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Salicylic acid (SA) and nitric oxide (NO) are key signaling molecules required to activate the plant's innate immunity against abiotic stresses and biotrophic attackers. Stress-induced signaling and accumulation of SA and NO triggers extensive transcriptional reprogramming of defense-related genes, induced biosynthesis of secondary metabolites and anti-microbial compounds, thereby protecting/steering plant growth and immunity. Transcriptional regulation of SA and NO signaling are crucial for fine-tuning important cellular and metabolic functions, thus making plant defense impervious against many pathogens. The development of an impenetrable immune response is often associated with an unavoidable trade-off in the form of active suppression of plant growth and reproduction. Therefore, we highlighted recent advancements and research to unravel transcriptional regulation of SA and NO signaling essential for fulfilling their role as defense signaling molecules. We also emphasized comprehensive knowledge related to transcriptional reprogramming of SA and NO signaling important in strengthening plant growth-immunity trade-off. We also highlighted the progress on SA and NO signaling playing an indispensable role in stimulating plant-microbe interaction to modulate crucial plant functions.
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INTRODUCTION

Rapidly changing environmental conditions are the major limiting factor for the growth, development, and productivity of agriculturally important crops significantly affected by various biotic and abiotic stresses (van Butselaar and Van den Ackerveken, 2020). In addition, rapid urbanization/industrialization is the primary cause for reducing agricultural lands and water resources that will limit food availability to humans and livestock in the future (Thurlow et al., 2019). Furthermore, abiotic stresses execute a confronting role in ascertaining crop growth and productivity and influence the dissemination of plant species across different geographical locations (Foyer et al., 2016). Conversely, various anthropogenic activities have significantly altered the climatic conditions that have exacerbated the abiotic stresses on a global scale with increased irregularities in rainfall and unpredictive temperature (Ma et al., 2017). Therefore, fostering new breeds of economically important crops with improved adaptative ability to a diverse range of environmental fluctuations is of utmost requirement (Ma et al., 2017).

Interestingly, one of the most intriguing features of abiotic stresses is the establishment and modulation of signal transduction pathways leading to the activation of diverse defense responses in plants. These defense responses are activated by the complex interaction of transcriptional regulators, genes/proteins, and their cross-talk at physiological, biochemical, and molecular levels (van Butselaar and Van den Ackerveken, 2020). An insight into how these complex biological processes modulate abiotic stress tolerance in plants is still lagging. It is currently being investigated for identifying key mediators/elicitors of abiotic stress tolerance in plants.

Recently, SA and NO have earned an important place in the plant science community as one of the endogenous “mediators/elicitors” which are capable of initiating a wide range of physiological and metabolic responses in plants exposed to stress conditions (Domingos et al., 2015; van Butselaar and Van den Ackerveken, 2020). SA is considered a ubiquitous signaling molecule involved in conferring biotic and abiotic stress tolerance in plants by regulating the expression of critical genes and proteins of the stress defense pathway (Ding and Ding, 2020). Furthermore, several studies have reported that exogenous application of SA strengthens enzymatic and non-enzymatic antioxidants, thereby maintaining reactive oxygen species (ROSs) at the basal level (Koo et al., 2020). ROSs are an unavoidable cause of aerobic metabolisms, which can induce oxidative stress if their stories are not contrived below a threshold level (Mittler, 2017). NO is also an endogenous free radical signaling molecule capable of regulating a wide array of physiological and molecular processes in plants grown in extreme environments (Domingos et al., 2015). Growing shreds of evidence have suggested that NO is a critical player in regulating the growth and productivity of plants exposed to abiotic and biotrophic attackers (Fancy et al., 2017; Corpas and Palma, 2020). NO provokes stress defense response either by acting as an antioxidant or by elicitor of ROS scavenging system, thus stimulating the activities of various antioxidative enzymes and metabolites (Corpas and Palma, 2020). Additionally, multiple studies have delineated that NO can also regulate seed germination, dormancy, fruit ripening, and other physiological processes more effectively than other phytohormones (Sharma et al., 2020b).

To date, several studies have investigated the diverse physiological and biochemical role of SA and NO in plants under various abiotic stress conditions by stimulating ROS scavengers, stress-responsive genes, and complex hormone-mediated signaling events. However, the functional mechanism by which they exert stress defense response is still far from clear. Here, we review an in-depth molecular mechanism for understanding SA and NO-mediated key transcriptional regulators to perceive plant responses under diverse environmental fluctuations. Furthermore, we emphasized the current perceptions regarding SA and NO biosynthesis, transport, signaling, and mode of action/interaction in plants. This review also highlights the underlying methodologies targeting multiple biological processes by mediating crosstalk with other phytohormones/signaling molecules, potential significance, and future perspectives in plant stress biology.



SA: BIOSYNTHESIS AND REGULATION

The “sixth” phytohormone SA is a β-hydroxy phenolic acid widely produced in some prokaryotes and crop plants. In plants, it acts as a chemical messenger capable of inflecting many immune responses like extensive transcriptional reprograming, restoring membrane damage, regulating secondary metabolism, and enzyme synthesis to combat stress cues (Zhang and Li, 2019). However, the repercussions of the robust immune system are often associated with the dynamic repression of plant growth and development, often referred to as a “growth-immunity trade-off” (van Butselaar and Van den Ackerveken, 2020). In plants, this “growth-immunity trade-off” is significantly affected either synergistically or antagonistically as a direct effect of phytohormones portraying an intricate balance between growth and immune response upon their accumulation (Zhang and Li, 2019). Raymond F. White (1979) first reported the role of SA in plant immunity, and it was introduced as the “sixth phytohormone” in Raskin (1992). It was said to provide immunity to tobacco plants against tobacco mosaic virus (TMV) by activating Pathogenesis-Related (PR) proteins when applied exogenously (Ding and Ding, 2020). Extensive studies over the past decades have confirmed the immunoregulatory role of SA in plants conferring resistance to plants against several biotic and abiotic stresses overview of which has been depicted in Figure 1 (Janda and Ruelland, 2015; Zheng et al., 2015).
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FIGURE 1. An overview of salicylic acid (SA) synthesis, regulation and signaling in plants. The bioactive SA synthesis starts from shikimate catalyzed by isochorismate synthase (ICS1)/SA induction deficient 2 (SID2). Enhanced disease susceptibility 1 (EDS1) transfer isochorsimate from chloroplast to cytosol which is then converted into isochorsimate-9-glu by AVRPPHB susceptible 3 (PBS3) and isochorismoyl-glutamate synthase (IGS). The isochorsimate-9-glu finally yields SA either spontaneously or by activity of enhanced pseudomonas susceptibility 1 (EPS1). Higher accumulation of ethylene responsive genes such as ethylene insensitive 3 (EIN3) or EIN3 like 1 (EIL1) under the influence of DP-E2F-like1 (DEL1) transcription factor can inhibit transcriptional reprogramming of ICS1 and EDS5 thus inhibiting SA synthesis. However, at higher SA level the activity of EIN3 is repressed by NPR1. Overexpression of UDP-glucosyltransferase 74F1 and F2 (UGT74F1 and F2) along with downy mildew resistant 6/ salicylate-5-hydroxylase (DMR6/S5H) can result in the formation of inactivated SA like SA glucose ester. Similarly, BA/SA carboxyl methyltransferase 1 (BSMT1), sulfotransferase 1 (SOT12) and Gretchen Hagen 3.5 (GH3.5) can modify SA into different conjugates. SA mediated induction of immune response involves monomerization of non-expresser of pathogenic receptor 1 (NPR1) gene which upon higher SA accumulation interact and induce TGA transcription factors that activate 26S proteasome complex leading to ubiquitylation processing stimulated by Cullin-Ring ubiquitin E3 ligase (CRL3).


In plants, SA is synthesized via two specific routes, involving the isochorismate (IC) pathway and phenylalanine ammonia-lyase (PAL) pathway using chorismate as a substrate which is the end product of the shikimate pathway (Janda and Ruelland, 2015). Various studies have confirmed that the genes viz., Enhanced Disease Susceptibility 5 (EDS5), Isochorismate Synthase 1 (ICS1), and avrPphB Susceptible 3 (PBS3) were essentially involved in producing SA via seven-step enzymatic reaction in the chloroplast and cytosol. Upon stress exposure, the genes ICS1 and ICS2 are activated, catalyzing the biosynthesis of IC from chorismate, which is then transported into the cytosol via EDS5 (Torrens-Spence et al., 2019; Ding and Ding, 2020). In prokaryotes, isochorismate lyase (IPL) directly converts IC into pyruvate and SA whereas, in plants, the enzyme Isochorismoyl-Glutamate Synthase (IGS)/PBS3 converts IC into isochorismate-9-glutamate (IC-9-Glu), which is then spontaneously converted into SA and 2-hydroxy-acryloyl-N-glutamate (2HNG). In the PAL pathway, phenylalanine and tyrosine are collectively involved in the biosynthesis of SA using distinct ways (Guilfoyle et al., 2015). The enzyme anthranilate synthase (AS) converts chorismate into tryptophan and at the same time to prephenate by chorismate mutase 1 (CM1), which is then transported into the cytosol by an alternative pathway involving phenylpyruvate aminotransferase (Tanaka et al., 2015). Both cytosolic and plastidial phenylalanine are converted into trans-cinnamic acid by PAL, then converted into SA via ortho-coumaric acid. The trans-cinnamic acid is converted to benzaldehyde and benzoic acid, finally hydroxylated to yield SA (Zhang and Li, 2019).

