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Plants often face incompatible growing environments like drought, salinity, cold, frost, and elevated temperatures that affect plant growth and development leading to low yield and, in worse circumstances, plant death. The arsenal of versatile compounds for plant consumption and structure is called metabolites, which allows them to develop strategies to stop enemies, fight pathogens, replace their competitors and go beyond environmental restraints. These elements are formed under particular abiotic stresses like flooding, heat, drought, cold, etc., and biotic stress such as a pathogenic attack, thus associated with survival strategy of plants. Stress responses of plants are vigorous and include multifaceted crosstalk between different levels of regulation, including regulation of metabolism and expression of genes for morphological and physiological adaptation. To date, many of these compounds and their biosynthetic pathways have been found in the plant kingdom. Metabolites like amino acids, phenolics, hormones, polyamines, compatible solutes, antioxidants, pathogen related proteins (PR proteins), etc. are crucial for growth, stress tolerance, and plant defense. This review focuses on promising metabolites involved in stress tolerance under severe conditions and events signaling the mediation of stress-induced metabolic changes are presented.
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INTRODUCTION

Plant activities are affected by multiple environmental factors. Some of them may act as stressors depending on their duration and intensity. Stress can be described as any adverse environmental condition affecting growth of the plant and crop quality and the final rate of return. Drought, frost, low and high temperatures, high humidity, acidity and salinity of the soil, and pollution by pesticides (Hasanuzzaman et al., 2013; Begum et al., 2019; Kamran et al., 2019a) have negative influence on plant growth and development which, in turn, inhibits metabolism, change their mood, and use internal energy to overcome the effects of stress. Forbearance or vulnerability to the stresses is extremely complicated affair. It can affect many stages of plant development, and many stresses disturb plants simultaneously (Iqbal and Ansari, 2020). Environmental stress imposed on plants can be categorized as abiotic stress and biotic stress, where the biological stress includes pathogen attack that may be caused by bacteria, fungi, nematodes, oomycetes, and herbivores (Poveda, 2021)while, abiotic stress includes salinity, drought, floods, extreme temperatures, heavy metals and radiation, etc. (Kamran et al., 2019b,2021; Ali et al., 2021; Parveen et al., 2021; Riaz et al., 2022). The diseases caused by a variety of biotic and abiotic stresses have led to a dramatic drop in global yield of crops (Etesami and Jeong, 2018). Drought and salinity disturb more than 10% of cultivated land, which results in a decrease in average world agricultural profits of more than 50% (Mahajan and Tuteja, 2005; Mustafa et al., 2019). This situation will worsen with the intensification of land-based desertification, soil and water salinization, water shortages and environmental pollution. When plants grow in stressful conditions, ROS are often produced as metabolic byproducts (Medina et al., 2021). When electrons from the electron transport chain in mitochondria and chloroplasts leak and react with the O2 molecule without other electron acceptors, ROS such as superoxide, hydrogen peroxide, hydroxyl and singlet oxygen are generated (Phua et al., 2021). Accumulation of reactive oxygen species (ROS) causes oxidative damage in plants (nucleic acids, proteins, and lipids) and causes degradation of chlorophyll pigments (El-Beltagi et al., 2020). Therefore, the generation of ROS files must remain within the limits of factory compatibility. ROS reaches to toxic levels under all forms of abiotic stress, can cause explosions of antioxidants in plant cells. A complex network of defense and repair mechanisms counter these oxidation reactions (Masamba and Kappo, 2021), however, any difference between ROS production and safe detoxification indicates a metabolic state called oxidative stress which causes oxidative damage to the plant (Figure 1).
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FIGURE 1. Importance of Reactive oxygen species in signal transduction and activation of defense pathways if at non-toxic level and its manipulation confers plant stress tolerance.


There is a proverb; “Necessity is the mother of invention” it seems true in case of plants as they are sessile organisms, so they use a bunch of chemicals to stop enemies, resist pathogens, replace competitors, exceed environmental limits, and overcome oxidative stress (Ahuja et al., 2011). Plants combat harsh environmental circumstances in a complex and integrated way, as a function of time. Stress tolerance in plants concerns whole plants, tissues, cells, physiological and molecular levels. The unique combination of intrinsic changes determines the ability of plants to sustain themselves in adverse environmental situations (Farooq et al., 2009; Meena et al., 2017). This includes a variety of physiological and biochemical modifications in plants together with leaf wilt, leaf abscission, leaf area reduction, stimuli of root growth, relative moisture content variations, electrolyte outflow, the creation of reactive oxygen species and the accretion of free radicals, which interrupt homeostasis of cells, resulting in lipid peroxidation, damage of the membrane and enzymes inactivation, thus affecting the cell viability (Sebastiani et al., 2016; Giordano et al., 2020).

The advanced plants have wide-ranging mechanisms to protect in contrast to a variety of fears or dangers, comprising physical, biological and chemical and stresses. They have developed various defense mechanisms at different levels to cope with adverse environments. Prefabricated defense systems include the production of antibacterial molecules such as keratin, wax, and deposition of firm lignin on cell wall and plant antibacterial agents. They are often considered the first line of defense against a new attack of pathogens (Bieniasz, 2004; Cseke et al., 2016). For example, in case of water stresses sequence of biochemical and physiological feedbacks in plants start. These feedbacks consist of closure of stomata, check of photosynthesis and cell growth, and initiation of respiration (Lovisolo et al., 2010). Plants also react to and adjust to sliding defects at the cellular and molecular stages, including permeabilization and accumulation of proteins that specifically contribute to stress tolerance. Different genes with different tasks are stimulated or inhibited by these stress conditions (Slade and Radman, 2011). There are two key premeditated responses to stress effects: avoiding stress effects due to physiologically inactive phases and creating stress tolerance or coping skills with the help of their metabolites (Aertsen and Michiels, 2004). In this review, the aim is to highlight on environmental stress including the basics of stress resistance and the potential of plants with the help of their metabolites to improve their functioning by making them stress resistant.



METABOLITES INVOLVED IN STRESS TOLERANCE

Plant metabolites have many functions. They act as signal or regulators, well-suited solutes, antioxidants, or defenses against pathogens. Plant metabolites are responsible for stress tolerance in plants. The accretion of metabolites frequently arises in plants under stress from numerous elicitors or signaling molecules, as it is recognized that growth conditions like temperature, nutrient supply and lightning conditions influence the accumulation of different natural products (Ballhorn, 2011; Rini Vijayan and Raghu, 2020). Furthermore, more serious environmental impacts, like several stress conditions, will also influence on metabolic pathways liable for gathering plant’s secondary product (Shulaev et al., 2008; Chandran et al., 2020). Plants have two types of metabolites primary and secondary metabolites. Primary metabolites generally have the same biological function as all species, while the secondary metabolites are generally produced in plants to meet specific needs, as secondary metabolites are produced by modified synthetic pathways from primary metabolites or by sharing substrates of origin of primary metabolites (for example, carbohydrates, lipids, and amino acids) (Pott et al., 2019). Primary metabolites comprise of organic acids, acyl lipids, carbohydrates and phytosterols. Comparing to it, secondary metabolites come in action in special cases, and these are used as classification markers because of the limited distribution in taxonomic groups, nonetheless, these compounds are present in all plant tissues and have a metabolic activity for plant growth and development (Harwood, 2012). There is no clearly defined boundary between the two classes, and these cannot be separated according to their chemical structure, their precursor molecules and their sources of biosynthesis (Schwarzenbach et al., 2016), for example proline, an amino acid, is the main metabolite, while its C6 comparable molecule, pipecolic acid, is the alkaloid. Likewise, di-terpenes and tri-terpenoids contain primary and secondary metabolites (Edreva et al., 2008). Plants evolved to adapt to the environment, genetically coding useful synthesizes and various secondary metabolites (Janská et al., 2010; Rastegari et al., 2019; Figure 2).
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FIGURE 2. Response of primary and secondary metabolites in plants to various abiotic stresses to help plant in activation defense system and signal transduction.


It has also been shown that some of these compounds have an effect herbivores and appeal pollinators, allelochemicals and protective effects. Prevent toxicity, UV rays defending and signal transduction. Kossel named these chemicals as “secondary metabolites” in 1891 and described these organic compounds as essential to plant life (Ahmed et al., 2017). Secondary metabolites were considered biologically unimportant, so plant biologists paid slight consideration to them. However, since 1950s organic chemists have conducted extensive research on their structure and chemical properties (Mauseth, 2014). It is now clear that this belief is ambiguous and mistaken, and that secondary metabolites work and perform an important role in latent defense mechanisms, especially in chemical combat or competition between plants and pathogens (Croteau et al., 2000; Srivastava et al., 2021).

Overall, we can classify these metabolites into 3 major categories associated with stress tolerance in plants which include biochemicals, plant growth regulators and enzymes. The review will give insights in to the role of each of them in plant defense response under stress conditions.



PROFICIENCY OF BIOCHEMICAL ASSOCIATED WITH STRESS TOLERANCE

When plants are susceptible to stressors, their cells defend themselves from elevated concentrations of intracellular salts by mounting up small organic metabolites (collectively called compatible solutes). Compatible solutes have low molecular weight water, soluble in water and non-toxic even at higher concentrations. Compounds these are also called “osmolytes” (Chen and Murata, 2002; Bajguz and Hayat, 2009). Accumulation of these solutes is the common practice used to fight against environmental stress factors (Ma et al., 2010), where betaines, polyols, amino acids such as proline, sugars like mannitol, trehalose and sorbitol and polyamines are most common compatible solutes. Their accumulation is advantageous in case of deficiency of water or salt stress because they offer a tolerance to the stress of the cells without interfering with the cellular mechanisms. Tolerant or sensitive species exhibit differential stress tolerance, depending on the level of accumulation of these compounds during abiotic stress (Obata and Fernie, 2012).


Glycine Betaine

Glycine betaine (GB) is the most important compatible solute and there are many reports of different roles of glycine betaine in higher plants like barley, corn, spinach, and sugar beet (Chen and Murata, 2008). Glycine betaine is effective in stabilizing the quaternary structure of enzymes and complex proteins and in protecting various components of photosynthetic machinery, such as ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and oxygen release in photosystem II (PSII) and maintains a highly ordered membrane state at non-physiological and elevated salt concentrations (Aimon et al., 2011; Suo et al., 2017). The exogenous administration of glycine betaine and the introduction of the glycine betaine biosynthesis pathway in natural non-accumulation by transgenes increase the tolerance of these plants to various types of abiotic stress (Iqbal et al., 2011). This increased tolerance to abiotic stress is a useful system for studying the mechanisms by which GB protects plants from abiotic stress (Chen and Murata, 2011).


Synthesis of Glycine Betaine

Glycine betaine (GB) is synthesized by two different routes from two dissimilar substrates, like choline and glycine. The biosynthesis of glycine betaine from choline has been studied in animals, plants, and microorganisms. This pathway includes one or two enzymes, depending on the mode of oxidation of choline. Glycine betaine is the result of a two-step oxidation of choline by betaine aldehyde which is a toxic intermediate (Ashraf and Foolad, 2007). In higher plants first step is catalyzed by manoxygenase (CMO). The second oxidation step is catalyzed by NAD+ dependent betaine dehydrogenase (BADH) (Annunziata et al., 2019). The biosynthesis of GB is induced by stress, and the concentration of GB in vivo varies among plant species and is between 40 and 400 mol g-1 (DW) in natural accumulation under stress conditions (Wani et al., 2013).



Mechanism and Protective Role of Glycine Betaine

The accumulation of glycine betaine (GB) in plants is important to prevent oxidative stress induced by abiotic factors. In addition to osmotic protection, GB also enhances the antioxidant defense mechanism against stress damage (Hoque et al., 2008), asthe anticipated GB mediated abiotic stress tolerance mechanisms consist of stabilization of the natural structure of proteins and enzymes, osmotic regulation, integrity of membrane, fortification of photosynthesis, and detoxification of ROS formed all through stress. It could be assumed that GB protection involved in transcription and translation mechanisms may be facilitated by the initiation of specific gene expression under stress conditions, and that the products of these conditions are involved in the development of stress tolerance. GB has shown that in vitro melting temperature of double stranded DNA reduces (Rajendrakumar et al., 1997). This will allow GB to regulate gene expression by activating replication and thus transcription in a highly saline environment.

In addition, Bourot et al. (2000) have revealed that glycine betaine acts as a chaperone protein in vivo; hence, this suggests that GB can stabilize mechanisms of transcription and translation to efficiently express genes under stress environments. In vitro studies indicate that GB itself has no antioxidant activity (Smirnoff and Cumbes, 1989), in fact, acts indirectly by inducing the synthesis or activation of the ROS defense system. This has been demonstrated in exogenous accumulated GB and transgenic plants which store glycine betaine. Hoque et al. (2007) studied the effect of GB exogenous administration on antioxidant levels and enzymatic activity in the glutathione (GSH) ascorbate cycle (ASC-GSH cycle) in cultured tobacco suspension culture cells exposed to salt stress. They confirmed that salt stress significantly reduced ASC and GSH levels, as well as the activities of the ASC-GSH cycle enzymes, like ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR). In addition to MDHAR, the exogenous administration of GB increases the activity of all these enzymes. However, under normal conditions, GB has no direct positive effect on enzyme activity in the ASC-GSH cycle, but only in the presence of salt stress. Thus, enzyme activity in the ASC-GSH cycle, which enhances GB, protects tobacco cells from salt-induced oxidative stress.

Yang et al. (2007) discovered a link between the ability of transgenic tobacco plants to accumulate glycine betaine under heat stress and ROS production. ROS production increased dramatically, but that the yield of transgenic plants was much lower than that of the wild type, indicating that in vivo GB accumulation can reduce ROS production by case of heat stress. The improvement in the photosystem II (PSII) repair process induced by GB accumulation can be explained by the increased activity of a series of antioxidant enzymes and by the lower production of ROS in transgenic plants during heat stress.




Amino Acids

Amino acid accumulation has been observed in many studies of plants exposed to abiotic stress (Lugan et al., 2010). The accumulation of amino acidsmay result due toincrease in degradation of stress-induced proteins. Although the accretion of amino acids under stress conditions indicate cellular damage in some species (Slama et al., 2015), the increase in specific amino acid levels has a beneficial effect during adaptation to stress. Among different amino acids, proline is predominantly abundant in plant species; however, in various taxonomic groups it is aggregated in response to biotic and abiotic and biotic stress (Szabados, 2010).


Proline

Proline is a group of tiny compounds known as osmolytes or osmoprotectants, therefore, as an osmolyte, proline is an important molecule used by various organisms to combat stress (Judy and Kishore, 2016). Proline levels differ from one species to the next, and proline concentration might be 100 times higher in dry conditions than in wet conditions. Proline is thought to protect membranes and proteins from high concentrations of inorganic ions and harsh temperatures, as well as to stabilize cellular structures, detoxify free radicals and store carbon (C), nitrogen (N2), and energy (Hare and Cress, 1997). Studies have also shown that proline can also modify the activity of antioxidant enzymes (Verbruggen and Hermans, 2008; de Campos et al., 2011). Proline (Pro) is thought to be involved in the non-enzymatic antioxidant defense of plants. The accumulation of Pro in stressed plants is up to 100 times higher than normal and has a history of more than 40 years. In this case, Pro can reach a cytosol concentration of 120 to 230 mM (Sytar et al., 2013).



Proline Synthesis

In plants subjected to osmotic stress, proline is mainly synthesized from glutamic acid by D1-pyrroline-5-carboxylate (P5C) by two consecutive reductions catalyzed by P5C synthase (P5CS), which is a rate-limiting enzyme of the biosynthetic pathway in complex plants and P5C reductase (P5CR) (Verbruggen and Hermans, 2008).



Mechanism and Defensive Role of Proline

Proline appears to act as a metabolic signal, regulating the pool of metabolites and affecting plant growth and development (Verbruggen and Hermans, 2008). Alternatively, proline may be conferred by induction of a stress protection protein (Chinnusamy et al., 2005). In fact, proline synthesis may be one of the first metabolic reactions triggered by signal transduction pathways, linking many perceptions of environmental stress to clarification of physiological responses at the cellular level (Song et al., 2005). Therefore, clarifying the change in proline content is a signal component, and the way it regulates gene expression, and the metabolic process will undoubtedly be a challenge and require further exploration. Proline accumulation in the drought-prone leaves is associated not only with increased expression of the P5CS gene, but also with decreased expression of the proline dehydrogenase (PDH) gene encoding a proline-degrading enzyme (Kishor et al., 2005; Yang et al., 2010). It has been determined that the metabolism of proline leads to improved production of mitochondrial reactive oxygen species (ROS) by means of the electron transport chain (ETC) and that proline metabolism affects survival and cell death of diverse species. In plants, the protective effect of proline during stress is particularly evident. Glutamate seems to be a major precursor of stress-induced proline accretion in plants, as the ornithine pathway primarily promotes the nitrogen cycle from arginine to glutamate. The proline synthesis limiting enzyme is P5CS and its increased expression is associated with proline accumulation in Arabidopsis (Sengupta et al., 2016).

The signaling mechanism of proline biosynthesis induced by environmental stress in plants comprises several molecules, such as abscisic acid (ABA), calcium and phospholipase C (Ahuja et al., 2010). Recently, Sharma et al. (2005) reported that the protection of ABA-induced growth in water-deficient plants requires proline metabolism. Evidence for ROS regulation of proline biosynthesis has also been found. Fabro et al. (2004) reported that in Arabidopsis, HR triggered by incompatible interactions between phytopathogens led to proline accumulation by up regulating P5CS2 rather than P5CS1 and ROS-dependent pathways in salicylic acid. Later, Abass and Mohamed (2011) also reported that hydrogen peroxide (H2O2) causes proline accumulation or promotes ABA-induced proline accumulation. Recently, Yang et al. (2012) suggested that H2O2 may induce proline accumulation by up regulating P5CS protein and down-regulating proline dehydrogenase 1 (PRODH) activity in coleoptile and radicle of maize seedlings (Figure 3).
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FIGURE 3. Hypothetical outline of biotic and abiotic stress factors and metabolites produced in response to encounter these factors and create stress tolerance. Metabolites production is up regulated in reaction to a number of biotic and abiotic stresses. This shows significance of metabolites in synchronize plant responses to environmental stresses. Environmental stresses stimulate sensors/receptors due to which reactive oxygen species (ROS) are produced. Variety of metabolites is produced to overcome stress produced by ROS which ultimately initiate cascades of regulatory mechanism resulting which transcription factors get activated.


In fact, it has been found that some plant tissues maintain the oxidation of proline under stress. The molecular mechanism by which proline protects cells during stress is not fully understood, however, it seems that proline implies its chemical properties and effects on redox systems, such as glutathione libraries (Sharma and Dietz, 2006). The role of proline in stress adaptation is often explained by its ability to penetrate and its ability to balance water stress. However, adverse environmental conditions often disrupt intracellular redox homeostasis and therefore require mechanisms to balance oxidative stress. Therefore, it is also proposed that the mechanism of proline protection involves the stabilization of antioxidant proteins and enzymes, the direct clearance of ROS and the balance of intracellular redox homeostasis (e.g., the NADP+/NADPH ratio) then metabolism of proline promotes cellular signaling. As a result, the potential mechanism by which proline provides protection against stress takes place (Liang et al., 2013).

