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Abstract

:

Plant cells respond to stress by activating signaling and regulatory networks that include plant hormones and numerous mediators of non-hormonal nature. These include the universal intracellular messenger calcium, reactive oxygen species (ROS), gasotransmitters, small gaseous molecules synthesized by living organisms, and signal functions such as nitrogen monoxide (NO), hydrogen sulfide (H2S), carbon monoxide (CO), and others. This review focuses on the role of functional linkages of jasmonic acid and jasmonate signaling components with gasotransmitters and other signaling mediators, as well as some stress metabolites, in the regulation of plant adaptive responses to abiotic stressors. Data on the involvement of NO, H2S, and CO in the regulation of jasmonic acid formation in plant cells and its signal transduction were analyzed. The possible involvement of the protein components of jasmonate signaling in stress-protective gasotransmitter effects is discussed. Emphasis is placed on the significance of the functional interaction between jasmonic acid and signaling mediators in the regulation of the antioxidant system, stomatal apparatus, and other processes important for plant adaptation to abiotic stresses.
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1. Introduction


Plant adaptation to stress factors is due to the functioning of a regulatory network consisting of hormonal and signaling mediators. Over the past three decades, it has been established that almost all classes of hormones are involved in plant adaptation: abscisic acid (ABA), cytokinins, auxins, gibberellins, salicylic acid, brassinosteroids, and jasmonates [1,2].



Jasmonic acid (JA) and its derivatives are one of the key groups of “stress” plant hormones [3,4,5]. A large body of experimental data has been accumulated showing the action of JA as a regulator of plant growth and development [6,7], as well as signal activating expression of plant defense genes during pathogen infestation [8,9] and plant damage by phytophages [10]. In recent decades, it has been demonstrated that JA also participates in the adaptive responses of plants to various abiotic factors such as extreme temperatures, drought, salinity, heavy metal ions, and ultraviolet radiation [3,9,11,12,13,14,15].



The stress-protective JA effects are realized through the participation of a cellular network of signaling mediators [16,17]. The role of the universal secondary messenger calcium is undeniable [18], although the mechanisms of its involvement in JA signaling have not yet been sufficiently investigated [19,20]. JA is known to have close functional links with reactive oxygen species (ROS) [17,21]. In the last decade, the functional interaction between JA and gasotransmitters has been intensively studied [12,16,22]. The term ‘gasotransmitters’ refers to small gaseous molecules synthesized by living organisms that perform signaling functions. Nitrogen monoxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S) are considered the main gasotransmitters in plants [23,24]. Gasotransmitters are known to be in close functional and, in some cases, direct chemical interaction with each other and with ROS [25,26,27]. Simultaneously, data on the involvement of these mediators in the physiological (stress-protective) effects of JA are still scattered and insufficiently analyzed. In particular, there are still no special reviews on the stress-protective effect of JA on plants concerning its functional interaction with all major gasotransmitters, NO, H2S, and CO. In recent years, data have been obtained on the functional links between JA and signaling mediators not only in traditional model organisms (Arabidopsis and tobacco) but also in several cultivated plants from different taxonomic groups.



This review attempts to analyze and summarize the data on the functional relationships of JA with calcium ions, ROS, and gasotransmitters as key elements of the plant cell signaling network and discusses the importance of these relationships for the protective effects of JA under abiotic stressors on plants of different taxonomic groups.




2. Stress-Induced JA Synthesis in Plants


JJA formation in plants has been well studied and described in many reviews [3,5,28]. The process begins with phospholipase D cleaving linolenic acid (C18:3) from the lipid backbone of chloroplast membranes [29] (Figure 1). Linolenic acid is then oxidized to 13-hydroperoxy-linolenic acid by 13-lipoxygenase. The latter is dehydrated by allene oxide synthase, resulting in the formation of 12-oxo-phytodienoic acid (12-OPDA), which is delivered to peroxisomes via the ATP-binding cassette transporter protein CTS [30]. In peroxisomes, 12-OPDA reductase converts 12-OPDA into 12-oxophytoenoic acid. Three β-oxidation reactions of 12-oxophytoenoic acid produce JA [31] (Figure 1).



The main biologically active forms in plants are free JA, cis-jasmone, methyl jasmonate (MeJA), and jasmonoyl-isoleucine (JA-Ile) [32]. It has been suggested that the last two forms of jasmonate are formed after the transport of JA from peroxisomes into the cytoplasm by the AtJAT2 transporter [30]. Volatile MeJA is formed from JA through the activity of JA-carboxy methyl transferase [33]. Jasmonate: amino acid synthetase 1 (JAR1) catalyzes the reversible conversion of JA to JA-Ile [34]. Cis-jasmone is formed via JA decarboxylation in peroxisomes [30,32] (Figure 1).



It is well known that JA synthesis increases in response to infection by various pathogens and tissue damage caused by insects or mechanical impacts. However, JA accumulation in plants occurs under various abiotic stressors. For example, a transient increase in JA during drought has been recorded in Arabidopsis [32,35]. An increase in JA content in response to drought was also observed in tomato roots [36]. In wheat leaves, a five-fold increase in JA content has been recorded under drought conditions [9].



Under salt stress, an increase in JA has been shown in plant organs of Arabidopsis, tomato, potato, rice, and other species [32,37,38,39]. In barley under salt stress, activation of the expression of genes encoding enzymes involved in JA synthesis has been recorded: allene oxide synthase, lipoxygenase, and 12-OPDA reductase [40].



There is also evidence of increased JA synthesis in plants exposed to heavy metals. In Arabidopsis, cellular JA levels rapidly increase in response to treatment with Cd and Cu [41]. Exposure to 100 mM CuCl2 increased JA levels in rice 9-fold [42].



Cold-induced expression of lipoxygenase, allene oxide synthase, and allene oxide cyclase genes and increased JA content have been found in Arabidopsis and rice [43,44]. A similar effect in response to cold stress was found in annual wormwood plants [45].



JA synthesis can also be activated when plants are exposed to high temperatures. Aquilaria sinensis cell culture showed a significant transient increase in endogenous JA content after exposure to 50 °C [46]. Tobacco seedlings showed increased JA synthesis during several days of high-temperature (35 °C) treatment [47].




