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Due to global climate change, abiotic stresses are affecting plant growth, productivity, and the quality of cultivated crops. Stressful conditions disrupt physiological activities and suppress defensive mechanisms, resulting in stress-sensitive plants. Consequently, plants implement various endogenous strategies, including plant hormone biosynthesis (e.g., abscisic acid, jasmonic acid, salicylic acid, brassinosteroids, indole-3-acetic acid, cytokinins, ethylene, gibberellic acid, and strigolactones) to withstand stress conditions. Combined or single abiotic stress disrupts the normal transportation of solutes, causes electron leakage, and triggers reactive oxygen species (ROS) production, creating oxidative stress in plants. Several enzymatic and non-enzymatic defense systems marshal a plant’s antioxidant defenses. While stress responses and the protective role of the antioxidant defense system have been well-documented in recent investigations, the interrelationships among plant hormones, plant neurotransmitters (NTs, such as serotonin, melatonin, dopamine, acetylcholine, and γ-aminobutyric acid), and antioxidant defenses are not well explained. Thus, this review discusses recent advances in plant hormones, transgenic and metabolic developments, and the potential interaction of plant hormones with NTs in plant stress response and tolerance mechanisms. Furthermore, we discuss current challenges and future directions (transgenic breeding and genome editing) for metabolic improvement in plants using modern molecular tools. The interaction of plant hormones and NTs involved in regulating antioxidant defense systems, molecular hormone networks, and abiotic-induced oxidative stress tolerance in plants are also discussed.
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Introduction

The rapidly growing global population necessitates a significant upsurge in agricultural production. Nevertheless, climate change-induced environmental factors significantly impact crop production worldwide (Raza et al., 2019a; Bahar et al., 2020; Fahad et al., 2021a). Climate variations impact the earth and agriculture through alterations in annual rainfall, mean temperature, heat waves, mutations in weeds, pests, and microbes, atmospheric ozone or carbon dioxide levels, and sea levels. The risk of climate change has significantly increased research interest, as these changes will adversely impact crop production and food security globally (Raza et al., 2019a; Bahar et al., 2020; Fahad et al., 2021b; Farooq et al., 2022; Haider et al., 2022). Specifically, to achieve the sustainable development goal proposed by the FAO of ‘zero hunger’ (SDG2) for an extra 2.3 billion individuals by the end of 2050, agricultural outputs must increase by 70% (Bahar et al., 2020)1. SDG2 is a multidimensional goal that extends beyond food security and requires comprehensive investigation2. Due to their sessile lifestyle, plants face numerous abiotic stresses, including salinity, drought, waterlogging, heavy metals, and temperature, that hinder crop production and threaten the world’s ecosystems (Raza et al., 2019a, 2020, 2021a, b, 2022a, b, c; Hasanuzzaman et al., 2020a; Mir et al., 2022). These stresses are the main factors affecting plant physiological, biochemical, and cellular mechanisms, as they modulate mixed responses that attempt to avert damage and promote plant persistence under adverse stress conditions. Ultimately, stress-induced cellular, biochemical and molecular modifications improve plant growth and development (Ahanger et al., 2017; Nguyen et al., 2018; Hasan et al., 2021; Raza, 2021, 2022a,b).

Identifying plant response mechanisms to various abiotic stresses is crucial for plant biotechnologists. However, stress tolerance characteristics are challenging to incorporate into plants using conventional breeding methods, and current breeding and molecular tools are inadequate to feed the growing world population. Accordingly, novel and powerful techniques (such as foliar treatment or application of diverse biotechnological tools) are needed to improve crop stress tolerance. In the era of climate change, it is crucial to recognize the endogenous mechanisms regulating the various processes and mechanisms responsible for abiotic stress tolerance (Tanveer and Yousaf, 2020; Fahad et al., 2021c; Farooq et al., 2021; Sharma et al., 2021, 2022a). Furthermore, improving plant growth rates and adaptation to environmental stimuli by altering hormonal signals in cells and tissues is important. For example, enabling plants to exhibit resistance/tolerance to environmental stimuli without decreasing growth is critical for meeting the world’s exponentially growing food demand, especially under environmentally challenging conditions (FAO, 2017).

Exogenous application or/and genes responsible for the biosynthesis of plant hormones or phytohormones, such as abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), brassinosteroids (BRs), indole-3-acetic acid (IAA), cytokinins (CKs), ethylene (ET), gibberellic acid (GA), and strigolactones (SLs), could be used to develop climate-resilient crops with improved yields under stressful conditions (Figure 1; Cooper et al., 2018; Ku et al., 2018; Raza et al., 2019b; Yao et al., 2020; Mubarik et al., 2021; Sabagh et al., 2021; Waadt et al., 2022). As plant growth regulators, plant hormones are produced in minimal amounts but can regulate diverse plant cellular processes. They act as chemical envoys to interconnect cellular actions and play vital roles in harmonizing several signal transduction pathways through abiotic stress responses and adjusting exterior and interior responses to stimuli (Voß et al., 2014; Ku et al., 2018; Sabagh et al., 2021). Neurotransmitters (NTs) are a group of neuroregulatory molecules produced by mammals and plants (Tanveer and Shabala, 2020) that play a pivotal role in organogenesis, flowering, photosynthesis, reproduction, and plant adaptation to environmental factors (Akula and Mukherjee, 2020). Recent studies found evidence of plant hormones and NTs involved in plant development, stress adaptation, and stress tolerance (Arnao and Hernández-Ruiz, 2017, 2021). The interaction of NTs with plant hormones regulates plant antioxidant systems and stress indicators, reducing stress-induced oxidative injuries (Fu et al., 2017; Yang et al., 2019). Moreover, NTs are potent elements that interact with plant growth regulators in response to various environmental stimuli, increasing stress tolerance.
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FIGURE 1
The role of phytohormones in improving plant tolerance against multiple abiotic stresses. Under stress conditions, phytohormones can modulate the stress intensity in plants by triggering defense mechanisms and thus regulate physio-biochemical processes by increasing plant tolerance to environmental stress. CK, GA, ABA, IAA, and JA mainly play inhibitory roles, whereas BRs, SA, SLs, and ethylene play stimulatory roles in improving several physiological and biochemical mechanisms under stress conditions. Notably, ABA is a primary driving force, playing a vital role alone or combined with other hormones under stress. Furthermore, CKs and auxin play a dual role (inhibitory and stimulatory) by regulating plant growth and development processes.


Abiotic stress factors generate reactive oxygen species (ROS), causing oxidative stress in most plants (Hasanuzzaman et al., 2020a). To combat the effects of stress, plants have evolved various enzymatic and non-enzymatic antioxidants to scavenge ROS, known as redox regulatory mechanisms (Hasanuzzaman et al., 2020a; Tiniola et al., 2021). Oxidative stress in plants is mainly counteracted through endogenous self-protective machinery comprising antioxidant defense mechanisms—both enzymatic [superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione peroxidase (GPX), guaiacol peroxidase (GOPX), and glutathione S-transferase GST)] and non-enzymatic [ascorbic acid (AsA), glutathione (GSH), phenolic acids, alkaloids, flavonoids, carotenoids, alpha-tocopherol, and non-protein amino acids] (Hasanuzzaman et al., 2020a). Ideally, the antioxidant defense system and ROS accumulation in plant cells maintain a steady-state equilibrium to maintain appropriate redox biology responses which regulate diverse processes necessary for plant growth and development (Mittler, 2017; Hasanuzzaman et al., 2020a; Mittler et al., 2022). However, under stress, ROS overproduction annihilates this balance, generating cellular injury, programmed cell death (PCD), and enhanced ROS production (Raja et al., 2017; Mittler et al., 2022). Importantly, in addition to modulating numerous mechanisms and producing compounds to enhance abiotic stress tolerance, plant hormones enhance the activity of antioxidant defense systems.

The ROS-scavenging effects of antioxidants depend on the tissue and organelle types. The interplay between ROS, antioxidants, and plant hormones and the changes in metabolic networks determine plant survival in stressful environments. Consequently, several approaches combined with exogenous phytohormone supplementation are used to modulate gene expression and signaling pathways to improve the ability of plants to cope with stressful conditions (Riyazuddin et al., 2019; Srivastava et al., 2019; Jiang et al., 2020; Saxena et al., 2020). This review explores current knowledge on the role of plant hormones in crop improvement under normal and stressful conditions. Further, we also reviewed the plant metabolic advancement using genetic engineering tools like gene overexpression and editing via clustered regularly interspaced short palindromic repeats-CRISPR-associated proteins (CRISPR/Cas) system. Moreover, this review also explores the plant hormones and NTs interactions to enhance abiotic-induced oxidative stress tolerance by regulating antioxidant potential.



Abiotic stresses: A challenge to the agricultural system

As abiotic stresses cause extensive crop losses worldwide, exploring how they disturb plant growth and development at the physiological, biochemical, and molecular levels is vital for improving plant productivity. Climate changes lead to major abiotic stresses such as temperature (high/low), drought, salinity, toxic metals, waterlogging, and nutrient imbalance, which significantly hinder crop productivity (Raza et al., 2019a, 2020, 2021a, 2022a, b, c; Fahad et al., 2021a,b; Raza, 2021; Farooq et al., 2022). Stress duration, stress progress, and the plant growth phase are the key factors that affect plant stress responses (Feller and Vaseva, 2014; Sharma et al., 2021).

Vulnerability or tolerance to a given stressor varies between crop species and genotypes. Drought is possibly the most significant abiotic stress, significantly reducing agricultural production worldwide. Drought retards plant growth by altering membrane stability, pigmentation, osmotic balance, water balance, and photosynthetic activity (Suzuki et al., 2014; Sallam et al., 2019; Gondal et al., 2021; Wasaya et al., 2021). Salinity is the next most prominent abiotic stress impairing crop productivity (Isayenkov and Maathuis, 2019; Alamri et al., 2020; Raza et al., 2022c), followed by various other environmental stresses. Soil salinity comprises saline, alkaline, and saline–alkaline soils categorized as increased salt intensity, pH, and sodium level, respectively (Isayenkov and Maathuis, 2019). Likewise, low and high-temperature stresses lead to cell dehydration, cell starvation, and the breakdown of plant proteins, causing cell wall lysis (Suzuki et al., 2014; He et al., 2021; Raza et al., 2021a,b). The upsurge in macro- and micro-nutrients due to alterations in nutrient uptake, transport, assimilation, and their (macro- and micro-nutrients) biological interactions also negatively affects plant productivity (Salim and Raza, 2020; Amanullah et al., 2021; Bukhari et al., 2021; Makawita et al., 2021). Another factor is the presence of metals/metalloids in the environment due to physical and anthropogenic actions, disturbing basic physiological and biochemical processes in plants (Hasanuzzaman et al., 2020b,c; Raza et al., 2021d, 2022a). Under submerged and waterlogged conditions, oxygen concentration—normoxia, hypoxia, or anoxia—significantly affects plant growth and production (Zahra et al., 2021). Additionally, exposure to light and UV radiation, pH changes, gaseous contaminants, and several mechanical factors have been associated with plant stress (Suzuki et al., 2014).

The detrimental effects of most abiotic stresses hinge on ROS overproduction at some point. ROS molecules oxidize and degrade carbohydrates, lipids, nucleic acids, and proteins in plant cells (Hasanuzzaman et al., 2020a); numerous studies have revealed that plant hormones have positive, protective roles against these stresses. In addition, several interventions have successfully leveraged plant hormones in promoting plant tolerance to an individual or combined stressors.



Oxidative stress: A combined effect

The abiotic-stress-induced disturbance of numerous metabolic functions and physiological processes leads to ROS overproduction (Choudhury et al., 2017). The damaging properties of free oxygen radicals are called ‘oxidative stress.’ Redox reactions are common in living creatures and account for most ROS generation (Decros et al., 2019). In plant cells, redox homeostasis is the normal condition where a competent defense system maintains an appropriate balance between ROS production and eradication (i.e., antioxidant activity) (Paciolla et al., 2016). A basal amount of ROS is crucial for appropriate redox signaling (Mittler, 2017; Mittler et al., 2022); the term ‘redox biology’ refers to the role of ROS as signaling compounds that regulate and sustain typical physiological events of plants (Schieber and Chandel, 2014; Kumar et al., 2016; Mittler, 2017; Mittler et al., 2022). Low levels of ROS trigger signaling that alters regular plant metabolism, while excess ROS initiates oxidative cellular impairment (Mittler et al., 2004; Decros et al., 2019). Consequently, biomolecular mechanisms that ensure stable equilibrium among ROS production and scavenging are powerfully harmonized, functioning with the cellular redox-sensitive apparatus to generate and regulate downstream signaling events in a cell-precise and context-precise manner (Panieri and Santoro, 2015; Mittler et al., 2022). During the stress conditions, ROS accumulation in plant cells disturbs the ‘redox state’ of various proteins, such as enzymes, receptors, and tiny molecules, triggering, altering, or participating in various abiotic factor-response signal transduction pathways (Figure 2; Mittler et al., 2004, 2022).
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FIGURE 2
Management of ROS metabolism and signaling in plants under stress conditions. Cellular ROS accumulation is controlled by three main methods—(1) ROS generation, (2) ROS scavenging, and (3) ROS transport—which maintain ROS concentrations and produce various ROS signatures and gradients that act as signals in various abiotic factor-response signal transduction pathways. These redox regulations lead to coordinated changes in the plant’s physiology, metabolome, proteome, methylome, and transcriptome. Dashed arrows show that ROS generation, scavenging, and transport can be controlled by the ‘redox state’ of plant cells under stress. Figure based on the concept of Mittler et al. (2004, 2022). For more information on ROS metabolism and signaling, readers are referred to Mittler et al. (2022). ROS, reactive oxygen species; O2, oxygen; H2O, water.


There is a growing perception that the roles of the enzymes and metabolites of redox metabolism extend far beyond the simple ROS-scavenging function. For one, as dedicated ROS signaling processors, these enzymes act as integral parts of a complex signaling system (Leister, 2019). The broader roles of ROS (mainly H2O2) under stress came into focus at the start of the 21st century. Several researchers documented H2O2 as a signaling molecule, promoting acclimation progression and enhancing tolerance to various environmental stresses (Khedia et al., 2019). In addition, ROS produced in a chloroplast under stress might divert electrons from the photosynthetic apparatus, preventing associated injury; ROS also similarly defend mitochondria (Choudhury et al., 2017). Concerning signaling, cell wall peroxidase (POD/POX) might subsidize ROS production, with H2O2 acting as a messenger upstream of calcium (Ca2+), protein phosphorylation, and mitogen-activated protein kinase (MAPK) pathways (Tanveer and Ahmed, 2020).

Recent work elaborated on the crosstalk between ROS and plant hormones, particularly ET and ABA, in the context of stress responses and improving tolerance, confirming ROS’s double role under stress conditions (Medeiros et al., 2020; Postiglione and Muday, 2020). In addition, ROS can adjust plant metabolism under abiotic stress, activating redox responses that regulate the transcription and translation of stress acclimation proteins and enzymes, ultimately defending plant cells from injury (Choudhury et al., 2017; Mittler, 2017; Mittler et al., 2022). In addition, H2O2 modifies the NO and Ca2+ signaling pathways, controlling plant growth and development and other cellular and physiological responses (Niu and Liao, 2016; Singh et al., 2020). Notably, disrupting the balance between ROS production and ROS scavenging by the antioxidant defense system that leads to ROS overproduction causes follow-on oxidative damage. Such oxidative stress gives rise to molecular and cellular damage, leading to cell death (Figure 3; Hasanuzzaman et al., 2020a).
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FIGURE 3
Oxidative stress in plants and its significance. Under abiotic-stress-induced oxidative stress, ROS generation is the most significant step, which leads to the battle for equilibrium between ROS and antioxidant defense. This involves substantial crosstalk and consequences between stress signals and plant growth and yield reduction. For instance, minor damage caused by oxidative stress can improve growth and yield, whereas extreme oxidative stress can significantly reduce plant growth and yield—modified from Hasanuzzaman et al. (2020a). ROS, reactive oxygen species; H2O2, hydrogen peroxide; O2, oxygen; 1O2, singlet oxygen; 3O2, triplet oxygen; [image: image], superoxide; OH∙, hydroxyl radical.