Numerous studies have examined the role of proline in the osmotic protection of plants and its application in improving tolerance to water stress (Poustini et al., 2007), by using genetic transformation techniques, by genetic identification in proline accumulation under conditions of water deficiency or exogenous proline (Ashraf and Foolad, 2007). Although several studies have suggested that proline accumulation is important for abiotic stress tolerance, these findings are not conclusive. It may help crops develop resistance that have been subjected to abiotic stress (Kishor et al., 2005).

Although the clear relationship between proline accumulation and stress adaptation has been problematic, it is widely accepted that an increase in proline content after stress is beneficial for plants (Verbruggen and Hermans, 2008). Very high levels of cellular proline (up to 80% of the amino acid pool under stress and 5% under normal conditions) were recorded due to increased synthesis and reduced degradation under various stress conditions in many plant species (Szabados and Savoure, 2010).

As a multifunctional amino acid, proline appears to have different effects under stress conditions, such as the stabilization of proteins, membranes and sub cellular structures, and the protection of cellular functions by the trapping of reactive oxygen species (ROS). Synchronization of proline biosynthesis and degradation of cytoplasm, chloroplasts and mitochondria increases the complexity of the diversification of proline metabolism. The rate of improvement of proline biosynthesis in chloroplasts can help stabilize the redox balance and maintain cellular homeostasis by eliminating the potential for excessive reduction when the electron transport chain is saturated under adverse conditions (Taiz and Zeiger, 2010). The catabolism of proline in mitochondria is associated with oxidative respiration and energy is applied after stress to restore growth. Although pretreatment with proline can improve the phytotoxicity of heavy metals by reducing the concentration of ROS (Viehweger, 2014), it can also be used as a protein-compatible hydrotrope (Verslues and Sharma, 2010) to reduce cytoplasmic acid. Poison and maintain an appropriate NADP +/NADPH ratio compatible with cellular metabolism (Filippou et al., 2014). Proline offers tolerance to various abiotic stresses by increasing its endogenous levels and its intermediate enzymes in the plant. Exogenous proline administration has been reported to increase endogenous levels of proline in bean (Phaseolus vulgaris L.) (Aggarwal et al., 2011). Proline regulates the expression of antioxidant enzymes on plant exposure to salt stress. Among various genes, Δ1-pyrroline-5-carboxylic synthase genes are responsible for the up-regulation of stress-induced proline under the effect of salt stress (Qamar et al., 2015; Figure 4).
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FIGURE 4. Activation of stress response genes and finally stress response is engineered by expression of these genes.





Polyamines

Polyamines are recognized as a group of naturally occurring compounds which have aliphatic nitrogen structure, present in almost all organisms and playing a significant role in many physiological processes, such as cell growth and development and the response to environmental stress. Putrescine (Put), spermidine (Spd) and spermine (Spm) are the most common polyamines in higher plants and may exist in free, soluble, conjugated, and insoluble combinations. In plants, larger accumulation of polyamines (Put, Spm and Spd) in the course of abiotic stress is well acknowledged and is associated with improved tolerance to abiotic stress (Bitrián et al., 2012). The metabolic pathway of polyamines is one of the pathways found in normal-stage plants (organogenesis, embryogenesis, flower and fruit development and senescence), whose main function is to stabilize macromolecular structures and regulate various environmental stimuli of biological properties such as biotic and abiotic factors (Kusano et al., 2007). Polyamines regulate the response of plants to broader expected responses to abiotic stress, such as drought, salinity, heavy metal toxicity, oxidative stress, cooling, elevated temperatures, osmotic stress, leeches, and tolerance to flood, as evidenced by the exogenous application. Polyamines or transgenic plants developed to express genes involved in the biosynthesis of polyamines. Since polyamines are regulated by various abiotic environmental stimuli, their cellular functions are: mineral nutrient deficiencies, metal toxicity (Alcázar et al., 2006; Choudhary et al., 2012), salinity, high and low temperatures (Hummel et al., 2004), drought (Alcázar et al., 2010), hypoxia (Moschou et al., 2008), infiltration (Osmotic) and oxidative factors (Gill and Tuteja, 2010). In addition to regulating the titer in response to external stimuli, polyamines also modify ion channels (Takahashi and Kakehi, 2010), stimulate the synthesis of specific proteins, stimulate the assembly of 30S ribosomal subunits and stimulate the formation of Ile-tRNAs (Igarashi and Kashiwagi, 2000).

Polyamines are the cationic compounds, having two or more amine groups, which are low molecular weight organic molecules present in most organisms with multiple functions owing to the diversity of the number and position of the amino groups. Due to this cationic nature of the polyamines, they readily bind to the DNA, RNA and proteins are produced by electrostatic connection which results in either stabilization and equilibrium or destabilization (Kusano et al., 2008). There is a covalent connection of polyamines to numerous enzymes or proteins (post-translational modifications) which takes part in physiological processes was catalised by trans-glutaminase under normal or stressful conditions (Folk et al., 1980).

Moreover, it has been reported that the regulated titer of polyamines binds to epibrassinolide (active form of brassinosteroid) and modulates the pathways of abscisic acid (ABA) and indole-3-acetic acid (IAA), thus reinforcing Tolerance to toxicity (Choudhary et al., 2012). In addition to the fact that heavy metals themselves are toxic to plants, they also stimulate oxidative stress because heavy metals are essentially ionic. The polyamines associated with brassinosteroids, in addition to regulating the pathways of ABA and IAA and their cascade of tolerance to heavy metals; also regulate antioxidants such as glutathione, ascorbic acid, valine, glycine- betaine, etc. Antioxidant levels and enzymes such as glutathione reductase, superoxide dismutase, catalase, peroxidase, etc., impart stress tolerance (Chaudhary, 2012; Figure 5).
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FIGURE 5. Role of polyamines in various physiological processes occurring in plants regulate defense pathways and their cascade of tolerance to heavy metals.


Improved polyamine levels by exogenous feeding (Gill and Tuteja, 2010) or by heterologous expression of polyamine biosynthesis genes in transgenic plants have been shown to improve abiotic stress tolerance (Liu et al., 2007). Endogenous polyamine titers (in particular Put, Spd and Spm) are regulated not only by the regulatory gene expression pattern of polyamine biosynthesis genes, but also by the regulated expression of genes involved in catabolism of polyamines enzyme responsible for catalyzing oxidative deamination of polyamine having its peculiar function. In other respects, one may even speak of the biosynthetic pathway of H2O2, since it has been reported that in plants, H2O2 is differentiated by the oxidation of polyamines, which shows lignification during development of cell wall and ontogeny and also aids fight against biotic and abiotic stresses (Wimalasekera et al., 2011). The induction of most genes associated with polyamines biosynthesis during either abiotic stress proposes a seemingly reasonable functional relationship between PA metabolism and abiotic stressors (Shi et al., 2013). In addition, ABA induces polyamine biosynthesis genes, which is a known stress regulator, which acts upstream of the polyamine biosynthetic pathway (Alcázar et al., 2006); the abiotic stress tolerance of plant species is improved, reinforcing the close relationship between PA and stress (Sagor et al., 2013).

Although a clear picture of the role of polyamines in abiotic stress is emerging, their critical role in tolerance to abiotic stress remains complex, as the polyamine’s substrate is also affected by other key metabolites like ethylene. The deactivation of the gene for ethylene biosynthesis, ACC synthase and ACC oxidase, is accompanied by an increase in polyamines (Put and Spd), leading to an increase in the abiotic tolerance of tobacco plants (Naing et al., 2021). In addition, the regulation of arginase, a nitrogen metabolizing enzyme, leads to changes in polyamines (Put and Spm), thus affecting the improvement of abiotic stress tolerance (Shi et al., 2013). Likewise, modulation of PAO (an enzyme associated with catabolism of polyamines) leads to salt tolerance in tobacco (Moschou et al., 2012). Adding to the above, the combined network of ABA, NO and PA associated with abiotic stresses has also begun to present interaction groups associated with regulation of abiotic stress tolerance. By catabolism of PAs (Spd and Spm) under abiotic stress by copper amine oxidase (CuAO) and phyllobilin (PAO) (Wimalasekera et al., 2011), it was observed that ABA induces PA accumulation (Alcázar et al., 2010) and NO synthesis in different plant species, thus revealing the complex interaction of these three metabolites, namely ABA, No and polyamines. Furthermore, the cell balance of PA in cells is mainly determined by the regulation of their biosynthesis and catabolism. In plants, PA concentration is much higher than that of plant hormones but is considered a growth regulator because of its different roles in plant growth & development (Menéndez et al., 2013).

Zapata et al. (2004) studied the special effects of salinity ongrowth of the plant, ethylene production and polyamine content in spinach, lettuce, cucumber, pepper, cabbage, sugar beet and the tomato. They found that polyamine levels varied with salinity and, in most cases, decreased and increased spermidine and spermine levels. The ratio of spermidine, spermine and putrescine increased with the increase in salinity resulting in tolerance to salinity for all species. The results showed that the general response of different plant species to PA production was related to PA production, but not to ethylene production. Meanwhile, Liu et al. (2004) stated that PEG 6000 treatment expressively increased levels of free Spermidine and free Spermine in drought-resistant wheat leaves. They suggested that free spermidine, F, free spermine and PIS-linked Put favor osmotic stress tolerance in wheat seedlings.



Antioxidants

As discussed before that reactive oxygen species (ROS), like superoxide radicals (O2–), hydrogen peroxide (H2O2) and hydroxyl radicals (∙OH) are formed during the common aerobic metabolism. ROS are manufactured in changed cellular components, for example, cell walls, plasma membranes, chloroplasts, mitochondria, and peroxisomes (Dat et al., 2000). Mainly, these oxygen species are extremely reactive, resulting in protein lipids, DNA damage and eventually cell death (Foyer and Noctor, 2005). The concentration of reactive oxygen species formation is determined by the interaction between ROS production and scavenging capacity of ROS. Abiotic stress causes excess production of reactive oxygen species. The excessive production of ROS leads to oxidative damage (Fridovich, 1986). To avoid oxidative damage, plants use non-enzymatic antioxidants like ascorbic acid (AsA) and glutathione (GSH), as well as enzymatic antioxidants such as superoxide dismutase, catalase, ascorbate peroxidase (APX) and glutathione reductase (GR) to remove ROS (Noctor and Foyer, 1998).


Glutathione

Antioxidants are a key factor in protecting plants against oxidative damage initiated by abiotic stress. Among other non-enzymatic antioxidants glutathione (GSH; c-glutamyl-cysteinyl-glycine) is a low molecular weight, water soluble thiol compound widely used in most plant tissues. In addition to its role in reducing the storage and transport of sulfur, GSH is directly or indirectly involved in the detoxification of ROS (Foyer and Noctor, 2005). Along with detoxification of ROS, GSH is also involved in the detoxification of methylglyoxal (MG) (Hasanuzzaman et al., 2017a,b). It works as a cofactor for different biochemical reactions, interacting with hormones, signaling molecules and its redox state elicits signal transduction (Foyer and Noctor, 2005). One more major function of GSH is the formation of phytochelatines (PCs), which bind heavy metals for harmless transport and repossession in vacuoles (Sharma and Dietz, 2006). As a result, it plays a vibrant role in the detoxification of toxic metals, metalloids and xenobiotics (Srivalli and Khanna-Chopra, 2008). GSH contains several biochemical properties that enable it to aid plant growth and development in a range of settings, including normal growing conditions and stress. Thus it regulates cell proliferation, apoptosis, fibrogenesis, growth, development, cell cycle, gene expression, protein activity, and immunological functions (Shao et al., 2008; Nahar et al., 2015). Glutathione S transferase is second phase enzyme in detoxification. To study the stress response of Glutathione S- transfrase (GST) at the level of transcription in plants, a complete study of the culture of the Arabidopsis cell suspension was conducted. The analysis indicates that early changes induced by stress in gene expression led to functional redundancy and precise GST involvement in protection against oxidative stress (Sappl et al., 2009).

In another study, the chloroplast antioxidant defense system showed improvement due to increased gene expression of DHAR (Dehydroascorbate reductase) and GST enzymes (Le Martret et al., 2011). Moreover, the molecular docking of SlGSTU5, a member of GST for tomato and one of the ligands, indicates that SlGST activity can enhance crop improvement and stress resistance by using a defense agent (Islam et al., 2017).



Tocopherols

It is also called vitamin E and it is liposoluble antioxidants that bind to membranes and are therefore not only worthy scavengers for oxides but also for lipid peroxides (Blokhina et al., 2003). Tocopherols consist of four isomers such as α, β, γ and δ. Among these α-tocopherol has the primary antioxidant aptitude. Tocopherols are produced by plants and confined in chloroplasts. Their shielding effects have been studied and confirmed under the influence of stress such as drought, salinity, or heavy metals (Gill and Tuteja, 2010).

Tocopherol accumulation differs significantly among plant species and sections. Tocopherols have several roles in plant development and physiological processes, many of which have an impact on yield. Tocopherols are essential for abiotic stress tolerance (e.g., salinity, drought, metal toxicity, ozone, UV radiation). According to several studies, stress-tolerant plants have higher levels of tocopherol, whereas sensitive plants have lower levels, resulting in oxidative damage. Tocopherols capacity to scavenge or quench lipid peroxides, oxygen radicals, or singlet oxygen, resulting in ROS detoxification, is the most significant role of tocopherols in alleviating abiotic stress-induced damage. Mutant and transgenic techniques that result in the loss or increase of function of tocopherol pathway genes likely to shed light on the compound’s role in plants (Waqas et al., 2019; Zandi and Schnug, 2022). ROS are produced in response to various abiotic stimuli including dryness, salt, low temperature, and heavy metals, which harm membrane-containing organelles. To deal with ROS, tocopherols (a lipid-soluble molecule) quenches and detoxifies these ROS radicles. Although the biosynthetic enzymes for tocopherols have been cloned and researched extensively, our understanding of the whole regulation of this process in plants under environmental conditions is still lacking (Yang et al., 2021).

Novel insights into the control and introgression of the tocopherol processes in plants were gained from research in biosynthetic mutants and metabolic engineering of tocopherol pathways. Attempts to increase total tocopherol levels by genetic modification, on the other hand, have mostly failed. The reason is that tocopherol levels grow several times more under abiotic stressors than in untreated Arabidopsis leaves. This suggests that the potential for high tocopherol levels significantly surpasses what has been genetically produced so far (Ali et al., 2022).



Ascorbic Acid

It is also called vitamin C. It is a small water-soluble and it is regenerative by nature thus it is highly effective antioxidant molecule (Noctor and Foyer, 1998). It can be used as a major substrate in the cyclic pathway for the enzymatic detoxification of many reactive oxygen species (ROS), like H2O2 and many other plants that are harmful to normal functions of plant’s metabolism. In addition, it acts directly on neutralizing superoxide radicals (O2∙-), singlet oxygen (O∙−) or hydroxyl radicals (OH∙−). This antioxidant activity of ascorbic acid is associated with oxidative stress and long life of the plant. In addition, it has recently been suggested that endogenous levels of ascorbic acid are important in the regulation of developmental senescence and the defense of plants against pests (Khan et al., 2011). Numerous studies have reported regulation of metabolism of antioxidant defense by ascorbic acid in many plants that were grown under stress factors. Such as canola (Bybordi, 2012), Abelmoschus esculentus (Raza et al., 2013) and Hordeum vulgare (Agami, 2014) under extreme saline condition as well as Brassica napus in drought condition (Shafiq et al., 2014) and wheat plant under lead toxicity (Alamri et al., 2018). Association of ascorbic acid has been reported in stimulation of various antioxidant enzymes. Among oxidative ezymes ascorbate peroxidase and enzymes that contain heme are acknowledged to convert H2O2 into molecular oxygen and water by using ascorbic acid (Akram et al., 2017).



Phenols

Among different plant metabolites, plant phenolics are of primary importance as they are associated with resistance against parasites, pathogens and predators as well as ultraviolet radiation. They are the basic component of human diet as they are ubiquitous in plant organs (Michalak, 2006). Phenols and polyphenols consist of secondary metabolites with dissimilar functions, for example flavonoids, which are rich in leaves and reproductive organs of the plant, primarily in vacuoles and apoplast. Because of their phenolic OH groups, it is more effective in vitro than ascorbic acid and tocopherol (Sakihama et al., 2002). Hence, it is not astonishing that plants with a high content of flavonoids have a higher antioxidant capability (Bolda et al., 2011). They can be proton donors or electron donors. They can therefore not only participate in the quenching process of hydrogen peroxide, but also as metal chelators (Gill and Tuteja, 2010). Due to scavenging activity of the phenols they are oxidized to phenoxy radical. This redevelopment could be by enzymatic or non-enzymatic reaction (Sakihama et al., 2002). Abiotic stressors would cause increased synthesis of flavonoids in plants, supporting the defensive effects of phenolic compounds (Michalak, 2006; Table 1).


TABLE 1. Stress induced gene regulation and expression of secondary metabolites.
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ROLE OF PLANT ENZYMES IN MAINTAINING STRESS TOLERANCE


Superoxide Dismutase

Among enzymatic oxidants super oxide dismutase (SOD) is the first action of defense against ROS enhanced by biotic stress and its reaction products (Alscher et al., 2002; Gill and Tuteja, 2010). SOD is found in many isoforms and these isoforms are classified into three groups accordingly to their active site metal, i.e., FeSOD, Cu/ZnSOD and MnSOD. These are found in specific cell compartments to be exact MnSOD is in the mitochondrial matrix, cell wall and peroxisomes, FeSOD found in plastids, whereas Cu/Zn SOD is localized in cytosol, plastids, peroxisomes and perhaps extracellular space (Kumari et al., 2015). As a leading constituent of the intracellular defense mechanism of plants, SOD is the main enzymatic element of the cellular defense system and resists the enhanced ROS produced by abiotic stress. SOD is abundant in aerobic organisms and acts as catalyst in the dismutation of superoxide into molecular hydrogen peroxide (H2O2) and oxygen. Under regular situations, peroxidase enzyme and catalase effectively scavenged the resulting H2O2 (Badawi et al., 2004). In many studies, it has been observed that greater the SOD activity, greater the probability of ROS removal. The up regulation of SOD involves the fight against the overproduction of ROS due to abiotic or biotic stress and is essential for the survival of plants under stressful conditions.

Noteworthy increases in total SOD activity on leaves and some additional SOD isoforms have been reported in several plant species that are subject to various types of abiotic stress in various crops such as tomato, Arabidopsis, mulberry (Harinasut et al., 2003), Hordeum vulgare (Guo et al., 2004), mustard (Li, 2007; Mobin and Khan, 2007), citrus, Vigna mungo, etc. The surplus of SOD transcripts has been detected in reaction to numerous abiotic and biotic stresses to distinguish oxidative stress, which plays an important role in stress tolerance.

Transgenic plants that over express various isoforms of SOD increase the improved tolerance to oxidative stress and other ecological stresses. These results have been published in many crops, comprising alfalfa, Arabidopsis, potato, rice, tobacco and poplar (Van Camp et al., 1994). Numerous reports have been published on the progress of stress tolerant plants with improved expression of different SODs, i.e., over-expressed Mn-SOD in transgenic Arabidopsis (Wang et al., 2004) and tomato (Wang et al., 2007) shown superior salt tolerance, and Cu/Zn-SOD in tobacco expression has shown tolerance to multiple stresses (Figure 6).