3. Proteins Involved in the Transduction of JA Signals into the Genome and Regulation of Jasmonate-Inducible Gene Expression


The greatest biological activity of JA is in the form of jasmonoyl-isoleucine, which is very low in the cytosol of plant cells under normal physiological conditions [32,34]. The conversion of JA to JA-Ile by JAR1 is induced by the action of stressors, with JA-Ile being transported to the nucleus (Figure 1). In Arabidopsis thaliana, this process is carried out by the transporter protein AtJAT1 [30,48]. JA-Ile is thought to be the only form of jasmonates capable of binding to the COI1 protein [49]. In the absence of abiotic stimuli, the JA-Ile content in cells is low, with the JAZ repressor proteins recruiting the TPL protein and the adaptor protein NINJA to form an active transcriptional repression complex, which inhibits the expression of jasmonate-responsive genes. The open complex is closed by further recruitment of the histone deacetylases HDA6 and HDA19 [30] (Figure 1). Abiotic stress increases JA synthesis, its conversion to JA-Ile and its transport to the nucleus. At a sufficiently high concentration, JA-Ile facilitates the interaction of JAZ with the COI1 protein within the SCF complex, leading to the proteasomal degradation of JAZ. Downstream transcription factors are activated to synergistically or antagonistically regulate JA-sensitive gene expression. The transcription factor MYC2 associates with the MED25 subunit of the Mediator complex binds to the G-box motif of the target promoter and activates JA-sensitive genes [28] (Figure 1). At the same time, factor IIId bHLH counteracts MYC2 via competitive binding to the G-box motif and inhibiting the expression of JA-sensitive genes.



Multiple JA-sensitive genes that are directly or indirectly controlled by MYC2 throughout JA signaling have been identified [50]. Moreover, bioinformatic analyses have shown that MYC2 can interact with at least 100 A. thaliana proteins [15]. Increased MYC2 expression has been reported in plants under stressors, particularly drought [30].



However, it should be noted that the JIN1/MYC2 signaling pathway does not appear to be the only pathway involved in JA signaling. For example, the jasmonate signal can be transmitted by ERF family proteins (ERF1, ERF2, ERF5, and ERF6), which combine the effects of JA and ethylene and are involved in regulating the expression of several genes [31,51]. There is also evidence that MYB family transcription factors are sensitive to jasmonate. Similar to MYC, these proteins can be directly repressed by JAZ proteins. The release of these transcription factors from JAZ, which occurs with an increase in cellular JA content, can activate their target genes [35]. Some transcription factors from the NAC family are sensitive to jasmonate. In Arabidopsis, the transcription factors of this family, AtAF1 and AtAF2, are induced by JA signals and are involved in adaptive responses to drought, salt, and oxidative stress [35,52]. JA can also affect transcription factors involved in the response of plants to low temperatures. Thus, treatment of rubber plants with exogenous MeJA eliminates the repressive effect of JAZ proteins on the transcription factor ICE2, which plays an important role in activating the C-repeat Binding Factor (CBF) cold signaling pathway involving CBF1, CBF2, and COR47 genes. An increase in their expression was observed during the cold acclimatization of rubber trees [53].




4. Role of Calcium in JA Physiological Effects


Ca2+ is known to act as a universal secondary messenger involved in plant responses to stressors of various natures [54]. Thus, a significant increase in Ca2+ concentration in the cytosol of plant cells was observed in response to low [55] and high [56] temperatures, drought and salt stress [57], and other unfavorable abiotic factors. Calcium spikes are caused by the influx of Ca2+ ions through channels or their outflow by Ca2+-ATPase pumps and/or Ca2+/H+ ion exchangers [58]. The stress-induced increase in cytosolic calcium concentration is recognized, amplified, and transmitted to downstream signaling components by Ca2+-binding proteins. Calcium sensors in plants include calmodulin (CaM), calmodulin-like proteins (CML), calcineurin-B-like proteins (CBL), and Ca2+-dependent protein kinases (CDPK). CBL interacts with CBL-interacting protein kinases (CIPK) to form the CBL/CIPK signaling network, which plays a key role in plant responses to abiotic stress [54]. In this process, CBL activates CIPK, which phosphorylates CBL. Phosphorylation is the main mechanism that affects downstream proteins [59]. The specificity of calcium effects is thought to be due to differences in calcium concentrations and times of action on specific members of the calcium protein sensor network described above [54].



Calcium is involved in the formation of JA signaling and transduction. Along with other signaling mediators, it is also involved in the regulation of JA biosynthesis. Thus, the opening of calcium channels and Ca2+ entry into the cytosol are required for JA synthesis. In potato plants, the Ca2+ channel blocker ruthenium red inhibits the expression of JA biosynthesis genes [60]. It was later found that JA synthesis is regulated by calcium-dependent protein kinases [30]. For example, cold stress has been shown to increase cytosolic calcium levels in Arabidopsis cells, leading to an activation of gene expression of JA synthesis enzymes and JA signaling proteins [61]. In Arabidopsis, the calmodulin-like protein CML42 was also found to play an important role in calcium-mediated JA biosynthesis [62]. Recent studies have shown the role of several CMLs in transmitting drought signals and activating jasmonate signaling in response to this factor [63]. In addition to CMLs, the signaling chains leading to calcium-dependent activation of JA synthesis may involve extracellular ATP, catalytic complexes generating ROS (see below), and MAP kinase cascades [64].



In recent years, significant progress has been made in elucidating the mechanism by which calcium acts as a signaling mediator of JA synthesis in response to mechanical damage in plants. For example, a new JAV1-JAZ8-WRKY51 (JJW) complex was found in A. thaliana, which controls JA biosynthesis during defense against insect attacks. In intact plants, the JJW complex suppressed JA biosynthesis. At the same time, mechanical damage rapidly triggers a calcium influx to activate calmodulin-dependent phosphorylation of JAV1, which degrades the JJW complex and activates JA biosynthesis, causing a rapid burst of JA for plant defense [65]. In general, however, there are still insufficient data on the role of calcium and its connections with other signaling network components in JA synthesis regulation.



Several studies have shown the involvement of Ca2+ ions in JA signaling. Thus, in A. thaliana, the role of cyclic nucleotide-regulated channel 2 (AtCNGC2) in the jasmonic acid-induced entry of calcium into the cytosol from the apoplast has been established [19]. JA activates adenylate cyclase via an unknown pathway, resulting in an increase in [cAMP]cyt. cAMP, an activating ligand, causes the AtCNGC2 channel to open, leading to Ca2+ influx from the apoplast into the cytosol. In turn, this effect induces Ca2+ mobilization from intracellular calcium depots, such as the endoplasmic reticulum and mitochondria, leading to a further increase in [Ca2+]cyt and the formation of strong calcium signals. Ca2+/CaM signaling modulates the activity of numerous and diverse CaM-binding proteins [19]. This signaling effect is reversible owing to calcium binding to CaM and the consequent inhibition of AtCNGC2.



The stress-protective effect of exogenous JA seems, in many cases, to be realized with the participation of calcium entering the cytosol from different pools. Thus, the increase in heat resistance of wheat coleoptile cells caused by exogenous JA was almost completely eliminated by both the calcium channel blocker lanthanum chloride and the extracellular calcium chelator EGTA [66]. It is possible that the physiological effects of JA are realized through the joint participation of calcium and ROS (see below). Exogenous JA increases NADPH oxidase-dependent superoxide anion radicals and hydrogen peroxide generation. In turn, the effect of NADPH oxidase activation was eliminated by calcium antagonists [66]. NADPH oxidase is known to be both directly and indirectly activated by calcium ions [67,68]. Both ROS and calcium appear to be involved in JA-induced activation of stress-protective systems, including antioxidant systems, and as a result, increase cellular heat resistance [21]. The mitigation of arsenic toxicity in tomato plants by JA treatment was also shown to be calcium-dependent, as it was eliminated by EGTA [69].



