similarity (about 60%). With the exception of Rhodophyta, transcription factors WRKYs are often common in all the species analyzed [96,97]. Four NPF4s are ABA-importing transporters, whereas two NPF7s indirectly contribute to ABA-altered Cd distribution in shoots and roots [97,98].



The ubiquitous short peptide PCs, which contain thiols, shield cells from the toxicity of metalloids and HMs [99]. PCS catalyzes the synthesis of PCs using reduced GSH and similar thiols as substrates [100]. The ancestor of GSH genes is the streptophyte algae Klebsormidium flaccidum, which is also present in the unicellular red algae Cyanidioschyzon merolae of the phylum Rhodophyta. There is a 60% similarity between members of monocots and dicots. The liverwort Marchantia polymorpha, Spirodelapolyrhiza, Klebsormidium laccidum, and the majority of vascular plants all contain the possible PCS orthologs. However, different types of plants have different PCS behaviors and responses to different metals. In comparison to Arabidopsis PCS, basal plant PCSs generally seem to be less active [101,102]. AtZAT6 and StbZIP, which are ABA-induced ethylene transcriptional factors, might promote GSH and PCS expression, while AtWRKY12 could repress it [88,103,104]. The WRKY family may have arisen from Chlorophyta, but the ethylene member family exhibits the same evolutionary history as that of GSHs. In response to exogenous ABA, transcriptional factors from the bZIP subfamily activate PCS in Gray Poplar and Solanum tuberosum, which is consistent with the parallel evolution of PCSs and bZIPs from Streptophyte algae [88]. Additional research must be done to determine whether these regulatory modules are conserved in various plant species.



Exogenous ABA treatment also decreased internal malondialdehyde concentration and Cd accumulation while increasing fresh weight in Brassica napus L., which in turn lessened the negative consequences of Cd stress [105]. Stroinski et al. [88] found that with 0.1 mM ABA, Solanum tuberosum L. seedlings had higher levels of StPCS1, 9-cis-epoxy carotenoid dioxygenase 1, and basic leucine zipper expression, endogenous ABA, and phytochelatin synthase activity in roots. Fan et al. [106] and Pan et al. [107] found that ABA decreased Cd absorption in Arabidopsis thaliana L. by blocking the iron-regulated transporter 1 (IRT1) mechanism as well as reducing Cd-induced toxicity. By increasing antioxidant enzyme activity that scavenged H2O2 to stop Cd from entering H2O2-induced Ca2+-permeable channels, ABA reduced 100 M Cd stress in Populus euphratica L. cells [108]. In Solanum photeinocarpum L., ABA administration at 20 M L−1 increased Cd extraction and phytoremediation activity [109]. In the ABA signaling pathway and the transcription control network of MYB in plants, the JrVHAG1 gene performs the function of a Cd stress response regulator [110]. Figure 4 represents the ABA mechanism in mitigating HM stress. 10 M ABA treatment of Vitis vinifera L. seedlings decreased Zn stress by reducing Zn absorption as well as accumulation in roots and boosting the ZIP gene expression and detoxification-related genes in leaves and roots [111]. Several ABA-treated Pb transport and detoxification genes, including ABCG40, NRAMP1.4, FRD3.1, PCS1.1, and ABCC1.1, were expressed more often in Populus alba L. seedlings, according to Shi et al. [112]. Exogenous application of 10 µg L−1 ABA in Lactuca sativa L. seedlings led to a decrease in Cd absorption and alleviated Cd toxicity [113]. In Sedum alfredii L. seedlings, the exogenously added ABA (0.2 mg L−1) reduced 100 μmol/L Cd stress by boosting ABA synthetase activity and endogenous ABA content. To increase Cd resistance, it also encouraged the expression of HMA4 and NAS in shoots and HsfA4c in roots [114]. By boosting endogenous ABA concentration, ascorbate peroxidase (APX) activity, and proline accumulation and reducing lipoxygenase (LOX) activity, exogenous ABA treatment reduced the harm caused by excessive Zn [115]. Table 1 depicts the exogenous use of ABA against different concentrations of HMs and its response. According to Li and Song [115], ABA may also play a role in Arabidopsis thaliana L. upregulation of the APX gene, proline synthesis genes, and downregulation of the LOX gene. By increasing total antioxidant capacity and chlorophyll content in Hylotelephium spectabile L. and Sedum alfredii L., exogenous ABA treatment at 60 and 40 M L−1 attenuated the harmful effects of Cd and Pb [116]. By boosting glutathione levels, non-protein thiol, and cysteine synthesis, as well as phytochelatin production in plants, seed priming with ABA also decreased HM toxicity in plants [117]. By enhancing proline content and antioxidant enzyme activity in Robiniapseudo acacia L., ABA lessened Zn stress damage [118]. ABA also controlled Cd hyperaccumulation in Sedum alfredii by decreasing the expression of aquaporin in roots, the number of xylem vessels in stems, and the size and density of stomata in leaves [119]. According to Chen et al. [120], exogenously applied ABA increased the phytoremediation effectiveness of Sedum alfredii growing in soil contaminated with Cd, Pb, and Zn.