[image: image]

FIGURE 6. Structural classification of catalase (A) and superoxide dismutase (B) enzymes.




Catalase

Catalase is an enzyme that contains tetrameric heme, present in peroxisomes and related organelles, in which H2O2 converts to H2O and O2, which play an important role in antioxidant defense (Garg and Manchanda, 2009). It is an effective ROS sensor and due to its highest reaction rate it can detoxify ROS generated by environmental stresses (Gill and Tuteja, 2010). It’s found in all of the primary H2O2 producing sites in higher plant’s cells (such peroxisomes, mitochondria, cytosol, and chloroplast). Catalase isozymes come in a variety of molecular forms, indicating its diverse involvement in the plant system. The regulation of H2O2 by catalase isozymes inside certain cells or organelles at various times and developmental phases interferes with signal transmission in plants, either directly or indirectly. The expression of the cat gene is affected by time, species, and stress. Increased CAT activity appears to be connected to the control of gene expression (Boguszewska and Zagdańska, 2012; Anjum et al., 2022).




APTITUDE OF PHYTOHORMONES IN STRESS TOLERANCE

Phytohormones are low-concentration regulatory chemicals that act as chemical messengers to govern a variety of physiological and developmental processes in plants. They also control internal and external stimuli and play important roles in signal transduction pathways during the stress response (Raza et al., 2019; Sarkar and Sadhukhan, 2022). Auxins (IAAs), cytokinins (CKs), abscisic acid (ABA), gibberellins (GAs), and ethylene are the five major categories of phytohormones (ET). New families of phytohormones include salicylates (SAs), jasmonates (JAs), brassinosteroids (BRs), strigolactones (SLs), polyamines, and certain peptides (Pons, 2020).

Hormones operate as a signaling network in plants, regulating a variety of processes. Crosstalk is the term for the interactions between hormone signal transduction cascades (Mishra et al., 2022; Sarkar and Sadhukhan, 2022). Phytohormones interact via causing a phosphorylation cascade or a shared second messenger to be activated. Furthermore, various phytohormones, including as JA, SA, and ABA, interact to establish a defense network against environmental challenges (Kumudini et al., 2018). Understanding the interactions between phytohormones and defense signaling pathways might lead to the discovery of novel targets for establishing host resistance mechanisms (Kumudini et al., 2018; Nunes da Silva et al., 2022; Table 2).


TABLE 2. Role of phytohormones in normal physiological functioning, metabolism and to help plant overcome stresses.
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Abscisic Acid

Abscisic acid (ABA), also known as stress hormone, is involved in the abscission of plant leaves as well as the tolerance of abiotic stimuli (Wani et al., 2016; Kuromori et al., 2022). Seed dormancy, embryo morphogenesis, stomatal opening, cell turgor maintenance, and lipid and storage protein production are only a few of the plant developmental and physiological processes where ABA plays a key role (Anik et al., 2012; Wani et al., 2016; Kumudini and Patil, 2019). ABA affects the expression of genes that code for proteins. Plants can survive in harsh environments (Guimaraes and Jueneman, 2008; Negin and Moshelion, 2016) and water shortages (Atkinson and Urwin, 2012) because of ABA. Under nitrogen shortage (Radin and Mauney, 1986; Délano-Frier et al., 2011; Li S. et al., 2020) and drought stress (Soma et al., 2021), ABA is also crucial for root development and architectural alterations. Dehydrins, osmoprotectants, and protective proteins are all biosynthesized with ABA (Fernando and Schroeder, 2016; Hossain et al., 2022).



Auxins

One tryptophan-independent and four tryptophan-dependent routes for auxin (IAA) production in plants have been discovered so far (Im Kim et al., 2013; Gruet et al., 2022). IAA is involved in plant growth and development, as well as controlling growth in response to stress (Casanova-Sáez et al., 2021; Kou et al., 2022; Mishra et al., 2022). IAA is important for plant tolerance to salt (Quamruzzaman et al., 2021) and heavy metal stress (Mathur et al., 2022). Auxins also cause the transcription of the major auxin response genes, which have been discovered in rice, Arabidopsis, and soybean (Ahmad et al., 2010). Auxin also controls the interaction of biotic and abiotic stressors (Mathur et al., 2022).



Salicylic Acid

Salicylic acid (SA), a phenolic compound, regulates the expression of pathogenesis-related proteins (Feng et al., 2020). SA affects plant growth and development, as well as biotic and abiotic stress responses (Hasanuzzaman et al., 2017a,b). SA biosynthesis involves both the major isochorismate (IC) and phenylalanine ammonialyase (PAL) pathways. Low levels of SA increase plant antioxidant capacity (Lefevere et al., 2020). On the other hand, high SA levels have the ability to destroy cells (Verbruggen and Hermans, 2008). The SA contains chaperones, antioxidants, heat shock proteins, and genes involved in secondary metabolite production, such as cinnamyl alcohol dehydrogenase, sinapyl alcohol dehydrogenase, and cytochrome P450 (Verbruggen and Hermans, 2008; Ahmad et al., 2019). Drought responses may be controlled by combining SA and ABA (Gupta et al., 2017; Guo et al., 2021). The SA mechanism in abiotic stress tolerance, on the other hand, is mostly unexplored and requires further study.



Cytokinins

Plant growth and development is regulated by cytokinins (CKs) (Li et al., 2021). Abiotic stressors, such as salinity and drought, are also a part of their repertoire. They’re also crucial for crop attributes like yield and stress tolerance (He et al., 2018). CKs are likewise abscisic acid antagonists and help seeds come out of dormancy. Reduced CK enhances apical dominance, which aids in drought stress tolerance (Wani et al., 2016).



Jasmonates

Jasmonates (JAs) are multifunctional phytohormones that arise from the metabolism of membrane fatty acids and are found in a variety of plant species (Singh et al., 2021). Fruiting, blooming, senescence, and secondary metabolism are all processes in which JAs play an important role (Arnao and Hernández-Ruiz, 2020). Salinity, drought, irradiation, and low temperature are all biotic and abiotic stress responses that JAs are engaged in Wang et al. (2021). Exogenous methyl jasmonate (MeJA) concentrations reduce salinity stress symptoms (Taheri et al., 2020). Under salt stress, endogenous levels of JA are also elevated in roots (Ryu and Cho, 2015). Heavy metal stress is also reduced by JA levels because it activates the antioxidant machinery (Jan et al., 2019). MeJA accumulates phytochelatins, which confers resistance to Cu and Cd toxicity (Pál et al., 2018; Romero-Puertas et al., 2019).



Ethylene

Ethylene (ET) is a gaseous phytohormone that regulates plant growth and development, such as flower senescence, fruit ripening, and petal and leaf abscission, as well as stress responses (Kolbert et al., 2019; Kućko et al., 2022). Sadenosyllmethionine and the cyclic amino acid ACC are used to start ethylene production from methionine. Sadenosyllmethionine is converted to ACC by ACC synthase, whereas ACC oxidase catalyzes the conversion of ACC to ET by ACC oxidase. Endogenous ethylene levels in plants are affected by a variety of abiotic stressors. Stress tolerance is improved when ET levels are higher (Jha et al., 2021; Li et al., 2022). Ethylene, in combination with other hormones such as jasmonates and salicylic acid, regulates plant defense against biotic stress factors (Kumari and Singh, 2022). Plant growth and development may be regulated by a combination of ethylene and abscisic acid (Schaller, 2012; Iqbal et al., 2022).



Gibberellins

Gibberellins (GAs) are carboxylic acids that have the potential to control plant growth and development (Fàbregas and Fernie, 2022). Leaf expansion, seed germination, stem elongation, flower development, and trichome initiation are all favorably regulated by them (Tamhane et al., 2012). They’re also significant in abiotic stress tolerance, such as osmotic stress (Mujtaba et al., 2021). GAs have the potential to interact with other hormones and influence a variety of developmental processes (Xie et al., 2019; Fenn and Giovannoni, 2021). Both negative and positive regulatory roles may be involved in these interactions (Castorina and Consonni, 2020; Li J. et al., 2020).



Brassinosteroids

Brassinosteroids (BRs) are polyhydroxy steroidal phytohormones that govern root and stem growth, as well as flower initiation and development in plants (Basit et al., 2021; Manghwar et al., 2022). Brassica napus was the source of the first BRs. The most bioactive BRs often employed in physiological research are brassinolide, 24-epibrassinolide, and 28-homobrassinolide (Brosa, 2020). Pollen, fruits, vascular cambium, seeds, leaves, roots, and shoots all contain these (Ali, 2019). Chilling, high temperatures, soil salinity, drought, light, floods, and organic contaminants are all examples of abiotic stress responses that BRs play a part in Wani et al. (2016), Bhuyan et al. (2020), Hossain et al. (2022).



Strigolactones

Strigolactones (SLs) are carotenoid-derived chemicals that are generated in tiny amounts in roots or manufactured by a variety of plant species (Bhoi et al., 2021). Root architecture and development are influenced by SLs (Marquez-Garcia et al., 2014; Jiu et al., 2022). They can be employed to stimulate parasitic plant seed germination by promoting nodulation during interaction activities (Kapulnik and Koltai, 2014). In addition, SLs have a role in biotic and abiotic reactions (Aliche et al., 2020; Rehman et al., 2021; Brewer, 2022).




CROSSTALK BETWEEN DIFFERENT METABOLIC PATHWAYS OF PLANT DEFENSE SYSTEM


Battle of Metabolites of Lipoxygenase Pathway Hormones Against Stress

In the lipoxygenase pathway lipoxygenase was described as an enzyme that oxidizes fatty acids in 1932, but the molecular and functional characterization of these enzymes began in the mid-1990s when jasmonic acid (JA) was one of the basic products of the LOX pathway, has been discovered and studied in the regulation of plant physical and biochemical processes related to stress tolerance (Bajguz and Hayat, 2009; Suardiaz et al., 2016). Lipoxygenase family of the plants catalyzes the regio- and stereospecific adding of molecular oxygen into 1,4-cis, cis-pentadiene remains of linoleic acid, linolenic acid and alpha-linolenic acid (Heshof, 2015). The hydroperoxide product obtained by this process contains a conjugated cis-trans complex which is produced by migration of a double bond during the catalytic cycle. The oxidation of linoleic acid is the first part of the branched enzyme cascade, which results in the production of biologically active compounds, oxylipins (Schaich, 2013). They are involved in the response of plant organisms to abiotic and biotic stress effects, the regulation of senescence and aging and apoptosis. The substrate of lipoxygenase is a free polyunsaturated fatty acid whose content increases after stress (Babenko et al., 2017). Among the components involved in the formation of adaptive responses, compounds in the Lipoxygenase pathway (LOX pathway) oxidized by polyunsaturated fatty acids (PUFAs) play an important role in the main features of the signaling system: perception, conversion and improvement of the signal and expression (La Camera et al., 2004). Metabolites of the LOX pathway of defense genes, i.e., oxylipins interact with other signaling pathways in plant cells, including the signaling pathways of Phytohormones, gibberellin, ethylene, abscisic acid (ABA) and salicylic acid (SA) (Zhang et al., 2016).

Many studies have revealed that LOX activity upsurges with mechanical injury, ozone effects, hyperthermia, inducers, or elicitors, etc. LOX metabolism is enhanced by the activation of transcription of genes encoding various enzymes. There is adequate information to undertake that the lipoxygenase pathway of transformation of membranous lipids is a pathway which has independent signaling (Rouzer and Marnett, 2011). Like other signaling systems, the major interaction between signaling signals and plasma membrane receptors activates membrane-bound proteins that provide signaling along the signaling pathway. The signal of the lipoxygenase circuit is enhanced by an autocatalytic cycle including calmodulin ions and calcium (Parekh, 2008). The hydroperoxides produced in the plasma membrane (Plasmolemma) from linoleate and linolenat transport calcium ions (Ca2+) from the outside to the inside of the cell (Blokhina et al., 2003). Rise in the concentration of cytosolic calcium ions results in the activation of phospholipase A and the release of polyamine fatty acids (PUFA) from the phospholipid (Kacperska, 2004). In general, LOX, a key enzyme in the cascade, regulates LOX gene expression through cascade end products. Intermediate and final LOX metabolism products can activate protein kinases, send signals, and transduce them (Barenstrauch, 2018). Oxylipins induces the formation of proteins and enzymes as well as plant antibiotics involved in detoxification in the presence of pathogens. The oxylipins family contains jasmonic acid and its direct precursor, 12-oxo-plant dienoic acid (OPDA), formed enzymatically and subjected to various stresses, including wounds and pathogens (Grun et al., 2007). Although the molecular mechanisms of oxylipins gene activation have not been well studied, available data indicate that these compounds can express protein genes involved in the formation of stress tolerance in plants (Barenstrauch, 2018; Figure 7).
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FIGURE 7. How defense mechanism activates in plants in response to abiotic and biotic stress.


These both prompt the synthesis of protease inhibitors and participate in the release and accumulation of alkaloids, providing selective inhibition of polypeptide synthesis. The synthetic jasmonic acid (JA), which produces the formation of reactive oxygen species and stimulates certain protective compounds associated with pathogenesis, induces resistance to plant diseases. JA has been shown to be involved in signaling the surface of infected cells to the nucleus and between cells, which has promoted the expression of protective genes. Wherever it’s the situation of stress Jasmonic acid reaction or response is controlled by JASMONATE-ZIM-DOMAIN (JAZ) repressor, which is a set of protein. These repressors act together with F box protein CI1 which is a fundamental part of skp-Cullin-F box complex involved in co-reception of biologically active Jasmonic acid (JA-Ile) (Yang et al., 2007; Chung et al., 2008). When plants are mechanically damaged, abscisic acid (ABA) also appears to have a positive effect on LOX activity. Exogenous ABA has been shown to stimulate lipoxygenase activity, activate peroxide oxidation of membrane lipids, and contribute to tolerance when rice leaves are injured. A positive correlation between ABA concentration and LOX transcript content is revealed in water-stressed plants. Mechanical injuries cause LOX activity and ABA and JA levels increase (Hassanein et al., 2009). Generally, salicylic acid is responsible for local and systemic defense response for biotrophic pathogens as well as systemic acquired resistance (SAR), While ethylene and jasmonic acid mediate responses to necrotrophs (Durrant and Dong, 2004; Glazebrook, 2005). Salicylic acid, jasmonic acid and ethylene also crosstalk antagonistically or synergistically with eachother among pathways (Spoel et al., 2007). The initial actions of plant adaptation to environmental stress are stress signal detection and consequent signal transduction by ABA-dependent or ABA-independent pathways leading to the activation of several physiological and metabolic responses. ABA phytohormone is a central regulator of abiotic stress, particularly plant resistance to drought, and coordinates complex genetic regulatory networks to allow plants to cope with reduced water use (Cutler et al., 2010). ABA-dependent signaling systems have been described as pathways involved in stress adaptation by inducing at least two distinct regulons (a set of genes controlled by a definite TF). One of which is AREB/ABF (ABA responsive element binding protein/ABA binding factor) and second one is MYC (myeloid cell oncogene)/MYB (oncogenic myeloblastosis) regulon (Shinozaki and Yamaguchi-Shinozaki, 2000). Salicylic acid is an early signaling molecule in the temperature-stress response. This is important for a variety of reasons. Salicylic acid plays a fundamental role in the systemic acquired resistance to pathogens such as bacteria, fungi, and viruses (Schmelz et al., 2003), and the increase in salicylic acid levels is positively correlated with the level of resistance to pathogens in plants. It has been demonstrated that exogenous application of salicylic acid or acetylsalicylate improves tolerance against heat (Heil and Bostock, 2002).

In addition, many biologically active oxylipins are formed non-enzymatically by the action of reactive oxygen species (ROS), which also accumulate in response to infection by a pathogen, heavy metals, and other stress (Farmer and Davoine, 2007). It is increasingly evident that non-enzymatically formed oxylipins, including hydroxylated fatty acids and phytoprostans, have also been shown to activate the expression of stress response genes, thus enhancing protection against subsequent oxidative stress (Sattler et al., 2006). Physiologically active oxylipins which are called traumatic acid and traumatin are also capable of inducing division of cells and callus formation on impaired or damaged sites (Sattler et al., 2014). Another stress tolerant hormone is brassinosteroids which are plant specific phytohormones and they are very significant because of their multipurpose roles in plants. Many studies have been reported on the capability of brassinosteroids for improving stress tolerance (Wani et al., 2016). But their principal mechanisms of action are still mysterious. This may be due to the integration of brassinosteroid indications into many other signal networks related to stress moderation (Divi et al., 2016).



Role of PR Proteins in Attaining Stress Tolerance

In reaction to attacking pathogens or stress, the creation and accretion of pathogenic proteins in plants is so essential. Phytoalexins are primarily manufactured by healthy cells nearby to locally injured and necrotic cells, but pathogen related proteins (PR proteins) mount up locally in damaged and surrounding tissues as well as in remote non-infected tissues (Heil and Bostock, 2002). In uninfected parts of the plant the production of PR proteins of the plant prevents additional infection of the affected plants. The PR protein in plants has been discovered and reported for the first time in plants of tobacco which are infected with tobacco mosaic virus. These PR proteins were found in many other plants after that (Yalpani et al., 1991). Most of the PR proteins found in plants are soluble in acid, have low molecular weight and are protease resistant. Based on isoelectric point PR proteins could be acidic or basic proteins, but they are similar in function (Ebrahim et al., 2011). Presently, PR proteins are classified into 17 families according to their nature and function, comprising β-1,3-glucanase, chitinase, thaumain-like protein, peroxidases and ribosome interacting proteins, defenses, thionins, non-specific lipid transfer proteins, oxalate oxidase and oxalate oxidase proteins. Among these PR proteins, chitinase and β-1,3-glucanase are two important hydrolases, which are found abundantly in numerous plant species after being infected with different kinds of pathogens (Van Loon et al., 2006).

Several pathogens pass this first defense obstacle, and they must have another means of defense against these pathogens. Likewise, defense mechanism is constituted by pathogen-induced defense reactions, which include allergic reactions followed by reactive oxygen species, cross-linking of cell wall, production of antibiotic molecules such as phytoalexins and ultimately the construction of PR proteins (Van Baarlen et al., 2007). Among them, the PR protein, which is a key component of SAR, which is a inducible immune response of the plant that prevents further infection of the uninfected portion of the host. The term “PR protein” refers to a collection of different proteins induced by phytopathogenic agents as well as signaling molecules related to defense. Activation of the defense signaling pathway occurs after pathogen challenge, namely salicylic acid and jasmonic acid, which leads to PR protein accumulation (Xu et al., 1994). This minimizes pathogen capacity or disease attack in uninfected plant organs. There are two kinds of pathogens, biological and dead nutrients, the first to activate the salicylic acid pathway, which excites the transcription of NPR1 (a non-gene 1 expression associated with the pathogen), which leads to activation and accumulation. The salicylic acid signature genes (PR1, PR2, and PR5) locally and systemically generate systemic acquired resistance (SAR). The second dead tropical pathogen stimulates the jasmonic acid pathway to induce activation of jasmonic acid signature genes (PR3, PR4, and PR12) and causes to local accretion of its products, thus providing only locally acquired resistance (LAR) (Gruner et al., 2013).