In the stomatal response of plants to drought, there is a functional interaction between JA and ABA. The intracellular Ca2+ content is regulated to a much greater extent by JA than by ABA [20]. The calcium channel blockers ruthenium red and lanthanum chloride, as well as the calmodulin antagonist trifluoperazine, completely reversed the stomatal closure effect of methyl jasmonate treatment in Arabidopsis [70]. At the same time, treatment with the extracellular calcium chelator EGTA only partially relieved the stomatal closure effect caused by MeJA, indicating a special role of calcium entry into the cytosol from intracellular depots and its binding to calmodulin for the realization of JA stomatal effects. More recent work has also confirmed that stomatal closure induced by JA is due to the activation of CDPK-dependent signaling pathways [71]. Bioinformatics and transcriptomics studies have shown that CaM regulates various transcription factors called CAMTA [20]. CAMTAs include the bZIP, MYB, WRKY, and NAC families of transcription factors that control many plant defense responses under stress conditions [72,73].




5. Involvement of ROS and Antioxidants in Stress-Protective Action of JA


ROS include mutually convertible reactive oxygen species, most of which exist for a short time. These include free radical particles such as superoxide anion radical (O2•−), hydroxyl (•OH), hydroperoxyl (HO2▪) radicals, etc., as well as neutral molecules like hydrogen peroxide (H2O2), organic peroxides (ROOH), singlet oxygen (1O2), etc. [74,75].



In plant cells, chloroplasts, mitochondria, peroxisomes, plasma membranes, and cell walls are known to be the main compartments of ROS formation [75,76]. The physiological effects of JA have been shown to involve ROS produced by the plasmalemma and cell wall enzymes [77,78].



The plasma membrane is an important center of ROS production owing to the presence of bound NADPH oxidase, also known as the respiratory burst oxidase homologue (RBOH). RBOH can transfer free electrons from its intracellular region to molecular oxygen on its outer surface [79]. The RBOH complex protein consists of the membrane-bound catalytic subunit RBOH, its cytosolic regulator ROP (Rho-like protein) and an integral plasmalemma protein consisting of six transmembrane domains connected by five loops. The TMD-3 and TMD-5 domains contain a pair of His residues that are required for binding to the heme group. The enzyme also contains hydrophilic FAD and NADPH domains and two N-terminal Ca2+-binding EF-hand motifs, which enable the regulation of RBOH activity by calcium ions [76].



Cell walls are also an important compartment for ROS accumulation through the activity of enzymes such as class III peroxidase, amine oxidase, and oxalate oxidase [80]. Thus, cell wall peroxidase, together with NADPH-oxidase of the plasma membrane, can oxidize NADPH and stimulate O2•– production, which is considered a component of the signals necessary for the development of adaptive plant responses to abiotic stress conditions [81]. ROS are involved in realizing the signaling potential of other signaling mediators, particularly calcium ions [76] and gasotransmitters [82], as well as many plant hormones including JA. One of the results of this interaction of signaling mediators under biotic and abiotic stress is the activation of Ca2+-dependent protein kinases and their modulation of the state of target transcription factors and gene expression [83].



Changes in ROS levels may induce JA synthesis. For example, it has long been shown that ROS mediates the transient enhancement of JA synthesis in Taxus chinensis cell suspension culture induced by ultrasound treatment [84]. The inhibition of ROS accumulation by exogenous ascorbic acid, superoxide dismutase (SOD), catalase (CAT), or the NADPH oxidase inhibitor diphenyleneiodonium eliminated the effects of increased lipoxygenase and allene oxide synthase activity and JA accumulation in cells caused by the action of ultrasound. In addition, based on the experimental data obtained from various objects, a model for the induction of JA accumulation in plants under mechanical stress (wounding) was proposed. The components of this effect are the opening of mechanosensitive calcium channels, subsequent activation by calcium of the catalytic subunit of NADPH oxidase, increased generation of ROS as well as extracellular ATP, activation of MAP kinases and, consequently, increased expression of JA synthesis genes [64].



Hu et al. [85] proposed a model explaining the involvement of ROS in both the effects of JA and the induction of its synthesis. Thus, the treatment of tomato leaves with exogenous JA caused a significant increase in plasma membrane NADPH-oxidase activity and ROS accumulation; these effects were blocked by pretreatment with the NADPH-oxidase inhibitor diphenyleneiodonium. In contrast, the addition of diphenyleneiodonium to ginseng cell culture blocked pathogen elicitor-induced JA synthesis. The authors suggested that ROS generation is necessary as a signal for elicitor-induced JA synthesis in plants under biotic stress. At the same time, the synthesized JA causes secondary ROS accumulation that is more intense and directly necessary for the induction of protective gene expression [85].



Combined exposure of carrot roots to UV radiation and wounding caused a rapid increase in ROS formation, which acted as a signal for ethylene biosynthesis, in turn activating JA biosynthesis [86]. At the same time, the wound-induced increase in the expression of the 12-oxophytodienoate-10,11-reductase (OPR) gene, a key enzyme in JA biosynthesis, was not inhibited by the NADPH oxidase inhibitor diphenyleneiodonium or the lipoxygenase inhibitor phenidone. However, it was leveled when the two inhibitors were used together, which, according to the authors, indicated the joint involvement of ROS and endogenous JA in the regulation of OPR gene expression under wound stress [87]. In general, however, data on ROS participation in stress-induced JA synthesis, especially under the action of abiotic factors in plants, are still insufficient, and the specific role of ROS in the induction of JA synthesis enzyme gene expression cannot be unequivocally proven.



However, a number of studies have shown an increase in ROS formation in plant cells under JA action. On Arabidopsis plants not only the role of ROS in the physiological effects of JA was shown, but also data on the significance of specific proteins of jasmonate signaling for ROS formation under the action of exogenous JA were obtained [88]. In particular, based on the information about the absence of an increase in ROS generation under JA action in coi1 mutant plants, it was concluded that jasmonate signaling protein COI1 is involved in the effect of JA on redox metabolism [88]. In contrast, the H2O2 content of myc2 mutants during methyl jasmonate treatment did not differ from that of the wild-type plants. The authors concluded that COI1-dependent ROS production by AtRbohs occurs upstream of MYC2 during JA signaling [88].