SA signaling is mediated either by pathogen triggered immunity (PTI), or effectors triggered immunity (ETI) depending upon the nature of abiotic /biotic stress is being perceived by the plant's innate immunity (Huang et al., 2020). In PTI, the relatively conserved molecular signatures of pathogen attacking plants are detected by pattern recognition receptors (PRRs) which are the critical element of plant innate immunity. On the contrary, ETI employs effector resistance proteins, often called nucleotide-binding leucine-rich repeats (NB-LRR), to trigger defense response (Lu et al., 2016). The genes of the ICS biosynthetic pathway are modulated by efficient expression of Systemic Acquired Resistance (SAR) Deficient 1 (SARD1) and Calmodulin Binding Protein 60g (CBP60g), provoking transcriptional regulation of the ICS pathway upon binding to its promoter region (GAAATTTTGG) (Janda and Ruelland, 2015). Additionally, these SARD1 and CBP60g upon accumulation also induce the expression of EDS1, one of the critical genes involved in SA biosynthesis and signaling (Chen et al., 2021). EDS1 is a lipase-like protein which upon interacting with Phytoalexin Deficient 4 (PAD4) or Sequence Associated Gene (SAG101) forms hetero-complexes thus initiating SA signaling (Zheng et al., 2015). The EDS1, PAD4, and SAG101 triad contain lipase-like domains that regulate complex interactions, thereby modulating SA biosynthesis, signaling, and plant innate immune response under different climate extremes (Dongus and Parker, 2021).



NO: BIOSYNTHESIS AND REGULATION

Nitric oxide is one of the most acclaimed components of the plant's signaling repertoire that enable plants to thrive under substandard environments (Domingos et al., 2015). In the recent decades, several experimental data have witnessed the multiple roles of NO in germination, reproduction, and strengthening several other physiological and molecular processes in plants (Corpas and Barroso, 2015). However, the exact mechanisms of NO production and its signaling cascade have yet to be explored. Nonetheless, various researchers working in the plant science community have speculated that there are two potential routes for NO biosynthesis in plants (i) reductive pathways and (ii) oxidative pathways (Chamizo-Ampudia et al., 2017). The reductive pathway is the most prominent pathway for NO synthesis in plants mediated via nitrate reductase (NR) enzyme. The NR pathway, located in the plant's cytosol, uses NADPH as a cofactor to reduce nitrate to nitrite, further reducing to NO (Santolini et al., 2017). Researchers have also concluded that under normal growing conditions, the efficiency of NR in NO synthesis is only 1%; nonetheless, it is considered as the essential enzymatic NO production in plants (Gupta et al., 2011). It has also been documented that several post-translational modifications (PTMs) of NR enzymes have significant repercussions on NO biosynthesis under both in-vivo and in-vitro conditions (Corpas and Barroso, 2015). These PTMs such as biotinylation and SUMOylation deactivate NR enzymes by altering magnesium's activity, which replaces aspartate with serine, thus reducing the specificity NR against its substrate, leading to low NO emission.

Additionally, several reports have highlighted the in-vivo synthesis of NO within the plasma membranes via a plasma membrane-bound NR enzyme known as NiNOR, which uses nitrite as substrate generated in an NR-coupled reaction (Domingos et al., 2015; Santolini et al., 2017). Scientists have simulated NO's biosynthesis under in-vitro conditions by exploiting artificial electron donors such as hydrogen sulfide, methyl viologen, cytochrome C and recorded enhanced NO synthesis (Hancock and Whiteman, 2016). Another route of NO biosynthesis in plants is nitrite reduction by a peroxisomal enzyme Xanthine Oxidoreductase (XOR). However, this reactive conversion of nitrite to NO by XOR occurs only under anaerobic conditions using NADPH or xanthine as substrate (Hancock and Whiteman, 2016). Anaerobic synthesis of NO within the peroxisomes could be due to the possible interaction with ROS or reactive nitrogen species (RNS), which has been observed in Pisum sativum and Lupinus albus plants. In the early twentieth century, researchers provide significant insight regarding the existence of an oxidative pathway by which plants synthesize NO by employing an arginine-dependent Nitric Oxide Synthase (NOS)-like biochemical pathway (Gupta et al., 2011). Several studies have shown that the application of exogenous arginine modulated the release of NO in the root tip of Arabidopsis thaliana seedlings by stimulating the synthesis of spermine and spermidine as analyzed by diaminorhodamine-4M fluorescence (Winter et al., 2015). Further, the exogenous application of hydroxylamine to NR deficient tobacco cell lines has resulted in increased NO synthesis; however, the magnitude of production was significantly lower than NO production in the NR pathway (Shivaraj et al., 2020). A diagrammatic representation of NO biosynthesis, signaling, modification, and regulation of immune response in plants has been depicted in Figure 2.
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FIGURE 2. Schematic representation of nitric oxide (NO) biosynthesis in different subcellular compartments in plants detailing about different biochemical reactions involved in biosynthesis and the effect they exert after they are released from respective compartments. In addition, details about different mode of NO production that occur in plants via L-arginine pathway has also been discussed and how the function of NO is affected by other signaling molecules has also been shown. Furthermore, mechanisms involved in the regulation of NO-dependent activation of immune response and activation of other defense responsive genes/proteins which ultimately leads to improve plant growth and development is also shown. PM-NR, Plasma membrane bound nitrate reductase; NiNOR, Plasma membrane bound Nitrite-nitric oxide reductase; NOA, NO associated protein; XOR, Xanthine oxidoreductase; NOS, Nitric oxide synthase; GSNO, S-Nitrosoglutathione; GSNOR, S-Nitrosoglutathione reducatse; PTMs, Post-translational modifications; OONO, peroxynitrite; Hb1, Heamoglobin 1.




SA AND NO: REGULATION OF PLANT GROWTH AND DEVELOPMENT

In plants, the effect of SA and its influence on plant growth and immune responses have been extensively studied in the model plant Arabidopsis thaliana, which is executed firmly by the positive modulation of Non-expresser Pathogenesis-Related protein gene 1 (NPR1) (Cui et al., 2017). The SA-mediated modulation of growth involves the NPR1 from the cytoplasm to the nucleus, where it interacts with various transcription factors (TFs) signaling genes (Caarls et al., 2015). The TFs like WRKY, No apical meristem/Arabidopsis transcription activation factor/Cup-shaped cotyledon (NAC), Apetella 2/Ethylene responsive factor (AP2/ERF), and Squamosa Binding Proteins (SBP) has been reported to upregulate the expression of genes involved cell wall strengthening, secondary metabolite production and antimicrobial proteins like chitinases and glucanases (Choi et al., 2010). Exogenous application of SA at lower concentrations viz., 0.1–0.5 mM has been shown to enhance the ability of plants to improvise under extreme environments by stimulating the expression of ICS1 and other vital genes (Rivas-San Vicente and Plasencia, 2011). SA has also been known to impact several auxin-mediated cell-to-cell transport processes that strongly affect auxin signaling in the plant's root and shoot (Tamas et al., 2015). The in-depth investigation revealed that SA exerts these growth-promoting responses by fine-tuning the expression of PINOID (PIN) genes that act as auxin carriers and localization (Armengot et al., 2014).

Various studies have indicated that SA alone doesn't have a growth-promoting effect. Instead, it works in conjunction with JA and NO signaling to improve the growth and immunity of plant species. However, the mechanisms by which NO stimulates growth and development in plants are similar to SA, but the functional evidence is still limited. The growth-stimulating effect of NO was first identified in Medicago truncatula. The researchers observed that the NO was directly involved in the regulation of cell division but not for its subsequent progression (Xu et al., 2010). It has also been well-documented that NO is engaged in the differentiation of vascular bundles in various plants by inflecting cell lignifications and apoptosis (Cam et al., 2012).

Additionally, several published reports have delineated that cGMP mediated NO signaling in conjunction with Ca2+ can instigate aerenchyma formation and cell polarity in Zea mays roots and Ceratopteris richardii (Krasylenko et al., 2010). Further, the cytoarchitectural advancement of the roots has also been reported to be dependent upon NO-mediated stimulation of auxin response as exogenously applied NO has been delineated to imitate IAA response to induce de-novo organogenesis in various plants such as C. Sativus and Arabidopsis thaliana (Garcia et al., 2010). NO has also been reported to cause lateral root formation in Solanum lycopersicum upon interacting with Azospirillum. NO exerted this function by stimulating the biosynthesis ROSs which enhanced the production of glutathione that strengthened the symbiotic association of plants with respective microorganisms (Nabi et al., 2019). This gravitropic response mediated by NO has also been confirmed in the roots of Glycine max, where the exogenous application of sodium nitroprusside (SNP) (NO donor) induced differentiation of cortical microtubules, which in turn stimulated lateral and adventitious root formation (Nabi et al., 2019).


Photosynthesis

The photochemical reactions occurring in the thylakoid membrane of the chloroplast are the primary site for ROS-mediated oxidative damages provoking inequality in the electron flow from oxygen-evolving complex (OEC) to photosystem II (PSII) (Janda et al., 2012). Inhibition/decrease in photosynthetic rate could be attributed to the reduction of Phospholipase D (PLD) activity which may ultimately affect Ribulose Bisphosphate Carboxylase/Oxygenase (RUBISCO) activity (Wani et al., 2017). Recent exploration demonstrated the involvement of SA in regulating PLD activity under stress conditions which sequentially activates phosphatidic acid (PA), thereby modulating vital metabolic processes (Janda et al., 2012). SA-mediated amelioration of photosynthesis and electron transfer by modulating the activity of either PLD or PA has been observed in Arabidopsis thaliana, Brassica napus, and Glycine max under stress conditions (Liu L. et al., 2016; Liu Z. et al., 2016; Wani et al., 2017). SA is believed to activate PLD or PA under stress conditions by triggering transcriptomic changes in the host organisms causing activation of several PLD-dependent genes such as PR-1 and NPR1 (Kalachova et al., 2013). Further, SA is also known to stimulate Phosphatidylinositol-4-Kinase (PI4K), resulting in the formation of Phosphatidylinositol-4-Phosphate (PI4P) and phosphatidylinositol-4-5-bisphosphate, thereby enabling the activity of RUBISCO (Kalachova et al., 2013). In several plants, including Arabidopsis thaliana, both endogenous and exogenous SA (0.5 and 1.0 mM) has modulated the expression of phosphatidylinositol-4-5-bisphosphate under heat stress resulting in enhanced accumulation of PLDs and RUBISCO synthesis (Janda et al., 2015).