SAR offers increased resistance to variety of pathogens (Fu and Dong, 2013). In addition, PR proteins are broadly disseminated in plant domains and are found in all organs of the plant that are especially rich in leaves and form 5 to 10% of the total leaf protein (Van Loon et al., 1994). These proteins have been effectively separated from different types of the plant affiliated to various families (Takeda, 1991). Based on the biochemical characteristics, PR proteins vary greatly from one another. They are normally low molecular weight proteins of around 6 to 43 kDa, are thermostable, resistant to protease and stay soluble at low pH (Van Loon et al., 1994).

PR proteins categorized into two subgroups, an acid PR protein that is normally secreted in the extracellular space and a second subgroup is a simple PR protein that is usually transported in the vacuole by means of a signal sequence at the C-terminal end (Takeda, 1991). Proteins associated with pathogenesis store mainly in the apoplastic domain, but they are also vacuolar (Van Loon et al., 1994). Transcriptomic studies showed that the PR gene is strongly provoked by abiotic and biotic stresses, making it one of the best nominees for the development of various varieties of stress tolerant crops (Sreenivasulu et al., 2007; Atkinson and Urwin, 2012). There are two means of plant immunity: immunity triggered by a pathogen-associated molecular pattern and effector-triggered immunity (ETI). Pathogen-associated molecular models (PAMPs) typically consist of microbial or pathogenic structures, such as flagellin, lipopolysaccharide, and fungal cell wall constituents (chitin and dextran), referred to as plant recognition receptors (PRRs). Body recognition also activates PTI (pattern triggered immunity) (Zipfel and Felix, 2005). Contrarily, microbial pathogens secrete effector proteins, recognized by a specific set of resistance proteins (R), that arouse the activation of induced defense responses, named ETIs (Effector triggered immunity) (Dangl and Jones, 2001).

These effector proteins are main components of the virulence of fungal pathogens for plants and are mostly important in the biological nutrition stage of infection (Sonah et al., 2016). Though, the importance of PR proteins in plant-pathogen communications has been extensively recognized and an increasing number of established pathogenic effector proteins intermingle directly with PR proteins during infection (Breen et al., 2017). The complication and effectiveness of plant defense systems against pathogen attacks differ among plant species (Jones and Dangl, 2006).

There are some PR proteins which are alleged antimicrobial peptides. Those are cysteine rich molecules that have antimicrobial activity. AMP is abundant in nature and is a significant element of host defense contrary to various and pests and microbial pathogens, from microorganisms to dissimilar biological forms of plants (Lemaitre and Hoffmann, 2007; Figure 8).
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FIGURE 8. Effect of abiotic stress on plant’s normal physiological functions, activation of phytohormones and response of plant to stress: Story of stress tolerance in plants.




An Overview of Some Vital Metabolites Associated With Plant Stress Tolerance

Based on existing information and knowledge of signaling pathways of stress, any universal trail for abiotic stress can be separated into the succeeding main stages: such as signal perception leading to signal transduction then expression of stress response genes, and activation physiological and metabolic response. During this procedure, firstly plant cells perceive stress stimuli through receptors or sensors present in the cell wall or cell membrane.

The apprehended extracellular signs are then transformed into intracellular signals by a second messenger, comprising calcium ions (Ca+2), inositol triphosphate (IP3), reactive oxygen species (ROS), cyclic nucleotides, i.e., cAMP and GMP, sugars and nitric oxide.

The corresponding signaling pathway initiate by second messenger to transduce the signal (Bhargava and Sawant, 2013). Phosphorylation is mediated by protein kinases and dephosphorylation is mediated by phosphatases in most of the pathways of signal transduction. Many different kinds of metabolites such as all compatible solutes especially glycine betaine and proline, antioxidants both enzymatic and non-enzymatic (for example glutathione, tocopherol, ascorbic acid, phenol, superoxide dismutase), polyamines (putrescine, spermidine, spermine), lipoxygenases including oxylipins, jasmonic acid, abscisic acid, methyl jasmonate, salicylic acid, ethylene, brassinosteroids, traumatin get activated in response to enhanced production of ROS work together by cross linking each other to overcome stress caused by biotic and abiotic factors. PR proteins come in action in case of pathogenic attack ad these are stimulated by hormones such as jasmonic acid and salicylic acid.

This eventually activates SAR (systemic acquired resistance) and results in provoking immunity in plants. Ashraf and Foolad (2007), Takahashi and Kakehi (2010), Peleg and Blumwald (2011), Huang et al. (2012), Puranik et al. (2012) and a cascade of regulatory mechanism starts; resulting which transcription factors (TF) get triggered. In addition, they muddle specifically to cis elements in the promoter of stress-sensitive genes and regulate their transcription (Dhanush et al., 2015). At the same time, the transcription factors themselves are up regulated by other upstream components at the transcriptional level and various post-transcriptional modifications like ubiquitination and sumolylation form a complex network of regulators to regulate the expression of the stress response genes which in turn determines stimulation of physiological and metabolic reactions (Mizoi and Yamaguchi-Shinozaki, 2013).

Phytoalexins and PR proteins are produced specially in case of biotic stress such as pathogen attack which leads to SAR (systemic acquired response) pathway and ultimately activation of transcription factors and thus stress tolerance occurs by expression of stress response genes. All the above components, from the most important downstream functional gene receptors, are a versatile pathway for stress signaling in plants (Table 3).


TABLE 3. Enhancement of secondary metabolites under stress to cope with stressed conditions in plants.
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MOLECULAR PROSPECTS OF ROLE OF METABOLITES IN PLANT STRESS TOLERANCE

Adverse conditions in the natural world are always a result of a mix of stressors which include water limitation, high temperature or irradiation and high osmolality etc. This is why determining which stress component is responsible for eliciting a certain physiological response is usually challenging. Researchers have historically subjected plants to a single stress factor under carefully controlled settings while keeping the rest of the parameters at optimal values, therefore, ignoring their impact to physiological responses (Chaves et al., 2009). Plants physiological responses to environmental signals include changes not just in transcription but also in post-translational protein modifications and metabolite alteration and/or accumulation, all of which contribute to a specific physiological response or phenotype (Verslues et al., 2006; Sami et al., 2018). Stress physiological responses in plants are geared toward stress tolerance, sensitivity, or avoidance (Cattivelli et al., 2008; Baldoni, 2022). A unique gene expression profile determines the actual metabolite composition of certain plant species. Precursors and intermediates are funneled into a bioactive molecule when a metabolic pathway is triggered, such as an antioxidant, a signaling agent, a cell structure biosynthesis step, or even a storage component. Other chemicals (signaling molecules like plant hormones) or intermediates that can feedback activate or inactivate other metabolic pathways can control the synthesis of these compounds (Kerchev et al., 2012; Wishart, 2019).

It is difficult to find molecular features that differ in response to stressors. Metabolic profiling might be used to describe molecular attributes involved in stress response, which would be useful for breeding efforts (Bueno and Lopes, 2020). Certainly, metabolomics is a useful tool for finding biological or physiological reactions to environmental changes, especially when used in conjunction with other ‘omics’ methods like transcriptomics and proteomics (Amiour et al., 2012; Carrera et al., 2021). In plants under abiotic stress, metabolomics is utilized to detect and/or quantify main and secondary stress-responsive compounds (Isah, 2019). To study metabolic reprogramming in plants under abiotic stress, two primary techniques, i.e., non-targeted and targeted are utilized (Mishra et al., 2015; Mashabela et al., 2022). Non-targeted metabolomics give a broad picture of the most abundant metabolites in plants under a variety of stress conditions. Under varied environmental conditions, targeted metabolomics identify, assess, and analyze known compounds in plants (Van Meulebroek et al., 2016; Feng et al., 2022).



CONCLUSION

Over the past few years, the understanding of the importance of metabolic adjustment in plants under adverse environmental conditions has improved dramatically. Stress tolerance in plants through natural means is a very complicated process which involves networking among multiple metabolites of various metabolic pathways. The analysis of metabolic adjustment and transgenic methods for plants with altered levels of tolerance of the stress provides important additional evidence to improve understanding of the role of unalike metabolites involved in adapting to challenging situations. Major metabolites involved in battling against environmental stresses are glutathione, tocopherol, ascorbic acid, phenolics, superoxide dismutase, glycine betaine, proline, putrescine, spermidine, spermine, oxylipins and its derivatives such as jasmonic acid, methyl jasmonate and other hormones like salicylic acid, brassinosteroids, ethylene, the involvement of traumatin also cannot be denied in this regard. PR proteins also play important role on combating biotic stresses. The review focuses on the regulatory mechanisms of vital metabolites associated with plant resistance under adverse conditions. It also explores the cross-talk between different metabolic pathways which are mainly regulated due to stress-induced changes in plant defense system.



FUTURE PROSPECTIVE

Despite these important advances, a number of problems still need to be resolved, such as, the developmental stage of plant and cellular metabolism during development directly associated with plant stress response during unfavorable conditions. Hence, it would be remarkable to examine how different developmental phases of plants affect the metabolic regulation under stress conditions. Non-etheless, it is also necessary to dissect stress response mechanisms by identifying the main regulatory factors associated with stress tolerance in stress-resistant genetically engineered plants.



AUTHOR CONTRIBUTIONS

AH, BM, SN, SI, and MK: conceptualization. DC, BM, MS, and GD: methodology. GD and MK: software. AH: validation. BM: formal analysis. AH, AA, BM, SN, SI, and MK: investigation. DC, MS, and GD: resources. MR, MA, AE-S, HE, and EM: data curation. BM, AH, SN, MK, and SI: writing—original draft preparation. DC, MS, GD, MR, MA, AA, AE-S, HE, and EM: review and editing. SN and MK: supervision. AH, BM, SN, and MK: project administration. All authors have read and agreed to the published version of the manuscript, and publishing consent.



FUNDING

The authors appreciate the Long Dong Normal University Doctoral Science Foundation (Grant No. XYBYZK2108), for providing funds support for the publication of this review of literature.



ACKNOWLEDGMENTS

Special thanks are extended to two reviewers for providing critical comments and suggestions that have helped in improving the review article.



REFERENCES

Abass, S. M., and Mohamed, H. I. (2011). Alleviation of adverse effects of drought stress on common bean (Phaseolus vulgaris L.) by exogenous application of hydrogen peroxide. Bangladesh J. Bot. 40, 75–83. doi: 10.3329/bjb.v40i1.8001

Aertsen, A., and Michiels, C. W. (2004). Stress and how bacteria cope with death and survival. Crit. Rev. Microbiol. 30, 263–273. doi: 10.1080/10408410490884757

Agami, R. A. (2014). Applications of ascorbic acid or proline increase resistance to salt stress in barley seedlings. Biol. Plant. 58, 341–347. doi: 10.1007/s10535-014-0392-y

Aggarwal, M., Sharma, S., Kaur, N., Pathania, D., Bhandhari, K., Kaushal, N., et al. (2011). Exogenous proline application reduces phytotoxic effects of selenium by minimising oxidative stress and improves growth in bean (Phaseolus vulgaris L.) seedlings. Biol. Trace Elem. Res. 140, 354–367. doi: 10.1007/s12011-010-8699-9

Ahmad, F., Singh, A., and Kamal, A. (2019). “Salicylic acid–mediated defense mechanisms to abiotic stress tolerance,” in Plant Signaling Molecules, eds M. I. R. Khan, P. S. Reddy, A. Ferrante, and N. A. Khan (Amsterdam: Elsevier).

Ahmad, P., Jaleel, C. A., Salem, M. A., Nabi, G., and Sharma, S. (2010). Roles of enzymatic and nonenzymatic antioxidants in plants during abiotic stress. Crit. Rev. Biotechnol. 30, 161–175. doi: 10.3109/07388550903524243

Ahmed, E., Arshad, M., Khan, M. Z., Amjad, M. S., Sadaf, H. M., Riaz, I., et al. (2017). Secondary metabolites and their multidimensional prospective in plant life. J. Pharmacogn. Phytochem. 6, 205–214.

Ahuja, I., de Vos, R. C., Bones, A. M., and Hall, R. D. (2010). Plant molecular stress responses face climate change. Trends Plant Sci. 15, 664–674. doi: 10.1016/j.tplants.2010.08.002

Ahuja, I., Rohloff, J., and Bones, A. M. (2011). “Defence mechanisms of Brassicaceae: implications for plant-insect interactions and potential for integrated pest management,” in Sustainable Agriculture, Vol. 2, eds E. Lichtfouse, M. Hamelin, M. Navarrete, and P. Debaeke (Dordrecht: Springer), 623–670. doi: 10.1007/978-94-007-0394-0_28

Aimon, S., Manzi, J., Schmidt, D., Larrosa, J. A. P., Bassereau, P., and Toombes, G. E. (2011). Functional reconstitution of a voltage-gated potassium channel in giant unilamellar vesicles. PLoS One 6:e25529. doi: 10.1371/journal.pone.0025529

Akram, N. A., Shafiq, F., and Ashraf, M. (2017). Ascorbic acid-a potential oxidant scavenger and its role in plant development and abiotic stress tolerance. Front. Plant Sci. 8:613. doi: 10.3389/fpls.2017.00613

Alamri, S. A. D., Siddiqui, M. H., Al-Khaishany, M. Y., Ali, H. M., Al-Amri, A., and AlRabiah, H. K. (2018). Exogenous application of salicylic acid improves tolerance of wheat plants to lead stress. Adv. Agric. Sci. 6, 25–35.

Alcázar, R., Altabella, T., Marco, F., Bortolotti, C., Reymond, M., Koncz, C., et al. (2010). Polyamines: molecules with regulatory functions in plant abiotic stress tolerance. Planta 231, 1237–1249. doi: 10.1007/s00425-010-1130-0

Alcázar, R., Marco, F., Cuevas, J. C., Patron, M., Ferrando, A., Carrasco, P., et al. (2006). Involvement of polyamines in plant response to abiotic stress. Biotechnol. Lett. 28, 1867–1876. doi: 10.1007/s10529-006-9179-3

Ali, B. (2019). “Brassinosteroids: the promising plant growth regulators in horticulture,” in Brassinosteroids: Plant Growth and Development, eds S. Hayat, M. Yusuf, R. Bhardwaj, and A. Bajguz (Singapore: Springer).

Ali, E., Hussain, S., Hussain, N., Kakar, K. U., Shah, J. M., Zaidi, S. H. R., et al. (2022). Tocopherol as plant protector: an overview of tocopherol biosynthesis enzymes and their role as antioxidant and signaling molecules. Acta Physiol. Plant. 44:20.

Ali, M., Afzal, S., Parveen, A., Kamran, M., Javed, M. R., Abbasi, G. H., et al. (2021). Silicon mediated improvement in the growth and ion homeostasis by decreasing Na+ uptake in maize (Zea mays L.) cultivars exposed to salinity stress. Plant Physiol. Biochem. 158, 208–218. doi: 10.1016/j.plaphy.2020.10.040

Aliche, E. B., Screpanti, C., De Mesmaeker, A., Munnik, T., and Bouwmeester, H. J. (2020). Science and application of strigolactones. New Phytol. 227, 1001–1011. doi: 10.1111/nph.16489

Alscher, R. G., Erturk, N., and Heath, L. S. (2002). Role of superoxide dismutases (SODs) in controlling oxidative stress in plants. J. Exp. Bot. 53, 1331–1341. doi: 10.1093/jexbot/53.372.1331

Amiour, N., Imbaud, S., Clément, G., Agier, N., Zivy, M., Valot, B., et al. (2012). The use of metabolomics integrated with transcriptomic and proteomic studies for identifying key steps involved in the control of nitrogen metabolism in crops such as maize. J. Exp. Bot. 63, 5017–5033. doi: 10.1093/jxb/ers186

Anik, S. I., Kabir, M. H., and Ray, S. (2012). “Climate change and food security,” in Elusive Progress: State of Food Security in Bangladesh, ed. R. Al Mahmud Titumir (Dhaka: Shrabon Prokashani).

Anjum, N. A., Gill, S. S., Corpas, F. J. Ortega-Villasante, C., Hernandez, L. E., Tuteja, N., et al. (2022). Editorial: recent insights into the double role of hydrogen peroxide in plants. Front. Plant Sci. 13:843274. doi: 10.3389/fpls.2022.843274

Annunziata, M. G., Ciarmiello, L. F., Woodrow, P., Dell’Aversana, E., and Carillo, P. (2019). Spatial and temporal profile of glycine betaine accumulation in plants under abiotic stresses. Front. Plant Sci. 10:230. doi: 10.3389/fpls.2019.00230

Arnao, M., and Hernández-Ruiz, J. (2020). Melatonin in flowering, fruit set and fruit ripening. Plant Reprod. 33, 77–87. doi: 10.1007/s00497-020-00388-8

Ashraf, M., and Foolad, M. (2007). Roles of glycine betaine and proline in improving plant abiotic stress resistance. Environ. Exp. Bot. 59, 206–216. doi: 10.1016/j.envexpbot.2005.12.006

Atkinson, N. J., and Urwin, P. E. (2012). The interaction of plant biotic and abiotic stresses: from genes to the field. J. Exp. Bot. 63, 3523–3543. doi: 10.1093/jxb/ers100

Babenko, L. M., Shcherbatiuk, M. M., Skaterna, T. D., and Kosakivska, I. V. (2017). Lipoxygenases and their metabolites in formation of plant stress tolerance. Ukr. Biochem. J. 89, 5–21. doi: 10.15407/ubj89.01.005

Badawi, G. H., Yamauchi, Y., Shimada, E., Sasaki, R., Kawano, N., Tanaka, K., et al. (2004). Enhanced tolerance to salt stress and water deficit by overexpressing superoxide dismutase in tobacco (Nicotiana tabacum) chloroplasts. Plant Sci. 166, 919–928. doi: 10.1016/j.plantsci.2003.12.007

Bajguz, A., and Hayat, S. (2009). Effects of brassinosteroids on the plant responses to environmental stresses. Plant Physiol. Biochem. 47, 1–8. doi: 10.1016/j.plaphy.2008.10.002

Baldoni, E. (2022). Improving drought tolerance: can comparative transcriptomics support strategic rice breeding? Plant Stress 3:100058. doi: 10.1016/j.stress.2022.100058

Ballhorn, D. J. (2011). Constraints of simultaneous resistance to a fungal pathogen and an insect herbivore in lima bean (Phaseolus lunatus L.). J. Chem. Ecol. 37, 141–144. doi: 10.1007/s10886-010-9905-0

Barenstrauch, M. (2018). Characterization of Oxylipin Signaling in the Chemical Interaction Between the Endophyte Paraconiothyrium variabile and the Phytopathogen Fusarium oxysporum. Doctoral dissertation. Paris: Museum National D’histoire Naturelle-MNHN.