Interplay of plant hormones in conferring abiotic-induced oxidative stress tolerance in plants

Plant hormones are a driving force for modulating abiotic stress responses, plant growth, and developmental mechanisms (Figure 1; Wani et al., 2016; Ku et al., 2018; Raza et al., 2019b; Mubarik et al., 2021; Sabagh et al., 2021; Waadt et al., 2022). Accordingly, managing endogenous phytohormone levels with exogenous supplementation and modern biotechnological techniques can help engineer plant metabolism and improve plant stress tolerance (Wani et al., 2016). Plant hormone mechanisms of action, including oxidative stress and the management of ROS production, stimulate divergent mechanisms in vitro (Szechyńska-Hebda et al., 2007; Wani et al., 2016; Rehman et al., 2021; Al-Zahrani et al., 2022; Waadt et al., 2022). Concerning ROS, plant hormones improve the activities of enzymatic and non-enzymatic antioxidant defense systems (Figure 4). Several plant hormones control biochemical and physiological mechanisms under stressful conditions. Thus, there is a growing interest in leveraging plant hormones to enhance the activity of antioxidant systems and improve plant tolerance to oxidative stress induced by abiotic factors (Table 1).
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FIGURE 4
The proposed model demonstrates the state-of-the-art potential of a phytohormone-mediated antioxidant defense system under abiotic stress. Notably, phytohormones decrease the damaging effect of oxidative stress induced by abiotic stress because they act as secondary messengers to initiate antioxidants and can thus scavenge ROS in stressed plants. Interestingly, exogenous phytohormone application can reduce ROS overproduction, enhancing the activities of several antioxidant defense systems and stress tolerance; it varies with the type of stress, plant type, and duration. However, ROS overproduction can significantly reduce growth and yield under stressful conditions. In addition, exogenous phytohormones can increase the production and functionality of endogenous hormones and transcript levels of antioxidant enzyme-encoding genes, e.g., SOD, CAT, and POD. The optimal dose and growth stage for phytohormone application needs further investigation—modified from Raza et al. (2021c) with permission from the publisher (Springer Nature).



TABLE 1    Application of some major plant hormones to plants under stress and their impact on antioxidant systems. Notably, all presented studies increased stress tolerance and improved plant health. Abbreviations are explained in the text.
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Abscisic acid

Abscisic acid (ABA) is an isoprenoid phytohormone formed in the plastid 2-C methyl-D-erythritol-4-phosphate pathway. It is a well-studied phytohormone due to its action and diverse roles in plant adaptation to several abiotic stresses and, accordingly, termed a stress hormone (Trivedi et al., 2016). In the past two decades, ABA has been documented as a vital messenger in the adaptive response to abiotic stresses, and its role in stress resistance has gained much consideration. Endogenous ABA levels rise quickly in response to abiotic stress, triggering specific signaling pathways and altering gene expression levels (Trivedi et al., 2016; Yao et al., 2020; Golfazani et al., 2022).

Several studies have investigated ABA’s antioxidant potential in plants subject to stressful environments (Table 1). Reports have linked ABA-induced abiotic stress tolerance with glutathione (GSH) and ascorbate (AsA) in higher plants. Wheat (Triticum aestivum L.) plants subjected to exogenous ABA under drought stress enhanced drought tolerance by regulating genes involved in GSH/AsA synthesis, consequently increasing GSH and AsA activities in leaves and roots and decreasing malondialdehyde (MDA) and H2O2 levels. Due to the regulation of GSH/AsA synthesis, ABA-mediated drought stress in wheat seedlings by improving the plant phenotype, including leaf wilting, stunted plant height, and growth, and quantitatively enhanced overall physiological and growth parameters, including plant height (11.4%), shoot fresh weight (21.8%), shoot dry weight (21.4%), root fresh weight (34.9%), and root dry weight (23.1%) (Liting et al., 2015). In another study, the flavanone 3-hydroxylase (PnF3H) gene from Antarctic moss was evaluated in Arabidopsis under cold, salinity, osmotic, and UV radiation stresses; exogenously applied ABA increased tolerance to salt and oxidative stresses, improved SOD and CAT activities under salt and oxidative stress, and altered the flavonoid constituents of transgenic plants (Li et al., 2017a). An early root growth assay showed improved root phenotypes in the ABA treatments (0.5 and 0.75 μM), with PnF3H-overexpressing lines (AtOE) exhibiting better germination rates and longer primary roots (Li et al., 2017a). Likewise, 30 μM exogenous ABA applied to wheat plants increased endogenous ABA and SOD, CAT, and POD activities and improved drought tolerance (Bousba et al., 2020). In Chinese arborvitae (Platycladus orientalis) seedlings, exogenous ABA (0.5, 1, 10, 100, and 200 μM) significantly mitigated oxidative stress by modulating ROS metabolism, increasing SOD, POD, and CAT activities (by 69%, 91%, and 94%, respectively), AsA, total GSH, and proline contents, and decreasing H2O2 and MDA contents under H2O2 stress (Yao et al., 2020). According to their results, the 1 μM L−1 ABA treatment had the greatest increase in transcript levels of antioxidant enzyme-encoding genes such as Cu/Zn-SOD, CAT, GR, APX, and MDAR under H2O2-induced stress.

Abscisic acid can reduce oxidative stress in plants exposed to metal stress by stimulating antioxidant mechanisms. Kamran et al. (2021a) established that ABA and 6-benzylaminopurine (BAP) applied at 0.5 and 10 μM (individually or in combination) to tomato (Solanum lycopersicum L.) seedlings reduced the effects of oxidative stress caused by 400 μM cobalt (Co). The treatments, especially ABA + BAP at 10 μM, augmented SOD, APX, CAT, and POD activities, reduced MDA and H2O2 levels, increased chlorophyll a, b, and carotenoid contents, ameliorated root and shoot biomass and length, improved membrane stability and leaf relative water content (RWC), and decreased Co uptake and accumulation (Kamran et al., 2021a). Similar results occurred in mung bean (Vigna radiata L.) plants subjected to 50 and 100 μM Cd. Foliar application of ABA (5, 10, and 15 μM) improved the physio-biochemical processes of plants exposed to Cd stress, including increased roots and shoot weight and length, inhibiting Cd accumulation in roots and shoots, enhancing carotenoid content, augmenting the activities of POD (stems and leaves), CAT (roots and leaves), and APX (stems), and boosting the contents of AsA (roots and stems), polyphenols (roots), and proline (stems and leaves) (Leng et al., 2021). According to Cao et al. (2021), proline accumulation and the expression of genes encoding enzymes in the proline biosynthesis pathway (e.g., OsP5CS1, OsP5CS2, and OsProDH) need ABA to mediate proline biosynthesis in rice (Oryza sativa L.) under hypoxia stress. Treatment with an ABA synthesis inhibitor (norflurazon) inhibited proline synthesis and exacerbated oxidative stress, both of which were reversed by exogenous ABA application.

A glutathione peroxidase gene (GPX6) is a redox-related gene up regulated under copper stress in response to ABA (Milla et al., 2003). GPX3 is involved in H2O2 homeostasis and signal relaying in guard cells, regulating ROS levels and stomata according to ABA levels (Miao et al., 2006). While the ABA signal induction mechanism activates the expression of antioxidant enzymatic and non-enzymatic defense systems genes, ABA also induces secondary messengers activating defensive responses through ROS production (Sakamoto et al., 2008). Direct molecular genetics and cell biological evidence show that ROS are rate-limiting secondary messengers in ABA signaling. Kwak et al. (2003) reported that disruption of two partially redundant Arabidopsis guard-cell-expressed NADPH oxidase catalytic subunit genes (AtrbohD and AtrbohF) impairs ABA signaling. In tomato seedlings, saline–alkaline stress-induced ABA synthesis and signal transduction. Exogenously applied ABA relieved the saline–alkaline stress by regulating osmotic adjustment and Chl contents, promoting the accumulation of proline and soluble sugars, reducing ROS content, and improving the antioxidant defense system (Xu et al., 2022a). In conclusion, ABA improves the abiotic stress performance of crop plants by modulating ROS metabolism and improving the antioxidant defense system.



Jasmonic acid

Jasmonic acid/jasmonates are fatty acid derivatives that include compounds such as jasmonate (JA), jasmonate iso-leucine conjugate (JA-Ile), and methyl jasmonate (MeJA) (Wasternack and Strnad, 2018). These endogenous signaling molecules are involved in diverse developmental processes in higher plant species and were previously known as stress-related hormones (Wasternack and Strnad, 2018; Lang et al., 2020; Raza et al., 2021c). Notably, JA is the best-characterized, most well-known, and most abundant jasmonate. The antioxidant potential of JA under several abiotic stresses has been explored (Table 1).

One study treated apple (Malus pumila L.) seedlings with JA or JA biosynthesis inhibitor (Ibuprofen, IBU) to explore how the AsA-GSH cycle responds to oxidative injury caused by cold stress (Li et al., 2017b). The study found that exogenous JA stimulated AsA synthesis by increasing DHAR activity and concluded that MDHAR is an auxiliary pathway, regardless of the increased MDHAR activity. Furthermore, the IBU treatment significantly inhibited antioxidant enzymes (APX, DHAR, and MDHAR), indicating that endogenous JA participated in the antioxidant process via gene expression by modulating the AsA-GSH cycle in the low-temperature treatment. Chen et al. (2014) also showed that exogenous MeJA induced endogenous JA accumulation in mangrove (Kandelia obovata L.) seedlings and simultaneously enhanced the antioxidant capacity.

Pakar et al. (2016) evaluated the growth, development, antioxidant system activity, and ion storage of barley (Hordeum vulgare L.) supplied with exogenous JA under salt stress. The JA treatment increased salt tolerance by improving SOD, CAT, and POX activities and K+/Na+ accumulation efficiency. In addition, JA significantly improved plant height and peduncle length in control and 5 dS m–1 salinity treatments. It also increased overall leaf area and grain number, particularly grain number in the 15 dS m–1 treatment (13.5% decline) compared to the control (24.0% decline) (Pakar et al., 2016). Sirhindi et al. (2016) showed that soybean (Glycine max L.) supplemented with JA could overcome Ni stress, boost osmolytes, enhance expression of antioxidant enzyme genes, and increase the activities of SOD (40.04%), POD (28.22%), CAT (48.53%), and APX (56.79%). Relative to the controls, Ni-treated plants with JA supplementation had reduced NADPH oxidase activity (30.04%), improved shoot length (30.74%), and a slightly reduced germination rate (8.16%). Furthermore, JA stimulated overall plant growth, increasing root length (70.06%), dry weight (11.47%), and total chlorophyll content (38.70%) (Sirhindi et al., 2016).

Najafi-Kakavand et al. (2019) reported that two populations of Alyssum inflatum exposed to Ni (100, 200, and 400 μM) and treated with JA (5 and 10 μM) and SA (50 and 200 μM) alone or combined reduced oxidative stress, improving biomass and Ni toxicity tolerance. Thus, JA and SA inhibited ROS by triggering SOD, CAT, POD, and APX activities and increasing proline and carotenoid contents. The treatments also reduced Ni translocation from roots to aerial parts, preventing Ni accumulation in shoots and reducing Ni toxicity. Sugar beet (Beta vulgaris L.) plants under drought stress treated with JA (10 μM) had increased activities of several antioxidant enzymes (APX by 290%, CAT by 80%, and POX by 94%), root biomass (21%), and stress tolerance (Ghaffari et al., 2020).

Chinese licorice (Glycyrrhiza uralensis L.) plants exposed to salinity and supplemented with different concentrations of MeJA had increased salt tolerance compared to stress-free control plants (Lang et al., 2020). Notably, MeJA impacted enzyme activities in a concentration-dependent way, increasing SOD activity at 45 μM, POD activity at 30 μM, CAT activity at 15 μM, and GPX activity at 30 μM, and reducing APX activity at 30 μM. MeJA also mediated the adverse effects of salt stress on seedlings, with significant improvements in hypocotyl diameter, hypocotyl length, and radicle length at 45 μM, hypocotyl diameter and radical length at 30 μM, and radicle diameter at 15 and 30 μM (Lang et al., 2020). In mustard (Brassica parachinensis L.) exposed to chromium (Cr) stress (150 and 300 μM), exogenous JA application, especially at 10 μM, improved growth and photosynthesis by reducing oxidative stress, boosting the activities of APX, SOD, CAT, GR, GST, GPX, MDHAR, DHAR, and glyoxalase enzymes, and enhancing AsA and GSH contents, which increased the uptake of nutrient elements and limited Cr accumulation (Kamran et al., 2021b). In photothermosensitive-genic-male-sterile (PTSGMS) rice lines exposed to high-temperature stress at the flowering stage (anthesis), the MeJA treatment augmented CAT activity and AsA content, reducing H2O2 levels in stigmas and improving plant vitality, thus increasing fertility and seed set (Chen et al., 2021a). Regarding the possible mechanism, JA and its methyl ester can induce ethylene production, leading to ROS generation in plants (O’Donnell et al., 1996; D’Haeze et al., 2003; Chen et al., 2020). However, little is known about the crosstalk between ethylene and antioxidant enzymes for mediating ROS generation under stress. Still, ethylene and ROS can positively affect plant growth and development at low concentrations (D’Haeze et al., 2003).

In a recent study, Yan et al. (2022) showed that 100 μM MeJA improved tomato drought tolerance and increased biomass. The MeJA treatment enhanced root exudation and whole plant respiration rate to maintain relatively high water content. Moreover, MeJA improved the expression of carotenoid cleavage dioxygenase and reduced the ABA level, maintaining high stomatal conductance and consequently improving tomato drought tolerance (Yan et al., 2022). In soybeans, foliar application of JA (100 μmol L–1) alleviated the adverse effects of salt stress by increasing the photosynthetic pigments Chl a and Chl b concentrations of soluble proteins and phenol in the leaves (Noor et al., 2022). Moradi et al. (2022) revealed that salinity (50 mM NaCl) increased H2O2 and proline contents and SOD activity and decreased the MSI percentage and total soluble protein content. Silicon nanoparticles and MeJA decreased the H2O2 content and increased the transcription level of salinity-related genes like DREB, cAPX, MnSOD, and GST (Moradi et al., 2022). Thus, JA grants plant tolerance to various abiotic stresses and aids in developing crops adaptable to climate change.



Salicylic acid

Salicylic acid (SA) is a unique phenolic compound that modulates pathogenesis-related protein expression. Besides defense responses, SA has roles in stimulating plant growth, ripening, expansion, and abiotic stress responses (Per et al., 2017; Jahan et al., 2019). The biosynthesis of SA arises via the isochorismate (IC) and phenylalanine ammonia-lyase (PAL) pathways (Per et al., 2017). Notably, low levels of SA increase antioxidant defense in plants (Table 1); however, high levels lead to cell death or vulnerability to abiotic stresses (Jumali et al., 2011). For example, Jumali et al. (2011) found that high SA levels increased sarcosine oxidase gene expression with time, catalyzing the oxidative demethylation of sarcosine and generating H2O2 (Nishiya, 2000).