Liao et al. [121] reported that Cd stress disrupted the growth of rapeseed cultivars (Youfei 1 and Xiangyou 787), but exogenous ABA (0.5, 1, 5, or 10 μmol/L) could counteract Cd’s effects in B. napus. Introducing 5 μmol/L ABA increased biomass in Youfei 1, enhancing plant height and root length by 20.48% and 11.46%, respectively. For both cultivars Youfei 1 and Xiangyou 787, 0.5 μmol/L ABA with Cd increased chlorophyll (21.22% and 26.43%), chlorophyll b (8.76% and 10.12%), and carotenoids (20.13% and 28.80%). However, MDA levels increased at 10 μmol/L ABA. Notably, during Cd stress, MDA decreased by 20.11% in Xiangyou 787 and 36.65% in Youfei 1. ABA’s buffering included oxidative stress-induced stomatal closure. Cd stress reduced T-SOD, POD, and CAT, indicating ROS accumulation.



Similarly, Yu et al. [122] reported that exogenous ABA (10 mol/L) boosted antioxidant enzyme and plant antioxidant activity. This study revealed that by enhancing Cd accumulation, encouraging Cd adsorption on the root cell wall, and activating protective systems, ABA could lessen Cd stress. This finding might encourage the use of C. bipinnatus for the remediation of cadmium-contaminated soil.





 





Table 1. Exogenous abscisic acid alleviates HM and metalloid toxicity in plants.
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	HM and Metalloid Type
	Plant Species
	Growth

Environment
	Dose of ABA
	Concentration of HMs
	Response
	Reference





	As
	Oryza sativa L.
	Culture medium
	10 µM
	50 µM
	Improved glutathione content, non-protein thiol, osmolyte concentrations, as well as phytochelatins reductase activity
	[117]



	Cd
	Brassica campestris L.
	Hydroponic
	5 µM
	100 µM L−1
	Cd presence in plant roots leads to increased soluble protein and chlorophyll content, as well as enhanced antioxidant defense systems.
	[86]



	Cd
	Lactuca sativa L.
	Soil
	5 µM
	10 µM L−1
	The plant exhibited enhancements in biomass, proline content, stomatal conductance, antioxidant enzyme activity, internal CO2 concentration, and soluble protein content.
	[123]



	Cd, Cr, Ni, Hg, Se, Pb, Sn
	Fragaria × ananassa
	Soil
	40 μmol L−1
	Cr (8.53), Cd (5.16), Se (6.06), Hg (4.55), Ni (2.18), Sn (1.23) Pb (32.16), in mg kg −1
	The addition of exogenous ABA led to a reduction in the translocation of Cr, Hg, Cd, and Sn into Fragaria× ananassa leaves. Moreover, the concurrent increase in antioxidant capacity significantly mitigated the harmful impact of HM stress on the chlorophyll concentration in the leaves of strawberries.
	[124]



	Cd
	Brassica napus L.
	Hydroponic
	10 µM
	100 µM
	Decreased malondialdehyde and accumulation of Cd content and increased plant biomass
	[105]



	Cd
	Populus euphratica L.
	Culture medium
	5 µM
	100 µM
	Antioxidant activities and cell proliferation showed improvement.
	[108]



	Cd
	Vigna radiata L.
	Seed tray
	10 µM
	100 µM
	By inhibiting lipid peroxidation and stimulating antioxidant enzyme activity, the plant’s tolerance was affected
	[125]



	Cd
	Perilla frutescens L.
	Soil
	5 µM
	10 mg kg−1
	Increased plant antioxidant activities, photosynthetic pigments, and biomass
	[126]



	Co
	Solanum lycopersicum L.
	Hydroponic
	10 µM
	400 µM L−1
	Decreased translocation of Co from roots to shoots and improved antioxidant enzyme activities and proline content
	[82]



	Ni
	Trigonella foenum-graecum L.
	Soil
	40 µM
	80 mg kg−1
	Improved secondary metabolites
	[127]