It is likely that ROS, as mediators, are also involved in JA induction of plant defense responses to abiotic stresses. As mentioned above, the increase in heat resistance of wheat coleoptiles by exogenous JA was accompanied by a calcium-dependent increase in ROS generation [66]. The ROS scavenger ionol, NADPH-oxidase inhibitor imidazole, and peroxidase inhibitor salicylhydroxamic acid eliminated the JA-induced effect of increased superoxide anion radical formation by the coleoptile cell surface and the subsequent increase in their resistance to heating. In this case, at least two enzymes are thought to be involved in the formation of ROS signaling pool: NADPH oxidase and cell wall peroxidase [66]. As already noted, plant extracellular peroxidases have the ability to generate O2•−; it is particularly evident in the presence of excess reducing agents [81]. In addition to NADPH oxidase and extracellular peroxidase, polyamine oxidase may be involved in JA-induced ROS formation in the apoplast. This information was obtained in maize (Zea mays) plants exposed to exogenous methyl jasmonate [89].



While there are many data indicating an increase in the activity of ROS-generating enzymes (especially NADPH oxidase), there are also data on the suppression of the activity of this enzyme by JA. In rice plants under cyanide-induced oxidative stress, exogenous JA reduces ROS content, NADPH oxidase activity, and expression of individual genes encoding the catalytic subunit of the enzyme [90]. The molecular mechanisms underlying the effects of JA on ROS-generating systems remain poorly understood. Based on the available phenomenological data, we can assume that such effects of JA may be determined by other signaling mediators, particularly calcium ions, as mentioned above. It is not excluded that under different conditions, various mediators may be involved in the modulation of ROS generation systems by jasmonic acid, which may lead to effects that differ not only in strength but also in sign. Also, other hormones, especially salicylic acid, ABA, and ethylene, may be involved in the modulation of ROS generation under JA action, which themselves cause signals that alter redox homeostasis and are in complex functional relationships with JA [91]. A discussion on these connections is beyond the scope of this review.



JA signaling not only regulates ROS generation but also activates the antioxidant system, preventing the development of oxidative stress, which is a satellite of stress influences of various natures [21]. In wheat plants, not only ROS but also MEK1/2 protein kinase has been shown to be involved in the jasmonate-induced increase in the activity of ascorbate-glutathione cycle enzymes [92]. In this case, ROS levels are higher in the signaling cascade that induces antioxidant enzymes than MEK1/2 and causes phosphorylation of this protein, which is necessary for further activation of the antioxidant system.



An increase in the activity of antioxidant enzymes under the influence of JA has also been reported in many other plant species. Thus, treatment of barley plants with JA increased salt tolerance, which, according to the authors, was largely due to an increase in SOD, CAT, and peroxidase (POD) activity [93]. Under the influence of seed pretreatment and soybean plants spraying with jasmonic acid, gene expression and activity of Fe-SOD, non-specific peroxidase, catalase, and ascorbate peroxidase (APX) in leaves and roots under saline conditions were significantly increased, and oxidative stress was mitigated [94]. Additionally, an increase in sugars and phenolic compounds with antioxidant properties in soybean leaves under salt stress has been reported under the influence of JA spraying [95].



Indices of antioxidant system functioning (activity of SOD, catalase, non-specific peroxidase, amount of ascorbate, reduced glutathione, and phenolic compounds) increased in maize plants sprayed with JA when exposed to lead [96]. The effect of enhancing resistance to the nickel toxic effect by treatment with JA in soybean plants was accompanied by an increase in activity and expression of the SOD, CAT, POD, and APX genes [97]. Enhanced gene expression and increased activities of SOD, ascorbate peroxidase, catalase, glutathione reductase, and ascorbate and GSH contents have been found in leaves of JA-treated Brassica napus plants exposed to arsenic toxicity [98]. The role of JA in the regulation of the ascorbate-glutathione cycle in apples (Malus pumila) under cold stress has been demonstrated [99]. Exogenous JA stimulates ascorbate accumulation in cells mainly by increasing dehydroascorbate reductase activity. In contrast, treatment of plants with the JA synthesis inhibitor ibuprofen significantly reduced the activity of antioxidant enzymes (ascorbate peroxidase, dehydroascorbate reductase, and monodehydroascorbate reductase), indicating its involvement in the regulation of the antioxidant system.



To study the involvement of the antioxidant system in the realization of JA protective action under abiotic stresses, a number of studies have used mutants defective in JA signal transduction genes or JA synthesis genes. Thus, it was shown that the activities of SOD, catalase, and guaiacol peroxidase in Arabidopsis jin1 leaves under salt stress (150 mM NaCl) were lower than those in wild-type plants [100]. At the same time, in coi1 mutants, only the activity of guaiacol peroxidase was reduced, whereas the activity of the other two enzymes under salt stress did not differ from the values characteristic of wild-type plants. However, exogenous methyl jasmonate caused an increase in the activity of antioxidant enzymes in wild-type plants but did not affect their indices in either mutant.



Jasmonate-deficient def-1 tomato plants showed more pronounced symptoms of oxidative stress when grown under saline conditions than wild-type plants. The reduced salt tolerance of def-1 plants is associated with lower antioxidant enzyme activity and lower non-enzymatic antioxidants [101]. A different picture was observed when comparing the salt stress response of the antioxidant system in maize plants of the wild-type and JA synthesis mutants (opr7opr8). Jasmonate-deficient mutants accumulated less ROS in their leaves under salt stress than wild-type plants. They showed higher activity of catalase and ascorbate peroxidase under salt stress but lower activity of guaiacol peroxidase than wild-type plants. Glutathione reductase and glutathione-S-transferase activities in the leaves of jasmonate-deficient mutants under salt stress were also higher than those in wild-type plants. These indicators were lower in the roots of opr7opr8 plants [102]. Thus, the reduced content of JA in certain plant species may increase their resistance to oxidative stress, although significantly more examples show positive regulation of the antioxidant system state by jasmonates. In general, the effects of gene expression activation and antioxidant enzyme activity enhancement involving JA have been detected in different plant species and under stress factors of various natures [3].



Thus, available evidence suggests that JA synthesis may be induced by enhanced ROS formation in cells under the influence of stressors [86], and JA is able to activate various components of the antioxidant system, probably through enhanced production of ROS as signaling mediators. At the same time, there is recent evidence suggesting that JA synthesis may be regulated by compounds classified as antioxidants. Zhang et al. [103] showed that Arabidopsis plants transformed with the flavonoid synthetase genes AvF3′H, AvF3H, and AvFLS from the medicinal plant Apocynum venetum, characterized by their high flavonoid content, accumulated significant amounts of JA in response to salt stress. The authors also documented an increased expression of genes encoding proteins involved in JA synthesis and signal transduction. No such effects were observed in wild-type plants under salt stress. Transformants with a higher flavonoid content and JA content exhibited higher tolerance to salinity and oxidative stress. Recently, the ability of proline, which also has antioxidant properties [104], to induce JA synthesis under cadmium toxicity has been shown in rice plants [105]. Treatment with proline, through activation of the jasmonate signaling pathway, which includes MYB transcription factors, inhibits the synthesis of anthocyanins, which in excessive accumulation become agents of oxidative stress [105].