Exogenous application of SNP has been reported to rebuild various physiological and biochemical processes in plants, including photosynthesis (Prochazkova et al., 2013). Foliar application of SNP at lower concentrations has stimulated chlorophyll synthesis in several crop plants, including Solanum lycopersicum, Solanum tuberosum, and Lactuca sativa (Prochazkova et al., 2013). Treating plants with a higher concentration of SNP has resulted in the decreased level of photosynthesis enzyme and thus limiting photosynthesis rates in Medicago sativa, Glycine max, and Phaseolus vulgaris (Liu et al., 2014). To decipher the mechanism of how exogenous NO regulate photosynthesis in plants, NO hypersensitive mutants were created and genetically screened in Arabidopsis thaliana (Lozano-Juste and León, 2010). Among all the mutants created, six exhibited mutation on single locus NOX1 (NADPH oxidase 1), a close homolog of CUE1 (Chlorophyll a/b binding unexpressed 1). The CUE1 is responsible for synthesizing chloroplast phosphoenolpyruvate/phosphate translocator, which is involved in various physiological processes and NO production in plants (Lechon et al., 2020). These NOX1 (CUE1) mutants displayed intense disorganization of chloroplast phosphoenolpyruvate/phosphate translocator, which suppressed vital physiological processes, including photosynthesis and electron transport system (Lechon et al., 2020). Additionally, NOX1 (CUE1) mutants exhibited late flowering compared to non-mutant counterparts, as the former have elevated NO levels due to increased synthesis (Yun et al., 2016). The NOX1 (CUE1) mutants generated in other model plants per se., Medicago truncatula and Lotus japonicus, have also shown reduced growth of floral meristem due to downregulation of key gene LFY (LEAFY) and CO (Co-regulator) (Parankusam et al., 2017). Recent findings in Arabidopsis thaliana have shown that the expression of both LFY and CO genes is in the same oscillatory circadian rhythm path as NOX1 and NOS1 (Parankusam et al., 2017). Thus, the above findings strongly indicate NO's involvement in the regulation of photosynthesis, flowering, and various other vital processes in plants.



Plant Water Relation

Researchers have shown that an increase in auxin level or signaling decreases SA signaling and vice-versa (Iglesias et al., 2011; Miura and Tada, 2014). Krizek et al. (2016) further validated this hypothesis, who observed improved photosynthesis and relative water content in auxin-insensitive mutant's arx2-1 and double mutant's aintegumenta-like 6 (ail6) exhibiting increased SA levels. Furthermore, Arabidopsis thaliana plants with altered Wallsarethin 1 (WAT1) protein synthesis improved secondary cell wall and development due to enhanced SA in both roots and shoots compared to auxin level (Miedes et al., 2014). Similarly, cotton plants mutated for WAT1, WAT2, and WAT3 genes showed robust expression of ICS1, resulting in enhanced accumulation of SA under pathogen attack (Tang et al., 2019). Arabidopsis thaliana plants over-expressing SA-inducible DNA binding with One Finger (DOF) protein stimulated OBF Binding Protein (OBP3) TF that significantly improved root and shoot growth by preventing membrane damage and maintaining ion/osmotic homeostasis (Song et al., 2016). SA signaling can also activate the Target of Rapamycin (TOR) signaling pathways, which are highly conserved in plants associated with growth and developmental processes (Schepetilnikov and Ryabova, 2018). TOR signaling pathways have been widely reported to improve ion transition, nutrient transition, and protein synthesis, thus improving the growth and reproduction of crop plants (Schepetilnikov and Ryabova, 2018).

In plants, cGMP has been widely reported to perform a central role in the growth and developmental pathways, including NO signaling (Silveira et al., 2016). Researchers have actively documented NO-mediated cGMP synthesis modulated the expression of defense-related genes including PR-1 and PAL in transgenic tobacco plants under pathogen attack (Charrier et al., 2012; Chun et al., 2012). Recently, studies have also postulated that cGMP and cyclic adenosine 5'-diphosphoribose (cADPR) strongly influence NO synthesis in plants (Sanz et al., 2015). The exogenous application of SNP showed prevention toward membrane damage by regulating the level of thiobarbituric acid reactive substances and plant relative water contents under stress conditions (Rai et al., 2018a,b, 2020a). The cGMP-cADPR-NO triad has been shown to participate in various signaling pathways, including the abscisic acid pathway, which modulates vacuolar ryanodine receptor (RYR) like proteins to stimulate the biosynthesis of membrane proteins (Khan et al., 2014). Additionally, both cGMP and cADPR pathways function synergistically to regulate the NO biosynthesis to activate RYR like proteins and other genes/proteins of the defense pathway.



Crop Yield

A large body of literature has documented the role of SA (low concentration) in stimulating growth-related processes and immunity in plants either independently or by interacting/modulating with other phytohormones and signaling molecules. Interestingly, studies have also postulated that most SA regulators do not have a specific DNA/protein motif to stimulate SA biosynthesis. How these regulators regulate SA biosynthesis still seems farfetched (An and Mou, 2011). Which raises a big question how SA-mediated growth-immunity trade-off can be circumvented in a way that makes it possible to breed disease resistance plants without causing a significant reduction of their growth? To answer this question, a forward genetics approach was undertaken by creating loss of function mutants for SA-analog benzothiadiazole non-responsive to bth (nrb) in Arabidopsis thaliana (van Butselaar and Van den Ackerveken, 2020). These SA-analog suppressor mutants showed increased growth but lost their immune response to specific pathogens (Caarls et al., 2017). A similar observation was made for Hydroxycinnamoyl Transferase (HCT)-RNAi sid2-1 and TOR-overexpression lines in Oryza sativa. The SA deficient mutants also exhibited enhanced performance growth and productivity by compromising their innate immune response (van Butselaar and Van den Ackerveken, 2020).

Additionally, studies have also indicated the role of NPR1 in stimulating the growth, productivity, and immunity of rice plants by modulating endogenous SA levels in response to pathogen attacks (Dinler and Tasci, 2020). However, NPR1 independent SA signaling requires activation of WRKY TFs to induce defense response in plants (Gao et al., 2018). The mechanism by which SA activates WRKY TFs is still unclear; however, it has been postulated that the master regulator of SA signaling, i.e., NPR1 undergoes a series of redox-dependent modifications (Li et al., 2020). One such modification involves the activation of thioredoxins which reduces intermolecular disulfide bonds in NPR1, thus causing a conformational change in its monomeric form and activating the expression of WRKY and other TFs (Gao et al., 2018). Another aspect by which SA modulates the growth and yield of crop plants without imperiling immunity is activating the Ideal Plant Architecture 1 (IPA1) gene that encodes squamosa binding protein (Zhang et al., 2020a,b). In rice and Arabidopsis thaliana, site-directed mutagenesis of Os-Sporocyteless 14 (OsSPL14) variant downregulated the expression of miRNA156, which in turn activated the transcription of Isopentenyl Adenine 1D (IPA1D) that improved the immunity, and yield of rice plants against biotic stress (Yin et al., 2019).

Similarly, a large body of evidence has confirmed that S-nitrosoglutathione (GSNO) is considered NO reservoir in plants that can modulate a variety of peptide and protein nitrosylation (Gupta et al., 2011; Corpas et al., 2013; Begara-Morales et al., 2018). This S-nitrosylation, in turn, affects the expression of various downstream genes, TFs, and activity of different intracellular and extracellular enzymes (Corpas et al., 2013). To decipher NO's role in stimulating growth-immunity trade-off, NO deficient mutants were created in Arabidopsis thaliana that showed impaired growth and development and early senescence compared to wild plants. Intriguingly, exogenous NO application to the above mutants markedly improved their growth by regulating the expression of SAG12 and SAG13 compared to their wild counterparts (Shanmugam et al., 2015). The increased accumulation of SAG proteins could be due to the increased nitrosylation of GSNO reductase (GSNOR), leading to enhanced GSNO production (Lindermayr et al., 2010). Again, to test this hypothesis, Antisense RNA-mediated silencing of GSNOR was executed in Arabidopsis thaliana. Their results showed that the lower production of S-nitrosothiols (SNO) was responsible for decreased growth and enhanced susceptibility to pathogenic attack (Bogdan, 2015). Furthermore, in Pisum sativum and Oryza sativa, NO is also known to stimulate growth and yield by regulating the level of methyl-jasmonate (Fancy et al., 2017). Most recently, researchers have confirmed that sequential reduction of NO in Pisum sativum plants showed decreased accumulation of NOS gene, which ultimately resulted in reduced growth and yield (Yadu et al., 2017). Additionally, NO deficient Arabidopsis thaliana mutants created for Nitric Oxide Synthase and Nitric Oxide-Associated 1 (NOS1/NOA1) showed stunted growth and early senescence wild plants as a result of increased accumulation of SAGs (Shen et al., 2013). Recent findings have indicated that NO also acts as a negative regulator of ABA biosynthesis genes such as 9-cis-epoxycarotenoid dioxygenase (NCED9) and a positive regulator of cytokinin biosynthetic genes such as isopentenyl adenine (IPT1) and zeaxanthin reductase (ZR) (Kong et al., 2016). Evidence has also documented the role of both SA and NO in stimulating pollen growth and in flowering by modulating the transcription of Constans (CO), Leafy (LFY), and Flowering Locus C (FLC). Previous findings have reported that NO can regulate the expression of the above genes by activating several TFs, including MADS-box TFs (Falak et al., 2021). These MADS-box TFs orchestrate Ca2+ level, which triggers calmodulin (CaM) protein, thus oscillating growth and natural circadian rhythm in plants under stress conditions (Falak et al., 2021).