	Pb
	Populus alba L.
	Soil
	10 µM
	3 mM
	Enhanced root biomass, glutathione, ascorbate content, and photosynthetic rate
	[112]



	Zn
	Arabidopsis thaliana L.
	Culture medium
	15 µM
	200 mg L−1
	Increased activities of antioxidant enzyme, proline accumulation, and ABA endogenous level
	[115]









7. Abscisic Acid Crosstalk with Phytohormones


Auxin and abscisic acid govern several elements of plant development and metabolism, primarily in antagonism to one another [128]. For example, in Arabidopsis thaliana L., the induction of Auxin Response Factor 2 (ARF2) by ABA leads to increased ABA sensitivity in both germination of seeds as well as root growth [129]. The ARF2 mutants exhibit a heightened response to ABA’s effects on auxin distribution and cell division compared to the wild-type plants. When exogenous ABA is applied to the ARF2 mutant, it causes a reduction in root length [130]. ABA restricts primary root growth by inhibiting cell proliferation in the root tips [129]. Additionally, ABA hampers seedling development by enhancing auxin signaling [131]. The gene expression network involved in seed dormancy regulation, mediated by ABA and auxin, includes the transcription factor ABI3. During seed germination, auxin influences the expression of the ABI3 gene by selecting auxin response factors 10 and 16 [132]. The fact that ABA decreases seed germination, while auxin is necessary for seed dormancy, suggests that auxin and ABA interact to affect seed dormancy. By enhancing biological ABA synthesis and activating the ABA response, auxin affects ABA-modulated activities in two different ways. However, in radical protrusion tests, exogenous and endogenous indoleacetic acid (IAA) decreased seed germination, demonstrating that auxin and ABA jointly restrict seed germination [132,133]. In the absence of ABA, equal amounts of IAA did not exert any inhibitory effect on seed germination, underscoring the essential role of ABA in mediating the auxin-induced inhibition of seed germination. In addition, PIN2 (Auxin Efflux Transporter) and AUX1 (Auxin Influx Transporter) levels rose with osmotically generated ABA [134,135]. As a result, auxin and ABA interact to regulate plant growth and development through the auxin response pathway. Gibberellins (GA) and ABA interact negatively to regulate several aspects of plant development, including seed dormancy and maturity, main root growth, and blooming. In contrast to GA, which stimulates seed germination and fosters seedling growth, ABA suppresses seed germination by encouraging seed dormancy [136]. Balanced GA and ABA production and catabolism are necessary to maintain germination and dormancy [137]. Exogenous ABA supply inhibits primary root development in Arabidopsis thaliana L., but GA enhances root growth [138]; this is similar to how ABA and brassinosteroids (BR) work in opposition to one another to influence plant physiological processes. ABA hinders seed germination, while BR encourages it [139]. Additionally, ABA regulates the way BR signaling occurs. BR signaling elements, including BIN2 and BR11 receptors, interact with ABA components like AB11 and ABA12 [140]. Nonetheless, the presence of Cd inhibits the increase in phenolic compounds [141]. On the other hand, the combination of GA3 and ABA hormones with Zn and Pb shows the potential to boost the overall phenolic content. ABA’s involvement in the interaction between cytokinins (CKs) and BR is due to its inhibition of BR production during metal toxicity [142]. However, to fully comprehend the molecular mechanisms governing physiological processes in plants, additional research is necessary to establish the specific connections between ABA and GA as well as ABA and BR. Figure 5 shows the crosstalk of ABA with other phytohormones under HM stress. Table 2 represents ABA and HM crosstalk.



The stress response in plants is modulated by the interplay between CK and ABA. Within the multigenic family of cytokinin oxidase (CKX) responsible for cytokinin breakdown, various members encode the enzyme cytokinin oxidase [143,144]. In Arabidopsis thaliana L., it was observed that the expression of CKX genes is reduced by ABA. Under stressful conditions, cytokinin receptor kinases (AHK2 and AHK3) negatively regulate the gene expression that is associated with osmotic stress. Interestingly, mutants with cytokinin deficiency exhibited higher survival rates [145,146].