6. The Connection between Jasmonate Signaling and Gasotransmitters


6.1. Nitric Oxide (NO)


Nitric oxide is the most studied gasotransmitter in animal and plant cells [106,107]. NO in plants can be produced via reductive or oxidative pathways [108,109]. NO synthesis by reduction can use nitrate or nitrite as substrates in reactions catalyzed by nitrate reductase, plasma membrane-bound nitrite: NO reductase and peroxisome-localized xanthine oxidoreductase [110,111].



The mechanism of NO formation in plants by the oxidative pathway from L-arginine is still a matter of debate, as animal NO synthase (NOS) homologs have only been found in green algae and not in higher plants [112]. Currently, terrestrial plants are considered to have no typical animal NOS. It is thought that this gene was lost during evolution [113]. However, several studies on corn, peas, and tobacco have shown that the use of NOS inhibitors and monoclonal or polyclonal antibodies reduced NO production in plants. In this regard, the existence of NOS-like enzymes in plants is assumed, but their genes and amino acid sequences are significantly different from those in animals [114]. In particular, several maize NOS-like proteins have been found to exhibit restricted sequences that are homologous to animal NOS sequences. As early as 20 years ago, a protein produced by the AtNOS1 gene was identified in Arabidopsis, with a sequence similar to that of the protein involved in NO formation in snails [115]. Later it was found that AtNOS1 is a cGTPase, which was renamed AtNOA1 [116]. It is now thought that this protein may indirectly regulate NO formation [114].



Although NO has long been regarded as a signaling mediator in plant cells, the mechanisms of its signal transduction into the genetic apparatus are yet to be fully elucidated. This signal transduction may involve ROS, cGMP, calcium ions, and other mediators [117,118,119,120]. A very important role in the physiological effects of NO is its ability to induce post-translational modifications of proteins, nitrosation of thiol groups, and nitration by tyrosine. In general, these processes are important in regulating the activity of pro- and antioxidant enzymes and cellular redox homeostasis [27]. The effect of NO on ROS depends on the local concentrations of nitric oxide and its interactions with other mediators and can vary significantly with time. As already noted, JA can trigger the enhancement of both ROS and nitric oxide formation, and their location in signaling circuits is extremely difficult to determine experimentally. It is not uncommon to observe a simultaneous and interdependent increase in both mediators under the influence of JA [121].



There seems to be a considerable intersection in the signaling pathways of nitric oxide and JA as plant stress hormones (Figure 2). Several experimental data suggest a role for NO in JA synthesis [122]. Almost two decades ago, it was shown that in Arabidopsis plants there is a rapid increase in nitric oxide generation in response to wounding, which in turn causes an increase in the activity of JA synthesis enzymes, lipoxygenases and allene oxide synthase, and an increase in JA content in leaves [123]. Enhanced expression of key genes involved in JA synthesis under the influence of exogenous NO has also been shown [124,125,126]. UV-B irradiation of Panax quinquefolius increased the formation of nitric oxide, jasmonic acid, and triterpene glycoside ginsenosides in the roots. The UV-B-induced increase in ginsenoside content was eliminated by the NO scavenger PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide), NO synthase inhibitor L-NAME (NG-nitro-L-arginine methyl ester), and JA synthesis inhibitor salicylhydroxamic acid. Treatment with NO antagonists inhibited UV-B-induced JA accumulation, suggesting that NO is located upstream of the JA signaling pathway [127].



In Sophora flavescens, NO treatment caused an increase in lipoxygenase activity and JA levels. In turn, exogenous JA application stimulates NO production associated with L-arginine oxidation [128]. Thus, a possible reciprocal enhancement of JA and NO synthesis in S. flavescens cells was demonstrated. In contrast, exogenous NO was found to reduce JA accumulation caused by As(III) toxicity in rice plants [129]. According to the authors, this effect is due to the NO donor mitigating the toxic effects of As on the plants. However, it is possible that NO may be involved in both the direct and reverse regulation of JA content in plant tissues.



One mechanism of the functional interaction between JA and NO may be related to the involvement of the same regulatory transcription factors in realizing their effect on gene expression. The transcription factor JIN1/MYC2 is considered a transduction node for many stress-related signals in plant cells [130]. Based on bioinformatics analysis, it has been suggested that MYC family genes are involved in the signal transduction of NO [131]. Experimental evidence also points to the possibility of such an involvement. Thus, under salt stress, Arabidopsis jin1 mutants defective in the JIN1/MYC2 protein gene were weakly sensitive to the protective effect of the nitric oxide donor sodium nitroprusside (SNP). At the same time, treatment of wild-type plants with this NO donor increased the activity of the antioxidant enzymes SOD, catalase, and peroxidase, as well as the sugar content and mitigated the oxidative damage caused by salt stress [132]. Naturally, it cannot be excluded that the effects of exogenous nitric oxide on the protective systems of Arabidopsis plants can also be mediated by its effect on JA content in the signaling of which JIN1/MYC2 is a key protein. The absence of the effect of NO on the antioxidant system functioning of jin1 mutants under salt stress suggests that NO-dependent signals required for salt tolerance formation may be implemented with the participation of the JIN1/MYC2 transcription factor [132] (Figure 2).



Data indicating the involvement of jasmonate signaling components in the physiological effects of nitric oxide were also obtained when studying the effect of nitric oxide donor SNP on lateral root growth in Arabidopsis plants. SNP treatment suppressed root growth and increased lateral root density in wild-type plants, but this response was significantly reduced in coi1-1 mutants. The authors concluded that the JA receptor COI1 is involved in the effects of JA and nitric oxide [16].



The data available in the literature not only indicate the influence of nitric oxide on JA synthesis and the involvement of components of jasmonate signaling in realizing its effects but also indicate the involvement of NO in the transduction of JA signals into the genetic apparatus (Figure 2). For example, JA and NO have been shown to be involved in the control of allantoin synthesis in sugar beet plants, which is important for their adaptation to saline-alkaline soil [133]. Inhibition of JA biosynthesis completely eliminated the resistance of plants to alkaline salinity induced by exogenous allantoin and the accumulation of NO. In addition, there was no NO donor-induced increase in salt tolerance upon the suppression of JA synthesis. In contrast, inhibition of NO biosynthesis attenuates allantoin-induced tolerance to alkaline salinity, JA accumulation, and JA-induced plant tolerance to saline-alkaline stress [133]. These data experimentally supported the assumption of different levels of functional interactions between JA and NO. They manifest themselves in the influence of JA and NO on each other’s synthesis (the presence of a self-reinforcing feedback loop) and in the involvement of signal transduction (Figure 2).



Treatment of cucumber fruit with methyl jasmonate and the nitric oxide donor SNP reduced oxidative damage during low-temperature storage [134]. This effect was accompanied by an increase in CAT1 and CAT3 gene expression as well as overall catalase activity, resulting in a decrease in hydrogen peroxide content in the fruit. At the same time, the endogenous NO accumulation inhibitors, L-NAME and PTIO, eliminated the development of cold tolerance induced by methyl jasmonate. In contrast, the JA synthesis inhibitors ibuprofen and salicylhydroxamic acid had no effect on the SNP-activated cold tolerance of the fruits. The authors, therefore, suggested that NO mediates the methyl jasmonate signaling pathway, which activates cold tolerance in cucumbers [134].