SA AND NO: INTERPLAY BETWEEN BIOTIC AND ABIOTIC STRESS TOLERANCE


Biotic Stress

Raymond F. White first incepted involvement of SA in plant immunity in 1979, where he demonstrated that the application of acetyl-SA (aspirin) protected Nicotiana tabacum plants against viral infection. Further, in-depth characterization revealed that the SA-mediated accumulation of PR proteins boosted Nicotiana's innate immunity (Fragniere et al., 2011). Later, researchers advocated that plant defense response against pathogen attack is mediated by developing a hypersensitive reaction that triggers the release of SA, thus curbing pathogen penetration and spread (Wani et al., 2017). Controversially, some researchers have postulated that plants over-accumulating a salicylate hydroxylase (NahG) encoding gene negatively regulates SAR and causes SA depletion in plant tissues (Janda and Ruelland, 2015). Likewise, a study conducted by Vos et al. (2015) also confirmed that SA failed to induce insect resistance in plants as an egg laid by an insect on a plant's leaf dramatically accelerated SA accumulation that impaired Jasmonic acid (JA) mediated resistance against pathogens. However, some studies have disapproved the above notion and concluded that insect' egg could stimulate the development of SAR, which helps control microbial populations associated with plant roots, thus boosting plant immunity (Cui et al., 2019). SAR development is often positively regulated by SA-mediated signal perception proteins NPR1 and NPR2 and negatively regulated by NPR3 and NPR4. Recently, Li et al. (2021) reported that priming Vitis vinifera plants with β-aminobutyric acid (BABA) induces the expression of NPR1, NPR3, and Heat Shock Proteins 24 (HSP24), thus providing defense against the necrotrophic fungus Botrytis cinerea.

Similarly, Yildiz et al. (2021) confirmed that the mobile SAR signal induced by treating Arabidopsis thaliana plants with N-hydroxypipecolic acid (NHP) stimulated NPR1 mediated transcriptional reprogramming of Flavin-dependent Monooxygenase 1 (FMO1) and other downstream genes, thus systematically activating an immune response against pathogenic attack. The role of plant natural product NHP in activating immune response has been identified more recently (Yildiz et al., 2021), which is synthesized directly from pipecolic acid catalyzed by FMO1 in a series of transamination/reduction steps mediated by SARD-4 and AGD2-like defense response protein (ALD1). SA-mediated activation of NPR1 has also been shown to stimulate the ubiquitination of several cytoplasmic proteins by forming SA-induced condensates (SINC). These SINCs are rich in stress proteins that trigger ETI by facilitating programmed cell death and SAR (Li et al., 2021). The fundamental role of NPR1 and NPR2 homologs in conferring viral resistance have also been identified and characterized in Cymbidium orchids (Ren et al., 2020), thus indicating SA-induced NPR proteins act as a central hub for modulating the expression of defense-related genes.

NO has also been shown to induce PTI and ETI, thereby stimulating programmed cell death, causing inactivation of pathogenic proteins by increasing the synthesis of cryptogenic and initiating global reprogramming of gene expression (Martínez-Medina et al., 2019a). Researchers have well-corroborated that NO and RNS mediated S-nitrosylation of cysteines residues unequivocally control NO function (Nurnberger and Kemmerling, 2018). In plants, S-Nitrosylation is either catalyzed by thioredoxin or the GSNOR system, both of which strengthen the plant's immune response (Martínez-Medina et al., 2019a). Studies have also confirmed that plants displaying higher GSNOR activity are more resistant to powdery or downy mildew pathogens (Jahnova et al., 2020). In addition, treating potato plants with the inducers of SAR showed a steep increase in GSNOR activity and increased immunity against hemibiotrophic oomycete Phytophthora infestans (Jedelska et al., 2021). Another study has been undertaken to validate the role of GSNOR in imparting pathogenic resistance by generating GSNOR/NOX1 mutant in Arabidopsis thaliana. The mutants showed decreased basal resistance to Pseudomonas syringae and increased S-nitrosothiol levels which could be the main reason behind the abolition of NO-mediated resistance (Xu et al., 2013). RNA interference (RNAi) studies have also confirmed that the higher NO levels have a growth stimulatory effect on a fungal pathogen such as Aspergillus niger, Monilinia fructicola, and Penicillium italicum (Thalineau et al., 2016). Recently, researchers have confirmed the synergistic relation between NO and phytoglobins in plants exposed to pathogenic attacks. They concluded that an increase in NO levels induces the expression of phytoglobins 1 (PHYTGOB1) in tomato roots, thus generating immune system and defense response (Martínez-Medina et al., 2019a). Further, exogenous application of pipecolic acid (Pip) to barley leaves, in turn, activates GSNOR activity leading to the development of SAR, thereby reducing the toxic effect of P. syringae (Lenk et al., 2019).



Abiotic Stress
 
Temperature

Temperatures fluctuations, i.e., both high and low temperatures, other than required for the optimum growth of plants, significantly affect cellular and metabolic activities (Ruelland and Zachowski, 2010). Exogenous application of SA either by foliar application, seed soaking, or irrigation has been shown to differentially regulate temperature tolerance in plants by modulating the expression of defense responsive genes (Rai et al., 2018a,b, 2020a,b). Exogenous application of SA (0.5, 1.0, and 2.0 mM) modulated the expression of various antioxidant enzymes, which ultimately resulted in improved physiological and cellular function of Citrus limon plants exposed to chilling stress, Lablab purpureus plants exposed to high-temperature stress, and Solanum lycopersicum plants exposed to heat stress (Siboza et al., 2014; Rai et al., 2018a; Jahan et al., 2019a). Recently, Cingoz and Gurel (2016) reported that exogenous application of SA (0.15 mM) significantly boosted the accumulation of cardenolide, enzymatic and non-enzymatic antioxidants that compellingly inhibited the adverse effect of heat stress on Digitalis trojana plants. Similarly, Zhang et al. (2020b) have also confirmed the stimulatory growth role of SA applied at different concentrations in Capsicum annum plants exposed to high-temperature stress. In another study, Wassie et al. (2020) reported that treating Medicago sativa plants with varying concentrations of SA ameliorates heat-stress-induced oxidative damage by improving growth, photosynthetic efficiency, and modulating defense expression responsive genes.

Likewise, foliar application of NO donor SNP (0.35 and 0.50 mM) enhanced tolerance of Lablab purpureus plants exposed to high-temperature stress by modulating transcriptional reprogramming of stress-responsive gene/enzymes (Rai et al., 2020a,b). Cheng et al. (2018) also reported that treating Populus trichocarpa with hydrogen sulfide enhances NO-mediated nitrosylation of ROS, leading to the decreased activity of GSNOR and improved tolerance to heat stress. Furthermore, integrated transcriptomic and metabolomic analysis of NO-deficient NIA1, 2NOA1-2 mutants of Arabidopsis thaliana confirmed the potential role of NO in attenuating the production of critical secondary metabolites osmoprotectants and stress-responsive proteins under freezing stress (Costa-Broseta et al., 2018). Much research has confirmed NO's involvement in conferring temperature tolerance by activating signaling components/molecules, regulating TFs, and stress-responsive genes/proteins (Parankusam et al., 2017). Various studies have also reported that NO could also act downstream of ROS-mediated signaling, thus preventing the expression of HSP's in plants (Wang et al., 2014). The possible mechanism by which exogenous NO could activate defense response is by enhancing Ca2+ levels, which activates NADPH oxidase enzyme, leading to mitogen-activated protein kinase (MAPK) cascades (Costa-Broseta et al., 2018). Exogenous application of NO to S. lycopersicum seedlings ameliorates chilling-induced oxidative stress by modulating the levels of putrescine and spermidine (Parankusam et al., 2017). Likewise, treating Chrysanthemum morifolium with exogenous NO enhanced SNOs content, which activated the expression of defense responsive genes/proteins, thereby enhancing high-temperature induced oxidative damage (Cheng et al., 2018). Researchers have demonstrated that NO's interaction with SA or H2O2 has significantly modulated the efficiency of the Calvin cycle/ascorbate/glutathione cycle and trehalose accumulation in cucumber and potato plants (Liu et al., 2020; Wu et al., 2020).



Drought

Drought-affected plants exhibit prolonged stomatal closure, decreased relative water content, and increased membrane damage that adversely limits their cellular and metabolic activities (Prakash et al., 2021). To maintain optimum growth and adequate resistance against dehydration stress, plants activate many signaling molecules such as SA and NO that help them retain ion/osmotic homeostasis under adverse conditions (Naser Alavi et al., 2014). A study conducted by Sohag et al. (2020) has indicated that hydroponic treatment of SA to rice seedlings significantly enhanced drought stress tolerance by stimulating antioxidant defense-related genes/enzymes and accumulation of osmoprotectants like proline and glycine-betaine. Similarly, Li Q. et al. (2019) generated an overexpression line of tobacco by introducing the salicylic acid-binding protein (SABP) LcSABP gene from Lycium chinense that enhances drought stress tolerance in tobacco plants by improving their physiological and biochemical signaling. Likewise, a combined application of both SA and NO improved vegetative growth and dehydration tolerance in safflower plants by stimulating osmolytes accumulation and induction of defense-related enzymes (Chavoushi et al., 2019). In addition, foliar application of SA at varying concentrations (0.5–2.0 mM) induced transcriptional reprogramming of several TFs such as Dehydration responsive element binding protein (DREB), AP2/ERF, WRKY, and HSPs that significantly contributed toward enhanced immunity of crop plants against drought stress (Lee et al., 2019). SA is an omnipotent activator of several downstream signaling genes that accumulate essential metabolites such as sinapyl alcohol dehydrogenase, cinnamyl alcohol dehydrogenase, and cytochrome p450, improving the growth and reproduction drought of exposed plants (Chavoushi et al., 2019).

Likewise, treating Brassica napus plants with NO significantly improved fresh/dry weights, antioxidant enzymes, and membrane damage, thereby reducing the adverse effect of drought stress (Akram et al., 2018). Pre-treatment of rapeseed with NO (0.5 mM SNP) stimulated both antioxidative defense and glyoxalase system, thereby conferring polyethylene glycol (PEG) induced drought tolerance (Hasanuzzaman et al., 2017). Foliar application of arginine (NO donor) has also been shown to induce short-term drought stress tolerance in wheat seedlings by stimulating expression of methylglyoxal system and antioxidative defense signaling (Hasanuzzaman et al., 2018). Similarly, a large body of literature has corroborated NO's protective role in plants exposed to drought stress by stimulating various signaling cascades such as MAPK, calcium-dependent protein kinase (CDPK), and cyclic guanosine monophosphate (Gayatri et al., 2013). NO has also been implicated in activating defense response at a molecular level by preventing DNA methylation and genome-wide alteration, thereby regulating epigenetic-mediated defense response in plants (Gupta et al., 2020). Exogenous application of SNP also induced the expression of microRNAs (miRNAs) that are potentially involved in regulating epigenetic modification in Medicago sativa plants leading to enhanced growth and development under drought stress (Zhao et al., 2020). Similarly, treating soybean plants with SNP (0.1 mM) stimulates osmolytes accumulation and antioxidant defense responses under drought stress (Rezayian et al., 2020).