In barley, exogenous SA increased cold tolerance by modulating SOD, CAT, and POX activities (Mutlu et al., 2016). Under salt stress, SA reduced K+ leakage in Arabidopsis root tissues and increased H+-ATPase activity to induce Na+/H+ exchanger at the plasma membrane and reduce Na+ accumulation in the cytosol (Jayakannan et al., 2013). In Ethiopian mustard (Brassica carinata L.), foliar SA supplementation alleviated salt-induced damage by increasing the efficiency of SOD (29–32%), CAT (25–27%), and POX (179–194%) (Husen et al., 2018). In two mustard varieties, Adet and Merawi, SA application mediated salt stress by significantly improving plant growth parameters. Adet had a higher biomass yield than Merawi, but root biomass did not significantly increase at 0.5 mM SA. For Adet treated with 50 mM NaCl, co-application of SA (0.5 mM) and NaCl yielded the maximum leaf number (11.24), root length (13.79 cm), shoot length (42.83 cm), and leaf width (53.85 mm) (Husen et al., 2018). Similarly, heat-stressed tomato treated with exogenous SA increased the activity of SOD (36%), POD (136%), CAT (250%), and APX (65%) by enhancing photosynthesis and antioxidant enzyme efficiencies (Jahan et al., 2019). The SA treatment decreased oxidative injury and improved heat tolerance. Seed pretreatment with 1.0 mM SA enhanced heat stress tolerance by improving phenotypic traits (Jahan et al., 2019). Pigeon pea (Cajanus cajan L.) plants pre-treated with SA (0.5 mM and 1.0 mM) and subjected to heat stress had improved heat tolerance and increased activity of CAT (0.77-fold with 0.5 mM SA and 1-fold with 1.0 mM SA) and POX (1.24-fold with 0.5 mM SA and 1.37-fold with 1.0 mM SA) (Kaur et al., 2019).

Mustard plants (Brassica juncea L.) exogenously treated with SA (0.25 mM) alleviated Pb-induced oxidative injury and increased the activities of several antioxidant enzymes and compounds such as APX, GR, POD, CAT, MDHAR, DHAR, AsA, and GSH (Hasanuzzaman et al., 2019). SA application also increased the GSH/GSSG ratio and improved overall plant growth and biomass production; 0.25 mM Pb(NO3)2 and 0.25 mM SA applied 45 days after sowing produced the maximum plant height (45.50 cm), fresh weight (16.00 g), and dry weight (3.08 g), while 1.0 mM Pb(NO3)2 and 0.25 mM SA did not significantly improve growth or biomass but enhanced seed yield by 15% (Hasanuzzaman et al., 2019). Similarly, 1.0 mM SA increased SOD, CAT, and POD activities and enhanced proline and glycine betaine contents in basil (Ocimum basilicum), subsequently reducing the adverse effects of H2O2 and MDA induced by drought stress due to improved chlorophyll a and b contents, CO2 assimilation rate, stomatal conductance, and transpiration rate (Zulfiqar et al., 2021). Likewise, Wang et al. (2021) revealed that 0.1 mM foliar SA spray to rice exposed to Cd (1 mg kg–1) until the flowering stage stimulated antioxidative mechanisms, reduced oxidative stress, and alleviated seed Cd accumulation. In rice under Cd stress, SA served as a hydroxyl radical scavenger (Yang et al., 2004; Liu et al., 2016). As a scavenger, SA modulated the expression of Cd transporter genes (OsLCT1 and OsLCD) in the aerial parts of rice by regulating H2O2 quantity and its associated signaling, preventing Cd storage in shoots and grain (Wang et al., 2021).

In sorghum (Sorghum bicolor L.), exogenous SA improved salt stress tolerance by inducing proline accumulation, antioxidant enzyme activities, increased the protection of photosynthetic machinery, maintained photosynthetic activities, and improved plant growth (Rajabi Dehnavi et al., 2022). Under saline conditions at 150 mg L–1, SA is considered the most effective for preventing the damaging effects of salinity (Rajabi Dehnavi et al., 2022). In another study, Fatima et al. (2022) revealed that 0.5 and 1 mM foliar SA spray to apple mint (Mentha suaveolens) plants exposed to Cu (40 mM) decreased Cu concentrations in various plant parts, which was accompanied by increases in K, P, and Ca concentrations. SA also exerted a remedial effect on the performance of essential oils, mainly at 0.5 mM (Fatima et al., 2022). Plant hormones and antioxidants play a vital role in fruit ripening, quality, and parthenocarpic fruit formation (Irfan et al., 2021; Su et al., 2021; Sharif et al., 2022; Tayal et al., 2022). Under water-stressed conditions, foliar-applied SA reduced MDA and H2O2 contents and ion leakage and increased SOD and POX activities under all irrigation regimes (Biareh et al., 2022). Stress and SA spraying increased fruit quality by increasing soluble carbohydrates and decreasing citric acid content (Biareh et al., 2022). Regarding oil quality, water stress increased saturated fatty acid content but spraying SA increased linoleic and oleic acid contents (Biareh et al., 2022). Consequently, SA significantly helps plants to react and cope with environmental challenges.



Brassinosteroids

Brassinosteroids (BRs) are a comparatively innovative set of polyhydroxy steroidal plant hormones that encourage robust growth and development. To date, more than 70 BRs have been extracted from plants; brassinolide, 28-homobrassinolide, and 24-epibrassinolide have the greatest bioactivity and are most popular in stress-related physiological investigations (Tanveer, 2019; Tanveer et al., 2019; Nolan et al., 2020; Hafeez et al., 2021). These plant hormones are present in most plant parts (Vukašinović and Russinova, 2018; Nolan et al., 2020) and play critical roles in numerous developmental processes and improve plant health under stressful conditions (Tanveer, 2019; Tanveer et al., 2019; Hafeez et al., 2021). In particular, BRs and related compounds have the potential to modify the antioxidant defense-mediated stress-bearing potential of plants under multiple abiotic stresses (Table 1).

While water deficit conditions hamper cowpea growth and development, 24-epibrassinolide (EBR; active BR) reduced cell damage and increased stress tolerance by mitigating ROS (O2– and H2O2) accumulation through the increased activity of SOD (25%), CAT (29%), APX (50%), and POX (149%). It also improved PSII efficiency under stress conditions. In addition, EBR (100 nM) increased leaf, shoot, and root dry biomass by 11%, 7%, and 10%, respectively, and total dry biomass (10%) (Lima and Lobato, 2017). BR improved cold tolerance in Elymus nutans, enhancing the activities of CAT, APX, GR, DHAR, and MDAR but not SOD (Fu et al., 2019). Notably, 0.1–1 μM EBR improved plant growth under cold stress, but higher concentrations decreased fresh weight (Fu et al., 2019). In soybean, exogenous EBR application (50 and 100 nM) improved drought tolerance, with 50 nM EBR increasing the activities of SOD (20%), CAT (40%), APX (28%), and POX (14%), and 100 nm EBR further increasing these activities.

Soybean seedlings subjected to water deficit reduced the diameters of root epidermis, root cortex, root endodermis, vascular cylinder, and root metaxylem; however, 100 nM EBR increased these parameters by 21%, 15%, 12%, 38%, and 15% (Dos Santos Ribeiro et al., 2019). Moreover, the 100 nM EBR treatment improved root length (18%), hypocotyl length (7%), seedling length (15%), root dry matter (58%), hypocotyl dry matter (11%), and seedling dry matter (13%), with corresponding increases of 16%, 4%, 12%, 16%, 4%, and 5%, respectively at 50 nM EBR. The 100 nM EBR treatment also promoted seed germination by 6% in the first count to germination and 4% in total germination (Dos Santos Ribeiro et al., 2019). The authors also mentioned that reductions in ROS (superoxide and H2O2) concentrations and membrane damage (MDA and electrolyte leakage) were intrinsically related to the higher activities of antioxidant enzymes, confirming the benefits of BRs on the antioxidant system. In another study, maize plants subjected to salt stress were pre-treated with various concentrations of 28-homobrassinolide (HBL) or EBR (Rattan et al., 2020). In plants pre-treated with 0.0001 μM HBL and 0.01 μM EBR, POD activity increased by 20.97% and 22.01%, respectively. Pretreatment with 1.0 μM HBL and 0.01 μM EBR increased CAT activity by 62.34% and 11.75%. Similarly, 0.01 μM HBL and 1.0 μM EBR improved DHAR activity by 17.82% and 27.87%, respectively, while 0.01 μM HBL and 0.01 μM EBR enhanced MDHAR activity by 7.6% and 14.28%, respectively (Rattan et al., 2020). Thus, BR application helps preserve cellular conditions by regulating ion metabolism, enhancing osmoprotectant accumulation, and strengthening the antioxidative defense system in salinity-stressed seedlings.

Heidari et al. (2021) showed that EBR foliar spray (5 mg L–1) to two tomato cultivars (cold-sensitive and tolerant) subjected to 9°C reduced the adverse effects of ROS by increasing antioxidant enzyme activities, including CAT and GPX. In addition, endogenous levels of IAA and GA3 increased, especially in the cold-sensitive cultivar, augmenting the growth of those plants. EBR application also enhanced ABA levels at 9°C, constituting a synergistic response to cold stress (Heidari et al., 2021). A 1.0 mg L–1 EBR pretreatment to high-temperature-stressed melons improved photosynthesis and photochemical activity and balanced the distribution of excitation between photosystems to avoid ROS production (Zhang et al., 2013). A 2-year field experiment on dragon’s head (Lallemantia iberica) at four irrigation levels revealed that foliar BR application (0, 0.5, 1, and 1.5 μM) counteracted the adverse effects of drought stress by triggering antioxidative mechanisms, including increasing CAT, SOD, POD, and PPO activities, ROS scavenging, and proline content. However, BR had no significant effect on membrane stability or grain yield (Naservafaei et al., 2021). While BRs can mitigate environmental stresses by activating antioxidant enzymes and decreasing ROS, they may also be involved in ROS production and act in BR-mediated ROS signaling, which is essential for some plant developmental processes such as tapetum degradation and pollen fertility in tomato (Yan et al., 2020). In this process, signaling regulator BRASSINAZOLE RESISTANT 1 (BZR1) could directly bind to the promoter of RESPIRATORY BURST OXIDASE HOMOLOG 1 (RBOH1), mediating ROS production, which promotes pollen and seed development by triggering PCD and tapetal cell degradation (Yan et al., 2020). Loss or gain of function in the BR biosynthetic DWARF (DWF) or BZR1 genes altered the timing of ROS production and PCD in tapetal cells, resulting in delayed or premature tapetal degeneration (Yan et al., 2020). Basit et al. (2022a) showed that seed priming with BRs and spermine (SPM) mitigated Cr toxicity by limiting its uptake in rice. BR and SPM application improved the seed germination rate, Chl content, PSII system, and total soluble sugars, minimizing ROS production, MDA content, and electrolyte leakage under Cr stress. In addition, BRs and SPM controlled antioxidant enzyme and non-enzyme activities to diminish Cr-induced cellular oxidative losses (Basit et al., 2022a). Likewise, brassinosteroids insensitive 1 (BRI1) is a BR receptor that triggers BR signaling. Wang et al. (2022a) revealed that chilling stress rapidly induced SlBRI1 expression in tomatoes, reaching its highest level at 3 h, resulting in low relative electrolyte leakage, MDA content, and ROS accumulation. The SlBRI1OE plants had higher proline contents and SOD, POD, and CAT activities than the control. These outcomes reveal that SlBRI1 positively regulates chilling tolerance mainly through the ICE1–CBF–COR pathway in tomatoes (Wang et al., 2022a). In another study, BRs and H2O2 signaling regulated melatonin-induced drought and cold tolerance in perennial ryegrass (Lolium perenne) (Fu et al., 2022). As a result, BRs interact under varied abiotic stress situations and improve the ability of plants to withstand stress and defend themselves.



Indole-3-acetic acid/auxin

Despite being the subject of many studies, indole-3-acetic acid (IAA, or auxin) biosynthesis, transport, and signaling pathways are not well understood, mainly under stress conditions. Nonetheless, a few interlocking pathways have been proposed for auxin biosynthesis in plants, including four tryptophan-dependent and independent pathways (Brumos et al., 2018; Blakeslee et al., 2019). IAA is a multifaceted phytohormone with dynamic plant growth/development roles, particularly under stressful environments (Blakeslee et al., 2019). There is increasing evidence that IAA is essential for plant adaptation to various stresses because it modulates the antioxidant defense system (Table 1); however, more investigations are needed to understand the regulatory role of IAA.

Three wheat varieties treated with IAA under drought stress increased SOD activity by 33%, 15%, and 38%, and POD activity by 90%, 77%, and 82%, respectively, increasing drought tolerance (Muhammad et al., 2016). In the same study, foliar IAA application restored plant fresh weight by increasing RWC. Xing et al. (2016) reported that NAA (α-naphthaleneacetic acid) application to soybean seedlings under drought stress increased endogenous IAA and ABA, H2O2 accumulation, and antioxidant enzyme activities during early and late stress phases, improving drought tolerance. Since auxins contribute to plant growth regulation, they can alleviate the deleterious effects caused by abiotic stresses. For example, the application of 25 ppm IAA to sunflower (Helianthus annuus L.) (cultivars Sakha53 and China) under salt stress (120 mM NaCl) resulted in the highest salt tolerance index values for shoot fresh biomass (161.96% and 188.62%), shoot dry biomass (229.52% and 201.66%), root fresh biomass (202.48% and 167.30%), root dry biomass (292.50% and 370.00%), leaf area (167.97% and 152.84%), shoot length (136.82% and 162.74%), and root length (168.08% and 169.70%) (Zayed et al., 2017). In the same study, IAA supplementation had improved CAT activity (152% and 350%) and PPO (110% and 100%) (Zayed et al., 2017). In another study, potato plants pre-treated with IAA (7 and 14 μM) in vitro under various salt stress levels (0, 40, 60, and 80 mM NaCl) had less oxidative injury than untreated plants due to improved SOD and POD activities (Khalid and Aftab, 2020). Moreover, a 30-day treatment with 14 μM IAA improved callus fresh weight in plants subjected to 40 and 60 mM NaCl. Indeed, IAA application increased the root length, root number, and overall root growth for plants exposed to up to 80 mM NaCl. Additionally, the positive impact of IAA was evident in morphological changes, i.e., dark brown to light brown callus, indicating the elimination of necrotic symptoms (Khalid and Aftab, 2020).