The activation of ascorbate and glutathione metabolism enzymes by exogenous JA in maize plants was mediated by an increase in NO synthesis required for the phosphorylation of MEK1/2 protein kinase, which, in turn, was necessary to increase APX, GR, MDHAR, and DHAR activity [135] (Figure 2).



A synergistic effect was observed in a study on the protective effect of JA and NO on tomato plants under salt stress [136]. The authors showed that combined treatment of plants with the NO donor S-nitroso-N-acetyl penicillamine and JA had a more significant positive effect on plant growth, photosynthetic pigments, low-molecular-weight antioxidants (flavonoids, ascorbate, and GSH), and antioxidant enzyme activity (SOD and catalase) compared to the effect of each agent alone. In addition, the combination of S-nitroso-N-acetyl penicillamine and JA was more effective in mitigating the effects of salinity-induced oxidative stress [136].



The ability of JA and some other oxylipins to induce stomatal closure is known [137,138]. The effect of JA on stomatal status is mediated by major cellular signaling mediators, particularly ROS and nitric oxide. An increase in H2O2 and NO was observed in the guard cells of A. thaliana and Vicia faba under the action of JA or MeJA [139,140]. It is thought that the enhancement of ROS generation during induction of JA stomatal reactions is mainly due to an increase in NADPH oxidase activity [141], while the increase in NO is predominantly due to nitrate reductase involvement [142]. Furthermore, a mathematical model is proposed in which the functional interaction of NO, ROS, and antioxidants integrates the regulation of stomata by the three main plant hormones controlling this process, ABA, methyl jasmonate, and ethylene [142].



However, the mechanisms underlying increased NO synthesis in guard cells under the influence of JA and methyl jasmonate have not been fully elucidated. In the bean leaf epidermis, stomatal closure induced by JA is eliminated by the NO synthase inhibitor L-NAME [139]. The MeJA-induced reduction in stomatal gap size and a number of open stomata in Arabidopsis was almost eliminated by treatment of epidermal cells with an NO PTIO scavenger and partially with inhibitors of animal NO synthase (L-NAME) and nitrate reductase (sodium tungstate) [143]. Thus, it is possible that stomatal closure under the action of methyl jasmonate is mediated by both oxidative and reductive pathways of NO synthesis. However, it has been shown in the epidermis of Vicia faba that inhibition of nitrate reductase does not reverse the stomatal closure effect caused by JA [139]. It is not excluded that the contribution of different pathways of JA-induced NO synthesis in guard cells may vary according to plant species and age as well as experimental conditions.




6.2. Hydrogen Sulfide


Hydrogen sulfide is now seen as a gasotransmitter involved in the regulation of many plant functions, in particular, growth processes, fruit ripening and aging, adaptation to stressors of various natures [144,145,146,147].



One of the main pathways for H2S synthesis in plants is the catalytic conversion of L-cysteine to pyruvate by L-cysteine desulfhydrase, which releases hydrogen sulfide and ammonium [148]. The signaling effects of hydrogen sulfide are largely related to protein persulfidation, that is, the conversion of the cysteine-thiol group (-SH) into the corresponding persulfide (-SSH) [149,150,151]. It is believed that H2S or its ionic forms (HS− and S2−) cannot directly react with protein thiols. It is likely that H2S interacts with oxidized cysteine residues (R-SOH) [152]. In this case, the process of protein modification is triggered by ROS signaling and oxidation of the cysteine thiol group to sulfenic acid by hydrogen peroxide. Sulfenic acid residues interact with H2S to form persulfide groups [153].



Persulfidation appears to be one of the key tools for the regulation of gene expression. Activation of the expression of genes encoding many transcription factors and chromatin modifiers was observed when Arabidopsis plants were treated with exogenous H2S [154,155]. In tomatoes, during NaHS root treatment, 5349 genes were activated and 5536 genes were suppressed [156].



The effects of hydrogen sulfide can be seen not only in the direct regulation of the redox state of protein molecules but also in the induction of calcium and ROS signals [82,157]. On the other hand, hydrogen sulfide synthesis itself is also dependent on ROS and calcium homeostasis [135,158,159].



Hydrogen sulfide also has close functional interactions with nitrogen oxide. One mechanism for this interaction is related to the competition between two key gasotransmitters for thiol groups in protein post-translational modification processes [27]. Also, NO and H2S can affect each other’s synthesis [160,161,162,163].



JA appears to be an important component of the hydrogen sulfide-activated signaling network (Figure 3). Hydrogen sulfide fumigation of foxtail millet plants has been shown to increase their methyl jasmonate content and induce resistance to the toxic effects of cadmium [164]. Treatment of tomatoes with H2S donors increased the JA content in leaves in the control and under salt stress [165].



The adaptation of tobacco plants to heat also involves hydrogen sulfide and JA, the synthesis of which is increased under high-temperature stress [47]. Here, JA/H2S signaling controlled the high-temperature induction of nicotine synthesis. Suppression of H2S signaling using its scavengers and synthesis inhibitors or inhibition of L-cysteine desulfhydrase gene expression in transgenic plants caused disruption of JA formation and nicotine biosynthesis under high-temperature exposure. However, these inhibitory effects were reversed by the application of exogenous H2S. The authors suggested that H2S acts upstream of JA as a signaling molecule under high-temperature stress (Figure 3) and is a trigger for nicotine biosynthesis in tobacco [47]. The role of hydrogen sulfide in inducing JA synthesis has also been indicated by data from bioinformatics methods, according to which almost half of the proteins associated with jasmonate biosynthesis are persulfidated [166].



As mentioned above, one of the key proteins in jasmonate signaling, JIN1/MYC2, may be involved in realizing the effects of JA, as well as other participants in the signaling network such as the gasotransmitter NO. Data have also been obtained, indicating its possible involvement in the stress-protective effect of hydrogen sulfide on plants. Recently, using molecular genetics techniques, the activation of expression of the gene encoding transcription factor MYC2 and the involvement of endogenous hydrogen sulfide as a signal mediator in this process has been shown upon enhancing the adaptation of Arabidopsis plants to hypoxia (flooding) in the dark by the exogenous hydrogen sulfide action [167]. This work also shows the involvement of endogenous hydrogen sulfide as a signaling mediator in the activation of MYC2 gene expression (Figure 3).