Salinity

Soil salinity alone or in combination with other abiotic stresses significantly affect agricultural production, thus hampering sustainable food production and global food security around the globe (Kim et al., 2018). Strategies like breeding local cultivars with wild relatives, molecular breeding approaches to identify QTLs, or developing transgenic plants are currently being used to enhance their immunity against salt stress (Jayakannan et al., 2015). Exogenous application of SA at lower concentration has been shown to stimulate plant defense response, growth, and productivity by regulating osmolytes and proteins of stress defense pathway such as HSP, DREB, AP2/ERF, and ICS1 (Kim et al., 2018). To study the response of salt stress, SA was exogenously applied (10−8-10−5 M) to glutathione reductase (gr) mutants of Arabidopsis thaliana. Compared to wild-type plants, the gr1 mutant exhibited more redox potential and scavenging activity due to enhanced activity of enzymatic antioxidants and ascorbate-glutathione (ASH-GSH) pools (Csiszar et al., 2018).

Similarly, researchers have functionally characterized the effect of SA in inducing the expression of Jatropha curcas JcWRKY TFs. In transgenic tobacco plants, ectopic expression of JcWRKY enhances salt tolerance in overexpressing tobacco plants by modulating ion homeostasis, photosynthetic efficiency, and antioxidant defense system (Agarwal et al., 2016). Foliar application of SA (100 mg L−1) to leaf and root of tomato seedlings also showed enhanced salinity tolerance. It improved ion/osmotic homeostasis, fresh and dry weights, and increased K and Fe accumulation in leaves of treated plants (Souri and Tohidloo, 2019).

There are contradictory reports regarding the functional role of NO in conferring salt stress tolerance as the effect of NO dramatically varies depending upon concentration applied, plant species, duration, and respective plant parts used for the treatment (Egbichi et al., 2014). Therefore, the molecular mechanism behind NO's role in stimulating plant immune response under salt stress conditions remains elusive (Wang et al., 2015). Nonetheless, researchers of the plant scientific community are on the verge of deciphering the interacting mechanism underlying NO-salt stress response. Recently, the researchers have proposed a hypothesis that it could be due to the enhanced synthesis of polyamines that instigate defense response in plants (Campos et al., 2019). Enhanced accumulation of polyamines in salt exposed plants and improved NO level could be one of the probable molecular mechanisms involved in salt stress tolerance (Hu et al., 2017). Several researchers have documented that exogenous application of SNP improved the growth and immunity of soybean and spinach plants exposed to salt stress by stimulating enzymatic and non-enzymatic antioxidants, osmoprotectants, and G-protein signaling (Egbichi et al., 2014; Wang et al., 2015).

Similarly, Campos et al. (2019) have demonstrated the protective role of exogenous NO in conferring salt stress tolerance in Lactuca sativa plants by ameliorating membrane damage, ion homeostasis, and inducing antioxidants. Exogenous application of NO has been known for triggering innate immunity of Arabidopsis thaliana by stimulating protein Arg methyltransferase 5 (PRMT5). The PRMT5 activity was induced upon NO-mediated S-nitrosylation of Cys-125, which in turn has resulted in the activation of aberrant splicing of stress-related genes causing demethylation in the PRMT5C125S/prmt5-1 plants (Hu et al., 2017). Likewise, rat neuronal NOS (nNOS) overexpression in rice plants under the constitutive expression of ubiquitin promoter (Cai et al., 2015) displayed enhanced salinity tolerance and water holding capacity due to up-accumulation of OsCAT, OsPOX, OsSNAC1, OsLEA3, and OsRD29A genes. A study conducted by Zhou et al. (2016) indicated that overexpression of AtCaM1 and AtCaM4 in transgenic Arabidopsis thaliana stimulated salt stress tolerance by increasing the cellular level of NO, which in turn regulated ion absorption, antioxidant enzymes, and GSNOR1 activity. The combined action of exogenously applied SA and NO stimulated immunity of Vigna angularis plants by regulating growth, photosynthesis, and the ASH-GSH cycle under salt stress conditions (Ahanger et al., 2020).



Heavy Metals

Heavy metals (HMs) such as cadmium, lead, arsenic, nickel, etc. find their way into the environment due to intensive use of chemical fertilizers and exaggerated industrial wastes, thus reaching alarming levels in the agricultural soils, thereby limiting the growth and productivity of important crops (Sharma et al., 2020b; Rai et al., 2021). Concerning restoring the signal transduction pathway under HM stress, several signaling molecules perse, SA and NO, have come to light robustly targeted to stimulate defense systems in plants (Wani et al., 2017; Sharma et al., 2020a). Foliar spray of SA (0.5 mM) significantly activates the activities of enzymatic and non-enzymatic antioxidants, thereby strengthening the growth and immunity of Sorghum bicolor L. plants exposed to chromium toxicity (Sihag et al., 2019). Likewise, SA and hydrogen sulfide's combined application to Zea mays plants improves Pb tolerance by regulating the free amino acid composition and glutathione content (Zanganeh et al., 2019). Moreover, various studies have corroborated that foliar application of SA activates defense response in HMs stressed plants by regulating the expression of defense responsive genes/proteins (Guo et al., 2018; Li N. et al., 2019; Faraz et al., 2020). Recently, SA-mediated induction of Myeloblastosis (MYB) TF conferred resistance to transgenic rice plants against Cr toxicity by overexpressing OsMYB-R1 TF (Tiwari et al., 2020). Additionally, their RNA-seq data reveals that SA signaling was involved in modulating signaling pathways such as CDPKs, MAPKs, and HSPs activation (Tiwari et al., 2020), thus confirming the complex nature of SA signaling involved in the activation defense response under HMs stress.

Being a multifunctional gaseous molecule, NO plays a pivotal role in modulating plant immunity against HMs both endogenously and exogenously, the effect of which is dependent upon the type HMs, dose, and duration of treatment (Xiong et al., 2010). For example, exogenous NO application stimulated the expression of essential signal transduction pathway genes such as Alternative oxidase 1 (Aox1), which enhanced the adaptability of barley plants against As stress (Shukla et al., 2015; Kolbert et al., 2017). Likewise, exogenous application of NO modulated antioxidant defense system and thiol metabolism, thereby increasing tolerance of rice plants exposed to As stress (Singh et al., 2016). The ameliorative effect of NO on As toxicity could be due to decreased accumulation of As in root and shoot plants by enhancing the expression of AsIII transporter (OsLsi1 and OsLsi2) and GSH/GSSG (oxidized glutathione) levels (Singh et al., 2017). Additionally, exogenous application of SNP has also been implicated in improving the physiological, biochemical, and molecular basis of Ni-stress tolerance in rice plants, and this ameliorative effect of NO was reversed upon the application of 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline−1-oxyl-3-oxide (cPTIO) (NO scavenger) (Rizwan et al., 2018).

In contrast, studies have also shown that endogenous production of NO in Pb exposed Arabidopsis thaliana adversely affected its peroxisomal function by decreasing catalase activity up to 50% due to increase NO-mediated PTMs (Corpas and Barroso, 2017). In addition, transcriptome analysis reveals essential insight into NO-mediated signaling in Cd stress-exposed Pleurotus eryngii. The researchers elucidated that NO under HMs stress can activate putative genes like HSPs, oxidoreductases, steroid biosynthesis, and glycerolipid metabolism, thus enhancing plant immunity (Li et al., 2018). Synergistic effect of silicon and exogenous NO compellingly reduced As uptake in Brassica juncea plants, thus promoting its growth and productivity by regulating the activities of CAT, SOD, APX, GR, and GST, membrane damage, and osmolytes (Ahmad et al., 2021). Both exogenous and endogenous NO effectively regulates ion channels/transporters, which are involved in the uptake and extrusion of HMs. However, the actual mechanism behind these remains largely unknown (Terron-Camero et al., 2019). Recent findings have also suggested biosynthesis of NO under HM stress can regulate redox-dependent chromatin remodelings such as histone acetylation/methylation and DNA methylation in plants, thus improving the survival of plants under HMs stress (Ageeva-Kieferle et al., 2019). Further, the researchers also concluded that NO-mediated PTMs such as nitration/S-nitrosylation inhibit histone deacetylation complexes, thus stimulating histone acetylation leading to enhance expression of defense responsive genes (Ageeva-Kieferle et al., 2019).