In spinach (Spinacia oleracea L.) exposed to copper (Cu) toxicity, leaves treated with various IAA concentrations (10–60 mg L–1) decreased the toxic effect of Cu and improved plant health by increasing the activities of SOD (46%), POD (57%), and APX (99%) (Gong et al., 2020). Moreover, IAA application under Cu stress increased total plant fresh and dry weights; 60 mg L–1 IAA produced the highest fresh (49.17%) and dry (69.99%) weights relative to the control. Moreover, the combined total plant biomass (leaves, stems, and roots) also increased with increasing IAA concentration (Gong et al., 2020). Similarly, tea (Camellia sinensis) plants treated with IAA (2 μM and 10 μM) under cadmium (Cd) stress decreased MDA content, and improved plant growth. It mitigated Cd-induced oxidative stress by modulating CAT, APX, POD, and SOD activities (Zhang et al., 2020). Plant height and diameter increased by 9.8% and 9.2% at 2 μM IAA (T1) and 18.1% and 36.5% at 10 μM IAA (T2), respectively, relative to the control. The IAA applications also significantly increased root vigor by 46.5% in T1 and 56.9% in T2 (Zhang et al., 2020). Similarly, 5 μM IAA applied to eggplant (Solanum melongena) under 25 μM arsenate (AsV) ameliorated root length and biomass by reducing AsV accumulation, amending the adverse effects of ROS, sequestrating AsV in cells, and ameliorating GSH redox status (Alamri et al., 2021). Similarly, in faba bean (Vicia faba), exogenous IAA application (200 ppm) ameliorated growth by improving tolerance against salinity stress (60 and 150 mM NaCl). Thus, IAA is involved in the osmotic protection of roots, shoots, and seeds by regulating proline, soluble sugars, free amino acids, and protein contents. It mediates improvements in K+, Ca2+, and Mg2+ homeostasis and Na+ translocation but inhibits root Na+ accumulation. IAA also reduces oxidative stress due to salinity by improving SOD, CAT, POD, and APX activities, thus increasing root and shoot growth, biomass, and nodule number (Abdel Latef et al., 2021a,b). According to Molassiotis et al. (2010), IAA and other plant hormones can move from salt-treated roots to leaves to induce NO synthesis, trigger NO transport throughout the plant, and generate defense responses following salt stress. He et al. (2022) revealed that 20 mg L–1 exogenous IAA application significantly increased rice (Oryza sativa) growth and reduced As accumulation in grain. In another study, IAA and Si-NPs alleviated Cr-IV stress in rice seedlings; Cr-IV increased ROS levels, whereas IAA and Si-NPs detoxified ROS to enhance plant tolerance and defense mechanisms (Sharma et al., 2022b). Likewise, exogenous IAA (10 mg kg–1) relieved Cd stress (30 mg kg–1) in ryegrass (Lolium perenne) and improved Cd absorption (Xu et al., 2022b). IAA increased ryegrass biomass, Chl content, SOD activity, sucrose activity, fluorescein diacetate (FDA) hydrolase activity, and Cd removal rates by 14.5%, 19.9%, 24.3%, 12.1%, 20.4%, and 15.1%, respectively, but decreased POD activity, soil basal respiration, and Cd soil residues by 8.0%, 15.0%, and 17.0%, respectively, compared with the control (Xu et al., 2022b). So, IAA improves plant tolerance and antioxidant defense mechanisms, reducing the oxidative damage brought on by abiotic stress.



Cytokinins

Cytokinins (CKs) are byproducts of purine bases with an isoprenoid or aromatic side chain at the N6 site. This class of molecules includes zeatin (Z), dihydrozeatin (DZ), and N6-(Δ2-isopentenyl) adenine (iP) (Márquez-López et al., 2019). CKs play influential roles in various growth and developmental processes, dominating under stress conditions. Table 1 documents some examples of the antioxidant potential of CKs under stressful environments.

Evidence suggests that CKs have positive and negative effects on stress tolerance. For example, endogenous CK concentrations significantly decreased under extended stresses (Merewitz et al., 2011). Wang et al. (2015) suggested that reduced CK homeostasis in plant cells modifies salt stress responses in Arabidopsis through ROS-mediated regulation. They concluded that endogenous CK overproduction (via AtIPT8 overexpression) negatively affected plant salt tolerance by modulating stress-responsive gene expression, ROS production, and Chl contents. Interestingly, ROS production also increased in the salt treatment, along with the endogenously overproduced CKs. However, many other studies report positive effects of CKs on stress tolerance.

Salt-stressed perennial ryegrass plants treated with BAP (25 μM) mitigated salt stress by increasing the activities of various antioxidant enzymes and molecules, including AsA (67.22%), GSH (9.00%), SOD (17.82%), CAT (39.91%), APX (91.46%), MDHAR (six-fold), and GR (66.67%) (Ma et al., 2016). Similarly, exogenous BAP application increased turf quality and leaf length by up to 19.43% and 26.83%, respectively, compared to the unalleviated salt stress condition. Moreover, the yellow to green leaf area ratio declined by 55.46% after BAP exposure (Ma et al., 2016). Foliar supplementation with CKs in creeping bentgrass (Agrostis stolonifera) increased drought tolerance and enhanced the activities of SOD (25%), APX (22%), CAT (17%), and POD (24%) under drought stress. These results indicate that foliar treatment with CKs boosts physiological responses, the antioxidant system, and stress tolerance (Chang et al., 2016).

In another study, green alga (Chlorophyta) under Pb toxicity supplemented with CKs had an inhibitory effect on Pb accumulation, increasing cell numbers by up to 149% compared to the control. The CKs treatment also enhanced the activities of AsA (41%), GSH (76%), SOD (76%), CAT (41%), GR (110%), and APX (43%), increased proline content (126%), and improved plant adaptation to Pb toxicity (Piotrowska-Niczyporuk et al., 2018). Similarly, exogenous application of BAP (50 μM) to faba bean under salt stress enhanced salt tolerance and increased APX and SOD activities (Samea-Andabjadid et al., 2018); similar results occurred in another study on faba bean under salinity stress (150 mM NaCl) treated with BAP (0.9 mM) (Abdel Latef et al., 2021a). Bashri et al. (2021) reported that foliar application of kinetin at 10, 50, and 100 μM to fenugreek (Trigonella) seedlings grown in Cd-contaminated soils (3 and 9 mg kg–1) improved growth by reducing H2O2 content. By stimulating APX, GR, and DHAR activities, which are all involved in the ascorbate-glutathione cycle, and increasing photosynthetic pigment contents, kinetin improved the photosynthesis rate under Cd stress. Avalbaev et al. (2021) investigated the combined effect of 0.1 μM MeJA and 0.04 μM cytokinin 6-benzylaminopurine (BAP) on salinity-induced oxidative injury in wheat (Triticum aestivum L.) seedlings. The MeJA and BAP treatment reduced the salt-induced pro-oxidants/antioxidants imbalance and membrane damage, increased the accumulation of proline and dehydrins, and improved the barrier properties of cell walls in seedling roots by accelerating lignin deposition. Thus, endogenous CKs in MeJA-induced manner increase the salinity tolerance of wheat plants (Avalbaev et al., 2021). Likewise, under saline conditions (4, 7, and 10 dS m–1 NaCl), a foliar spray of 50 μM of BAP decreased root and leaf Na+ contents and increased root and leaf K+ contents, shoot growth, and amino acid content and composition in seeds of faba bean (Vicia faba L.) (Ghassemi-Golezani and Samea-Andabjadid, 2022). To conclude, CKs is a central regulator in plant growth and abiotic stress responses.



Gibberellins

Gibberellins (GAs) are a vast set of tetracyclic diterpenoid carboxylic acids, with only some acting as growth hormones in higher plants, mainly GA1 and GA4 (Hedden, 2018). There is growing evidence of the dynamic roles of GAs in abiotic stress responses and tolerance (Colebrook et al., 2014; Hedden, 2018; Ullah et al., 2022). Recent studies have explored the antioxidant role of GAs under numerous stresses (Table 1). Notably, these hormones cooperate with other plant hormones in many evolving and stress-responsive processes.

In okra (Abelmoschus esculentus L.) exposed to salinity, foliar application of GA3 (0.1 mM) reduced the adverse effects of NaCl by enhancing growth attributes, chlorophyll and carotenoid contents, and SOD, CAT, and POD activities, and reduced electrolyte leakage (EL), MDA content, and H2O2 content (Wang et al., 2019). Furthermore, shoot and root lengths increased from 22.7 cm and 9.9 cm (salt stress only) to 28.2 cm and 10.8 cm (salt stress + GA3 application), respectively, as did root and shoot fresh and dry weights (Wang et al., 2019). Likewise, combined GA3 (1.4 μM) and melatonin, exogenously applied to tomato plants, enhanced Chl content and reduced the over-generation of ROS and glycolate oxidase activity. Both melatonin and GA3 protected seedlings from ROS damage by regulating Δ1-pyrroline-5-carboxylate synthetase activity, an intermediate product of proline biosynthesis and catabolism (Siddiqui et al., 2020). Proline behaves like a non-enzymatic antioxidant, and its metabolism propels cellular signaling processes for promoting cellular apoptosis or survival (Liang et al., 2013). Siddiqui et al. (2020) reported that GA application boosted shoot and root lengths by 72.2% and 56.7%, shoot and root fresh weights by 195.5% and 133.3%, and shoot and root dry weights by 307.2% and 215.8%, respectively, and the activities of CAT (49.7%), APX (45.4%), GR (152.0%), DHAR (39.2%), MDHAR (98.1%), GPX (63.2%), polyphenol oxidase, lipoxygenase, and redox homeostasis, thus decreasing the oxidative stress induced by NaCl stress. In bracted bugleweed (Ajuga integrifolia) shoot culture, exogenous GA application increased biomass in a dose-dependent manner, with 1, 2.5, and 5 mg L–1 increasing dry weights by 15.25, 16.27, and 17.97 g L–1, respectively (Abbasi et al., 2020a).

Wheat treated with foliar spray of GA (100 and 200 mg L–1) to mitigate cerium oxide nanoparticles (CeO2-NPs) significantly increased plant growth, yield, and Chl and nutrient contents compared to the control (Iftikhar et al., 2020). GA also reduced oxidative stress induced by CeO2-NPs by increasing CAT, SOD, APX, and POD activities, and increased plant height, spike height, root and shoot dry weights, and grain dry weight, with the GA effects more pronounced at 200 mg L–1 than 100 mg L–1 (Iftikhar et al., 2020). Similarly, in sweet cherry (Prunus avium L.) exposed to chilling stress, CAT, SOD, POD, and APX activities increased after 5 days of GA4 treatment. In addition, GA4 acted as a dormancy-breaking agent, producing earlier flower buds than other applied agents (Cai et al., 2019). In date palm (Phoenix dactylifera L.) under heat stress, exogenous GA3 improved growth traits, such as shoot and root lengths and fresh and dry weights, and CAT, POD, APX, and polyphenol oxidase activities and decreased oxidative stress, with noteworthy reductions in MDA and superoxide anions (Khan et al., 2020). The greatest improvements in growth parameters occurred in the GA3 treatment combined with silicon (Khan et al., 2020). In great millet (Sorghum bicolor) seedlings, salinity stress (0, 100, and 200 mM NaCl) led to oxidative stress, reducing germination percentage, biomass, growth, and photosynthetic pigment content; exogenous GA3 treatments (0, 144.3, 288.7, and 577.5 μM) and nitrogen fertilizer (0, 90, and 135 kg N ha–1) reduced the oxidative stress by increasing SOD and POD activities, thus improving photosynthesis and seedling growth (Ali et al., 2021). Hakla et al. (2021) reported similar results in a study on mung bean (Vigna radiata) exposed to Cd toxicity (CdCl2, 500 μM); GA3 at 500 μM improved the adverse effects of Cd stress on plant growth, photosynthetic apparatus, and metabolic processes. Salinity stress (150 mM NaCl) in wheat reduced germination, biomass, and photosynthetic pigments. The exogenous GA3 treatment (150 mg L–1 g) alleviated the salt stress, improving growth and yield, reducing oxidative stress, and enhancing various growth parameters (Iqbal et al., 2022). Islam et al. (2022) reported that foliar application of CK and GA3 improved the growth and biomass of mung bean exposed to 5 days of waterlogging. CK and GA3 reduced the elevated MDA and ROS levels and improved total phenolic, flavonoid, proline, and total soluble sugar contents. The results suggest that CK or GA3 can reduce waterlogging-induced damage to mung bean and other cash crops (Islam et al., 2022). Thus, GAs enhance plant tolerance to abiotic stress by improving plant metabolism processes, such as regulating membrane permeability, enzymatic activities, osmolytes, and ion uptake.



Strigolactones

Strigolactones (SLs), an emerging phytohormone class, are derived from carotenoids. Several enzymes located in the cytosol and plastids react with carotenoids to generate SLs in the form of apocarotenoid compounds (Cooper et al., 2018; Hossain et al., 2021). SLs are exuded by 80% of the roots of land plants and have been implicated in the symbiotic relationships of arbuscular mycorrhizae (Cooper et al., 2018; Zwanenburg and Blanco-Ania, 2018). Recent discoveries have reported that SLs can modulate various molecular and physiological processes to adapt to abiotic stresses. However, only a few studies have exploited their influence on antioxidant defense systems in response to abiotic and oxidative stress (Table 1). Therefore, more studies are needed to understand the emerging and protective role of this phytohormone.

Ma et al. (2017) reported that SL (0.18 μM GR24) applied to rapeseed plants under NaCl stress increased growth (mainly shoot and root fresh and dry weights), chlorophyll content (soil and plant values increased by up to 23% compared to the corresponding plants under salinity), and photosynthesis, and reduced oxidative stress by modulating POD and SOD activities and lowering MDA content. Similarly, spraying grapevines under drought stress with SL (GR24; 1, 3, and 5 μM) improved drought tolerance by reducing EL, ROS, MDA, and Chl contents, and IAA and zeatin riboside levels and increasing SOD activity (105% and 90%) and ABA content (Min et al., 2019). Drought stress alone reduced the activity of several other antioxidant defense enzymes. Crosstalk between SLs and other hormones, especially ABA, could be important in GR24-induced drought tolerance (Min et al., 2019). In the same study, the SL treatments mitigated phenotypic damage (such as yellowness and blight) induced by drought stress to varying degrees, particularly in the 5 μM GR24 treatment (Min et al., 2019). In another study, the foliar GR24 treatment enhanced drought tolerance by lowering EL and antioxidant enzyme activities (Sedaghat et al., 2017).

In woodland sage (Salvia nemorosa) exposed to environmental salinity, SL treatments (0.1, 0.2, 0.3, and 0.4 μM) reduced the harmful effects of salinity by increasing proline accumulation and decreasing POD, CAT, SOD, and DR activities (Sharifi and Bidabadi, 2020). Exogenous application of SLs also improved plant growth rates, particularly at 0.4 μM SL. Exogenous SL improved the growth and biomass of tea crab apple (Malus hupehensis Rehd) seedlings under KCl stress by protecting photosynthetic machinery, regulating osmotic balance by increasing proline, free proteins, and soluble sugar contents, and mitigating oxidative stress by reducing ROS levels by triggering the enzymatic system (POD, CAT) (Zheng et al., 2021). In two barley (Hordeum vulgare) genotypes (Cd sensitive and resistant) exposed to 10 mM Cd, 1 mM GR24 reduced Cd accumulation, protected photosynthetic apparatus, increased nutrient uptake, and inhibited ROS (Qiu et al., 2021). In addition, GR24 increased nitric acid (NO) in the Cd-sensitive genotype, which was associated with modulation of the NO signaling pathway, increased SOD and POD activities, augmented AsA and GSH levels, and improved the activity of ascorbate-glutathione cycle enzymes, including APX, GPX, GR, DHAR, and MDHAR (Qiu et al., 2021). Likewise, 10 μM GR24 enhanced the accumulation of carbohydrates and the synthesis of sucrose-related enzyme activities, increased the photosynthetic efficiency and plant biomass, antioxidant enzyme activities, and antioxidant substance contents, and reduced H2O2 and MDA levels in cucumber (Cucumis sativus) seedlings under low light stress (Zhou et al., 2022). Similarly, exogenous SL relieved oxidative damage and photosynthetic inhibition of cucumber seedlings under salt stress through the MAPK cascade pathway (Zhang et al., 2022). Hence, SLs play crucial roles in plant growth and development and in alleviating multiple abiotic stresses.



Ethylene

Ethylene (ET) is a gaseous phytohormone involved in numerous stages of plant growth and development and a range of physiological, biochemical, and molecular processes, including plant stress responses, seed development, root growth, photosynthesis, flowering, transpiration, stomatal closure, Chl degradation, fruit ripening, flower and leaf senescence, and leaf and petal abscission. ET is biosynthesized from methionine via S-adenosyl-L-methionine (AdoMet) and the cyclic non-protein amino acid ACC (Khan et al., 2017; Sun et al., 2017; Wang et al., 2017; Husain et al., 2020). ET controls ROS production under several abiotic stresses, including cold, heavy metal, drought, salinity, and waterlogging (Steffens, 2014; Zhang et al., 2016; Chen et al., 2017). ET-reactive transcription is pivotal for regulating ROS biosynthesis and signaling (Steffens, 2014).