Together, ethylene and ABA regulate stomatal closure, with ethylene controlling the rise in ethylene levels in leaves [147] and ABA signaling pathway blockage [148,149]. The ethylene biosynthesis gene (ACS5), which encodes an enzyme for identifying the rate-limiting stage of ethylene production, is suppressed by ABA. Additionally, ABA positively regulates the behavior of the ethylene response factor 11 (ERF11) via the long hypocotyl 5 (HY5) replication factor, a crucial molecular link between ethylene and ABA production that inhibits the expression of the ACS5 gene. For ABA-controlled ethylene biosynthesis to occur, YF-AtERF11 expression must be modulated [150,151]. By raising GSH content, which led to the detoxification of metal as well as scavenging ROS generated by HM-driven ethylene formation, exogenous SA reduced Cd stress in Triticum aestivum L. In wheat seedlings under Cd stress, SA supplementation raised the levels of ABA, which was attributed to de novo ABA production. Additionally, in Triticum aestivum L. under HM stress, the protective mechanism of SA was demonstrated through ABA-controlled SA-mediated alterations in the dehydrin protein concentration [152,153].





 





Table 2. Gene and protein interplay between HMs, metalloids, and phytohormones.
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	Heavy Metal and Metalloid
	Model Plant
	Concentration of HMs
	Gene Alteration
	Plant Response
	Reference





	As
	Oryza sativa L.
	50 and 25 mmol L− 1
	Proline and antioxidant biosynthesis gene, alkaline phosphatase, phosphatase, H+/ATPase, and ROS
	Antioxidative biosynthesis genes upregulated and downregulated ROS biosynthesis genes and regulated H+/ATPase phosphatase
	[117]



	As
	Oryza sativa L.
	
	ABA4, PP2C4, PP2C5NCED2, NCED3, bZIP10, 12
	Increased biosynthesis and signaling of ABA in response to As exposure resulted in decreased root growth
	[154]



	Cd
	Sedum alfredii
	
	NCED, ZEP, AAO
	Increased endogenous ABA levels, alleviated Cd toxicity
	[114]



	Cd
	Malus hupehensis
	100 μmol L−1 CdSO4
	Biosynthesis genes of ROS
	Downregulated MDA and H2O2 expression to decrease the Cd2+ influx rate
	[43]



	Cd
	Pisum sativum
	50 µM CdCl2
	Proline biosynthesis gene, PsPDH1, PsP5CS2, PsProT1 and 2
	In the leaves of pea plants, ABA played a regulatory role in Cd toxicity by downregulating the expression of genes while upregulating proline biosynthesis genes
	[155]



	Cd
	Vigna radiate
	CdCl2 100 μmol L−1 and 50 μmol L−1
	Stress, ABA-responsive genes, proline, and antioxidant biosynthesis gene
	Enzymatic antioxidant genes to regulate Cd toxicity
	[125]



	Cd
	Sedum alfredii
	Cd(NO3)2: 5 and 25 mmol L−1
	Aquaporin genes
	In roots, to regulate Cd toxicity, ABA upregulated the SaPIP genes
	[119]



	Cd
	Brassica campestris L.
	100 μmol L−1
	ROS-mediated biosynthesis genes for antioxidative biosynthesis, and proline gene
	ABA upregulates antioxidative biosynthesis and proline gene expression to regulate the toxicity of Cd
	[86]



	Cd
	Oryza sativa L.
	
	NCED4
	Enhanced HM alleviation and ABA biosynthesis
	[156]



	Co
	Solanum lycopersicum L.
	400 μmol L−1
	CAT, APX, POD, SOD
	ROS detoxification increased
	[82]



	Cu
	Artemisia annua
	40 and 20 mg kg−1
	Antioxidant biosynthesis genes
	Upregulated antioxidative biosynthesis gene expression, promoting the homeostasis of ROS mediated by Cu.
	[157]



	Pb
	Populus x canescens
	-
	PCS1.1, NRAMP1.4, FRD3.1, ABCG40, ABCC1.1
	Enhanced antioxidant enzyme activity and improved uptake, transport, and detoxification of Pb
	[112]



	Pb, Cd, and Zn
	Hylotelephium spectabile, Sedum alfredii
	-
	Antioxidative enzymatic genes, stress-responsive genes, proline, and antioxidant biosynthesis genes
	antioxidative biosynthesis genes in both plants under HM toxicities and ABA upregulated antioxidative enzymatic genes
	[116]



	Zn
	Vitis vinifera
	-
	ZIP
	Regulated the uptake and accumulation of Zn
	[111]



	Zn
	Vitis vinifera
	-
	NRAMP3, YSL, PCR2
	The co-application of Zn and ABA led to increases in the multiple detoxification-related gene expression
	[111]