SA AND NO: REGULATION OF PLANT-MICROBE INTERACTIONS

Plant growth regulators such as SA, NO, Jasmonic acid (JA), Abscisic acid (ABA), and strigolactones can regulate a wide array of plant functions under changing environmental conditions (Klessig et al., 2018). Being active at low concentrations, these phytohormones also play an indispensable role in improving underground communication between plants and beneficial microbes (Mine et al., 2014). Despite their tight spatial synthesis and regulation, they play a vital role in establishing plant-microbe communication, symbiosis, nodulation, and probable function. These interactions are robustly observed in nitrogen-fixing bacteria and arbuscular mycorrhizal (AM fungi), which are associated with almost 70% of total plants present on earth (Foo et al., 2019). In this context, researchers have confirmed the involvement of SA in promoting/modulating interaction between plant and biotrophic microbes (Beckers and Spoel, 2006; Lu, 2009). Exogenous application of SA induces differential response to inhibit nodule formation in alfalfa and vetch, whereas improved nodulation was observed in Lotus japonicus (van Spronsen et al., 2003; Nakagawa and Kawaguchi, 2006). Another study reported modulation of endogenous SA level by overexpressing NahG that significantly improved nodulation in both L. japonicus and Medicago truncatula (Stacey et al., 2006). Similarly, exogenous application of SA inhibited mycorrhizal development in the first week, and after fungal infection, the AM colonization was enhanced with subsequent growth (de Roman et al., 2011). This notion was further confirmed by studying SA-overproducing and NahG deficient tobacco plants exhibiting increased and decreased root colonization followed by fungal infection (Medina et al., 2003). Furthermore, researchers confirmed that specific bacterial taxa influence the SA-based modulation of the root microbiome (Lebeis et al., 2015). Their SynCom experiments concluded that plants treated with exogenous SA showed differential rhizosphere changes where the root isolates were enriched in Flavobacterium sp. 40 and Terracoccus sp. 273 of which abundance growth was found observed in Terracoccus sp. 273 (Lebeis et al., 2015). Martinez-Medina et al. (2017) also reported the antagonistic role of SA over JA in stimulating root colonization of Trichoderma harzianum T-78 in tomato plants. Their study confirmed that SA-dependent elicitation of defense response negatively affected T-78 endophytism, whereas JA-dependent signaling enhanced colonization of T-78. This notion was also confirmed in liverworts where the exogenous application of SA to Marchantia polymorpha enhances its susceptibility against four pathogenic fungal strains Irpex lacteus Marchantia-infectious (MI)1, Phaeophlebiopsis peniophoroides MI2, Bjerkandera adusta MI3, and Bjerkandera adusta MI4 (Matsui et al., 2020). However, treating Marchantia polymorpha with bioactive jasmonate (JA) ameliorated the damage induced by pathogenic fungi, thereby suggesting the existence of antagonistic signaling between SA-JA as observed in seeded plants (Matsui et al., 2020).

NO also regulates plant-fungal mutualistic interactions in a ubiquitously diverse way that often leads to enhanced growth and plant immunity under changing environmental conditions (Mur et al., 2006). This intimate mutualistic relationship between plants and fungi is effectively established, maintained, and regulated by efficient recognition and substantial coordination of their fungal associates to facilitate positive colonization (Mur et al., 2006; Meilhoc et al., 2011). Besides NO's indispensability in stimulating plant immunity against biotic/abiotic stresses (as discussed above), researchers have well-speculated that NO might also play a vital role in establishing and maintaining plant-microbe interactions (Gupta et al., 2011). The role of NO in stimulating plant-mycorrhizal interaction was first incepted by Calcagno et al. (2012). They observed enhanced NO signaling in the roots of M. truncatula plants upon treating them with AM fungus Gigaspora margarita. They concluded that treating plants with AM fungus significantly boosted their nitrate reductase activity, causing an upsurge in the endogenous NO level, strengthening symbiotic establishment (Calcagno et al., 2012). Later, researchers also identified that NO could induce differential regulation of Fix genes from Lotus japonicus (FixLJ), which plays a crucial role in modulating late symbiotic function under oxygen limitation conditions (Defez et al., 2016). Under micro-aerobic conditions, NO phosphorylates FixLJ, which causes transcriptional activation of FixK and NifA genes responsible for activating Fix genes (respiration) and Nif genes for stimulating symbiotic nitrogen fixation (Defez et al., 2016).

Additionally, NO is also responsible for the regulation of either FixK or nitrate reductase (NnR) genes (both of which belong to Fumarate Nitrate Reductase (FNR)/Cyclic AMP Receptor Protein (CRP) gene family) in Sinorhizobium meliloti thus indicating the existence of differential signaling of NO for both the genes (Bueno et al., 2017). Furthermore, NO has been reported to modulate FixLJ-FixK2 regulatory cascades, responsible for activating genes in B. Japonicum required for nitrogen fixation and survival under micro-aerobic conditions (Bueno et al., 2017). Likewise, scientists working on AM fungi have demonstrated that the NO-mediated PTMs are responsible for the perception of diffusible fungal signals by plants upon transcriptional reprogramming of Master Regulator of Cell Cycle Entry and Proliferative Metabolism (MYC) factors that facilitate plant-microbe interaction (Chabaud et al., 2011; Genre et al., 2013). The researchers exploited different bacterial mutants, including S. meliloti, to stringently regulate endogenous levels of NO inside M. truncatula, which activated tyrosine nitration of glutamate synthetase, thereby stimulating the assimilation of ammonia (Blanquet et al., 2015). Researchers have recently documented that treating tomato plants with T. harzianum stimulated NO signaling and triggered transcriptional activation of phytoglobin genes such as PHYTOGB1, PHYTOGB2, and PHYTOGB3 within 4 h of treatment (Martínez-Medina et al., 2019a). In the above study, the authors also confirmed that T-78 mediated NO-burst stimulated the expression of phytoglobin genes that effectively regulated plant immunity and root colonization (Martínez-Medina et al., 2019a). Likewise, in-vitro-grown cultures of Rhizophagus irregularis were used on tomato plants to decipher AM-associated induction of NO signaling/response on the root treated with Fusarium oxysporum (Martínez-Medina et al., 2019b). The researchers reported that an early NO-release was triggered by both the fungi that stimulated the expression of PHYTOGB1 in tomato roots, strengthening plant-fungal mutualistic symbiosis. In contrast, transgenic tomato plants with silenced PHYTOGB1 decreased NO level that conversely altered the plant-microbe interaction (Martínez-Medina et al., 2019b). A hypothetical model describing the potential mechanism by which SA and NO establish plant-microbe interaction leading to subsequent development of immune response is represented in Figure 3.
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FIGURE 3. A model depicting interactive mechanisms of salicylic acid (SA)/nitric oxide (NO) and microbes and their repercussions on plant growth and immunity. Both plants and rhizomicrobes stimulate the biosynthesis of various signaling molecules such as SA and NO to establish a mutual relationship. The NO level in root is induced in the presence of beneficial microbes which is then rapidly transported to different part of the plant by activation of histone acetyl transferase (HATs) which in turn activate various signaling cascades involved in the regulation of root growth and development. Whereas, NO mediated post translation modification (NO-PTMs) such as S-nitrosation deactivates the root auxin biosynthesis gene PIN1 resulting in poor root growth. Once NO moves to leaf area via phloem, it interacts and activates SA biosynthesis and signaling. NO-mediated activation of SA leads to the development of systemic acquired resistance (SAR) which results in the stimulation of secondary metabolite synthesis and transcriptional reprogramming of various stress responsive genes/proteins via activation of non-expresser of pathogenesis related protein 1 (NPR1) resulting in enhanced growth and immunity. CysNO, Cysteine nitric oxide; GSNO, S-Nitrosoglutathione; TIR1, Transport inhibitor response 1; ASK1, Kinase associated protein 1; PIN1, Pinnoid1; PTMs, Post-translational modifications; ROS, Reactive oxygen species; MAPK, Mitogen activated protein kinase; CDPK, Calcium dependent protein kinase; VOCs, Volatile organic compounds; H-NOX, Heme nitric oxide; NPF1.1, Nitrate transporter 1/peptide transporter family protein; UBI, Ubiquitination; SNO, S-nitrosation; DREB, Dehydration responsive element binding protein; MYB, Myeloblastosis; HSFs, Heat shock factors.




SA AND NO: CROSSTALK WITH OTHER SIGNALING MOLECULES

Perception of an invader leads to transcriptional regulation of signaling molecules such as SA, NO, JA, ABA, polyamines, etc., that play a vital role in regulating downstream genes involved in strengthening defense response (Prakash et al., 2021). Commonly, SA is believed to be most effective against biotrophic pathogens by modulating SAR. At the same time, NO is responsible for activating defense signaling networks, thereby wielding plant response as per the outcome of an activated defense system. Recent evidence has indicated both antagonistic and synergistic relationships between SA and NO in regulating plant responses under stress conditions (Asgher et al., 2017). Likewise, SA and JA-mediated signaling cascades are interdependent and function as complex regulatory networks.

In contrast, ABA has been well-documented to stimulate NO generation in guard cells which is vital for activating ABA-induced stomatal closure (Prakash et al., 2021). Furthermore, polyamines, methylglyoxal, and spermidine can differentially regulate defense-related responses to improve plant growth; however, their actions can be reversed by SA-NO mediated signaling (Prakash et al., 2021). This section highlights critical regulatory mechanisms by which SA and NO interact with other plant growth regulators and how they can together orchestrate virtual signaling networks that enhance plant growth and immunity (Figure 4).
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FIGURE 4. An interactive representation of salicylic acid, nitric oxide, abscisic acid, jasmonic acid, methylglyoxal, and strigolactones signaling cascades. Summary versions of biosynthetic pathways of salicylic acid, nitric oxide, abscisic acid, jasmonic acid, methylglyoxal, and strigolactones and mechanisms of their coordinative functions in modulating defense related genes/enzymes to improve growth and immunity of plants under stress conditions. EDS5, Enhanced disease susceptibility 5; PBS3/IGS, AVRPPHB susceptible 3/isochorismoyl-glutamate synthase; EPS1, Enhanced pseudomonas susceptibility 1; CDPKs, Calcium dependent protein kinases; CaM, Calmodulin; S-NO, S-nitrosation; NPR1, Non-expresser of pathogenesis related protein 1; ICS1, Isochorsimate synthase 1; EIN3, Ethylene insensitive 3; NCED, Nine-cis-epoxycarotenoid dioxygenase; SLAC, Slow anion channel; PP2C, Protein phosphatase 2C; SnRK2, Sucrose nonfermenting 1 (SNF1)-related protein kinase 2; ABF, Abscisic acid responsive factor; LOX3, Lipoxygenase 3; JAR1, Jasmonate resistance 1; AOC, Allene oxide cyclase; ABI2, Abscisic acid insensitive 1; AHG3, Member of PP2C protein family; JAZ1 and 5, Jasmonate ZIM-Domain 1 and 5; NSP1, Nodulation signaling pathway 1; MAX 1,3,4, More auxiliary growth 1, 3, 4; C450, Cytochrome P450; RMS1/DAD1, Carotenoid cleavage dioxygenase family gene; ROS, Reactive oxygen species; GSH/GSSG, Reduced glutathione/oxidized glutathione.