Wu et al. (2008) reported that expression of the ET-responsive gene JERF-3 in tobacco (Nicotiana tabacum) plants is induced under redox destabilization, increasing plant tolerance to salinity, drought, and freezing due to the increased expression of genes associated with oxidative stress. Furthermore, induced expression of JERF-3 enhances SOD activity and reduces ROS accumulation in tobacco plants. Under salinity stress (0.15 M NaCl), root length of tobacco doubled in the overexpression lines compared to wild-type, while osmotic stress (0.2 mM mannitol) increased lateral root growth, including root length (34%). After 20 days of drought stress, more than 85% of the 3-week-old wild-type seedlings had wilted, while the overexpression lines showed normal growth (Wu et al., 2008). Introducing ET-responsive genes linked to antioxidants can improve tolerance to drought-induced oxidative stress. Moreover, Wang et al. (2012) documented an ET-responsive OsWR1 gene as reactive during drought stress, countering oxidative stress by enhancing wax synthesis in leaves and thus thwarting water loss and oxidative injury in rice. In the same study, 87.8% of wild-type seedlings exhibited drought sensitivity, evidenced by rolled leaves, but only 18.5–28.6% of seedlings from the OsWR1 overexpression line (Ox-WR1) had a drought-responsive phenotype (Wang et al., 2012). Furthermore, where 80% of wild-type seedlings exhibited tolerance, 71.5–78.9% of seedlings from a line with RNA interference silencing OsWR1 (RI-WR1) showed drought-sensitive phenotypes. These results suggest a regulatory role for ET mediated by ET-responsive genes (Wang et al., 2012). In soybean, high temperature improved the ET generation rate and reduced POD, SOD, and CAT activities (Djanaguiraman et al., 2011). In contrast, the application of an ET inhibitor (1-methyl cyclopropane; 1 μg L–1) reduced ROS accumulation and enhanced CAT, POD, and SOD activities (Djanaguiraman et al., 2011). Notably, ET regulated the inhibition of membrane lipid peroxidation by reducing O2– and H2O2 contents and improving the antioxidant defense system in soybean under high temperature (Djanaguiraman et al., 2011).

Fine-tuning of osmosis and redox conditions via plant hormones is crucial for plant tolerance to drought. One study showed that ET signaling modulates soluble sugars and proline gathering for adaptation to osmotic stress. In addition, ET-imperfect Arabidopsis mutants developed more oxidative stress than wild-type plants and had improved SOD and POD activities, intensifying oxidative stress under drought stress (Cui et al., 2015). The same study showed that ET-imperfect mutants (especially ein2-5) displayed hypersensitivity to water stress and decreased survival rate (almost 49%) relative to control plants (nearly 80%). The impact of exogenous ethylene (50 μM ethephon) was evaluated in Madagascar periwinkle (Catharanthus roseus) plants under Cd stress. Notably, ET remarkably decreased Cd content in whole plants and reduced MDA and H2O2 generation in leaves and roots, indicating a link between Cd toxicity tolerance and ET application (Chen et al., 2017).

For wheat seedlings exposed to salinity stress (100 mM NaCl), foliar treatment with 6% glucose and 200 μL ethephon alone or combined revealed that ethephon reduced glucose sensitivity and improved growth and photosynthesis. Furthermore, ET-induced reduced GSH content leads to enhanced expression of psbA and psbB genes, protecting photosynthetic activities under salinity stress (Sehar et al., 2021). Similarly, Chinese mustard (Brassica juncea) under salinity stress (100 mM NaCl) and treated with ethephon (200 μl L–1) and sulfur (S) (200 mg kg–1) reduced oxidative stress by inhibiting ROS activity and Na+ accumulation, which was attributed to ameliorating the activity of enzymes in the ascorbate-glutathione cycle (Fatma et al., 2021). The combined treatment improved thylakoid membranes and photosynthetic rate and reduced ABA storage in stomatal guard cells, increasing stomatal conductance in plants under salinity stress (Fatma et al., 2021). Heat stress increased the accumulation of H2O2 and thiobarbituric acid reactive substances (TBARS) but decreased starch and sucrose contents and photosynthesis. Exogenously applied ET sourced from ethephon reduced H2O2 and TBARS contents by increasing the enzymatic antioxidant defense system and improving carbohydrate metabolism, photosynthesis, and plant growth. In addition, the ethephon treatment improved photosynthesis by upregulating psbA and psbB genes in photosystem II in heat-stressed plants (Gautam et al., 2022). As a result, ET led to abiotic stress tolerance and reduced oxidative stress by inhibiting ROS activity and H2O2 contents and improving the antioxidant defense system. Further investigations are needed to reveal the antioxidant potential of ET under various abiotic stressors.




Transgenic and CRISPR/Cas-based solution for crop improvement

Since most crop productivity losses are due to abiotic stresses, research should focus on sustainable crop production by developing broad-spectrum abiotic-stress-tolerant plants. Genetic engineering tools like overexpression or knockdown/knockout via CRISPR/Cas system have recently become successful interventions for increasing crop productivity under challenging environmental conditions. Nevertheless, genetic engineering and transgenic research accomplishments rely on active plant transformation approaches, even for the amalgamation and practical expression of extraneous genes in a plant genome. Lately, scientists have focused on transgenic and gene editing research involving genes encoding antioxidant enzymes and their interaction with/regulation by phytohormone signaling and biosynthesis under various abiotic stresses (Figure 5).
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FIGURE 5
Schematic for improving phytohormone-mediated antioxidant defense via genetic and metabolic engineering using a modern gene-editing tool such as clustered regularly interspaced short palindromic repeats-CRISPR-associated proteins (CRISPR/Cas). Targeted engineering to activate or repress biosynthesis and enzyme-encoding genes can help enhance abiotic-stress-induced oxidative stress in plants by improving the activity of antioxidant defense systems. The genes within the boxes are based on the literature cited in the main text.


A study by Liu et al. (2020a) discovered that OsGT-2, a crucial trihelix transcription factor in rice, significantly contributes to oxidative stress tolerance in rice as a stress-responsive factor. The CRISPR/Cas9-mediated OsGTγ-2 transcript expression indicated OsGTγ-2 transcripts accumulation in crop plants over time before increasing quickly in response to oxidative stress, showing its importance as a potential gene for future research (Liu et al., 2020a). Wang et al. (2022b) studied that transformation of MruGSTU39 in M. ruthenica, and alfalfa improved plant growth and survival under drought stress by upregulating GST and GPX activities to detoxify ROS to reduce membrane damage (Wang et al., 2022b). Likewise, auxin response factors have been functionally characterized under water deficit. Chen et al. (2021b) revealed that the loss of function of SlARF4 (arf4) using CRISPR/Cas 9 enhanced plant tolerance to water stress and rehydration ability. In addition, rf4 mutants had higher contents of antioxidant substances, SOD and CAT activities, and actual PSII photochemical efficiency and ultimately improved the water stress tolerance (Chen et al., 2021b). Another study reported that ABA-drought-ROS 3 (OsADR3) conferred drought stress tolerance by enhancing antioxidant defense and regulating OsGPX1 (Li et al., 2021). The authors showed that CRISPR/Cas9-mediated knockout of osadr3 increased the sensitivity of rice to drought and oxidative stress. These outcomes suggest that OsADR3 has a positive regulatory role in drought stress tolerance by prompting antioxidant defense and is related to ABA signaling pathway in rice (Li et al., 2021). To examine the function of OsPRP1 (proline-rich proteins-PRPs) in cold stress, rice mutant plants were created using CRISPR/Cas9 technology (Nawaz et al., 2019). It was discovered that mutant lines showed decreased antioxidant enzyme activity under cold stress along with down-regulation of the expression of three antioxidant genes (SOD4, POX1, and OsCAT3) that code for antioxidant enzyme activities. However, the exogenous SA treatment boosted the antioxidant enzyme activity and enhanced cold tolerance (Nawaz et al., 2019).

Overexpression of the alfalfa (Medicago sativa) GST gene (MsGSTU8) in transgenic tobacco (Nicotiana tabacum) plants improved salinity tolerance, mainly by causing GSH to scavenge ROS under stressful environments (Du et al., 2019). MsGSTU8 expression is also induced by drought, low temperature, salinity, and ABA treatment. Transgenic tobacco plants had significantly enhanced SOD, GST, POD, and CAT activities and reduced EL, MDA content, and ROS accumulation (Du et al., 2019). Likewise, Srivastava et al. (2019) analyzed the rice gene OsGSTU30 in transgenic Arabidopsis under drought and heavy metal (Cr) stress. Overexpression of OsGSTU30 enhanced tolerance to both stresses relative to control plants and increased GST and GPX activities. In another study, overexpression of the Rhodiola crenulata gene RcGPX5 in transgenic Salvia miltiorrhiza enhanced drought and oxidative stress tolerance and decreased MDA production. Transgenic plants had increased GR, APX, and GPX activities and decreased H2O2 and [image: image] accumulation. Overexpression of RcGPX5 also improved plant biomass, doubling root dry weight in transgenic plants (Zhang et al., 2019). Similarly, overexpression of the Arabidopsis gene AtGPX5 modulated plant growth, development, and redox biology and enhanced the GSH pool and GPX activity under salinity in transgenic Arabidopsis (Riyazuddin et al., 2019). AtGPX5 overexpression mediated seed growth under salt stress, and the mutants had significantly longer roots and greater lateral root density and fresh weights than the wild-type (Riyazuddin et al., 2019).

Likewise, overexpression of the Arabidopsis APX gene (APX1) in Chinese mustard (Brassica juncea) increased salinity tolerance, the activities of several antioxidant defense systems (APX by 1.9-fold, GPX by 1.5-fold, and POD by 2-fold), proline accumulation, and Chl content (Saxena et al., 2020). TaPRX-2A (POD enzymatic gene family) overexpression in transgenic wheat plants improved growth-related attributes and salinity tolerance, which was induced by NaCl, PEG-6000, H2O2, SA, MeJA, and ABA (Su P. et al., 2020). The overexpressed plants are evidenced by the higher RWC and longer shoots in the transgenic lines compared to CK (Su P. et al., 2020). Transgenic plants had enhanced SOD, POD, and CAT activities, decreasing ROS accumulation and MDA content (Su P. et al., 2020). In transgenic Arabidopsis seedlings, overexpression of two SOD genes, AtSOD and CmSOD, isolated from Arabidopsis and pumpkin (Cucurbita moschata), respectively, increased tolerance to chilling and oxidative stress (Lin et al., 2019). The seed germination rate in transgenic or WT plants did not significantly differ; however, the leaves of transgenic plants endured the chilling stress and were large, green, and healthy (Lin et al., 2019). Interestingly, transgenic plants increased Chl content and SOD activity and decreased [image: image] accumulation.

Wang et al. (2020) reported that overexpression of the peach (Prunus persica) gene SnRK1 (PpSnRK1α) in transgenic tomato plants enhanced salinity tolerance. Notably, transgenic plants had increased ROS metabolism attributable to increased activity of SOD (62–96%) and POD (8–15%) and improved expression of antioxidant-related genes. Li et al. (2019) reported that overexpression of the Chinese wolfberry (Lycium chinense) gene LcSABP (SA binding protein 2 or SABP2, a positive regulator in the SA pathway) in transgenic tobacco plants increased drought tolerance, mainly due to the upregulation of SA content. Stress tolerance in the transgenic plants was mainly attributed to increased Chl content and SOD, POD, and CAT activities and decreased MDA content. The RWC was also higher in the LcSABP transgenic lines than in the WT lines. Similarly, overexpression of a gene encoding an ET-responsive TF, ERF96, in transgenic Arabidopsis increased selenium tolerance, with remarkable increases in CAT, GPX, and GSH activities and reduced overall ROS accumulation (Jiang et al., 2020).

Jasmonic acid-deficient tomato mutant def-1 exposed to salinity stress (100 mM NaCl) showed a two-fold increase in H2O2 level along with reduced plant growth parameters, including shoot (3.28 g) and root (0.72 g) dry weights, shoot length (9.04 cm), and leaf number (5.83) under treatment (Abouelsaad and Renault, 2018). Djemal and Khoudi (2022) showed that ethylene-responsive transcription factor TdSHN1 from durum wheat (Triticum durum) conferred Cd, Cu, and Zn tolerances in transgenic yeast and tobacco. The transgenic tobacco lines exhibited more significant biomass accumulation and longer roots, reserved more Chl, and formed less ROS than WT plants. In addition, higher activities of ROS-scavenging enzymes (SOD and CAT) contributed to heavy metal tolerance (Djemal and Khoudi, 2022).

Overall, transgenic and gene-edited studies have made significant progress in recent years. Future investigations should focus on the metabolic engineering of the abovementioned genes, as metabolic and genetic engineering of the related pathways can open new perspectives and expand our knowledge on phytohormone-mediated antioxidant defense responses to abiotic stresses. In this regard, the CRISPR/Cas system is the most promising tool and can provide new avenues for engineering plant hormones and antioxidant biosynthesis genes to confer abiotic stress tolerance in various crop plants. The biosynthetic ways and synergy impacts of hormonal crosstalk are less explored; thus, further investigations are needed to elevate our knowledge and classify innovative genes encoding proteins involved in phytohormone metabolism to develop abiotic stress tolerance in plant species of interest. Recent discoveries have unlocked avenues for genetically engineering plant hormones to confer abiotic stress tolerance.



Plant hormones and their interactions with neurotransmitters in stress tolerance

Plant neurobiology is fascinating for studying neurological signaling molecules such as NTs and cellular functions. Several NTs such as serotonin (SRT), melatonin (MLT), dopamine (DOPA), acetylcholine (Ach), and γ-aminobutyric acid (GABA) are produced in mammals and other living organisms (Akula and Mukherjee, 2020). Several recent reports highlight NTs in plant development and their interactions with plant hormones, stress adaptation, and tolerance (reviewed by Arnao and Hernández-Ruiz, 2017, 2021). Plant hormones such as ABA, JA, SA, BRs, IAA, CKs, GAs, SLs, and ET interact with NTs to improve morpho-physio-biological responses in normal and stressed plants (Fu et al., 2017; Yang et al., 2019; Abd El-Naby et al., 2020), which activate the antioxidant system and reduce ROS, MDA, and REL to mitigate abiotic stress-induced oxidative stress (Fu et al., 2017; Yang et al., 2019). In the following sections, we discuss the mechanisms involved in NTs and plant hormones that improve plant growth and abiotic stress tolerance, especially related to redox homeostasis (Figure 6).
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FIGURE 6
Possible mechanisms for the interaction of neurotransmitters and phytohormones and their roles in several physiological processes. Phytohormones and NTs coordinate as growth regulators, antioxidant activators, redox state managers, and oxidative stress reducers, improving plant growth and enhancing multiple stress tolerances. The illustration presents a series of physiological and biochemical mechanisms linked to the interaction of five NTs with different plant growth regulators. The solid and dashed lines indicate strong and weak interaction, respectively. Lines with bars show the inhibition of a physiological process by NTs. During this process, GABA accumulates rapidly in response to several abiotic stresses. GABA, γ-aminobutyric acid; ABA, abscisic acid; GAs, gibberellic acids; IAA, indole-3-acetic acid; SA, salicylic acid; BRs, brassinosteroids; JS, jasmonic acid; CKs, cytokines; GAs, gibberellic acids; SLs, strigolactones; ET, ethylene; SOD, superoxide dismutase, CAT, catalase; POD, peroxidase; AsA-GSH, ascorbate-glutathione; H2O2, hydrogen peroxide; 1O2, singlet oxygen; [image: image], superoxide; OH, hydroxyl radical; MDA, malondialdehyde; GB, glycine betaine; Pas, polyamines; UPB1; UPBEAT1 transcription factor; Glu, glutamate; 2-OG, 2-oxoglutarate; TCAs, tricarboxylic acid cycle; SSA, succinic semialdehyde; Succ, succinate.