The jasmonate (JA) signaling system and ABA interact in a complicated way to regulate gene expression and plant defense. The application of exogenous ABA decreases the defense gene transcription triggered by JA. In contrast, overexpression of JA-responsive genes was brought about by mutations in the ABA synthesis genes aba1 and aba2 [158]. In response to both biotic and abiotic stimuli, the regulation of stress-responsive genes involves a complex interplay between ABA and the JA–ethylene signaling pathway [158,159]. The transcription factor MYC2 plays a crucial role in controlling various elements of the JA signaling pathway in Arabidopsis thaliana L. Interestingly, genetically modified plants with overexpressed MYC2 gene exhibit heightened ABA sensitivity and increased activation of ABA-induced genes. Conversely, MYC2 mutants carrying Ds mutations show reduced gene expression and decreased ABA sensitivity [160]. Thus, MYC2 acts as a central integrative hub, managing signals from both JA and ABA in Arabidopsis thaliana L. [161]. Moreover, the collaboration between nitric oxide (NO) and ABA extends to the regulation of several physiological and developmental aspects in plants. These include seed germination, root development, stomatal movement, and antioxidant enzyme activity [162,163]. In guard cells and mesophyll, the increased expression of the 9-cis-epoxy carotenoid dioxygenase gene (SgNCED1) led to elevated levels of H2O2 and NO, along with enhanced antioxidant enzyme activity [164]. In Arabidopsis thaliana L., breaking seed dormancy resulted in rapid ABA depletion due to a swift accumulation of NO, whereas the opposite effect was observed during seed germination [165,166]. Additionally, for the regulation of stomatal movement in guard cells, ABA-induced endogenous H2O2 synthesis promoted NO production [167,168]. Moreover, in Oryza sativa L., the inhibitory effect of ABA on leaf senescence was alleviated by the application of exogenous NO [169]. By enhancing osmolyte production and the antioxidant defense system, ABA and NO alter metabolic plant processes in response to environmental stress [170,171]. NO and ABA may interact during HM stress to reduce HM stress, as toxicity was decreased by NO’s ability to inhibit the As-induced elevation of ABA content in Vicia faba L. [172]. According to Sadeghipour [173], exogenous NO treatment to Vigna unguiculata L. decreased ABA concentration during Pb stress, improving Pb tolerance. According to Wu et al. [135], Mo increased aldehyde oxidase activity, which, in turn, caused ABA production in Triticum aestivum L. Mo-induced oxidative stress was mediated by NO acting downstream of ABA, suggesting an intermediary connection between NO and ABA.



As a result, ABA plays a key role in controlling plant growth and development under stressful environmental conditions by working in concert with other phytohormones. The molecular processes behind the intricate signaling networks of ABA and other hormones require more investigation.




8. Conclusions and Future Scope


The detrimental impact of HMs on plants has garnered significant global attention among plant researchers, as it poses a threat to sustainable agricultural production. The presence of toxic HMs substantially disrupts various biochemical and physiological aspects of plants by influencing the expression of numerous enzymes and interfering with the synthesis of essential biochemical compounds. In response, plants have developed several defense mechanisms to mitigate the harmful effects of HM toxicity. This review demonstrates that ABA serves as a critical signaling hormone under HM stress conditions, affecting not only its own metabolic and signaling pathways but also the activity of other key phytohormones, such as auxins, gibberellins, and ethylene. Exogenous phytohormone treatment effectively reduces the negative impacts of HM and enhances plant morphological traits, physio-biochemical functions, and output. Exogenous ABA application improves phytochelatin synthesis, antioxidant machinery, osmolyte synthesis, and enzymatic activity in plants, which reduces the harmful effects of HMs. It is possible to utilize ABA to increase economically significant crop growth and yield by applying it to the soil as a foliar spray, seed primer, and culture medium. By enhancing plants’ ability to tolerate stress, ABA is essential in reducing the effects of HM stress. Furthermore, gaining a mechanistic understanding of how multiple phytohormones interact would offer valuable insights into comprehending the intricate complexities involved in enhancing HM stress tolerance for sustainable agriculture. The manipulation of phytohormone levels and their responses in specific tissues or organs during critical developmental stages presents an intriguing approach for cultivating HM stress-tolerant plants suitable for modern agriculture. In conclusion, ABA is much more than just a stress hormone; it is one of the key players in a complex hormonal network that allows plants to adapt to increasingly challenging environmental stresses. Looking ahead, exploring further crosstalk mechanisms among ABA and other phytohormones will undoubtedly emerge as a significant and captivating theme in the plant research field.
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Figure 1. Overview of ABA mechanism under normal stress and HM stress conditions that leads to physiological, biochemical, and molecular changes. Various transporters situated in the roots allow HMs to enter the plant and then move to various locations inside it. Excessive HM accumulation in plant tissues contributes to toxicity. 
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