Jasmonic Acid

The function of master regulator NPR1 has been extensively implicated in regulating SA/JA mediated redox signaling, which is known to suppress the JA-responsive pathway at the level of initiation of gene transcription (Van der Does et al., 2013; Caarls et al., 2015). Several recent studies have indicated that SA induced monomerization, reduction, and translocation of NPR1 to the nucleus can suppress JA signaling by differentially regulating F-box protein Coronatine-insensitive-Isoleucine 1 (COI1) and Jasmonate ZIM domain (JAZ) repressor proteins (Van der Does et al., 2013; Song et al., 2015). The activated JAZ repressor proteins in the absence of JA get associated with Topless (TPL) repressor protein by novel interactor of JAZ (NINJA) or Histone Deacetylase 6 (HDA6) adaptor protein causing transcriptional inactivation of MYC, Ethylene Insensitive 3 (EIN3), and EIN Like 1 (EIL1) (Vos et al., 2013). However, in the presence of bioactive JA, the master regulator COI1 binds with JA-Ile that initiates proteolytic degradation of JAZ repressor proteins, thereby activating JA-responsive genes (Van der Does et al., 2013). Conversely, researchers have documented SA receptors activated JA signaling to stimulate effectors triggered immunity via the non-canonical pathway (Liu L. et al., 2016). They further indicated that the canonical pathway was established upon SA accumulation sensed by NPR3 and NPR4, thus activating JA signaling by differentially regulating the expression of JAZ repressor proteins and COI1-mediated genes (Liu L. et al., 2016). Additionally, Kloth et al. (2016) performed transcriptome analysis to decipher the role of WRKY22 TF in regulating SA/JA signaling. Their results indicated that ectopic expression of WRKY22 and WRKY 29 induces SA/JA signaling, thereby conferring resistance to Arabidopsis thaliana against the biotrophic pathogen. Similarly, a study conducted by De Vleesschauwer et al. (2016) also corroborated the above notion where the role of DELLA protein Slender Rice 1 (SLR1) stimulated SA/JA-mediated defense signaling, which conferred hemibiotrophic resistance to rice plants. Recently, integrated transcriptome analysis revealed the coordinated role of SA/JA-mediated defense signaling regulated growth and immunity in poplar plants against Melampsora larici-populina, Septoria musiva, and Marssonina brunnea (Luo et al., 2019).

The signaling molecule NO has also been reported to induce JA signaling in plants by activating key JA biosynthesis enzymes such as Allene Oxide Synthase (AOS) and Lipoxygenase 2 (LOX2), thereby triggering a cascade of defense response (Huang et al., 2004). Furthermore, researchers have also well-indicated NO-mediated elicitation of jasmonate biosynthesis stimulated the expression of a wide range of JA-responsive genes such as LOX3, 12-oxophytodienoate reductase 1, 2, and 3 (Mur et al., 2013). Additionally, NO is integrated into JA signaling either by NO-mediated initiation of SA biosynthesis or by activating the ICS1 gene and TGA TFs. Subsequently, SA induces the production of thioredoxins that causes monomerization of NPR1 within the nucleus and, after binding to TGA via ORA59 promoter, suppresses JA signaling (Mur et al., 2013). Another notion is upon infection with necrotrophic pathogen or attacker, enhanced endogenous level of NO induces the expression of LOX3 and 12-oxo-phytodienoic acid (OPDA) reductase (OPR) 1,2, and 3, which causes transcriptional activation of JA biosynthetic genes (Mur et al., 2013). Correspondingly, NO-mediated activation of the ascorbate-glutathione cycle upon exogenous application of JA conferred drought stress tolerance in wheat seedlings, thereby confirming the synergistic interaction of NO/JA signaling in improving plant growth and immunity (Shan et al., 2015). NO-mediated stimulation of jasmonate-dependent basal defense response conferred resistance to tomato plants against root-knot nematode (RKN) by increasing the expression of Protease Inhibitor 2 (Zhou et al., 2015). Studies have also shown that enhanced endogenous levels of NO causes downregulation of JAZ repressor proteins JAZ1 and JAZ10 in the meristematic root regions, thereby improving root architecture and stomatal apparatus in transgenic Arabidopsis thaliana (Barrera-Ortiz et al., 2018; Yastreb et al., 2018). Recently, a study conducted by Avila et al. (2019) confirmed the synergistic role of NO/JA in stimulating defense response in Solanum quitoense plants against F. oxysporum, thereby suggesting the activation of the corresponding signaling pathway by both defense priming compounds.



Abscisic Acid

Elucidation of crosstalk between SA and ABA in stress signaling pathways has become the center of attraction among plant biologists. Increasing evidence has well-recognized ABA stimulates defense response and improves growth and developmental processes in plants (Jiang et al., 2010). Congruently, SA also boosts plant immunity against many biotic/abiotic stresses, thereby positively impacting plant growth and development. However, researchers have demonstrated SA and ABA work antagonistically where SA antagonizes ABA signaling components at both cellulars and transcriptional levels by regulating the activity of Pyrabactin Resistance 1/PYR1-Like Regulatory Component of ABA Receptor (PYR/PYL/RCAR) (Manohar et al., 2017). Further, studies have shown that SA antagonizes ABA signaling by differentially regulating type 2C Protein Phosphatase (PP2C), PP2A, and SnRK2s (Sucrose nonfermenting 1-Related subfamily 2 protein Kinase) which are essential for initiating ABA signaling in plants under stress conditions (Manohar et al., 2017). A large body of literature has revealed the antagonistic relationship between SA and ABA signaling pathway. For example, Meguro and Sato (2014) reported that exogenous application of SA inhibited ABA signaling, affecting shoot growth by downregulating the genes involved in the cell cycle in rice plants.

Similarly, many researchers have also implicated that exogenous application of SA antagonizes ABA-responsive genes by suppressing key ABA signaling components such as ABA1, ABA2, RD29A, thereby suppressing the growth of mutant plants compared to their broad type (Manohar et al., 2017). Correspondingly, several studies have also demonstrated a synergistic relationship between SA/ABA where Horváth et al. (2015) observed upregulation of ABA biosynthesis genes such as Zeaxanthin Epoxidase (SlZEP1), 9-Cis-Epoxycarotenoid Dioxygenase (SlNCED1), and Aldehyde Oxidases (SlAO1 and AlAO2) in SA treated plants exposed to salt stress. Likewise, Saleh et al. (2020) reported that both SA and ABA modulate the expression of various stress-responsive genes and TFs, thereby conferring salt stress tolerance to Vitis vinifera plants. Similarly, co-ordinated signaling of both SA and ABA was found to activate the Ca2+/CPK-dependent mechanism that triggers an immune response in Arabidopsis thaliana plants exposed to a biotrophic pathogen, thereby preventing stomatal closure (Prodhan et al., 2018). Recently, Park et al. (2021) observed that SA-stimulated ROS accumulation in drought exposed plants stimulated ABA signaling genes such as MYC2 and NCED3, activating Ca2+dependent defense response in a distinct phase of drought exposure.

NO metabolism instigates cellular and biochemical reactions to mechanistically regulate ABA homeostasis by modulating ABA-responsive genes such as PYR/PYL/RCAR, PP2C, and SnRK2 (Neill et al., 2002). Additionally, NO-mediated PTMs such as tyrosine nitration and S-nitrosylation have been positively correlated with the regulation of the NCED enzyme, which is central for ABA biosynthesis and NO accumulation (Lozano-Juste and León, 2010). Furthermore, in Arabidopsis thaliana, the cytochrome P450-707A2 (CYP707A2) gene has been well-documented to regulate ABA catabolism and NO biosynthesis, thereby releasing seed dormancy (Lozano-Juste and León, 2010). However, researchers have also corroborated that NO might negatively modulate ABA signaling in guard cells by down-regulating Open Stomata 1 (OST1) and SnRK2 genes via NO-mediated PTMs (Wang et al., 2015). Further, they also concluded that impairment of NO-mediated PTMs in gsnor1-3 mutant exaggerated NO accumulation in guard cells leading to S-nitrosylation of SnRK2 and dysfunction of ABA signaling (Wang et al., 2015). Likewise, Wang et al. (2015) reported that exogenous application of NO breaks seed dormancy and was also influential in alleviating the inhibitory effect of ABA on seed germination by simulating NO-mediated PTMs, which may have resulted in the inactivation of SnRK2. Phytoglobins inactivation in drought-stressed Zea mays plants exhibited low ABA levels that induced cell death in developing embryos. However, exogenous application of ABA reverses this effect causing activation of phytoglobins in Zmpgb1.1 suppressing line with increased accumulation of NO (Kapoor et al., 2018). Conversely, exogenous application of NO and ABA coordinatively regulated various defense-related genes/TFs, thereby conferring PEG-induced drought stress tolerance in Brassica plants (Sahay et al., 2019).



Polyamines

Low molecular weight organic compound polyamines are ubiquitously present in all lifeforms. They can induce a hypersensitive response in plants upon interaction with the pathogenic attacker and stress conditions (Szepesi, 2011). The PAs which are most commonly accumulated in the plant kingdom are putrescine (Put), spermidine (Spd), and spermine (Spm). Several studies have demonstrated that PA biosynthesis and signaling are regulated upon interaction with other phytohormones perse, SA, and NO (Szepesi, 2011). For example, exogenous application of SA modulated PA biosynthesis in maize and tomato plants by increasing the activities of crucial biosynthesis enzymes arginine decarboxylase (ADC) and ornithine decarboxylase (ODC) (Zhang et al., 2011). Likewise, exogenous application of SA and Spm compellingly enhanced the expression of several antioxidant enzymes, metabolites, and defense-related genes that ultimately improved photosynthesis, root/shoot dry weight, and growth of Echinacea purpurea, tomato, maize, oat, and plum plants (Szalai et al., 2016; Takács et al., 2016; Darvizheh et al., 2018, 2019; Canales et al., 2019; Koyuncu et al., 2019). Recently, Pal et al. (2019) also reported that treating wheat dwarf mutant created for reduced height (Rht1 and Rht3) with exogenous polyamine significantly boosted polyamine metabolism, growth, and development of mutant plants by stimulating SA and ABA signaling. Likewise, Liu et al. (2020) also confirmed the above notion where Put was responsible for ROS-mediated activation of SA-signaling, which triggered ETI and SAR in Arabidopsis thaliana by enhancing the accumulation of EDS1 and NPR1 genes in response to pathogen attack.