Comparison of the effect of the hydrogen sulfide donor NaHS on Arabidopsis wild-type (Col-0) plants and jin1 mutants showed an increase in salt tolerance of Col-0, which was expressed as a decrease in oxidative damage, a reduction in water deficiency, and preservation of the photosynthetic pigment pool under salt stress [168]. In addition, treatment of wild-type plants with H2S donor prevented the stress-induced decrease in the activity of the antioxidant enzymes SOD and CAT and increased the activity of guaiacol peroxidase. At the same time, exposure of jin1 plants to exogenous H2S did not increase their salt tolerance or alter the state of their stress-protective systems. These phenomena suggest the involvement of the transcription factor JIN1/MYC2 in the physiological effects of hydrogen sulfide [168]. The mechanisms underlying the effect of hydrogen sulfide signaling on this transcription factor remain unclear. It is not excluded that it is mediated and associated with changes in other signaling pathways and possibly hormonal mediators under the influence of H2S. In particular, the protective effects of hydrogen sulfide may also be mediated by its effect on the content of various plant stress hormones, such as ABA [169], whose signal transduction also involves the JIN1/MYC2 protein [130]. There is evidence that a key transcription factor in jasmonate signaling is involved in the effects of other plant hormones and signaling compounds, including the gasotransmitter H2S.



At the same time, hydrogen sulfide may mediate the physiological effects of JA, particularly its influence on redox homeostasis, with the involvement of MAP kinases in this process [170] (Figure 3). Treatment of wild-type Arabidopsis plants with JA has been shown to significantly increase mitogen-activated protein kinase kinase (MEK1/2) phosphorylation, enhance hydrogen sulfide synthesis, and increase the ascorbate (AsA) to dehydroascorbate (DHA) ratio (AsA/DHA) [171]. However, in the cysteine desulfhydrase gene mutant (Atl-cdes), no detectable effect of JA on these processes was observed. The H2S scavenger hypotaurine was also found to significantly reduce JA-induced MEK1/2 phosphorylation and AsA/DHA ratio in wild-type plants. However, the authors do not exclude that the effect of hydrogen sulfide on MEK1/2 protein phosphorylation may be more complex and dependent on the functional interaction of hydrogen sulfide with NO and H2O2 [171]. As already noted, there is experimental evidence indicating their involvement in the regulation of both MEK1/2 and glutathione and ascorbate metabolism (see Section 5 and Section 6.1). Hydrogen sulfide has a very complex interaction with ROS and nitric oxide, with one mechanism being competition for the thiol groups of proteins during their post-translational modification [27]. A discussion of possible models of such interactions in the implementation of JA effects requires a special analysis of a large body of data and is beyond the scope of this review.



The functional interaction between JA and hydrogen sulfide is important for stomatal regulation under drought and other stressors. Thus, the role of hydrogen sulfide in stomatal closure induced by JA action on Vicia faba leaves has been demonstrated by the inhibitor method [172]. The effect of JA on the state of guard cells was accompanied by an increase in endogenous hydrogen sulfide and was eliminated by inhibitors of its synthesis, like pyruvate, hydroxylamine, and other compounds. As already noted, the effect of JA on stomata requires the involvement of hydrogen peroxide as one of the mediators of JA signaling. Hydrogen peroxide can influence the synthesis of hydrogen sulfide and stomatal closure depends on the functional interactions of these molecules [172].



JA and hydrogen sulfide are not only involved in the regulation of stomatal aperture size but also in the development of the stomatal apparatus. It has been shown that JA-deficient Arabidopsis mutants were characterized by high stomatal density. However, this effect was eliminated by the exogenous H2S treatment. In contrast, lcd mutants deficient in H2S synthesis had a stomata development phenotype similar to that of JA-deficient mutants. This effect was not observed when plants were treated with a hydrogen sulfide donor, but not with JA [173]. Thus, H2S can act as a downstream signalling component that alters stomatal development.




6.3. Carbon Monoxide


CO, as a gasotransmitter in plant cells, is still less well studied than NO and H2S. There is evidence that CO is involved in seed germination, adventitious rooting [174], organ aging, and the regulation of many processes related to plant adaptation to adverse factors [82,174,175,176].



Similar to animals, the main source of endogenous CO production in plants is heme oxygenase (HO), which catalyzes the breakdown of heme to form Fe2+, biliverdin IXα, and CO [177,178]. Plant heme oxygenases are represented by a family of four genes, of which HO1 is the most intensively expressed [179]. Expression of this gene also increases under stressful conditions [82,180,181].



Unlike other important gasotransmitters (NO and H2S), carbon monoxide has no redox activity and does not interact with the thiol groups in proteins. Its primary effects may be associated with coordination bonds with metals located in the active centers of the enzymes [82,182].



There is still insufficient data on the functional relationships between carbon monoxide and JA. However, the involvement of the jasmonate signaling pathway in the CO-mediated induction of nicotine synthesis in tobacco plants exposed to high temperatures has been demonstrated experimentally [183]. Nicotine biosynthesis is limited by the activity of putrescine N-methyltransferase, which methylates putrescine, which is the first step in the nicotine synthesis pathway. Activation of gene expression of this enzyme by NtMYC2a is one result of the heat-induced increase in CO and JA synthesis in tobacco plants. Under normal conditions, NtMYC2a was inhibited by the NtJAZ1 protein. However, the CO-induced increase in JA levels leads to the degradation of NtJAZ1, which releases NtMYC2a and allows it to bind to the NtPMT1 promoter, activating its expression and increasing nicotine biosynthesis [183]. Notably, carbon monoxide donors in tobacco plants increase JA and nicotine synthesis [183]. Thus, there is reason to believe that CO may be an inducer of the JA signaling pathway, which activates nicotine synthesis (Figure 4).



Evidence has also been obtained regarding the role of jasmonate signaling in carbon monoxide-induced protective responses of Arabidopsis plants to salt stress [184]. Arabidopsis plants of the wild-type and jasmonate signaling mutants, coi1 and jin1, were used in this study. In response to treatment with the carbon monoxide donor hemin, only wild-type plants mitigated the development of a water deficit, reduced the degradation of photosynthetic pigments, stabilized the activity of antioxidant enzymes, and increased the accumulation of compatible osmolytes under salt stress. At the same time, coi1 and jin1 mutants did not exhibit any of these effects under the influence of the CO donor. Thus, the results obtained indicate the involvement of components of jasmonate signaling in the stress-protective effects of exogenous carbon monoxide [184] (Figure 4). To elucidate the mechanisms underlying the involvement of jasmonate signaling proteins in the implementation of the described CO effects, special studies are needed. It is possible that the role of COI1 and JIN1/MYC2 proteins in the action of exogenous CO is due to the ability of this gasotransmitter to induce JA synthesis.



However, the possible involvement of carbon monoxide as a mediator of JA effects has also been reported (Figure 4). Treatment of soybean plants with JA increased their resistance to Cd, thereby mitigating oxidative damage. This effect of JA is accompanied by an increase in heme oxygenase activity, but not HO1 gene expression [22]. The authors suggested that JA causes post-translational modifications in heme oxygenase. On the other hand, the effect of MeJA on lateral root formation in rice has been shown to be associated not only with an increase in heme oxygenase activity but also with an increase in OsHO1 transcripts [185].