Basit, F., Liu, J., An, J., Chen, M., He, C., Zhu, X., et al. (2021). Brassinosteroids as a multidimensional regulator of plant physiological and molecular responses under various environmental stresses. Environ. Sci. Pollut. Res. 28, 44768–44779. doi: 10.1007/s11356-021-15087-8

Begum, N., Qin, C., Ahanger, M. A., Raza, S., Khan, M. I., Ashraf, M., et al. (2019). Role of arbuscular mycorrhizal fungi in plant growth regulation: implications in abiotic stress tolerance. Front. Plant Sci. 10:1068. doi: 10.3389/fpls.2019.01068

Bhargava, S., and Sawant, K. (2013). Drought stress adaptation: metabolic adjustment and regulation of gene expression. Plant Breed. 132, 21–32. doi: 10.1111/pbr.12004

Bhoi, A., Yadu, B., Chandra, J., and Keshavkant, S. (2021). Contribution of strigolactone in plant physiology, hormonal interaction and abiotic stresses. Planta 254:28. doi: 10.1007/s00425-021-03678-1

Bhuyan, M., Hasanuzzaman, M., Parvin, K., Mohsin, S. M., Al Mahmud, J., Nahar, K., et al. (2020). Nitric oxide and hydrogen sulfide: two intimate collaborators regulating plant defense against abiotic stress. Plant Growth Regul. 90, 409–424. doi: 10.1007/s10725-020-00594-4

Bieniasz, P. D. (2004). Intrinsic immunity: a front-line defense against viral attack. Nat. Immunol. 5, 1109–1115. doi: 10.1038/ni1125

Bitrián, M., Zarza, X., Altabella, T., Tiburcio, A. F., and Alcázar, R. (2012). Polyamines under abiotic stress: metabolic crossroads and hormonal crosstalks in plants. Metabolites 2, 516–528. doi: 10.3390/metabo2030516

Blokhina, O., Virolainen, E., and Fagerstedt, K. V. (2003). Antioxidants, oxidative damage and oxygen deprivation stress: a review. Ann. Bot. 91, 179–194. doi: 10.1093/aob/mcf118

Boguszewska, D., and Zagdańska, B. (2012). “ROS as signaling molecules and enzymes of plant response to unfavorable environmental conditions,” in Oxidative Stress–Molecular Mechanisms and Biological Effects, eds V. Lushchak and H. M. Semchyshyn (Rijeka: InTech), 341–362.

Bolda, V. V., Botau, D., Szôllôsi, R., Petô, A., Gallé, A., and Tari, I. (2011). Studies on elemental composition and antioxidant capacity in callus cultures and native plants of Vaccinium myrtillus L. local populations. Acta Biol. Szeged. 55, 255–259.

Bourot, S., Sire, O., Trautwetter, A., Touzé, T., Wu, L. F., Blanco, C., et al. (2000). Glycine betaine-assisted protein folding in a lysA mutant of Escherichia coli. J. Biol. Chem. 275, 1050–1056. doi: 10.1074/jbc.275.2.1050

Bowne, J. B., Erwin, T. A., Juttner, J., Schnurbusch, T., Langridge, P., Bacic, A., et al. (2012). Drought responses of leaf tissues from wheat cultivars of differing drought tolerance at the metabolite level. Mol. Plant 5, 418–429. doi: 10.1093/mp/ssr114

Breen, S., Williams, S. J., Outram, M., Kobe, B., and Solomon, P. S. (2017). Emerging insights into the functions of pathogenesis-related protein 1. Trends Plant Sci. 22, 871–879. doi: 10.1016/j.tplants.2017.06.013

Brewer, P. B. (2022). “Emerging roles of Strigolactones in plant responses toward biotic stress,” in Emerging Plant Growth Regulators in Agriculture (Cambridge, MA: Academic Press), 205–214.

Brosa, C. (2020). “Biological effects of brassinosteroids,” in Biochemistry and Function of Sterols, eds E. J. Parish and D. Nes (Boca Raton, FL: CRC Press), 201–220. doi: 10.1080/10409239991209345

Bueno, P. C., and Lopes, N. P. (2020). Metabolomics to characterize adaptive and signaling responses in legume crops under abiotic stresses. ACS Omega 5, 1752–1763. doi: 10.1021/acsomega.9b03668

Bybordi, A. (2012). Effect of ascorbic acid and silicium on photosynthesis, antioxidant enzyme activity, and fatty acid contents in canola exposure to salt stress. J. Integr. Agric. 11, 1610–1620. doi: 10.1016/s2095-3119(12)60164-6

Cakir, R., and Cebi, U. (2010). The effect of irrigation scheduling and water stress on the maturity and chemical composition of Virginia tobacco leaf. Field Crops Res. 119, 269–276. doi: 10.1016/j.fcr.2010.07.017

Carrera, F. P., Noceda, C., Maridueña-Zavala, M. G., and Cevallos-Cevallos, J. M. (2021). Metabolomics, a powerful tool for understanding plant abiotic stress. Agronomy 11:824. doi: 10.3390/agronomy11050824

Casanova-Sáez, R., Mateo-Bonmatí, E., and Ljung, K. (2021). Auxin metabolism in plants. Cold Spring Harb. Perspect. Biol. 13:a039867. doi: 10.1101/cshperspect.a039867

Castorina, G., and Consonni, G. (2020). The role of brassinosteroids in controlling plant height in Poaceae: a genetic perspective. Int. J. Mol. Sci. 21:1191. doi: 10.3390/ijms21041191

Cattivelli, L., Rizza, F., Badeck, F. W., Mazzucotelli, E., Mastrangelo, A. M., Francia, E., et al. (2008). Drought tolerance improvement in crop plants: an integrated view from breeding to genomics. Field Crops Res. 105, 1–14. doi: 10.1016/j.fcr.2007.07.004

Chandran, H., Meena, M., Barupal, T., and Sharma, K. (2020). Plant tissue culture as a perpetual source for production of industrially important bioactive compounds. Biotechnol. Rep. 26:e00450. doi: 10.1016/j.btre.2020.e00450

Chaudhary, G. (2012). Pharmacological properties of Commiphora wightii arn. bhandari – an overview. Int. J. Pharm. Pharm. Sci. 4, 73–75.

Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551–560. doi: 10.1093/aob/mcn125

Chen, T. H., and Murata, N. (2002). Enhancement of tolerance of abiotic stress by metabolic engineering of betaines and other compatible solutes. Curr. Opin. Plant Biol. 5, 250–257. doi: 10.1016/s1369-5266(02)00255-8

Chen, T. H., and Murata, N. (2008). Glycinebetaine: an effective protectant against abiotic stress in plants. Trends Plant Sci. 13, 499–505. doi: 10.1016/j.tplants.2008.06.007

Chen, T. H., and Murata, N. (2011). Glycinebetaine protects plants against abiotic stress: mechanisms and biotechnological applications. Plant Cell Environ. 34, 1–20. doi: 10.1111/j.1365-3040.2010.02232.x

Chinnusamy, V., Jagendorf, A., and Zhu, J. K. (2005). Understanding and improving salt tolerance in plants. Crop Sci. 45, 437–448. doi: 10.2135/cropsci2005.0437

Choudhary, S. P., Kanwar, M., Bhardwaj, R., Yu, J. Q., and Tran, L. S. P. (2012). Chromium stress mitigation by polyamine-brassinosteroid application involves phytohormonal and physiological strategies in Raphanus sativus L. PLoS One 7:e33210. doi: 10.1371/journal.pone.0033210

Chung, H. S., Koo, A. J., Gao, X., Jayanty, S., Thines, B., Jones, A. D., et al. (2008). Regulation and function of Arabidopsis JASMONATE ZIM-domain genes in response to wounding and herbivory. Plant Physiol. 146, 952–964. doi: 10.1104/pp.107.115691

Croteau, R., Kutchan, T. M., and Lewis, N. G. (2000). Natural products (secondary metabolites). Biochem. Mol. Biol. Plants 24, 1250–1319. doi: 10.1128/mSystems.00186-17

Cseke, L. J., Kirakosyan, A., Kaufman, P. B., Warber, S., Duke, J. A., and Brielmann, H. L. (2016). Natural Products from Plants. Boca Raton, FL: CRC press.

Cutler, S. R., Rodriguez, P. L., Finkelstein, R. R., and Abrams, S. R. (2010). Abscisic acid: emergence of a core signaling network. Annu. Rev. Plant Biol. 61, 651–679. doi: 10.1146/annurev-arplant-042809-112122

Dangl, J. L., and Jones, J. D. (2001). Plant pathogens and integrated defence responses to infection. Nature 411:826. doi: 10.1038/35081161

Dat, J., Vandenabeele, S., Vranová, E., Van Montagu, M., Inzé, D., and Van Breusegem, F. (2000). Dual action of the active oxygen species during plant stress responses. Cell. Mol. Life Sci. 57, 779–795. doi: 10.1007/s000180050041

de Campos, M. K. F., de Carvalho, K., de Souza, F. S., Marur, C. J., Pereira, L. F. P., Bespalhok Filho, J. C., et al. (2011). Drought tolerance and antioxidant enzymatic activity in transgenic ‘Swingle’citrumelo plants over-accumulating proline. Environ. Exp. Bot. 72, 242–250. doi: 10.1016/j.envexpbot.2011.03.009

Délano-Frier, J. P., Avilés-Arnaut, H., Casarrubias-Castillo, K., Casique-Arroyo, G., Castrillón-Arbeláez, P. A., Herrera-Estrella, L., et al. (2011). Transcriptomic analysis of grain amaranth (Amaranthus hypochondriacus) using 454 pyrosequencing: comparison with A. tuberculatus, expression profiling in stems and in response to biotic and abiotic stress. BMC Genomics 12:363. doi: 10.1186/1471-2164-12-363

Dhanush, D., Bett, B. K., Boone, R., Grace, D., Kinyangi, J., Lindahl, J., et al. (2015). Impact of Climate Change on African Agriculture: Focus on Pests and Diseases. Copenhagen: CGIAR Research Program on Climate Change, Agriculture and Food Security (CCAFS).

Divi, U. K., Rahman, T., and Krishna, P. (2016). Gene expression and functional analyses in brassinosteroid-mediated stress tolerance. Plant Biotechnol. J. 14, 419–432. doi: 10.1111/pbi.12396

Durrant, W. E., and Dong, X. (2004). Systemic acquired resistance. Annu. Rev. Phytopathol. 42, 185–209.

Ebrahim, S., Usha, K., and Singh, B. (2011). Pathogenesis related (PR) proteins in plant defense mechanism. Sci. Against Microb. Pathog. 2, 1043–1054.

Edreva, A., Velikova, V., Tsonev, T., Dagnon, S., Gürel, A., Aktaş, L., et al. (2008). Stress-protective role of secondary metabolites: diversity of functions and mechanisms. Gen. Appl. Plant Physiol. 34, 67–78.

El-Beltagi, H. S., Sofy, M. R., Aldaej, M. I., and Mohamed, H. I. (2020). Silicon alleviates copper toxicity in flax plants by up-regulating antioxidant defense and secondary metabolites and decreasing oxidative damage. Sustainability 12:4732. doi: 10.3390/su12114732

Etesami, H., and Jeong, B. R. (2018). Silicon (Si): review and future prospects on the action mechanisms in alleviating biotic and abiotic stresses in plants. Ecotoxicol. Environ. Saf. 147, 881–896. doi: 10.1016/j.ecoenv.2017.09.063

Fàbregas, N., and Fernie, A. R. (2022). The reliance of phytohormone biosynthesis on primary metabolite precursors. J. Plant Physiol. 268:153589. doi: 10.1016/j.jplph.2021.153589

Fabro, G., Kovács, I., Pavet, V., Szabados, L., and Alvarez, M. E. (2004). Proline accumulation and AtP5CS2 gene activation are induced by plant-pathogen incompatible interactions in Arabidopsis. Mol. Plant Microbe Interact. 17, 343–350. doi: 10.1094/MPMI.2004.17.4.343

Farmer, E. E., and Davoine, C. (2007). Reactive electrophile species. Curr. Opin. Plant Biol. 10, 380–386. doi: 10.1016/j.pbi.2007.04.019

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., and Basra, S. M. A. (2009). “Plant drought stress: effects, mechanisms and management,” in Sustainable Agriculture, eds E. Lichtfouse, M. Navarrete, P. Debaeke, S. Véronique, and C. Alberola (Dordrecht: Springer), 153–188. doi: 10.1007/978-90-481-2666-8_12

Feng, J., Zhang, M., Yang, K.-N., and Zheng, C.-X. (2020). Salicylic acid-primed defence response in octoploid strawberry ‘Benihoppe’ leaves induces resistance against Podosphaera aphanis through enhanced accumulation of proanthocyanidins and upregulation of pathogenesis-related genes. BMC Plant Biol. 20:149. doi: 10.1186/s12870-020-02353-z

Feng, X., Yu, Q., Li, B., and Kan, J. (2022). Comparative analysis of carotenoids and metabolite characteristics in discolored red pepper and normal red pepper based on non-targeted metabolomics. LWT 153:112398. doi: 10.1016/j.lwt.2021.112398

Fenn, M. A., and Giovannoni, J. J. (2021). Phytohormones in fruit development and maturation. Plant J. 105, 446–458. doi: 10.1111/tpj.15112

Fernando, V. D., and Schroeder, D. F. (2016). “Role of ABA in Arabidopsis salt, drought, and desiccation tolerance,” in Abiotic and Biotic Stress in Plants-Recent Advances and Future Perspectives, ed. A. Shanker (London: IntechOpen).

Filippou, P., Bouchagier, P., Skotti, E., and Fotopoulos, V. (2014). Proline and reactive oxygen/nitrogen species metabolism is involved in the tolerant response of the invasive plant species Ailanthus altissima to drought and salinity. Environ. Exp. Bot. 97, 1–10. doi: 10.1016/j.envexpbot.2013.09.010

Folk, J. E., Park, M. H., Chung, S. I., Schrode, J., Lester, E. P., and Cooper, H. L. (1980). Polyamines as physiological substrates for transglutaminases. J. Biol. Chem. 255, 3695–3700. doi: 10.1016/s0021-9258(19)85760-5

Fournier, A. R., Proctor, J. T., Gauthier, L., Khanizadeh, S., Belanger, A., Gosselin, A., et al. (2003). Understory light and root ginsenosides in forest-grown Panax quinquefolius. Phytochemistry 63, 777–782. doi: 10.1016/s0031-9422(03)00346-7

Foyer, C. H., and Noctor, G. (2005). Oxidant and antioxidant signalling in plants: are-evaluation of the concept of oxidative stress in a physiological context. Plant Cell Environ. 28, 1056–1107. doi: 10.1111/j.1365-3040.2005.01327.x

Fridovich, I. (1986). Superoxide dismutases. Adv. Enzymol. Relat. Areas Mol. Biol. 58, 61–97.

Fu, Z. Q., and Dong, X. (2013). Systemic acquired resistance: turning local infection into global defense. Annu. Rev. Plant Biol. 64, 839–863. doi: 10.1146/annurev-arplant-042811-105606

García-Calderón, M., Pons-Ferrer, T., Mrazova, A., Pal’ove-Balang, P., Vilkova, M., Pérez-Delgado, C. M., et al. (2015). Modulation of phenolic metabolism under stress conditions in a Lotus japonicus mutant lacking plastidic glutamine synthetase. Front. Plant Sci. 6:760. doi: 10.3389/fpls.2015.00760

Garg, N., and Manchanda, G. (2009). Role of arbuscular mycorrhizae in the alleviation of ionic, osmotic and oxidative stresses induced by salinity in Cajanus cajan (L.) Millsp.(pigeonpea). J. Agron. Crop Sci. 195, 110–123. doi: 10.1111/j.1439-037x.2008.00349.x

Gill, S. S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909–930. doi: 10.1016/j.plaphy.2010.08.016

Giordano, M., El-Nakhel, C., Caruso, G., Cozzolino, E., De Pascale, S., Kyriacou, M. C., et al. (2020). Stand-alone and combinatorial effects of plant-based biostimulants on the production and leaf quality of perennial wall rocket. Plants 9:922. doi: 10.3390/plants9070922

Glazebrook, J. (2005). Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens. Annu. Rev. Phytopathol. 43, 205–227. doi: 10.1146/annurev.phyto.43.040204.135923

Griffith, M., and Yaish, M. W. (2004). Antifreeze proteins in overwintering plants: a tale of two activities. Trends Plant Sci. 9, 399–405. doi: 10.1016/j.tplants.2004.06.007

Gruet, C., Oudot, A., Abrouk, D., Moënne-Loccoz, Y., and Muller, D. (2022). Rhizophere analysis of auxin producers harboring the phenylpyruvate decarboxylase pathway. Appl. Soil Ecol. 173:104363. doi: 10.1016/j.apsoil.2021.104363

Grun, C., Berger, S., Matthes, D., and Mueller, M. J. (2007). Early accumulation of non-enzymatically synthesised oxylipins in Arabidopsis thaliana after infection with Pseudomonas syringae. Funct. Plant Biol. 34, 65–71. doi: 10.1071/FP06205

Gruner, K., Griebel, T., Návarová, H., Attaran, E., and Zeier, J. (2013). Reprogramming of plants during systemic acquired resistance. Front. Plant Sci. 4:252. doi: 10.3389/fpls.2013.00252

Guimaraes, E., and Jueneman, E. (2008). The Global Partnership Initiative for Plant Breeding Capacity Building (GIPB). Vienna: International Atomic Energy Agency (IAEA).

Guo, Q., Li, X., Niu, L., Jameson, P. E., and Zhou, W. (2021). Transcription-associated metabolomic adjustments in maize occur during combined drought and cold stress. Plant Physiol. 186, 677–695. doi: 10.1093/plphys/kiab050

Guo, T., Zhang, G., Zhou, M., Wu, F., and Chen, J. (2004). Effects of aluminum and cadmium toxicity on growth and antioxidant enzyme activities of two barley genotypes with different Al resistance. Plant Soil 258, 241–248. doi: 10.1023/b:plso.0000016554.87519.d6

Guo, Y. Y., Tian, S. S., Liu, S. S., Wang, W. Q., and Sui, N. (2018). Energy dissipation and antioxidant enzyme system protect photosystem II of sweet sorghum under drought stress. Photosynthetica 56, 861–872. doi: 10.1007/s11099-017-0741-0

Gupta, A., Hisano, H., Hojo, Y., Matsuura, T., Ikeda, Y., Mori, I. C., et al. (2017). Global profiling of phytohormone dynamics during combined drought and pathogen stress in Arabidopsis thaliana reveals ABA and JA as major regulators. Sci. Rep. 7:4017. doi: 10.1038/s41598-017-03907-2

Hare, P. D., and Cress, W. A. (1997). Metabolic implications of stress-induced proline accumulation in plants. Plant Growth Regul. 21, 79–102.

Harinasut, P., Poonsopa, D., Roengmongkol, K., and Charoensataporn, R. (2003). Salinity effects on antioxidant enzymes in mulberry cultivar. Sci. Asia 29, 109–113.

Harwood, J. (2012). Lipids in Plants and Microbes. Dordrecht: Springer Science and Business Media.

Hasanuzzaman, M., Nahar, K., Alam, M., Roychowdhury, R., and Fujita, M. (2013). Physiological, biochemical, and molecular mechanisms of heat stress tolerance in plants. Int. J. Mol. Sci. 14, 9643–9684. doi: 10.3390/ijms14059643

Hasanuzzaman, M., Nahar, K., Anee, T. I., and Fujita, M. (2017a). Glutathione in plants: biosynthesis and physiological role in environmental stress tolerance. Physiol. Mol. Biol. Plants 23, 249–268. doi: 10.1007/s12298-017-0422-2

Hasanuzzaman, M., Nahar, K., Bhuiyan, T. F., Anee, T. I., Inafuku, M., Oku, H., et al. (2017b). “Salicylic acid: an all-rounder in regulating abiotic stress responses in plants,” in Phytohormones-Signaling Mechanisms and Crosstalk in Plant Development and Stress Responses, Vol. 16, ed. M. El-Esawi (Rijeka: InTech), 31–75.