Serotonin

5-Hydroxytryptamine (5-HT), also known as serotonin (SRT), is a monoamine NT that acts as an important signaling and stress-reducing molecule. SRT is involved in various morpho-physiological processes, including stress responses, growth, and development (Erland et al., 2019), and has a significant role to develop crosstalk and interaction in conjunction with plant hormones and other associated biomolecules (Mukherjee, 2018). SRT possesses antioxidative and growth-inducing properties, which benefit plant adaptation and acclimatization (Kaur et al., 2015). SRT has less antioxidative potential than other NTs such as MLT. Little attention has been given to exploring the direct involvement of SRT in abiotic stress tolerance in plants, with most SRT studies highlighting its function in shoot organogenesis, root architecture, growth, flowering, senescence, and defense responses (Erland et al., 2019; Abbasi et al., 2020b; Akula and Mukherjee, 2020). However, stress-induced SRT regulates signaling, antioxidants, gene expression, and plant hormones (Abbasi et al., 2020b; Figure 6). Several studies have indicated that SRT modulates the antioxidant activity and ROS scavenging (Hayashi et al., 2016; Thrane et al., 2017; Erland et al., 2019). For example, SRT can reduce the toxic effect of tryptamine by increasing its antioxidant properties (Abbasi et al., 2020b). Senescence-induced SRT biosynthesis of TDC overexpression rice lines delayed plant senescence relative to SRT-deficient transgenic rice lines by improving the antioxidant defense system and reducing oxidative damage (Kang et al., 2009). In a recent study, He et al. (2021) reported that exogenous supplementation of SRT maintains osmotic potential by increasing soluble sugars, proline, and soluble proteins and enhancing the expression of SOD, COR6.6, COR15, and CBFs genes in rapeseed seedlings in response to cold stress. The overall findings indicate that a low dose (0.03 g L–1) of SRT maintains osmotic balance by increasing osmoprotectants and ROS scavenging activity in cells under cold stress (He et al., 2021). SRT also confers defense against biotic stresses (pathogen and herbivores) through its antioxidant properties and induction of cell wall reinforcement (Ramakrishna et al., 2011).

The genes involved in SRT, ET, and isoflavone biosynthesis are interlinked; isoflavone is an antioxidant-improving polyphenol found in several plants, including soybean, faba bean, chickpea, peanut, and other nuts (Thrane et al., 2017). A recent soybean study found that exogenous SRT regulated isoflavone by inducing ET and isoflavone biosynthetic genes (Kumar et al., 2021a,b). Furthermore, a complex interaction between SRT and auxin-responsive genes occurs in plants exposed to abiotic stress (Kaur et al., 2015; Mukherjee, 2018). However, a high SRT concentration (160 μM) did not regulate the auxin response in Arabidopsis roots, implying that SRT-mediated lateral root initiation is likely independent of auxin response (Pelagio-Flores et al., 2011).

Plant studies have gained significant insights into SRT-induced plant growth regulation and the interaction of JA, ET, and ROS (Figure 6). In Arabidopsis, a high concentration of SRT (300 μM) inhibited primary root growth, affected ROS distribution, and induced JA synthesis (Pelagio-Flores et al., 2016). Indeed, mutations involving the JA and ET pathways culminated in poor SRT sensitivity, inhibiting root growth. Accordingly, the interaction of SRT and JA appears to act as a negative regulator of root growth in Arabidopsis (Pelagio-Flores et al., 2016). SRT also has synergistic roles with MLT, increasing biomass production by approximately 80% in soybean under 32°C temperature stress (Kumar et al., 2021a). A study on a rice strain with a high-lysine phenotype demonstrated a link between the metabolic regulation of SRT and induction of the JA response (Yang et al., 2018), suggesting that coordinated events of SRT biosynthesis (induced by tryptophan decarboxylase expression) are linked to the JA pathway in rice grain endosperm. Furthermore, SRT accumulation in rice changed cell wall integrity, reduced biotic stress by acting as a ROS scavenger, and protected uninfected tissue from oxidative stress (Hayashi et al., 2016). The transformation of SRT into MLT was critical for regulating response intensity. Sunflower (Helianthus annuus) seedling roots under salt stress accumulated more SRT than MLT (Mukherjee et al., 2014), suggesting that the growth-inhibitory activity of SRT is lost transiently in cells due to its conversion to MLT.



Melatonin

Melatonin (N-acetyl-5-methoxytryptamine; MLT) is an indole derivative synthesized from tryptophan through a biosynthetic pathway in animals and plants (Arnao and Hernández-Ruiz, 2017, 2021; Sharif et al., 2018; Raza et al., 2022d). It is a master regulator that influences many physiological processes in plants. Recent evidence suggests that MLT functions in response to multiple stressors, collaborating with other plant hormones to reduce stress-induced adverse effects, boost antioxidant activity, regulate abiotic stress-induced candidate genes/transcription factors, mitigate oxidative stress, and ultimately improve stress tolerance (Arnao and Hernández-Ruiz, 2021; Sun et al., 2021; Siddiqui et al., 2022; Raza et al., 2022d). The conferring mechanisms of MLT associated with abiotic stress tolerance that ensures redox homeostasis has been well-studied (Arnao and Hernández-Ruiz, 2021; Siddiqui et al., 2022). MLT acts to improve the redox state by scavenging ROS and RNS, such as [image: image], OH–, NO, and peroxynitrite (ONOO–) (Arnao and Hernández-Ruiz, 2019). The detoxifying potential of MLT controls the access of these harmful radicles and maintains redox hemostasis (Figure 6). In addition, MLT induces the free-radicle-generating enzyme NADPH oxidase (known as Rbohs), generating [image: image] and SOD to increase H2O2 (Fichman and Mittler, 2020; Arnao and Hernández-Ruiz, 2021). During this regulatory process, MLT also induces the expression of several key enzymes (e.g., CAT, POD, APX, AsR/GR, and Prx) responsible for detoxifying excess H2O2 (Sharif et al., 2018). Consequently, MLT regulates elements of the AsA-GSH cycle (Siddiqui et al., 2019). Under stress, excess ROS and/or RNS induce the expression of several genes (e.g., T5H, TDC, COMT, and ASMT) to increase endogenous MLT levels in stressed plants (Arnao and Hernández-Ruiz, 2019). Exogenous supplementation of MLT also counteracts ROS/RNS due to its antioxidant potential, contributing to abiotic stress tolerance in plants (Sharif et al., 2018; Arnao and Hernández-Ruiz, 2019, 2021; Fichman and Mittler, 2020).

In association with its significant role in abiotic stress tolerance in the context of redox homeostasis, MLT can improve plant vegetative growth, mineral content, fruit number, and yield. Exogenous supplementation of MLT (25–50 mg L–1) improved heat stress tolerance in orange (Citrus sinensis) trees, increasing shoot length (33.3%), chlorophyll content (10%), Fe content (50%), and fruit yield (33.3%) relative to the control (Abd El-Naby et al., 2020). MLT induced transcriptome variation in rapeseed seedlings, where a combined mechanism of candidate genes and plant hormones (CK, JA, and GA3) induced plant growth and protected plants from salt-induced oxidative stress (Tan et al., 2019). Under drought stress, MLT-inducing TaCOMT lines (TaCOMT1, TaCOMT2) had higher survival rates (75% and 80%) than the wild-type (33.75%) and higher GA3 and IAA levels (Yang et al., 2019). Numerous studies have explored the relationship between MLT and several classical plant hormones, including IAA, CKs, ABA, GAs, SA, BRs, and JA, which regulate plant improvement and abiotic stress tolerance. MLT delayed leaf senescence in Arabidopsis by downregulating IAA17 (Shi et al., 2015). However, some studies suggest that MLT-induced improved plant growth varies with MLT dose (Park, 2011; Wen et al., 2016; Jahan et al., 2021). For example, a moderate dose of MLT (50 μM) induced advantageous root proliferation in tomatoes, which was linked to IAA regulation. Examples of IAA-related genes and efflux transporters include PIN1, PIN3, IAA19, and IAA24 (Wen et al., 2016). However, high concentrations of MLT (>100 μM) can reduce flowering and inhibit root length and lateral root proliferation (Park, 2011). Siddiqui et al. (2022) reported that MLT reduces the toxic effect of Cd by interacting with mineral nutrition, such as potassium, which modulates the activity of fructose-1,6-bisphosphatase and sedoheptulose-1,7-bisphosphatase, increasing photosynthetic efficiency, carbon assimilation in tomato under Cd stress. MLT also has protective roles related to leaf greenness, stress tolerance, and delayed senescence (Park, 2011), all of which are likely to relate to the CK response. Furthermore, MLT conferred heat stress tolerance and suppressed heat-induced leaf senescence in tomatoes by altering ABA and GA contents (Jahan et al., 2021). In this context, MLT supplementation reduced leaf yellowing, improved Fv/Fm ratio, reduced ROS generation, and induced the expression of Rbohs, chlorophyll catabolic genes, and senescence-associated genes (Jahan et al., 2021). Another study reported that MLT inhibited heat-induced leaf senescence in perennial ryegrass (Lolium perenne), which involved CK and ABA biosynthesis (Zhang et al., 2017). In a recent study, MLT application enhanced drought tolerance in maize by reducing the oxidative damage caused by excessive ROS production (Alharby and Fahad, 2020). MLT also maintained osmolyte accumulation, α-amylase activity, antioxidant enzyme activities, and photosynthesis systems in maize under drought stress (Alharby and Fahad, 2020).

The ABA hormone is an important endogenous messenger in plant responses to abiotic stresses and is required for fine-tuning plant growth and development. According to recent research, ABA can interact with MLT during abiotic stress exposure (Arnao and Hernández-Ruiz, 2017, 2021). Figure 6 illustrates existing data on the interactions between MLT and plant hormones and how MLT regulates or intervenes in plant hormone signaling and responses following stress exposure. In Elymus nutans grass under cold stress, exogenous MLT increased endogenous MLT and ABA contents, activating cold-responsive genes, inducing the antioxidant system, and improving cold tolerance (Fu et al., 2017). Furthermore, MLT protected TaCOMT Arabidopsis from drought by coordinating GAs, IAA, and ABA and increasing SOD, CAT, APX, and GR activities (Yang et al., 2019). A combined effect of MLT, GAs, and SA mitigated heat stress in orange trees (Citrus sinensis) (Abd El-Naby et al., 2020). In rapeseed seedlings, exogenous MLT regulated BR, GAs, and JA and the expression of GA synthesis genes GA20ox, GA3ox, GID1, COMT, POD, and UGT, improving hormone use efficiency, plant phenotype, and salt stress adaptation (Tan et al., 2019). Collectively, these studies indicate that MLT plays an essential role as a bio-stimulant in stress responses, interacting with plant hormones to achieve the beneficial effect of increasing tolerance to multiple environmental stressors.



Dopamine

Dopamine (DOPA), norepinephrine, and epinephrine are well-known biogenic amines and NTs. DOPA, also called 3-hydroxytyramine and 3,4-dihydroxyphenethylamine, is an important NT in mammals and plants (Akula and Mukherjee, 2020), which interact with plant hormones (Liu et al., 2020b; Figure 6). For example, DOPA levels in potatoes (Solanum tuberosum) increased significantly in response to drought, UV, and ABA (Widrych et al., 2004). ABA, salt, and drought exposure induced norepinephrine in the same plants. Notably, exogenous DOPA induces its endogenous counterpart to regulate gene expression and reduce the adverse effects of drought, salt, and disease on plant physiological processes (Liu et al., 2020b). Akula and Mukherjee (2020) describe a mechanism associated with DOPA involvement in redox signaling, induction of antioxidant potential, and oxidative stress modulation, regulating plant survival with abiotic or biotic stress tolerance. Plants generate various redox chemicals (e.g., [image: image], OH–, and H2O2) during physiological processes that can interact with DOPA (Bamel and Prabhavathi, 2020). During these processes, DOPA induces key enzymes (CAT, SOD, and POD) that reduce ROS levels in plants (Gomes et al., 2014; Figure 6). DOPA has antioxidant potential due to the presence of the hydroxyl (OH) group in the phenolic ring that supports the detoxification of dangerous ROS (Bamel and Prabhavathi, 2020). DOPA treatment inhibits IAA oxidase and thus root growth (root length, fresh weight, and dry weight). Furthermore, DOPA decreases cell viability and PAL and POD activities and decreases SOD activity; these modifications were attributed to higher auxin production in soybean roots (Guidotti et al., 2013). However, during the oxidation stress modulation process, tyrosinase oxidizes DOPA to produce dopaminoquinone, semiquinones, and quinones in a series of autoxidation processes that result in ROS production (Bamel and Prabhavathi, 2020). In contrast, DOPA can alleviate oxidative stress by enhancing AsA-GSH cycle-related enzymes (Akula and Mukherjee, 2020). DOPA also induces lignin-forming candidates with a lower level of H2O2 production in roots (Soares et al., 2007). Exogenous supplementation of DOPA enhanced drought tolerance in apple trees (Malus pumila) by regulating transcription factor WRKY, ethylene response factor ERF, and NAC (Gao et al., 2020a). Exogenous DOPA (0.1 mM) alleviated alkali stress (pH 9.0) in apple seedlings, significantly enhancing plant growth (66%) with vigorous phenotypes, fresh weight (45%), and net photosynthesis (two-fold) relative to untreated seedlings (Jiao et al., 2019).

Dopamine acts as a water-soluble antioxidant; a recent study reported that exogenous DOPA supplementation (100 μM) to watermelon improved seedling health and alleviated chilling stress by regulating proline content, SOD, POD, and CAT activities, and polyamine (PA) metabolism (Jiao et al., 2021). In addition, exogenous DOPA application significantly increased the activities of CAT (∼2-fold), SOD (50%), and POD (2.2-fold) and reduced H2O2 accumulation (∼30%), MDA content (15%), and EL (20%) relative to untreated plants (Jiao et al., 2019). Likewise, exogenous DOPA (100 μM) supplied to apple trees improved drought tolerance and positively regulated nutrient uptake, transport, and growth (Liang et al., 2018). In the same study, DOPA improved photosynthesis, chlorophyll level, and stomatal function by mitigating the inhibition of plant growth. In another study, DOPA induced an anti-senescence response that regulated nutrient uptake, transport, and restoration, influencing overall plant growth (Bamel and Prabhavathi, 2020). Furthermore, DOPA regulates the genes involved in DOPA biosynthesis and metabolism, leaf senescence, carbohydrate metabolism, SOS pathway, nitrate transporters, antioxidants (cAPX, cGR, MDHAR, DHAR-1), aquaporine (OsPIP), and IAA (IAA oxidase) (Liu et al., 2020b), improving plant adaptability and tolerance to stressors. Ultimately, DOPA is involved in diverse stress responses, physio-biological functions, and plant growth and development.