7. Conclusions and Future Perspectives


JA is one of the key plant hormones that regulate the adaptive responses of plants to biotic and abiotic stressors. This is evidenced by increased JA synthesis when plants are exposed to abiotic stresses; increased plant resistance to stress temperatures, drought, salinity, heavy metals, and other adverse factors under the influence of exogenous JA and its derivatives; reduced resistance to abiotic stress in plants genetically defective in JA synthesis or jasmonate signaling.



JA has a close functional relationship with many components of the signaling network. Signal mediators may be involved both in the induction of JA synthesis and in the transduction of its signals into the genetic apparatus [65,123,186,187]. A number of experiments using various objects and stressors have shown the involvement of the most universal signaling mediators, calcium, and ROS, in the stress-induced activation of JA synthesis. However, the molecular mechanisms of calcium and ROS involvement in JA signaling remain poorly understood. For example, the role of the calcium-regulated JAV1-JAZ8-WRKY51 complex in JA synthesis in response to plant damage by phytophages has been characterized [65], but it is unclear whether this complex is involved in a similar process under other stresses. Many phenomena related to the strengthening and weakening of ROS generation in plant cells under JA action also remain unexplained.



The elucidation of JA’s role in the signaling and hormonal network activated under stress is also complicated by the participation of “canonical” proteins of jasmonate signaling in the effects of other plant hormones and signaling mediators. Thus, the most important transcription factor MYC2, which ensures the realization of the regulatory effects of JA, may be involved in the implementation of the effects of ABA and signal mediators-gasotransmitters (NO, H2S, and CO) [100,130,131,132]. Such effects of functional interaction between JA and signaling mediators are necessary for the formation of many plant defense responses to abiotic stressors, such as activation of the antioxidant system, synthesis of osmolytes, formation of stress proteins, regulation of stomata status, and development of stomatal apparatus (Figure 2, Figure 3 and Figure 4).



It is largely unclear how an increase in key signaling mediators (ROS, nitric oxide, and hydrogen sulfide) occurs in cells under JA influence (Figure 5). In other words, the question remains open as to how the currently well-studied set of protein intermediaries that ensure JA signal transduction into the genetic machinery (JAR1, COI1, MYC2) interacts with the universal components of the signaling network (calcium, ROS, and gasotransmitters). Moreover, the complex of signaling mediators that are functionally interacting with JA should presumably be supplemented by metabolites with antioxidant properties. This is indicated by recent data on the possibility of JA synthesis induction under stress conditions in rice plants when treated with proline [105] and in Arabidopsis plants with increased expression of different flavonoid synthase forms and accumulating significantly more flavonoids compared to the wild-type plants [103]. The mechanisms of the antioxidant effects and their possible specificity for the induction of JA synthesis in plants remain to be elucidated. It remains unclear whether the described effects are due to the specific action of flavonoids or proline on JA synthesis and signal transduction processes, or whether they result from changes in the overall cellular redox status. It also remains unclear how the induction of JA synthesis by pro- and antioxidants, as well as the probable involvement of ROS in JA signal transduction, are related to each other. It is reasonable to expect that focusing the researchers’ attention on the effects of functional interactions between JA, non-protein signaling mediators, and stress metabolites will create opportunities for a better understanding of the causes of JA protective effects under abiotic stressor action on plants.



A certain potential for effective induction of plant resistance to abiotic stresses by exogenous factors can be observed in the combined action of JA as a hormone and gasotransmitters as signal mediators involved in the realization of its effects. For example, few data available to date indicate significant synergies in the stress-protective effects of JA and NO acting together in plants [136,188]. Expanding and deepening such research (especially regarding the combined effect of JA and hydrogen sulfide and JA and carbon monoxide) may contribute to the development of new tools for managing plant resistance to a variety of stressors.
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Figure 1. Main pathways of jasmonic acid synthesis and transduction of its signal. AOC—allene oxide cyclase; AOS—allene oxide synthase; cJ—cis-jasmone; COI1—CORONATINE INSENSITIVE1, F-box subunit of ubiquitin ligase complex; CTS—ABC transporter COMATOSE; 12,13-EOT—12,13-epoxy octadecatrienoic acid; HDA—histone deacetylase; 13-HPOT—13-hydroperoxy-linolenic acid; JA—jasmonic acid; JA-Ile—jasmonoyl-isoleucine; JAR1—jasmonate: amino acid synthetase 1; JAT—jasmonate transporter; JAZ—JASMONATE ZIM DOMAIN repressor protein; JMT—JA-carboxy methyl transferase; α-LeA—α-linolenic acid; LOX—lipoxygenase; MED25—MEDIATOR25 subunit of Mediator transcriptional coactivator complex; MeJA—methyl jasmonate; MYC2—bHLHzip transcription factor; NINJA—adaptor protein NOVEL INTERACTOR OF JAZ; 12-OPDA—12-oxo-phytodienoic acid; 12-OPEA—12-oxophytoenoic acid; OPR—12-OPDA reductase 3 (OPR3); SCF—Skp-Cullin-F-box complex; SCFCOI1—ubiquitin ligase complex; TPL—TOPLESS co-repressor protein. 
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Figure 2. Possible ways of functional interaction of JA and NO in the formation of plant adaptive responses. AOS—allene oxide synthase; COI1—CORONATINE INSENSITIVE1 (ubiquitin ligase complex involved in protein degradation in the 26S proteasome); JAZ—JASMONATE ZIM DOMAIN repressor protein; LOX—lipoxygenase; MEK1/2—protein kinase MEK1/2; MYCs—transcriptional factors of the MYC family; NOS—NO synthase; NR—nitrate reductase. See the explanations in the text. 
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Figure 3. Possible ways of functional interaction of JA and H2S in the formation of plant adaptive responses. AOS—allene oxide synthase; COI1—CORONATINE INSENSITIVE1 (ubiquitin ligase complex involved in protein degradation in the 26S proteasome); JAZ—JASMONATE ZIM DOMAIN repressor protein; LCD—L-cysteine desulfhydrase; LOX—lipoxygenase; MEK1/2—protein kinase MEK1/2; MYCs—transcriptional factors of the MYC family. See the explanations in the text. 
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Figure 4. Possible ways of functional interaction of JA and CO in the formation of plant adaptive responses. AOS—allene oxide synthase; COI1—CORONATINE INSENSITIVE1 (ubiquitin ligase complex involved in protein degradation in the 26S proteasome); HO1—heme oxygenase 1; JAZ—JASMONATE ZIM DOMAIN repressor protein; LOX—lipoxygenase; MYCs—transcriptional factors of the MYC family. See the explanations in the text. 
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Figure 5. Involvement of key cellular signaling mediators in jasmonate-induced development of plant resistance to abiotic stressors. AO—antioxidant system; ROS—reactive oxygen species. 
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