Hassanein, R. A., Hassanein, A. A., El-din, A. B., Salama, M., and Hashem, H. A. (2009). Role of jasmonic acid and abscisic acid treatments in alleviating the adverse effects of drought stress and regulating trypsin inhibitor production in soybean plant. Aust. J. Basic Appl. Sci. 3, 904–919.

He, M., He, C.-Q., and Ding, N.-Z. (2018). Abiotic stresses: general defenses of land plants and chances for engineering multistress tolerance. Front. Plant Sci. 9:1771. doi: 10.3389/fpls.2018.01771

Heil, M., and Bostock, R. M. (2002). Induced systemic resistance (ISR) against pathogens in the context of induced plant defences. Ann. Bot. 89, 503–512. doi: 10.1093/aob/mcf076

Heshof, R. (2015). Lipoxygenase: a Game-Changing Enzyme. Doctoral dissertation. Wageningen: Wageningen University and Research.

Hoque, M. A., Banu, M. N. A., Nakamura, Y., Shimoishi, Y., and Murata, Y. (2008). Proline and glycinebetaine enhance antioxidant defense and methylglyoxal detoxification systems and reduce NaCl-induced damage in cultured tobacco cells. J. Plant Physiol. 165, 813–824. doi: 10.1016/j.jplph.2007.07.013

Hoque, M. A., Banu, M. N. A., Okuma, E., Amako, K., Nakamura, Y., Shimoishi, Y., et al. (2007). Exogenous proline and glycinebetaine increase NaCl-induced ascorbate–glutathione cycle enzyme activities, and proline improves salt tolerance more than glycinebetaine in tobacco Bright Yellow-2 suspension-cultured cells. J. Plant Physiol. 164, 1457–1468. doi: 10.1016/j.jplph.2006.10.004

Hossain, A., Pamanick, B., Venugopalan, V. K., Ibrahimova, U., Rahman, M. A., Siyal, A. L., et al. (2022). “Emerging roles of plant growth regulators for plants adaptation to abiotic stress–induced oxidative stress,” in Emerging Plant Growth Regulators in Agriculture, eds T. Aftab and M. Naeem (Amsterdam: Elsevier).

Huang, G. T., Ma, S. L., Bai, L. P., Zhang, L., Ma, H., Jia, P., et al. (2012). Signal transduction during cold, salt, and drought stresses in plants. Mol. Biol. Rep. 39, 969–987. doi: 10.1007/s11033-011-0823-1

Hummel, I., Quemmerais, F., Gouesbet, G., El Amrani, A., Frenot, Y., Hennion, F., et al. (2004). Characterization of environmental stress responses during early development of Pringleaantiscorbutica in the field at Kerguelen. New Phytol. 162, 705–715. doi: 10.1111/j.1469-8137.2004.01062.x

Igarashi, K., and Kashiwagi, K. (2000). Polyamines: mysterious modulators of cellular functions. Biochem. Biophys. Res. Commun. 271, 559–564. doi: 10.1006/bbrc.2000.2601

Im Kim, J., Baek, D., Park, H. C., Chun, H. J., Oh, D.-H., Lee, M. K., et al. (2013). Overexpression of Arabidopsis YUCCA6 in potato results in high-auxin developmental phenotypes and enhanced resistance to water deficit. Mol. Plant 6, 337–349. doi: 10.1093/mp/sss100

Iqbal, M. S., Ansari, M. I. (2020). “Microbial bioinoculants for salt stress tolerance in plants,” in Microbial Mitigation of Stress Response of Food Legumes, eds Amaresan, N., Murugesan, S., Kumar, K., and Sankaranarayanan, A. (Boca Raton, FL: CRC Press), 155–163.

Iqbal, N., Ashraf, Y., and Ashraf, M. (2011). Modulation of endogenous levels of some key organic metabolites by exogenous application of glycine betaine in drought stressed plants of sunflower (Helianthus annuus L.). Plant Growth Regul. 63, 7–12. doi: 10.1007/s10725-010-9506-5

Iqbal, N., Fatma, M., Gautam, H., Sehar, Z., Rasheed, F., Khan, M. I. R., et al. (2022). Salicylic acid increases photosynthesis of drought grown mustard plants effectively with sufficient-N via regulation of ethylene, abscisic acid, and nitrogen-use efficiency. J. Plant Growth Regul. 1–12. doi: 10.1007/s00344-021-10565-2

Isah, T. (2019). Stress and defense responses in plant secondary metabolites production. Biol. Res. 52:39. doi: 10.1186/s40659-019-0246-3

Islam, S., Rahman, I. A., Islam, T., and Ghosh, A. (2017). Genome-wide identification and expression analysis of glutathione S-transferase gene family in tomato: gaining an insight to their physiological and stress-specific roles. PLoS One 12:e0187504. doi: 10.1371/journal.pone.0187504

Jain, A., Shah, S. G., and Chugh, A. (2015). Cell penetrating peptides as efficient nanocarriers for delivery of antifungal compound, natamycin for the treatment of fungal keratitis. Pharm. Res. 32, 1920–1930. doi: 10.1007/s11095-014-1586-x

Jan, R., Khan, M. A., Asaf, S., Lee, I.-J., and Kim, K. M. (2019). Metal resistant endophytic bacteria reduces cadmium, nickel toxicity, and enhances expression of metal stress related genes with improved growth of Oryza sativa, via regulating its antioxidant machinery and endogenous hormones. Plants 8:363. doi: 10.3390/plants8100363

Janská, A., Maršík, P., Zelenková, S., and Ovesná, J. (2010). Cold stress and acclimation–what is important for metabolic adjustment? Plant Biol. 12, 395–405. doi: 10.1111/j.1438-8677.2009.00299.x

Jha, C. K., Sharma, P., Shukla, A., Parmar, P., Patel, R., Goswami, D., et al. (2021). Microbial enzyme, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase: an elixir for plant under stress. Physiol. Mol. Plant Pathol. 115:101664. doi: 10.1016/j.pmpp.2021.101664

Jiu, S., Xu, Y., Xie, X., Wang, J., Xu, J., Liu, X., et al. (2022). Strigolactones affect the root system architecture of cherry rootstock by mediating hormone signaling pathways. Environ. Exp. Bot. 193:104667. doi: 10.1016/j.envexpbot.2021.104667

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329.

Judy, E., and Kishore, N. (2016). Biological wonders of osmolytes: the need to know more. Biochem. Anal. Biochem. 5:1000304.

Kacperska, A. (2004). Sensor types in signal transduction pathways in plant cells responding to abiotic stressors: do they depend on stress intensity? Physiol. Plant. 122, 159–168. doi: 10.1111/j.0031-9317.2004.00388.x

Kamran, M., Danish, M., Saleem, M. H., Malik, Z., Parveen, A., Abbasi, G. H., et al. (2021). Application of abscisic acid and 6-benzylaminopurine modulated morpho-physiological and antioxidative defense responses of tomato (Solanum lycopersicum L.) by minimizing cobalt uptake. Chemosphere 263:128169. doi: 10.1016/j.chemosphere.2020.128169

Kamran, M., Parveen, A., Ahmar, S., Malik, Z., Hussain, S., Chattha, M. S., et al. (2019a). An overview of hazardous impacts of soil salinity in crops, tolerance mechanisms, and amelioration through selenium supplementation. Int. J. Mol. Sci. 21:148. doi: 10.3390/ijms21010148

Kamran, M., Malik, Z., Parveen, A., Zong, Y., Abbasi, G. H., Rafiq, M. T., et al. (2019b). Biochar alleviates Cd phytotoxicity by minimizing bioavailability and oxidative stress in pak choi (Brassica chinensis L.) cultivated in Cd-polluted soil. J. Environ. Manage. 250:109500. doi: 10.1016/j.jenvman.2019.109500

Kapulnik, Y., and Koltai, H. (2014). Strigolactone involvement in root development, response to abiotic stress, and interactions with the biotic soil environment. Plant Physiol. 166, 560–569. doi: 10.1104/pp.114.244939

Kerchev, P. I., Fenton, B., Foyer, C. H., and Hancock, R. D. (2012). Plant responses to insect herbivory: interactions between photosynthesis, reactive oxygen species and hormonal signalling pathways. Plant Cell Environ. 35, 441–453. doi: 10.1111/j.1365-3040.2011.02399.x

Khan, T., Mazid, M., and Mohammad, F. (2011). A review of ascorbic acid potentialities against oxidative stress induced in plants. J. Agrobiol. 28, 97–111. doi: 10.2478/v10146-011-0011-x

Kishor, P. K., Sangam, S., Amrutha, R. N., Laxmi, P. S., Naidu, K. R., Rao, K. S., et al. (2005). Regulation of proline biosynthesis, degradation, uptake and transport in higher plants: its implications in plant growth and abiotic stress tolerance. Curr. Sci. 88, 424–438.

Kolbert, Z., Feigl, G., Freschi, L., and Poór, P. (2019). Gasotransmitters in action: nitric oxide-ethylene crosstalk during plant growth and abiotic stress responses. Antioxidants 8:167. doi: 10.3390/antiox8060167

Kou, X., Zhao, X., Wu, B., Wang, C., Wu, C., Yang, S., et al. (2022). Auxin response factors are ubiquitous in plant growth and development, and involved in crosstalk between plant hormones: a review. Appl. Sci. 12:1360. doi: 10.3390/app12031360

Kućko, A., De Dios Alché, J., Tranbarger, T. J., and Wilmowicz, E. (2022). The acceleration of yellow lupine flower abscission by jasmonates is accompanied by lipid-related events in abscission zone cells. Plant Sci. 316:111173. doi: 10.1016/j.plantsci.2021.111173

Kumari, A., Das, P., Parida, A. K., and Agarwal, P. K. (2015). Proteomics, metabolomics, and ionomics perspectives of salinity tolerance in halophytes. Front. Plant Sci. 6:537. doi: 10.3389/fpls.2015.00537

Kumari, A., and Singh, S. K. (2022). “Role of plant hormones in combating biotic stress in plants,” in Plant Perspectives to Global Climate Changes, eds T. Aftab and A. Roychoudhury (Amsterdam: Elsevier), 373–391. doi: 10.1016/b978-0-323-85665-2.00010-8

Kumudini, B. S., Jayamohan, N. S., Patil, S. V., and Govardhana, M. (2018). “Primary plant metabolism during plant–pathogen interactions and its role in defense,” in Plant Metabolites and Regulation Under Environmental Stress, eds P. Ahmad, M. A. Ahanger, V. P. Singh, D. K. Tripathi, P. Alam, and M. A. Alyemeni (New York, NY: Academic Press), 215–229. doi: 10.1016/b978-0-12-812689-9.00011-x

Kumudini, B. S., and Patil, S. V. (2019). “Role of plant hormones in improving photosynthesis,” in Photosynthesis, Productivity and Environmental Stress, eds P. Ahmad, M. A. Ahanger, P. Alam, and M. N. Alyemeni (Hoboken, NJ: John Wiley & Sons Ltd), 215–240. doi: 10.1002/9781119501800.ch11

Kuromori, T., Fujita, M., Takahashi, F., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2022). Inter-tissue and inter-organ signaling in drought stress response and phenotyping of drought tolerance. Plant J. 109, 342–358. doi: 10.1111/tpj.15619

Kusano, T., Berberich, T., Tateda, C., and Takahashi, Y. (2008). Polyamines: essential factors for growth and survival. Planta 228, 367–381. doi: 10.1007/s00425-008-0772-7

Kusano, T., Yamaguchi, K., Berberich, T., and Takahashi, Y. (2007). Advances in polyamine research in 2007. J. Plant Res. 120, 345–350. doi: 10.1007/s10265-007-0074-3

La Camera, S., Gouzerh, G., Dhondt, S., Hoffmann, L., Fritig, B., Legrand, M., et al. (2004). Metabolic reprogramming in plant innate immunity: the contributions of phenylpropanoid and oxylipin pathways. Immunol. Rev. 198, 267–284. doi: 10.1111/j.0105-2896.2004.0129.x

Le Martret, B., Poage, M., Shiel, K., Nugent, G. D., and Dix, P. J. (2011). Tobacco chloroplast transformants expressing genes encoding dehydroascorbate reductase, glutathione reductase, and glutathione-S-transferase, exhibit altered anti-oxidant metabolism and improved abiotic stress tolerance. Plant Biotechnol. J. 9, 661–673. doi: 10.1111/j.1467-7652.2011.00611.x

Lefevere, H., Bauters, L., and Gheysen, G. (2020). Salicylic acid biosynthesis in plants. Front. Plant Sci. 11:338. doi: 10.3389/fpls.2020.00338

Lemaitre, B., and Hoffmann, J. (2007). The host defense of Drosophila melanogaster. Annu. Rev. Immunol. 25, 697–743. doi: 10.1146/annurev.immunol.25.022106.141615

Li, D., Mou, W., Van De Poel, B., and Chang, C. (2022). Something old, something new: conservation of the ethylene precursor 1-amino-cyclopropane-1-carboxylic acid as a signaling molecule. Curr. Opin. Plant Biol. 65:102116. doi: 10.1016/j.pbi.2021.102116

Li, J., Yang, Y., Chai, M., Ren, M., Yuan, J., Yang, W., et al. (2020). Gibberellins modulate local auxin biosynthesis and polar auxin transport by negatively affecting flavonoid biosynthesis in the root tips of rice. Plant Sci. 298:110545. doi: 10.1016/j.plantsci.2020.110545

Li, S., Hamani, A. K. M., Si, Z., Liang, Y., Gao, Y., and Duan, A. (2020). Leaf gas exchange of tomato depends on abscisic acid and jasmonic acid in response to neighboring plants under different soil nitrogen regimes. Plants 9:1674. doi: 10.3390/plants9121674

Li, S.-M., Zheng, H.-X., Zhang, X.-S., and Sui, N. (2021). Cytokinins as central regulators during plant growth and stress response. Plant Cell Rep. 40, 271–282. doi: 10.1007/s00299-020-02612-1

Li, X. M. (2007). Effect of the Lycium barbarum polysaccharides on age-related oxidative stress in aged mice. J. Ethnopharmacol. 111, 504–511. doi: 10.1016/j.jep.2006.12.024

Liang, X., Zhang, L., Natarajan, S. K., and Becker, D. F. (2013). Proline mechanisms of stress survival. Antioxid. Redox Signal. 19, 998–1011. doi: 10.1089/ars.2012.5074

Liu, H. P., Dong, B. H., Zhang, Y. Y., Liu, Z. P., and Liu, Y. L. (2004). Relationship between osmotic stress and the levels of free, conjugated and bound polyamines in leaves of wheat seedlings. Plant Sci. 166, 1261–1267. doi: 10.1016/j.plantsci.2003.12.039

Liu, J. H., Kitashiba, H., Wang, J., Ban, Y., and Moriguchi, T. (2007). Polyamines and their ability to provide environmental stress tolerance to plants. Plant Biotechnol. 24, 117–126. doi: 10.5511/plantbiotechnology.24.117

Lovisolo, C., Perrone, I., Carra, A., Ferrandino, A., Flexas, J., Medrano, H., et al. (2010). Drought-induced changes in development and function of grapevine (Vitis spp.) organs and in their hydraulic and non-hydraulic interactions at the whole-plant level: a physiological and molecular update. Funct. Plant Biol. 37, 98–116. doi: 10.1071/fp09191

Lugan, R., Niogret, M. F., Leport, L., Guégan, J. P., Larher, F. R., Savouré, A., et al. (2010). Metabolome and water homeostasis analysis of Thellungiella salsuginea suggests that dehydration tolerance is a key response to osmotic stress in this halophyte. Plant J. 64, 215–229. doi: 10.1111/j.1365-313X.2010.04323.x

Ma, L., Pegram, L., Record, M. T. Jr., and Cui, Q. (2010). Preferential interactions between small solutes and the protein backbone: a computational analysis. Biochemistry 49, 1954–1962. doi: 10.1021/bi9020082

Mahajan, S., and Tuteja, N. (2005). Cold, salinity and drought stresses: an overview. Arch. Biochem. Biophys. 444, 139–158. doi: 10.1016/j.abb.2005.10.018

Manghwar, H., Hussain, A., Ali, Q., and Liu, F. (2022). Brassinosteroids (BRs) role in plant development and coping with different stresses. Int. J. Mol. Sci. 23:1012. doi: 10.3390/ijms23031012

Marquez-Garcia, B., Njo, M., Beeckman, T., Goormachtig, S., and Foyer, C. H. (2014). A new role for glutathione in the regulation of root architecture linked to strigolactones. Plant Cell Environ. 37, 488–498. doi: 10.1111/pce.12172

Martínez-Ballesta, M. D. C., Muries, B., Moreno, D. Á, Dominguez-Perles, R., García-Viguera, C., and Carvajal, M. (2014). Involvement of a glucosinolate (sinigrin) in the regulation of water transport in Brassica oleracea grown under salt stress. Physiol. Plant. 150, 145–160. doi: 10.1111/ppl.12082

Masamba, P., and Kappo, A. P. (2021). Immunological and biochemical interplay between cytokines, oxidative stress and schistosomiasis. Int. J. Mol. Sci. 22:7216. doi: 10.3390/ijms22137216

Mashabela, M. D., Piater, L. A., Dubery, I. A., Tugizimana, F., and Mhlongo, M. I. (2022). Rhizosphere ripartite interactions and PGPR-mediated metabolic reprogramming towards ISR and plant priming: a metabolomics review. Biology 11:346. doi: 10.3390/biology11030346

Mathur, P., Tripathi, D. K., Baluska, F., and Mukherjee, S. (2022). Auxin-mediated molecular mechanisms of heavy metal and metalloid stress regulation in plants. Environ. Exp. Bot. 196:104796. doi: 10.1016/j.envexpbot.2022.104796

Mauseth, J. D. (2014). Botany: an Introduction to Plant Biology. Burlington, MA: Jones and Bartlett Publishers.

Mazid, M., Khan, T. A., and Mohammad, F. (2011). Role of secondary metabolites in defense mechanisms of plants. Biol. Med. 3, 232–249.

Medina, E., Kim, S. H., Yun, M., and Choi, W. G. (2021). Recapitulation of the function and role of ROS generated in response to heat stress in plants. Plants 10:371. doi: 10.3390/plants10020371

Meena, K. K., Sorty, A. M., Bitla, U. M., Choudhary, K., Gupta, P., Pareek, A., et al. (2017). Abiotic stress responses and microbe-mediated mitigation in plants: the omics strategies. Front. Plant Sci. 8:172. doi: 10.3389/fpls.2017.00172

Menéndez, A. B., Rodriguez, A. A., Maiale, S. J., Rodriguez, K. M., Jimenez, B. J. F., and Ruiz, O. A. (2013). “Polyamines contribution to the improvement of crop plants tolerance to abiotic stress,” in Crop Improvement Under Adverse Conditions, eds N. Tuteja and S. Gill (New York, NY: Springer), 113–136. doi: 10.1007/978-1-4614-4633-0_5

Michalak, A. (2006). Phenolic compounds and their antioxidant activity in plants growing under heavy metal stress. Pol. J. Environ. Stud. 15, 523–530.