Acetylcholine

Acetylcholine (Ach) is an important NT of the neuromuscular junction in vertebrates (Colombo and Francolini, 2019). The presence of Ach has been reported in several taxonomic groups in the plant kingdom (Roychoudhury, 2020), indicating that Ach and/or its associated molecules have a significant role in the response of plant communities to environmental factors. However, Ach research in plant systems is underrepresented compared to its animal counterparts. One study showed that Ach molecules promote normal growth and physiology and mitigate various stresses (Roychoudhury, 2020). Recent reports have revealed the role of Ach in abiotic stress tolerance (Qin et al., 2019, 2020; Su Y. et al., 2020; Tanveer and Shabala, 2020). For instance, Ach regulates ion transport candidate proteins (NHX, AKT1, and HKT1), balancing low Na+ and high K+ elements (Qin et al., 2019). Furthermore, Ach regulates electrical signaling in plants, and H+-ATPase blockers inhibited ATPase activity in Characeae cells. Whereas high Ach supplementation (1 and 5 mM) increased membrane depolarization and regulated Ca2+ concentration, indicating the response of Ach, membrane potential, and elemental concentration (Kisnieriene et al., 2012). Like Ach, choline acts as an NT and precursor of Ach biosynthesis (Figure 6). Choline supplementation enhanced the K+/Na+ ratio in holophytic paspalum by increasing K+ and Ca2+ concentrations and decreasing Na+ and Ca2+ (Gao et al., 2020b). In addition, choline interacted in a slow vacuolar channel where it is encoded by TPC1 genes, trapping Na+ in a vacuole, leading to Na+ sequestration and osmotic balance in quinoa (Chenopodium quinoa) (Pottosin et al., 2014).

Acetylcholine interacts with plant hormones such as IAA, ET, and GAs, boosting antioxidants, osmoprotectants, and stress response genes (Figure 6) to impact plant growth and development (Di Sansebastiano et al., 2014). In tobacco (Nicotiana tabacum), Ach reduced Cd stress by increasing plant growth and the activities of SOD, CAT, APX, and GR, glutathione (GSH), non-protein thiols, and phytochelatins (PCs), and modulating Cd distribution in vacuoles and cell walls (Su Y. et al., 2020). In a recent study, Ach interacted with various plant hormones in several plants to ameliorate several environmental constraints and abiotic stimuli (Roychoudhury, 2020). In benth (Nicotiana benthamiana), exogenous Ach (10 μM) improved salt tolerance by increasing POD, SOD, soluble sugar, and proline accumulation (Qin et al., 2019). The same group later reported that Ach alleviated salinity (150 mM NaCl) stress in hydroponically grown benth by improving photosynthetic efficiency (48.1–67.9%), SOD (23.7–37.2%), POD (27.2–54.2%), proline (3.43-fold), and soluble sugars (32.4–33.9%), reducing ROS accumulation, chlorosis, and lipid peroxidation, and upregulating the genes HEMA1, CHLH, CAO, and POR (Qin et al., 2020). Roychoudhury (2020) reported that Ach rescues plants from abiotic stress-induced oxidative stress. For instance, Ach mitigated salt stress by regulating hormones, metabolites, Chl metabolism, photosynthesis, water balancing, and elimination of excess salt in tobacco root cells under salinity (Qin et al., 2020). Ach mitigated oxidative stress in tobacco under Cd stress by regulating enzymatic and non-enzymatic antioxidants (Su Y. et al., 2020). Ach also alleviated osmotic stress in soybean by enhancing plant growth, root and shoot weights, and total dry mass (Braga et al., 2017). Salicornia europaea is a strong halophyte that can survive high NaCl (over 3%) through ionic balance; Yamamoto et al. (2009) reported that acetylcholinesterase (AChE) activity increased in S. europaea roots and lower stem parts in response to saline conditions. Ach is emerging as a new area of plant research compared to other NTs; there is much to learn about its beneficial effects and interactions with plant hormones in response to various environmental stresses.



γ-Aminobutyric acid

γ-Aminobutyric acid (GABA) is a ubiquitous four-carbon non-protein amino acid found in many living organisms, including plants (Akula and Mukherjee, 2020). In animals, GABA acts as an inhibitory NT. In plants, GABA accumulates quickly in response to drought, heat, cold, hypoxia, wounding due to herbivory, and infection (Bown and Shelp, 2016). GABA mitigates the adverse effects of stress by regulating plant signaling, hormone biosynthesis, osmoprotectants, and the antioxidative system (Podlešáková et al., 2019). Thus, endogenous GABA likely accumulates in response to abiotic and abiotic stresses. Exogenous GABA spray to muskmelon leaves enhanced abiotic stress (salinity/alkalinity) tolerance by maintaining redox homeostasis and chlorophyll biosynthesis (Jin et al., 2019; Figure 6). It also induced the free-radicle-generating enzyme (respiratory burst oxidase homolog D) and H2O2 accumulation, reducing H2O2 concentration by elevating SOD activity, and increased leaf Chl content by inducing the δ-aminolevulinic acid (ALA) gene (Jin et al., 2019). In completely wilted gad1/2 Arabidopsis mutant plants following drought exposure, a GABA-depleted gad1/2 mutant showed greater sensitivity to drought and higher stomatal conductivity, with increased stomatal density (15%) and pore width (19.3%), than the WT (Bown and Shelp, 2016). However, the functionally complemented gad1/2 × gaba-t mutant had more GABA than the WT, which significantly reversed these phenotypic and physiological characteristics in response to drought stress (Mekonnen et al., 2016). Exogenous GABA enhanced heat stress tolerance in sunflower by regulating plant growth, yield, antioxidant defense, and stress-responsive candidate genes, increasing proline (∼33.3%), total soluble sugars (16.6%), activities of SOD (1.25-fold), CAT (50%), GR (15%), and MDAR (16%), and gene expression, including HSP, dehydrin, osmotin, and aquaporin (Abdel Razik et al., 2021).

Interactions between GABA and plant hormones, along with other metabolites, have been studied extensively in various plant systems (Podlešáková et al., 2019). For instance, exogenous GABA supplementation in citrus significantly increased ABA, JA, SA, and IAA levels (Hijaz et al., 2018) and regulated salinity-responsive genes through ABA and ET signaling pathways in poplar (Ji et al., 2018; Figure 6), improving SOD and POD responses, regulating H2O2, and mediating the interaction of ABA, ET, and other plant hormones that in turn mediated the salt stress response. In addition, GABA levels during abiotic stress exposure can be related to auxin and other metabolites levels (Podlešáková et al., 2019). Plant root growth and drought tolerance have been linked to GABA accumulation and changes in plant hormones (IAA and JA) and other metabolites (L-arginine, spermidine), increasing antioxidant activity and plant survival (De Diego et al., 2015).

A functional link between GABA and CKs was demonstrated in transgenic barley plants, wherein overexpression of GABA-related genes (GAD and ALMT) influenced CKs to modify root architecture and aid drought stress avoidance (Pospíšilová et al., 2016). The transgenic barley had improved water content, growth, and yield parameters. In muskmelon (Cucumis melo), exogenous GABA improved combined salinity–alkalinity tolerance by regulating AsA, GSH, and chlorophyll synthesis precursors (Glu, ALA, PBG, URO III, Mg-proto IX, Proto IX, and Pchl), increasing Chl content (Jin et al., 2019). GABA also interacts with polyamines (PAs), improving plant stress tolerance by regulating stress-induced candidate gene expression (Podlešáková et al., 2019). These findings support the interaction of GABA with plant growth regulators, indicating its potential role in plant stress tolerance. However, NTs, their interactions with plant hormones, and their involvement in the aforementioned research offer a clear picture of plant improvements. All these studies showed that the interaction of NTs with plant hormones plays a vital role in stress tolerance and crop improvement. We also explored how five important NTs improve plant development, growth, and stress tolerance (Figure 7), which will help understand the significance of NTs in plant research.
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FIGURE 7
Physiological role of neurotransmitters (NTs) associated with plant growth and stress tolerance in plants. NTs coordinate the regulation of plant growth, development, and adaptation/acclimatization, increasing plant stress tolerance. Up/down arrows indicate the increase/decrease of a physiological parameter. GABA, γ-aminobutyric acid; AsA-GSH, ascorbate-glutathione cycle.





Conclusion and future directions

Worldwide, agricultural production is increasingly being curtailed due to unfavorable growth conditions imposed by diverse environmental stresses. Plant hormones play dynamic roles in arbitrating cellular homeostasis and improving plant health, and their ability to regulate numerous responses is an optimistic and dynamic arena for abiotic stress research. According to the reviewed literature, exogenous and endogenous plant hormones modulate antioxidant defense systems under oxidative and abiotic stresses. Moreover, plant hormones interact with NTs that regulate plant antioxidative mechanisms to relieve oxidative stress-induced injuries. Exploiting these mechanisms is multifaceted because the molecules work as secondary messengers to initiate antioxidants. While plants supplemented with exogenous hormone(s) exhibit improved antioxidant activity, ROS overproduction can still occur and be sustained. Specifically, hormones can induce numerous stress-related genes, and stimulating these genes can induce ROS, which can induce stress genes in a complex biochemical mechanism. Furthermore, various biochemical mechanisms convey stress signaling and can be initiated by exogenously applied plant hormones. Ultimately, exogenous plant hormones can temporarily reduce oxidative stress at a functional level, working as an acclimatization mechanism to increase antioxidant activities and aid in the biosynthesis of defensive compounds. Conversely, frequent or continued supply at higher concentrations can permanently disrupt plant metabolism. Nonetheless, the exogenous application of plant hormones has considerable potential to improve plant stress tolerance and reduce oxidative damage by regulating enzymatic and non-enzymatic antioxidant defense systems and the associated modulation of ROS levels. Recent progress in molecular and genetic tools has improved plant stress tolerance by developing transgenic lines with high antioxidant enzyme activities. In particular, overexpression of genes encoding antioxidant enzymes positively affects abiotic stress tolerance and increases the activities of encoded enzymes. Accurate identification and reporting of multiple candidate genes are needed to enhance the tolerance and yields of transgenic plants under stressful environments.

Whether plant hormones can be used to compensate for the stress-induced modulation of defense-related genes or signaling apparatuses and the actual mechanisms responsible for stress tolerance are unknown. Here, we revealed a mechanism involving several key NTs and plant hormones in several physiological processes and identified their role as a growth regulator, antioxidant activator, redox state manager, and oxidative stress reducer to improve plant growth and enhance multiple stress tolerances (Figure 6). Additionally, these studies combine several models related to each NTs’ physiological involvement in enhancing plant growth, development, and stress tolerance. The five key NTs interact with plant hormones and are involved in several physiological processes, including organogenesis, flowering, photosynthetic efficiency, antioxidant and osmoregulator regulation, and photosynthetic efficiency (Figure 7). Despite the advances in NT research in plants, several areas require attention in future studies. Applying NTs in agriculture and plant acclimatization will reveal more potential benefits. Identifying NT receptors and screening metabolically associated NTs involved in one or more pathways in plants can help improve overall plant health under stress conditions. Modulating these biomolecules in transgenic plants is important to understand their exact mechanism and action. Investigating NTs in plants and their interaction with endophytes would also be worthwhile. Little is known about how NTs affect genetic and epigenetic controls; thus, studies on NT derivatives could reveal promising insights into the epigenetic regulations induced by NTs under stressed plants. Furthermore, in an applied sense, applying NTs as biostimulants would benefit the plant, soil and environments. A cutting-edge metabolome approach is needed to investigate the stress-induced network of novel plant hormones, interactions between newly discovered plant NTs and plant hormones, their pleiotropic responses, and other possible interventions in the plant stress response. Thus, there is the possibility for research focusing on biosynthesis genes and physiological progressions in stress environments. Furthermore, the GE of phytohormone-mediated antioxidant biosynthesis and metabolic pathways may provide new evidence for stress tolerance mechanisms. The competence of plant hormones to induce multiple antioxidant pathways can be exploited in response to oxidative stress. Omics tools, such as genomics, transcriptomics, proteomics, and metabolomics, can be used to identify candidate genes, proteins, and metabolites associated with phytohormonal and NTs biosynthesis pathways. A significant challenge is the production of hormone-engineered plants and genetic manipulation of NT levels or receptors to enhance plant resistance to environmental stresses. Future investigations should use biotechnological tools such as CRISPR/Cas systems to develop gene-edited future plants that can withstand stressful field environments. Speed breeding has recently emerged as a powerful tool for boosting plant growth and development under anticipated environments. CRISPR/Cas could be coupled with speed breeding to develop transgenic plants that can feed millions and enhance global food security.
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Pomegranate (Puica

granatum )

Soapwort (Saponaria

officinalis 1)

Peppermint (Mentha

piperita L.y

Cawpea (Vigna
gulculata 1)

Tomato (Solanum
Iycopersicum 1.)

Elymus nutans L.

Nacanjilla (Solanum
quitocnse Lam.)

Rice (Oryza sativaLL)

Pea (Pisum sativum L.

Fenugeeek (Trigonella
Joenum-graceum 1.)

Rice (Onyza sativaLL)

Wheat (Triicum
aestivum L)
Sunflower (Heliantlus
anmas 1)

Eggplant (Solanum
melongena L)

Perennial yegrass
(Lolium perenne L)

Creeping bentgrass
(Agrosts stolonifera 1)

Acutodesmus obliquusL..

Wheat (Triticum
ml)

Maize (Zea mays1.)

Wheat (Friticum
acstivam L)

Okea (Abelmosdhus
esculentus L)

Tomato (Solanum
Ieopersicum 1)

Wheat (Triticum
aestivam L)

Date palm (Phocnix
dactylifera )

Papgi(C
L)

ica papay

Pea (Pisum sativam L)

Rapesced (Brassia napus
L)

Common grape vine
(Vitsvinifera )

Maize (Zea maysL.)
Tomato (Solanm

Iycopersicum L.)

Mustard (Brassia juncea
L)

Key findings and impact on antioxidant systems

ABA-induced antioxidant defense system increased stress tolerance, and
50D, CAT, APX, and GR activitis increased in leaves and roots

ABA increased stress tolerance by increasing SOD and guaiacol peroxidase
activities

ABA enhanced drought tolerance by regulating GSH-AsA encoding genes
and increasing GSH and AsA actvites in leaves and roots

ABA application increased stress tolerance and improved SOD and CAT

activities and proline level

Exogenous ABA increased tolerance to salt and oxidative stresses and
improved SOD and CAT activities under stress

ABA application increased total Chl content and antioxidant capacity and
significanty alleviated metal-induced growth i

ABA improved stress tolerance and was involved in the recovery of
antioxidation pathways, osmotic tolerance, and carbohydrate metabolism

Exogenous supply of A increased stress tolerance by reducing MDA and
Hy0; levels and improving CAT, SOD, POD, and APX activties, and GSH,
Chib, and carotenoid concentrations.