Recently, NO and PA has emerged as an essential player in regulating growth and defense signaling pathways in plants (Wimalasekera et al., 2011). Studies have concluded that exogenous application of PA-induced NO signaling via unknown mechanisms, thereby stimulating a plethora of physiological and biochemical responses to ameliorate stress-induced oxidative damage in wheat and Arabidopsis thaliana (Diao et al., 2017). Additionally, the concerted action of NO and PA stimulates biosynthesis of various metabolites, antioxidants, and ROS and RNS, thereby regulating plant responses against environmental alterations (Wimalasekera et al., 2011). One of the possible mechanisms by which PA induces NO biosynthesis was deciphered by Agurla et al. (2018), where NO and ROS were over accumulated in response to PA-induced stomatal closure in Arabidopsis thaliana. They identified that PA-induced oxidative burst resulted from enhanced activity of NADPH oxidase and amine oxidase where ROS acted as upstream of NO production by modulating NOS-like activity, thereby completely reversing the inhibitory effect of PA on stomatal closure (Agurla et al., 2018). Similarly, exogenous application of melatonin, a pleiotropic signaling molecule, regulated PA metabolism and NO biosynthesis, and all three in a coordinative manner alleviated heat-induced oxidative damage in tomato seedlings (Jahan et al., 2019b). Likewise, Tailor et al. (2019) also reported that exogenous application of NO significantly enhanced intracellular Spm as evidenced by upregulation of PA biosynthetic enzymes arginine decarboxylase, S-adenosylmethionine decarboxylase, thereby conferring salt tolerance to sunflower seedlings.



Methylglyoxal

Methylglyoxal is a short-oxygenated aldehyde released as a by-product of aerobic metabolisms such as glycolysis and the pentose phosphate pathway (Li, 2016). When synthesized at a higher level, MG can disrupt the array of physiological and biochemical processes in plants leading to loss of critical cellular functions and, in some cases, may induce a detrimental effect on plant survival (Li, 2016). MG detoxification is catalyzed by the glyoxalase (Gly) pathway, i.e., Gly I and Gly II, that efficiently convert MG into non-toxic molecules, reducing its adverse effect on plant growth and development (Li, 2016). Fewer studies have been conducted to analyze crosstalk between SA and MG detoxification signaling in regulating plant growth and immunity against environmental cues (Kaur et al., 2016). A study indicated that SA antagonizes selenium-induced oxidative damage in rice plants by stimulating the activities of enzymatic and non-enzymatic antioxidants along with GlyI and GlyII enzymes that limited the detrimental effect of MG on rice plants (Mostofa et al., 2020). Likewise, exogenous application of SA improves the growth and immunity of Brassica rapa plants under salt stress conditions by regulating the ASH-GSH cycle and MG detoxification system (Kamran et al., 2020). Similarly, SA mediated NO accumulation and signaling counters As-induced toxicity in maize plants by modulating enzymatic and non-enzymatic defense systems and glyoxalase pathway enzymes (Kaya et al., 2020).

NO crosstalk with MG involves the regulatory function of GSH, where increased synthesis of GSH due to enhanced accumulation of NO may be involved differential regulation of MG detoxification system and consequently enhancing oxidative stress tolerance in plants (Mostofa et al., 2018). Increasing evidence has corroborated the above notion. Researchers have observed and linked NO-mediated GSH signaling to play a critical regulatory role in modulating MG and glyoxalase systems in plants (Mostofa et al., 2018). For example, exogenous application of NO enhances antioxidative defense response and methylglyoxal detoxification system in wheat seedlings, thereby improving their growth and development under salinity stress (Hasanuzzaman et al., 2011, 2017). Moreover, Nahar et al. (2016) reported that crosstalk between PA and NO exerted an antagonistic effect on cadmium-induced oxidative stress in mung bean plants by modulating defense-related pathways' critical enzymes glyoxalase defense system.

Furthermore, NO's exogenous application mitigates nickel-induced oxidative damage in eggplants by regulating antioxidant defense system, osmolyte accumulation, and MG detoxification system (Soliman et al., 2019). The study analyzed crosstalk between NO and hydrogen sulfide to stimulate resilience in maize plants exposed to heavy metal stress. The researchers observed that both NO and hydrogen sulfide effectively ameliorated chromium-induced oxidative damage in maize plants by controlling excess ROS generation, MG production, improving membrane integrity, and enzymatic and glyoxalase system (Kharbech et al., 2020).



Strigolactones

Strigolactones, a butanolide-class of multifunctional phytohormones derived from the carotenoid catabolism pathway, regulate many plant functions under stress conditions (Torres-Vera et al., 2014). SL is exclusively synthesized in roots and the shoot downstream of carotenoid catabolism, where carlactone is the critical precursor for its biosynthesis (Torres-Vera et al., 2014). Strikingly, researchers have also documented the involvement of SL in regulating nodule formation, mycorrhizal colonization, and mediating plant-microbe interaction (Marzec and Muszynska, 2015). Conversely, Marzec and Muszynska (2015) highlighted the first report for SL's possible involvement in conferring stress tolerance. They observed that SL biosynthesis was enhanced upon pathogen infection, which differentially modulated defense response in Arabidopsis thaliana and O. sativa plants by activating the defense system under the tight control of SA and JA signaling. Later, several researchers indicated that SA acts synergistically to SL and initiates SL biosynthesis by stimulating the expression of critical genes [More Axillary Growth (MAX1, MAX3, and MAX4)] involved in SL production. Various researchers corroborated the above notion. They identified that mutant plants infected with Rhodococcus fascians showed decreased accumulation of SL, causing leafy gall syndrome compared to wild-type plants (Stes et al., 2015).

Interestingly, studies have shown that enhanced expression of MAX2 was observed upon ROS accumulation, thereby inducing oxidative damage in mutant plants compared to wild-type plants where the level of MAX2 was in control (Walter, 2020). Similarly, exogenous application of SA and GR24 (a synthetic analog of SL) stimulated transcriptional activation of SL biosynthetic genes, thereby conferring drought tolerance in wheat cultivars by regulating the antioxidative defense system (Sedaghat et al., 2017, 2020). Moreover, the positive role of SL in stimulating plant defense against fungal pathogens such as Botrytis cinerea, Alternaria alternata, and Meloidogyne incognita has also been demonstrated in SL biosynthetic mutant tomato plants upon interacting with other phytohormones such as ABA, SA, and JA (Aliche et al., 2020).

The interplay between NO and SL was deciphered only recently by Bharti and Bhatla (2015). They treated sunflower seedlings with GR24 that causing a significant reduction in lateral and adventitious root formation, calcium signal, PIN protein distribution, and root NO level. In addition, they also observed a two-fold increase in SL-biosynthetic enzymes in the presence of NO scavenger cPTIO, thus suggesting antagonistic relation between NO and SL. This hypothesis was further confirmed by Manoli et al. (2016). They also observed that exogenous application of NO down-regulates SL-biosynthetic genes by stimulating S-nitrosylation of NO biosynthetic enzymes, thereby activating PIN-dependent auxin regulation and cell differentiation. In this continuation, Sun et al. (2016) demonstrated that NO was the critical signaling mediator in regulating root growth and SL signaling in rice plants grown under nitrogen and phosphorus limiting conditions. They confirmed that SL inhibitor abamine significantly reduced root length in wild-type plants which were reversed by applying NO.

Moreover, the implication of SL and NO in regulating important plant function was also observed by Lv et al. (2018). They confirmed SL signaling played a significant role in stimulating NO and H2O2 production, thereby initiating stomatal closure in the Arabidopsis thaliana in an ABA-dependent manner. They further concluded that SL-related mutants showed an enhanced stomatal opening. In contrast, exogenous application of SL could induce stomatal closure by regulating essential genes of guard cell ABA signaling such as MAX2 and Slow Anion Channel-Associated 1 (SLAC1) (Lv et al., 2018). The interactive role of SL and NO was also recently analyzed by Olah et al. (2020), where they reported that mutant Arabidopsis thaliana plants (max1-1 and max2-1) showed reduced SL synthesis and enhanced NO and S-nitrosothiol levels due to reduced expression of GSNOR protein, thus strengthening root architectural system of Arabidopsis thaliana.




CONCLUSION AND FUTURE PERSPECTIVES

In recent years, technological advancements have provided significant insights into SA and NO signaling that have deepened our understanding of their regulatory role in improving plant growth and metabolism in changing environments. The involvement of SA and NO in mediating plant-microbe interaction has also opened a new realm for plant biologists and microbiologists, allowing them to decipher functional mechanisms by which microbes can be beneficial for improving plant growth and immunity. Nonetheless, a big question still needs an answer: how recent discoveries made regarding SA and NO signaling in plants and their crosstalk with other phytohormones could be successfully exploited to foster agriculture. Researchers have also hypothesized a “triple threat” theory for amalgamating responses of three crucial elements, i.e., plants, their association with a biotrophic pathogen, and environmental cues such as light, temperature, drought, salinity, soil composition, and cold. However, integrating the above information by linking recent breakthroughs regarding SA and NO signaling for improving plant growth, immunity, and ultimately agricultural productivity is still a great challenge to achieve. Therefore, researchers from the plant scientific community need to exercise a stringent work plan focused on establishing a direct link among SA, NO, and plant growth responses for breeding stress-tolerant/resistant plants. Additionally, the research should focus on the systematic use of cutting-edge technologies to help us understand their interactive mechanism regulating plant growth, immunity, and trade-off.
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