Mishra, A., Patel, M. K., and Jha, B. (2015). Non-targeted metabolomics and scavenging activity of reactive oxygen species reveal the potential of Salicornia brachiata as a functional food. J. Funct. Foods 13, 21–31. doi: 10.1016/j.jff.2014.12.027

Mishra, B. S., Sharma, M., and Laxmi, A. (2022). Role of sugar and auxin crosstalk in plant growth and development. Physiol. Plant. 174:e13546. doi: 10.1111/ppl.13546

Mishra, R. P., Singh, R. K., Jaiswal, H. K., Kumar, V., and Maurya, S. (2006). Rhizobium-mediated induction of phenolics and plant growth promotion in rice (Oryza sativa L.). Curr. Microbiol. 52, 383–389. doi: 10.1007/s00284-005-0296-3

Mizoi, J., and Yamaguchi-Shinozaki, K. (2013). “Molecular approaches to improve rice abiotic stress tolerance,” in Rice Protocols, ed. Y. Yang (Totowa, NJ: Humana Press), 269–283. doi: 10.1007/978-1-62703-194-3_20

Mobin, M., and Khan, N. A. (2007). Photosynthetic activity, pigment composition and antioxidative response of two mustard (Brassica juncea) cultivars differing in photosynthetic capacity subjected to cadmium stress. J. Plant Physiol. 164, 601–610. doi: 10.1016/j.jplph.2006.03.003

Moschou, P. N., Paschalidis, K. A., and Roubelakis-Angelakis, K. A. (2008). Plant polyamine catabolism: the state of the art. Plant Signal. Behav. 3, 1061–1066. doi: 10.4161/psb.3.12.7172

Moschou, P. N., Wu, J., Cona, A., Tavladoraki, P., Angelini, R., and Roubelakis-Angelakis, K. A. (2012). The polyamines and their catabolic products are significant players in the turnover of nitrogenous molecules in plants. J. Exp. Bot. 63, 5003–5015. doi: 10.1093/jxb/ers202

Moulin, M., Deleu, C., Larher, F., and Bouchereau, A. (2006). The lysine-ketoglutarate reductase–saccharopine dehydrogenase is involved in the osmo-induced synthesis of pipecolic acid in rapeseed leaf tissues. Plant Physiol. Biochem. 44, 474–482. doi: 10.1016/j.plaphy.2006.08.005

Mujtaba, M., Sharif, R., Ali, Q., Rehman, R., and Khawar, K. M. (2021). “Biopolymer based nano fertilizers applications in abiotic stress (drought and salinity) control,” in Advances in Nano-Fertilizers and Nano-Pesticides in Agriculture, eds S. Jogaiah, H. B. Singh, L. F. Fraceto, and R. de Lima (Amsterdam: Elsevier).

Mustafa, G., Akhtar, M. S., and Abdullah, R. (2019). “Global concern for salinity on various agro-ecosystems,” in Salt Stress, Microbes, and Plant Interactions: Causes and Solution, ed. M. Akhtar (Springer: Singapore), 1–19. doi: 10.1007/978-981-13-8801-9_1

Nahar, K., Hasanuzzaman, M., Alam, M. M., and Fujita, M. (2015). Exogenous glutathione confers high temperature stress tolerance in mung bean (Vigna radiata L.) by modulating antioxidant defense and methylglyoxal detoxification system. Environ. Exp. Bot. 112, 44–54. doi: 10.1016/j.envexpbot.2014.12.001

Naing, A. H., Jeong, H. Y., Jung, S. K., and Kim, C. K. (2021). Overexpression of 1-aminocyclopropane-1-carboxylic acid deaminase (acdS) Gene in Petunia hybrida improves tolerance to abiotic stresses. Front. Plant Sci. 12:737490. doi: 10.3389/fpls.2021.737490

Negin, B., and Moshelion, M. (2016). The evolution of the role of ABA in the regulation of water-use efficiency: from biochemical mechanisms to stomatal conductance. Plant Sci. 251, 82–89. doi: 10.1016/j.plantsci.2016.05.007

Noctor, G., and Foyer, C. H. (1998). Ascorbate and glutathione: keeping active oxygen under control. Annu. Rev. Plant Biol. 49, 249–279. doi: 10.1146/annurev.arplant.49.1.249

Nunes da Silva, M., Carvalho, S. M., Rodrigues, A. M., Gómez-Cadenas, A., António, C., and Vasconcelos, M. W. (2022). Defence-related pathways, phytohormones and primary metabolism are key players in kiwifruit plant tolerance to Pseudomonas syringae pv. actinidiae. Plant Cell Environ. 45, 528–541. doi: 10.1111/pce.14224

Obata, T., and Fernie, A. R. (2012). The use of metabolomics to dissect plant responses to abiotic stresses. Cell. Mol. Life Sci. 69, 3225–3243. doi: 10.1007/s00018-012-1091-5

Özçelik, B., Kartal, M., and Orhan, I. (2011). Cytotoxicity, antiviral and antimicrobial activities of alkaloids, flavonoids, and phenolic acids. Pharm. Biol. 49, 396–402. doi: 10.3109/13880209.2010.519390

Pál, M., Janda, T., and Szalai, G. (2018). Interactions between plant hormones and thiol-related heavy metal chelators. Plant Growth Regul. 85, 173–185. doi: 10.1007/s10725-018-0391-7

Parekh, A. B. (2008). Ca2+ microdomains near plasma membrane Ca2+ channels: impact on cell function. J. Physiol. 586, 3043–3054. doi: 10.1113/jphysiol.2008.153460

Parveen, A., Ahmar, S., Kamran, M., Malik, Z., Ali, A., Riaz, M., et al. (2021). Abscisic acid signaling reduced transpiration flow, regulated Na+ ion homeostasis and antioxidant enzyme activities to induce salinity tolerance in wheat (Triticum aestivum L.) seedlings. Environ. Technol. Innov. 24:101808. doi: 10.1016/j.eti.2021.101808

Peleg, Z., and Blumwald, E. (2011). Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin. Plant Biol. 14, 290–295. doi: 10.1016/j.pbi.2011.02.001

Phua, S. Y., De Smet, B., Remacle, C., Chan, K. X., and Van Breusegem, F. (2021). Reactive oxygen species and organellar signaling. J. Exp. Bot. 72, 5807–5824. doi: 10.1093/jxb/erab218

Pons, S. (2020). Les Hormones dans la Symbiose Mycorhizienne: Étude de la Production et des Effets D’hormones Végétales par les Champignons Endomycorhiziens. Toulouse: Université Paul Sabatier.

Pott, D. M., Osorio, S., and Vallarino, J. G. (2019). From central to specialized metabolism: an overview of some secondary compounds derived from the primary metabolism for their role in conferring nutritional and organoleptic characteristics to fruit. Front. Plant Sci. 10:835. doi: 10.3389/fpls.2019.00835

Poustini, K., Siosemardeh, A., and Ranjbar, M. (2007). Proline accumulation as a response to salt stress in 30 wheat (Triticum aestivum L.) cultivars differing in salt tolerance. Genet. Resour. Crop Evol. 54, 925–934. doi: 10.1007/s10722-006-9165-6

Poveda, J. (2021). Cyanobacteria in plant health: biological strategy against abiotic and biotic stresses. Crop Prot. 141:105450. doi: 10.1016/j.cropro.2020.105450

Puranik, S., Sahu, P. P., Srivastava, P. S., and Prasad, M. (2012). NAC proteins: regulation and role in stress tolerance. Trends Plant Sci. 17, 369–381. doi: 10.1016/j.tplants.2012.02.004

Qamar, A., Mysore, K., and Senthil-Kumar, M. (2015). Role of proline and pyrroline-5-carboxylate metabolism in plant defense against invading pathogens. Front. Plant Sci. 6:503. doi: 10.3389/fpls.2015.00503

Quamruzzaman, M., Manik, S., Shabala, S., and Zhou, M. (2021). Improving performance of salt-grown crops by exogenous application of plant growth regulators. Biomolecules 11:788. doi: 10.3390/biom11060788

Radin, J. W., and Mauney, J. R. (1986). “The nitrogen stress syndrome,” in Cotton Physiology, eds J. R. Mauney and J. M. Stewart (Memphis, TN: The Cotton Foundation), 91–105.

Rajendrakumar, C. S., Suryanarayana, T., and Reddy, A. R. (1997). DNA helix destabilization by proline and betaine: possible role in the salinity tolerance process. FEBS Lett. 410, 201–205. doi: 10.1016/s0014-5793(97)00588-7

Rastegari, A. A., Yadav, A. N., and Yadav, N. (2019). “Genetic manipulation of secondary metabolites producers,” in New and Future Developments in Microbial Biotechnology and Bioengineering, eds V. K. Gupta and A. Pandey (Amsterdam: Elsevier), 13–29. doi: 10.1016/b978-0-444-63504-4.00002-5

Raza, A., Mehmood, S. S., Tabassum, J., and Batool, R. (2019). “Targeting plant hormones to develop abiotic stress resistance in wheat,” in Wheat Production in Changing Environments, eds M. Hasanuzzaman, K. Nahar, and M. Hossain (Singapore: Springer), 557–577. doi: 10.1007/978-981-13-6883-7_22

Raza, S., Shafagh, H., Hewage, K., Hummen, R., and Voigt, T. (2013). Lithe: lightweight secure CoAP for the internet of things. IEEE Sens. J. 13, 3711–3720. doi: 10.1109/jsen.2013.2277656

Rehman, N. U., Li, X., Zeng, P., Guo, S., Jan, S., Liu, Y., et al. (2021). Harmony but not uniformity: role of strigolactone in plants. Biomolecules 11:1616. doi: 10.3390/biom11111616

Rezayian, M., Niknam, V., and Ebrahimzadeh, H. (2018). Differential responses of phenolic compounds of Brassica napus under drought stress. Iran. J. Plant Physiol. 8, 2417–2425.

Riaz, M., Kamran, M., Rizwan, M., Ali, S., and Wang, X. (2022). Foliar application of silica sol alleviates boron toxicity in rice (Oryza sativa) seedlings. J. Hazard. Mater. 423:127175. doi: 10.1016/j.jhazmat.2021.127175

Rini Vijayan, K. P., and Raghu, A. V. (2020). “Methods for enhanced production of metabolites under in vitro conditions,” in Plant Metabolites: Methods, Applications and Prospects, eds S. T. Sukumaran, S. Sugathan, and S. Abdulhameed (Singapore: Springer), 111–140. doi: 10.1007/978-981-15-5136-9_6

Rivero, J., Álvarez, D., Flors, V., Azcón-Aguilar, C., and Pozo, M. J. (2018). Root metabolic plasticity underlies functional diversity in mycorrhiza-enhanced stress tolerance in tomato. New Phytol. 220, 1322–1336. doi: 10.1111/nph.15295

Romero-Puertas, M. C., Terrón-Camero, L. C., Peláez-Vico, M. Á, Olmedilla, A., and Sandalio, L. M. (2019). Reactive oxygen and nitrogen species as key indicators of plant responses to Cd stress. Environ. Exp. Bot. 161, 107–119. doi: 10.1016/j.plaphy.2013.11.001

Rouzer, C. A., and Marnett, L. J. (2011). Endocannabinoid oxygenation by cyclooxygenases, lipoxygenases, and cytochromes P450: cross-talk between the eicosanoid and endocannabinoid signaling pathways. Chem. Rev. 111, 5899–5921. doi: 10.1021/cr2002799

Ryu, H., and Cho, Y.-G. (2015). Plant hormones in salt stress tolerance. J. Plant Biol. 58, 147–155. doi: 10.1007/s12374-015-0103-z

Sagor, G. H. M., Berberich, T., Takahashi, Y., Niitsu, M., and Kusano, T. (2013). The polyamine spermine protects Arabidopsis from heat stress-induced damage by increasing expression of heat shock-related genes. Transgenic Res. 22, 595–605. doi: 10.1007/s11248-012-9666-3

Sakihama, Y., Cohen, M. F., Grace, S. C., and Yamasaki, H. (2002). Plant phenolic antioxidant and prooxidant activities: phenolics-induced oxidative damage mediated by metals in plants. Toxicology 177, 67–80. doi: 10.1016/s0300-483x(02)00196-8

Sami, F., Faizan, M., Faraz, A., Siddiqui, H., Yusuf, M., and Hayat, S. (2018). Nitric oxide-mediated integrative alterations in plant metabolism to confer abiotic stress tolerance, NO crosstalk with phytohormones and NO-mediated post translational modifications in modulating diverse plant stress. Nitric Oxide 73, 22–38. doi: 10.1016/j.niox.2017.12.005

Sappl, P. G., Carroll, A. J., Clifton, R., Lister, R., Whelan, J., Harvey Millar, A., et al. (2009). The Arabidopsis glutathione transferase gene family displays complex stress regulation and co-silencing multiple genes results in altered metabolic sensitivity to oxidative stress. Plant J. 58, 53–68. doi: 10.1111/j.1365-313X.2008.03761.x

Sarkar, A. K., and Sadhukhan, S. (2022). Imperative role of trehalose metabolism and trehalose-6-phosphate signalling on salt stress responses in plants. Physiol. Plant. 174:e13647. doi: 10.1111/ppl.13647

Sattler, D. N., Boyd, B., and Kirsch, J. (2014). Trauma-exposed firefighters: relationships among posttraumatic growth, posttraumatic stress, resource availability, coping and critical incident stress debriefing experience. Stress Health 30, 356–365. doi: 10.1002/smi.2608

Sattler, D. N., de Alvarado, A. M. G., de Castro, N. B., Male, R. V., Zetino, A. M., and Vega, R. (2006). El Salvador earthquakes: relationships among acute stress disorder symptoms, depression, traumatic event exposure, and resource loss. J. Trauma. Stress 19, 879–893. doi: 10.1002/jts.20174

Schaich, K. M. (2013). “Challenges in elucidating lipid oxidation mechanisms: when, where, and how do products arise?,” in Lipid Oxidation, eds U. Nienaber, A. Logan, and X. Pan (Champaign, IL: AOCS Press), 1–52. doi: 10.1016/b978-0-9830791-6-3.50004-7

Schaller, G. E. (2012). Ethylene and the regulation of plant development. BMC Biol. 10:9. doi: 10.1186/1741-7007-10-9

Schmelz, E. A., Alborn, H. T., and Tumlinson, J. H. (2003). Synergistic interactions between volicitin, jasmonic acid and ethylene mediate insect-induced volatile emission in Zea mays. Physiol. Plant. 117, 403–412. doi: 10.1034/j.1399-3054.2003.00054.x

Schwarzenbach, R. P., Gschwend, P. M., and Imboden, D. M. (2016). Environmental Organic Chemistry. Hoboken, NJ: John Wiley and Sons.

Sebastiani, L., Gucci, R., Kerem, Z., and Fernández, J. E. (2016). “Physiological responses to abiotic stresses,” in The Olive Tree Genome, eds E. Rugini, L. Baldoni, R. Muleo, and L. Sebastiani (Cham: Springer), 99–122.

Sengupta, A., Chakraborty, M., Saha, J., Gupta, B., and Gupta, K. (2016). “Polyamines: osmoprotectants in plant abiotic stress adaptation,” in Osmolytes and Plants Acclimation to Changing Environment: Emerging Omics Technologies, eds N. Iqbal, R. Nazar, and N. A. Khan (New Delhi: Springer), 97–127. doi: 10.1007/978-81-322-2616-1_7

Shafiq, S., Akram, N. A., Ashraf, M., and Arshad, A. (2014). Synergistic effects of drought and ascorbic acid on growth, mineral nutrients and oxidative defense system in canola (Brassica napus L.) plants. Acta Physiol. Plant. 36, 1539–1553. doi: 10.1007/s11738-014-1530-z

Shao, L., Cui, J., Young, L. T., and Wang, J. F. (2008). The effect of mood stabilizer lithium on expression and activity of glutathione s-transferase isoenzymes. Neuroscience 151, 518–524. doi: 10.1016/j.neuroscience.2007.10.041

Sharma, N., Abrams, S. R., and Waterer, D. R. (2005). Uptake, movement, activity, and persistence of an abscisic acid analog (8’ acetylene ABA methyl ester) in marigold and tomato. J. Plant Growth Regul. 24, 28–35. doi: 10.1007/s00344-004-0438-z

Sharma, S. S., and Dietz, K. J. (2006). The significance of amino acids and amino acid-derived molecules in plant responses and adaptation to heavy metal stress. J. Exp. Bot. 57, 711–726. doi: 10.1093/jxb/erj073

Shi, H., Ye, T., and Chan, Z. (2013). Comparative proteomic and physiological analyses reveal the protective effect of exogenous polyamines in the bermudagrass (Cynodondactylon) response to salt and drought stresses. J. Proteome Res. 12, 4951–4964. doi: 10.1021/pr400479k

Shinozaki, K., and Yamaguchi-Shinozaki, K. (2000). Molecular responses to dehydration and low temperature: differences and cross-talk between two stress signaling pathways. Curr. Opin. Plant Biol. 3, 217–223. doi: 10.1016/s1369-5266(00)80068-0

Shulaev, V., Cortes, D., Miller, G., and Mittler, R. (2008). Metabolomics for plant stress response. Physiol. Plant. 132, 199–208. doi: 10.1111/j.1399-3054.2007.01025.x

Singh, P., Arif, Y., Siddiqui, H., and Hayat, S. (2021). “Jasmonate: a versatile messenger in plants,” in Jasmonates and Salicylates Signaling in Plants, eds T. Aftab and M. Yusuf (Cham: Springer).