JA treatmentimproved oxidative stresstolerance by inereasing proline
contents, AsA/DHA ratios, GSSG, GPX, GR. Gy I, DHAR acti
increased secdling fresh and dry weights

1A supplementation improved osmolytes and increased the actvites of SOD
(4001%), POD (2822%), CAT (48.53%), and APX (36.79%)

Mtalso

JA treatment increased stres tolerance by improving the efficiency of SOD,
CAT, POX, and K* /Na*

A reduced oxidative injury and improved activities of AsA, DHA, APX,
MDHAR, DHAR, GSH/GSSG ratio, and GR at diffrent time poins (12,24,
and 18 1)

JA enhanced phytoextraction efficiency and plant growth, antioxidant
enzyme actvites (e APX, PPO). phenalic compounds, and the synthesis
of osmoregulatory compounds (. soluble carbohydrates and proline)

JA improved stress tolerance, enzymatic

tivites (e.g. NRA. NiRA, SOD,
POD, and CAT), and Chl aand b and carotenoids

1 ameiorated root biomass and plant folerance by restricting

translocation to shoots, accumlating in roots, and increasin

definse systems

SA reduced the harmful effects of safinity by modulating the actvities of
antioxidant systems; SOD, CAT, and POX incressed wnder salt stress and
decreased with SA application

SA treatment improved stress tolerance, SOD, CAT, and GPX actvitie, and
proline content

Foliar SA supplementation ceduced the saliniy effect and improved the

efficiency of SOD (29-32%), CAT (27-25%), and POX (179-194%

Exogenous AsA rediiced the damaging effect of stress and improved APX,
SOD, POD, and CAT activiies

ncressed sctivities of SOD (36.6%

POD (136.3%), CAT (250%), and APX
(65:8%), decreasing oxidative injury

SA improved varkous growth atteibutes, photosynthetic pigments (Chl o, b

and carotenoids), and soluble sugar contents

$A applica

improvd growth attributes (root/shoot kength, lesf area, and

root/shaot fresh and dry weights), photosynthetic pigments (Chl .

carotenoids), and secondary metabolites (anthocyanin, soluble phenolics

and tannins) and decreased oxidative parameters such as MDA and H0;

SA applica arbohydrate,

improved chlorophyll,total phenolic,

profine contents and POD and CAT actvities and decreased MDA content

electrolyte leakage (EL), Na, and Cl levels

SA improved salt tolerance capacity by modulating photosynthetic rate,

osmoprotectants, antioxidant levels, and fon homeostasis

BR-treated plants had improved stress tolerance and SOD, CAT, and APX

EBR reduced o
activites of SOD (25%), CAT (2

damage and increased stress tolerance by increasiag the

APX (50%), and POX (149%) and PSIH

efficiency

Endogenous BRs increased chilling tolerance and APX, MDAR, DHAR, and
GRactivities

BRs improved cold toferance and enhanced CAT, APX, GR, DHAR, and
MDAR activities

Foliar DI-31 (BRS) sprays enhanced leaf photosynthesis and photosynthetic
pigment concentrations and reduced MDA

BRsalleviated Al injury by lowering MDA and H20; levels and increasing
antioxidant actvites and photosynthetic pigments

TAA improved stresstolerance by regulating APX, GPX, and POX act
o effect on CAT activity

TAA supplementation increased AsA-GSH cyele reduced cell damage, and
increased the actvites of different antioxidant defense enzymes such as
SOD, CAT, GSH, POD, GST, APX, DHA, DHAR, and GR

Increased activities of AsA, ASO, a-tocopherol under sat stress

1AA improsed plant health under stress and ncreased actviies o SOD

(335%, 15.26% and 38%) and POD (90%, 77%, and 82%)

TAA improved stresstolerance and the actviies of CAT (152.24% and
350.64%) and PPO (110.14% and 100.825%) under salinity

Foliar IAA sprays ameliorated the safinity effects on biomass production,
biochemical, physiological, and
TAA alleviated Cd stress and increased biomass, Chl content, SOD activity,
sucrose activity, luorescein diacetate (FDA) hydrolase ativity, and Cd
removal rate by 14.5%, 19.9%, 24.3%, 12.1%, 20.4%, and 15.1%, respectively

ield attributes

Foliar supplementation of CKs improved stresstolerance and enhanced the
activities of SOD (25%), APX (22%), CAT (17%, and POD (24%)

CK treatment enhanced the actvities of AsA (41%), GSH (76%), SOD (76%),
GAT (41%), GR (110%), APX (43%), and proline (126%) under Pb toxicity
andimproved plant adaptation to Pb

Reduced the harmful impact of combined stress and improved CAT, APX,
and proline act

Ckenhanced maize growth and productivity by suppressing the effects
ofoxidative stress caused by sline water irsgation

Foliar-applied CK alleviated drought stress and increased K*, Ca*, Mg?*,
Fe*,and ZntF, but decreased Na®

Foliar application of GA reduced the adverse effects of NaCl sress,
enhanced the activities of SOD, CAT, and POD, and reduced L, MDA, and
H:0; contents

GAs decreased oxidative stres by increasing the actvites of CAT (49.7),
APX (45.4%), GR (152.0%), DHAR (39.2%), MDHAR (98.1%), and GPX
(63.2%), enhancing Chl contents, and decreasing the over-generation of ROS.
and glycolate oxidase activity

Foliar spray of GA increased plant growth, Chl and nutrient contents, and
yield, and decreased oxidative stress by increasing CAT, SOD, APX, and
POD activ
GAs-mediated oxidative stress decreases with decreasing MDA and

reasing CAT, POD, APX, and polyphenol oxidase:

GAs acted s a growth regulator and osmoregulatory solute and increased
adaptation against salt stress by increasing stomatal conductance, plant
biomass,and stem height

GAs alleviated sltstress and increased plant biomass and yield, Chl content,
antioxidant enzyme actvity, and soluble protein content, and reduced Na*
transport

St increased canola growth and photosynthesis and reduced oxidative:
stress by modulating POD and SOD activities and decreasing MDA content
SLs improved drought olerance by decreasing EL, ROS, MDA, and Chi
contents and increasing SOD activity (105 and 90%)

S improved plant growth by improving gas exchange parameters, water
relations, and Chl pigments

NO-enhanced salinity tolerancy

SLs participated in tomato scedlings by
ing photosynthetic pigment content, enhancing antioxidant capacity,
and improving endogenous SLs synthesis

Ethylene mitigated the negative effect of Cu and decreased Cu accumulation,
lowering lipid peroxidation, lignin accumulation, and ROS content

References

Huetal, 2010

Guo etal, 2012

Liting etal, 2015

Liang etal. 2016

etal,

Suh etal, 2022

Qiuetal, 2014

201

Sithindi ctal.,
06

Pukar et al. 2016

Lietal, 20170

Torahim etal,

2022

Xiaeral, 2018

Fuctal, 2019

Castaieda
Murillo et al,
022
Basitetal,
20226

Ostrowskietal,
016
Badhriand
Prasad, 2016

Sacdipour, 2016

Muhammad
12016

Zayed etal,
2017
Shatzad et
022

Xuetal, 20220

Changetal,
016

Piotrowska
Niczyporuk
etal, 2018

Kumari et al,
018

Avzametil,
22

Wangetal,
019

Siddiqui et .,
200

tikha
200

Khan et al, 2020

Minetal, 2019

Sattar etal, 2022

Liwetal, 202

Rather et ol
2022





OPS/images/ain.jpg





OPS/xhtml/nav.xhtml




Contents





		Cover



		Plant hormones and neurotransmitter interactions mediate antioxidant defenses under induced oxidative stress in plants



		Introduction



		Abiotic stresses: A challenge to the agricultural system



		Oxidative stress: A combined effect



		Interplay of plant hormones in conferring abiotic-induced oxidative stress tolerance in plants



		Abscisic acid



		Jasmonic acid



		Salicylic acid



		Brassinosteroids



		Indole-3-acetic acid/auxin



		Cytokinins



		Gibberellins



		Strigolactones



		Ethylene







		Transgenic and CRISPR/Cas-based solution for crop improvement



		Plant hormones and their interactions with neurotransmitters in stress tolerance



		Serotonin



		Melatonin



		Dopamine



		Acetylcholine



		γ-Aminobutyric acid







		Conclusion and future directions



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References

















OPS/images/fpls-13-961872-i002.jpg





OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Plant hormones
and neurotransmitter
interactions mediate antioxidant
defenses under induced
oxidative stress in plants





OPS/images/fpls-13-961872-i003.jpg





OPS/images/fpls-13-961872-i004.jpg






OPS/images/fpls-13-961872-i005.jpg






OPS/images/fpls-13-961872-i006.jpg









OPS/images/fpls-13-961872-g007.jpg
H:C—p

A 4

I

HN HN CHj

Melatonin ©

4 Organogenesis )

4 Flowering
4 Antioxidants
v Oxidative damages )

x NH>
HO

Ny Serotonin

N
H

q Plant growth hormone?

* Plant accllmatlzatlon y

4 Growth regulators
4 Boost antioxidants
4 Stress tolerance

+ Redox-state

\_injury

v Stress-induced cellular

\

4

AsA-GSH antioxidants )
Membrane stability
Hormone biosynthesis
Osmoprotectants

H,0, concentration )

(€ > > > )

o I GABA

HO NH,

/ANormal growth »
4 Antioxidants

4+ Sugar, proline

*Stress responsive genes

OH
NH
R 2

Improved plant growth

and stress tolerance

i Dopamine
OH

\Photosynthetlc efﬁaency

O
e NCH3 PR
/"0 CH,

HaC
Acetylcholine






OPS/images/fpls-13-961872-g006.jpg
Lysine

Tryptophan — Tryptamine — Serotonin\ ——» N-acetyl-Serotonin v

| } | Ca*signallin \
IAA A ET \ UPB1 8
J/pathway | . T ‘
ntioxidants
Regulation of ROS #° v
(distribution/generation) | Gene expressions |
' v . }
Normal !Growth Melatonin I Auxin/other phytohormones |

|

Plant improvement J

growth  'inhibition

Y

[ Phytohormonest |{ Redox homeostasis:H Antioxidants % H Oxidative stress 4 J-» ® Improves  morphogenesis,
) L J VAN . changes phenotypes

® |nduces ABA, JA, SA, BRs, ® Scavenges 02.-, .OH-, NO. and ® |ncreases SOD, CAT, and ® Scavenges 102, 0,-,0H ® Increases growth, biomass,
IAA, CKs, GAs, SLs, and ET ONOO- POD and H,0, e neh and leaf formation
® Enhances plant ® Regulates the access of toxic ® Activates AsA-GSH pathway ® Decreases MDA o - o
oreancoeliel: radigies related antioxidants ® Increases proline, GB, PAs mprlov'es h ; Ol:a )
® Leads to plant survival ® Acts chemically in redox ® Increases membrane ® Increase T ddative regulation, photosynthesis,
and acclimatization balancing stability enzyme activities chlorophyll level
A v A Y. — =" ® Delays plant senescence
\ T T e ® Protects leaf greenness
. e N,
Dopamine’ '~ g ® Enhances stress tolerance
2 ~ 6yefeC[~- ® Control water level under
3 fo 0,
c <. /0,
o % . \./)@s
5 3 L-Tyrosine < &
U S "N T
= & — i
£ 2 Arogenic acid - Acetylcholine
2 E - 4 T<HS-COA
S 2 Chorismic acid heat, cold, |
g § 4 hypoxia Choline + Acetyl-CoA
o <
o, ¥ . GABA *\’ S I
o @ Shikimic acid , , —» Ducc . S
Qs 4 Mitochondria i k\“
1\ 1
T , _ Gly «—2-0G -}
Erythrose-4-phosphate + phosphoenol pyruvic acid GABA biosynthesis T

GABA < Glu
Cytosol





OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science






OPS/images/fpls-13-961872-g005.jpg
J Enhancing antioxidant defense via CRISPR/Cas
mediated phytohormone engineering
Heavy metals Sallnlty

A

)
oid B

Temperature Droqght

-@®: V‘;i!‘P-
- =
Waterlogging/Flooding

ﬂctivation and upregulation\
of positive regulators of
phytohormones biosynthesis |~
and antioxidant encoding
genes such as RcGPX5, APX1,
RaPRX-2A, AtSOD, CmDOS,
LcSABP, etc.

/ Repression and \

downregulation of negative
regulators of phytohormones
biosynthesis and antioxidant
encoding genes such as SOD,
\ CAT and POD, etc. /

Phytohormones-
mediated oxidative stress
tolerance

.

Crop improvement via genetic and metabolic engineering of
phytohormones biosynthesis, antioxidant enzyme encoding genes
together with metabolic pathways

\ 4 \4






OPS/images/fpls-13-961872-g004.jpg
Heavy metals
A

Temperature

7
~.—
- ~

1\

Waterlogging/Flooding

‘ 1\

Exogenous

Salinity
20 5 'OO O
%5 5O

@ cbo 0
0QCR).
OQ(S'@C)

Drought
@
ey

A

Protecting
role

|~
/ defense/

Damaging
role

ROS generation
(*o,,30,, 0,7, H,0,, OH")

Oxidative damage

phytohormones

)

* Lipid peroxidation

4 p K N\
* DNA qamage Enzymatic Non-enzymatic
* Protein damage antioxidants antioxidants

' ‘

Low molecular High molecular weight

Apoptosis, necrosis and
cell death pathways

|

Programmed
cell death

Growth reduction

and yield loss

I

9J2UeJ3|0] SS41S DALEPIXO
pajlelpaw-sauow.loyoliAyd

N

weight antioxidants

secondary metabolites

antioxidant enzyme encoding genes

Antioxidant potential and
enhanced sustainability

/

NS

Stress tolerance
* Reduced ROS generation
* Up- and down-regulation of
\___antioxidant defense systems )
1

\

Increasing the production and functionality of endogenous phytohormones an

!

Crop improvement led by antioxidant potential of

phytohormones

\.






OPS/images/fpls-13-961872-g003.jpg
Antioxidants )

0=0 !
O=0 !

Antioxidant active but too much 0,

4
%
v

-0
Crosstalk and

Growth
reduction and

-0

=0 -9

-+ J_ Normal Plant ——s
0-0

oF & B -9

=0 ) =0

-0 O o 60

-9 = 0, Equilibrium ) e

O=0 — 2 \ -

&8 |8 » o

-0 S | Battle for equilibrium led by ROS P oo

-0 = oH | |!

O0=0 © L

O=0 O e

Oo=0 cC L

= IR s

£ - - = o5

-0 l AN

A 4

yield losses

Programmed
cell death

)

Cellular Damage Molecular damage

Membrane damage Lipids
Loss of organelles function Amino acids
Reduction in metabolic Proteins

efficiencies Nucleic acid
Reduced carbon fixation Pigments

~_

Electrolyte leakage
Chromatic breaks
Mutation

All|eMA pasuajaQ

1ue|d passaJls ul dduejequ|





OPS/images/fpls-13-961872-g002.jpg
Heavy metals Salinity \

35 0%
8%, borx)q%f
o.®8' S
- y Drought
emperature ‘-‘»

& ¢ |

L
\ < > <+
e W

Waterlogging/Flooding

ROS

|
|
|
|
|
|
|
| .
| scavenging

\

v
ROS generation
O, 4

ROS

ROS

A

<
transport

/P

-
ROS signatures J\

/"ROS
propagation

scavenging and
transport)

(via production,

ROS gradients

\ \

T |

v

> ROS sensing and redox
regulation

|
v

/Coordinated changes in:\
e Physiology

e Metabolome

¢ Proteome

e Methylome

\o Transcriptclame /

‘ | Cellular
‘ response






OPS/images/fpls-13-961872-g001.jpg
Ouy,, 0 o

Abiotic Stress

Drought stress

Salinity stress

Temperature stress Heavy metals toxicity

X X AP

Waterlogging/Flooding stress

Strigolactones (SL) ]

Inhib_i- "”rg role

~

Leaf senescence
Transpiration

Gibberellic acid
Seed dormancy
Germination

[ Ethylene (ET) ]

X

NH

[ Abscisic acid (ABA) ]

AN

Stomatal conductance

Cytokinin
Stomatal conductance
Photosynthesis
{ Cell growth

Auxin (IAA)

Auxin (IAA)

Cell division
Plant growth and
development
Seed germination

Jasmonic acid
Protection against abiotic
stresses

|
1
|
}

[ Jasmonic acid (JA) ]‘_—’ll Salicylic acid (SA) l

[ Cytokinin (CK) ]

Brassinosteroid (Brassinolide)
Seed germination
Acclimatization
Stomatal movement
Dwarfism

Salicylic acid
Plant growth
Ripening and expansion

_ signaling

ROS content

eed germination

Photosynthesis rate

4

Antioxidant mechanism
 enzymatic and enzymatic acti

Plant growth and
development

Strigolactones (+)-Strigol)

Inhibition of auxiliary bud
growt

Inhibition of branching of
shoots

Ethylene
Fruit ripening
Stomatal movement

|
1
|
}

Essential elements
nutrients

1

|

—> Activation, positive or direct regulatory action
———— Repression, negative or indirect regulatory action
<+<———— Physical interaction

Plant tolerance against abiotic stresses >






OPS/images/fpls-13-961872-i000.jpg





OPS/images/fpls-13-961872-i001.jpg





OPS/images/cross.jpg
@ Check for updates.