Slade, D., and Radman, M. (2011). Oxidative stress resistance in Deinococcus radiodurans. Microbiol. Mol. Biol. Rev. 75, 133–191. doi: 10.1128/mmbr.00015-10

Slama, I., Abdelly, C., Bouchereau, A., Flowers, T., and Savouré, A. (2015). Diversity, distribution and roles of osmoprotective compounds accumulated in halophytes under abiotic stress. Ann. Bot. 115, 433–447. doi: 10.1093/aob/mcu239

Smirnoff, N., and Cumbes, Q. J. (1989). Hydroxyl radical scavenging activity of compatible solutes. Phytochemistry 28, 1057–1060. doi: 10.1016/0031-9422(89)80182-7

Soma, F., Takahashi, F., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2021). Cellular phosphorylation signaling and gene expression in drought stress responses: ABA-dependent and ABA-independent regulatory systems. Plants 10:756. doi: 10.3390/plants10040756

Sonah, H., Deshmukh, R. K., and Bélanger, R. R. (2016). Computational prediction of effector proteins in fungi: opportunities and challenges. Front. Plant Sci. 7:126. doi: 10.3389/fpls.2016.00126

Song, G., Ouyang, G., and Bao, S. (2005). The activation of Akt/PKB signaling pathway and cell survival. J. Cell. Mol. Med. 9, 59–71. doi: 10.1111/j.1582-4934.2005.tb00337.x

Spoel, S. H., Johnson, J. S., and Dong, X. (2007). Regulation of tradeoffs between plant defenses against pathogens with different lifestyles. Proc. Natl. Acad. Sci. U.S.A. 104, 18842–18847. doi: 10.1073/pnas.0708139104

Sreenivasulu, N., Sopory, S. K., and Kishor, P. K. (2007). Deciphering the regulatory mechanisms of abiotic stress tolerance in plants by genomic approaches. Gene 388, 1–13. doi: 10.1016/j.gene.2006.10.009

Srivalli, S., and Khanna-Chopra, R. (2008). “Role of glutathione in abiotic stress tolerance,” in Sulfur Assimilation and Abiotic Stress in Plants, eds N. A. Khan, S. Singh, and S. Umar (Berlin: Springer), 207–225. doi: 10.1007/978-3-540-76326-0_10

Srivastava, A. K., Mishra, P., and Mishra, A. K. (2021). “Effect of climate change on plant secondary metabolism: an ecological perspective,” in Evolutionary Diversity as a Source for Anticancer Molecules, eds A. K. Srivastava and V. Kumar (Cambridge, MA: Academic Press), 47–76. doi: 10.1016/b978-0-12-821710-8.00003-5

Suardiaz, R., Jambrina, P. G., Masgrau, L., Gonzalez-Lafont, A., Rosta, E., and Lluch, J. M. (2016). Understanding the mechanism of the hydrogen abstraction from arachidonic acid catalyzed by the human enzyme 15-lipoxygenase-2. A quantum mechanics/molecular mechanics free energy simulation. J. Chem. Theory Comput. 12, 2079–2090. doi: 10.1021/acs.jctc.5b01236

Suo, J., Zhao, Q., David, L., Chen, S., and Dai, S. (2017). Salinity response in chloroplasts: insights from gene characterization. Int. J. Mol. Sci. 18:1011. doi: 10.3390/ijms18051011

Sytar, O., Kumar, A., Latowski, D., Kuczynska, P., Strzałka, K., and Prasad, M. N. V. (2013). Heavy metal-induced oxidative damage, defense reactions, and detoxification mechanisms in plants. Acta Physiol. Plant. 35, 985–999. doi: 10.1007/978-3-319-06746-9_1

Szabados, L. (2010). Proline: a multifunctional amino acid. Trends Plant Sci. 15, 89–97. doi: 10.1016/j.tplants.2009.11.009

Szabados, L., and Savoure, A. (2010). Proline: a multifunctional amino acid. Trends Plant Sci. 15, 89–97.

Taheri, Z., Vatankhah, E., and Jafarian, V. (2020). Methyl jasmonate improves physiological and biochemical responses of Anchusa italica under salinity stress. S. Afr. J. Bot. 130, 375–382. doi: 10.1016/j.sajb.2020.01.026

Taiz, L., and Zeiger, E. E. (2010). “Gibberellins: regulators of plant height and seed germination,” in Plant Physiology, eds L. Taiz and Zeiger, E. (Sunderland, MA: Sinauer Associates), 583–619.

Takahashi, T., and Kakehi, J. I. (2010). Polyamines: ubiquitous polycations with unique roles in growth and stress responses. Ann. Bot. 105, 1–6. doi: 10.1093/aob/mcp259

Takeda, S. (1991). An atomic model of electron-irradiation-induced defects on {113} in Si. Jpn. J. Appl. Phys. 30:L639.

Tamhane, V. A., Mishra, M., Mahajan, N. S., Gupta, V. S., and Giri, A. P. (2012). Plant Pin-II family proteinase inhibitors: structural and functional diversity. Funct. Plant Sci. Biotechnol. 6, 42–58.

Turtola, S., Manninen, A. M., Rikala, R., and Kainulainen, P. (2003). Drought stress alters the concentration of wood terpenoids in Scots pine and Norway spruce seedlings. J. Chem. Ecol. 29, 1981–1995. doi: 10.1023/a:1025674116183

Van Baarlen, P., Woltering, E. J., Staats, M., and van Kan, J. A. (2007). Histochemical and genetic analysis of host and non-host interactions of Arabidopsis with three Botrytis species: an important role for cell death control. Mol. Plant Pathol. 8, 41–54. doi: 10.1111/j.1364-3703.2006.00367.x

Van Camp, W., Willekens, H., Bowler, C., van Montagu, M., Inzé, D., Reupold-Popp, P., et al. (1994). Elevated levels of superoxide dismutase protect transgenic plants against ozone damage. Nat. Biotechnol. 12, 165–168. doi: 10.1038/nbt0294-165

Van Loon, L. C., Pierpoint, W. S., Boller, T. H., and Conejero, V. (1994). Recommendations for naming plant pathogenesis-related proteins. Plant Mol. Biol. Rep. 12, 245–264. doi: 10.1007/bf02668748

Van Loon, L. C., Rep, M., and Pieterse, C. M. (2006). Significance of inducible defense-related proteins in infected plants. Annu. Rev. Phytopathol. 44, 135–162. doi: 10.1146/annurev.phyto.44.070505.143425

Van Meulebroek, L., Hanssens, J., Steppe, K., and Vanhaecke, L. (2016). Metabolic fingerprinting to assess the impact of salinity on carotenoid content in developing tomato fruits. Int. J. Mol. Sci. 17:821. doi: 10.3390/ijms17060821

Verbruggen, N., and Hermans, C. (2008). Proline accumulation in plants: a review. Amino Acids 35, 753–759. doi: 10.1007/s00726-008-0061-6

Verslues, P. E., Agarwal, M., Katiya-Agarwal, S., Zhu, J., and Zhu, J. K. (2006). Methods and concepts in quantifying resistance to drought, salt and freezing, abiotic stresses that affect plant water status. Plant J. 45, 523–539. doi: 10.1111/j.1365-313X.2005.02593.x

Verslues, P. E., and Sharma, S. (2010). Proline metabolism and its implications for plant-environment interaction. Arabidopsis Book 8:e0140. doi: 10.1199/tab.0140

Viehweger, K. (2014). How plants cope with heavy metals. Bot. Stud. 55:35. doi: 10.1186/1999-3110-55-35

Wang, J., Song, L., Gong, X., Xu, J., and Li, M. (2020). Functions of jasmonic acid in plant regulation and response to abiotic stress. Int. J. Mol. Sci. 21:1446. doi: 10.3390/ijms21041446

Wang, Y., Wisniewski, M., Meilan, R., Uratsu, S. L., Cui, M., Dandekar, A., et al. (2007). Ectopic expression of Mn-SOD in Lycopersicon esculentum leads to enhanced tolerance to salt and oxidative stress. J. Appl. Hortic. 9, 3–8. doi: 10.37855/jah.2007.v09i01.01

Wang, Y., Ying, Y., Chen, J., and Wang, X. (2004). Transgenic Arabidopsis over expressing Mn-SOD enhanced salt-tolerance. Plant Sci. 167, 671–677. doi: 10.1016/j.plantsci.2004.03.032

Wani, S. H., Kumar, V., Shriram, V., and Sah, S. K. (2016). Phytohormones and their metabolic engineering for abiotic stress tolerance in crop plants. Crop J. 4, 162–176. doi: 10.1016/j.cj.2016.01.010

Wani, S. H., Singh, N. B., Haribhushan, A., and Iqbal Mir, J. (2013). Compatible solute engineering in plants for abiotic stress tolerance-role of glycine betaine. Curr. Genomics 14, 157–165. doi: 10.2174/1389202911314030001

Waqas, M. A., Kaya, C., Riaz, A., Farooq, M., Nawaz, I., Wilkes, A., et al. (2019). Potential mechanisms of abiotic stress tolerance in crop plants induced by thiourea. Front. Plant Sci. 10:1336. doi: 10.3389/fpls.2019.01336

Wimalasekera, R., Tebartz, F., and Scherer, G. F. (2011). Polyamines, polyamine oxidases and nitric oxide in development, abiotic and biotic stresses. Plant Sci. 181, 593–603. doi: 10.1016/j.plantsci.2011.04.002

Wishart, D. S. (2019). Metabolomics for investigating physiological and pathophysiological processes. Physiol. Rev. 99, 1819–1875. doi: 10.1152/physrev.00035.2018

Xie, Z., Nolan, T. M., Jiang, H., and Yin, Y. (2019). AP2/ERF transcription factor regulatory networks in hormone and abiotic stress responses in Arabidopsis. Front. Plant Sci. 10:228. doi: 10.3389/fpls.2019.00228

Xu, Y. I., Chang, P. F. L., Liu, D., Narasimhan, M. L., Raghothama, K. G., Hasegawa, P. M., et al. (1994). Plant defense genes are synergistically induced by ethylene and methyl jasmonate. Plant Cell 6, 1077–1085. doi: 10.1105/tpc.6.8.1077

Yalpani, N., Silverman, P., Wilson, T. M., Kleier, D. A., and Raskin, I. (1991). Salicylic acid is a systemic signal and an inducer of pathogenesis-related proteins in virus-infected tobacco. Plant Cell 3, 809–818. doi: 10.1105/tpc.3.8.809

Yang, S., Vanderbeld, B., Wan, J., and Huang, Y. (2010). Narrowing down the targets: towards successful genetic engineering of drought-tolerant crops. Mol. Plant 3, 469–490. doi: 10.1093/mp/ssq016

Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., and Chen, S. (2021). Response mechanism of plants to drought stress. Horticulturae 7:50. doi: 10.3390/horticulturae7030050

Yang, X., Wen, X., Gong, H., Lu, Q., Yang, Z., Tang, Y., et al. (2007). Genetic engineering of the biosynthesis of glycinebetaine enhances thermotolerance of photosystem II in tobacco plants. Planta 225, 719–733. doi: 10.1007/s00425-006-0380-3

Yang, Y. L., Zhang, Y. Y., Lu, J., Zhang, H., Liu, Y., Jiang, Y., et al. (2012). Exogenous H2O2 increased catalase and peroxidase activities and proline content in Nitrariatangutorum callus. Biol. Plant. 56, 330–336. doi: 10.1007/s10535-012-0094-2

Zandi, P., and Schnug, E. (2022). Reactive oxygen species, antioxidant responses and implications from a microbial modulation perspective. Biology 11:155. doi: 10.3390/biology11020155

Zapata, P. J., Serrano, M., Pretel, M. T., Amorós, A., and Botella, M. Á (2004). Polyamines and ethylene changes during germination of different plant species under salinity. Plant Sci. 167, 781–788. doi: 10.1016/j.plantsci.2004.05.014

Zhang, K., Zhou, M., and Memelink, J. (2016). Analysis of the Role of DELLA Proteins in the Expression of Jasmonate Biosynthesis in Arabidopsis thaliana. MYC Transcription Factors: Masters in the Regulation of Jasmonate. Doctoral thesis. Leiden: Leiden University, 77.

Zipfel, C., and Felix, G. (2005). Plants and animals: a different taste for microbes? Curr. Opin. Plant Biol. 8, 353–360. doi: 10.1016/j.pbi.2005.05.004


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

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

Copyright © 2022 Chen, Mubeen, Hasnain, Rizwan, Adrees, Naqvi, Iqbal, Kamran, El-Sabrout, Elansary, Mahmoud, Alaklabi, Sathish and Din. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-13-881032-g002.jpg
T W <Y TN
Y AWE ‘
B C A

\ Hea

‘\Sallnlty \\\Hoat&oold metas / Drought/'
Abiotic stress
\\
——
{  Primary -
Yo
\metabolites ;. *
4 fa
\ Pl S m
/@ :
2]
““““ S
And -1
........ 7]
[
o
’ \
; \ T
!
! Secondary ©
\
\metabolltes ®
o
A 2]
c
g T 0
7]

Plant growth promoting

*Photosynthesis regulation
*Morphological responses

— «Transcription regulation

*Stress induced gene
regulation

Anti-oxidant defense

* Osmolyte accumulation
* ROS scavenging

* Lipid peroxidation

Phytohormones signalling

*TAA *Ethylene
 Cytokinin * Abscisic acid
*Gibberllins

«N: fixation

 Solubilization of phosphorus
Volatile Organic Compounds (VOCs)
« Amino acids

*Phytochrome modulation

* Siderophore

*Exopolysaccharides

rhizobacteria (PGPR) Biostimulants

ROS
Scavanging

System

Plant
Height

Root length
and
DW/FW

Stress

Tolerance






OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Role of Promising Secondary Metabolites to Confer Resistance Against Environmental Stresses in Crop Plants: Current Scenario and Future Perspectives



		INTRODUCTION



		METABOLITES INVOLVED IN STRESS TOLERANCE



		PROFICIENCY OF BIOCHEMICAL ASSOCIATED WITH STRESS TOLERANCE



		Glycine Betaine



		Synthesis of Glycine Betaine



		Mechanism and Protective Role of Glycine Betaine







		Amino Acids



		Proline



		Proline Synthesis



		Mechanism and Defensive Role of Proline







		Polyamines



		Antioxidants



		Glutathione



		Tocopherols



		Ascorbic Acid



		Phenols











		ROLE OF PLANT ENZYMES IN MAINTAINING STRESS TOLERANCE



		Superoxide Dismutase



		Catalase







		APTITUDE OF PHYTOHORMONES IN STRESS TOLERANCE



		Abscisic Acid



		Auxins



		Salicylic Acid



		Cytokinins



		Jasmonates



		Ethylene



		Gibberellins



		Brassinosteroids



		Strigolactones







		CROSSTALK BETWEEN DIFFERENT METABOLIC PATHWAYS OF PLANT DEFENSE SYSTEM



		Battle of Metabolites of Lipoxygenase Pathway Hormones Against Stress



		Role of PR Proteins in Attaining Stress Tolerance



		An Overview of Some Vital Metabolites Associated With Plant Stress Tolerance







		MOLECULAR PROSPECTS OF ROLE OF METABOLITES IN PLANT STRESS TOLERANCE



		CONCLUSION



		FUTURE PROSPECTIVE



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fpls-13-881032-g001.jpg
LAY |
Cold' | Heat
~ - ~

Droughi/\ ‘\E.eavy metals

Salt \Stressfs lini
a r3 _\a nity

ROS

o S ) e v
: OS a
seccsscsccccccce %esesesesssssese . non-toxic level---.

Y Y v
Activation of Activation of e
stress response defense pathways - : ROS Scavangmg :

E Manipulation of ROS level R





OPS/images/fpls-13-881032-g006.jpg
Catalase

-

(@)

Superoxide dismutase (SOD)

44“0114

/§N

H Aspg)
(l)/ H ’. Hisgo

—

T

+

Il e N
:_NoN Z{/ \-NH
\?‘k N=\
N
H

ngHis §:1LH e
s6Hi

HN

Z
z@’

.

IS78





OPS/images/fpls-13-881032-g005.jpg
e
SN SR GRS SR S S SR S SR SR SR SR SR SIS SR S G SR S S S S S SR S S .

H H H H
H e Coe H H v C o C e H H e C v C == Coe H
N/ | L |
H—p—C—H H H H H
H/ \H Methane CH4 Ethane CzHs Propane CsHs

Primary amine Secondary amine

/ ey "y,
R’ : R\ H
R2

Y H Y
o H é—v—a

' p—

H—C—N—H HH—C—H

H H H

Tertiary amine

AN 2
R

b 4
H H

-

H H—?—HH
H

R3

H H H H

H e C = Coe C v C e H

H H H H

Butane C:sH1o





OPS/images/fpls-13-881032-g004.jpg
\Salts i Drought

Heat : Heavy metals

Cold Salinity

2

3
-
v

‘ S\ﬂ\ ¥

u\jUUL\UUUUUL\UU

ANRRRR

(LEA, SS, AQP,GB, Pro)

Functional proteins






OPS/images/fpls-13-881032-g003.jpg
ROS
Accumulation

Water

Salinity

Light

Temperature

Heavy metals

Plant PGPR  Carbohydrates Proteins,
hormones |

Signalling
interactions | —»

Plant Stress Tolerance





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






OPS/images/fpls-13-881032-g008.jpg
@@*@ aaeg gﬁg 11

Heat Cold Heavy Drought Salt

< Abiotic Stresses

¥

Excess ROS Accumulation
Membrane Dysfunctioning
Nutritional Disorder
Hormonal Imbalance
Reduces photosynthesis
Reduced Protein synthesis

v

Activation of Microbial
Phytohormones Cytoklnln

\/v Gibberellins ~  Salicylic acid
Indole acetic acid

Abscisic acid







OPS/images/fpls-13-881032-g007.jpg
Abiotic @ == =0
" Seconda
Stresses . | sms,” ..................

/
/
/
_ /
'rm- ¢
% m ' PC H\l\ : e;

Heavy
metals

S {Mineral
,—[uc__°] nutrition
O imbalance

vA{Flooding

(S|gnal senslng)

Q{ Signal }

transduction

Q‘ (Transcription)

expression

<. rtress responsive] I NUEE

genes / Protein <
Acclirn,ation
survival







OPS/images/fpls-13-881032-t001.jpg
Stress (Biotic or Abiotic)

Stress Induce gene regulation/Transcription

\>

Gene expression/Metabolic response

|

Secondary metabolites/Signal molecules

Terpenes

Oleanolic acid

Phenolics Other metabolites
Coumarins Tannins Quinic acid
Lignin Caftaric acid Kynurenic acid
Astringin Quercetin Salicylic acid
Kaempferol Genistein Methyl salicylate
Hydroxytyrosol glucoside Hesperidin Jasmonic acid

_ — Ethylene







OPS/images/fpls-13-881032-t003.jpg
Stress Production of secondary Response of plants References
metabolites
Drought Phenolics Activates antioxidant property of plants, PAL enzyme activity Garcia-Calderdn et al., 2015; Rezayian

Heat Stress
Cold stress
Antifungal
Antiviral
Salt stress

Light stress
Anti-insect
Anti-herbivores

Anthocyanins/Flavonoids/
Amino acids/Alkaloids

Terpenes

Polyamines phenyl amides
Phenolics
Phenolics
Phenolics

Polyphenolic alkaloids

Triterpenes
Monoterpenes
Amino acids, Glucoside

Provide defense against microbial pathogens, insect pests and large
herbivores
Increase antioxidant activity and anti-inflammatory response, affects
transamination, glycolysis, citric acid cycle and glutamate- mediated
proline biosynthesis and promotes ripening of leaves
Increase in photosynthesis and leaf water status, alleviate oxidative

damage on cellular membrane, Increase defense against phytophagous

insects, fungi and microbes
Increases defense
Increases defense
Increases defense
Increases defense
Increases defense

Increases defense
Increases defense
Increases defense

etal., 2018;

Cakir and Cebi, 2010; Bowne et al.,
2012; Guo et al., 2018;

Turtola et al., 2003

Edreva et al., 2008
Griffith and Yaish, 2004
Mishra et al., 2006; Jain et al., 2015
Ozgelik et al., 2011

Martinez-Ballesta et al., 2014; Rivero
etal., 2018

Fournier et al., 2003
Ahmed et al., 2017
Moulin et al., 2006; Mazid et al., 2011





OPS/images/fpls-13-881032-t002.jpg
Plant hormones

Gibberellin

Auxins

Cytokinins

Ethylene

Abscisic acid

Formula

2Ly
<
HO'
H CooH
o
Cfd "

ol
N
N
H
P
i

x

\

=2z

H\
/C =C,
H

Iz

CHy CHy; CHy

OH
o CHy COoH

Germination

v

X

Growth to maturity

v

v

Flowering

v

v

Fruit development

v

v

Abscission

X

X

Seed dormancy

X

X





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





