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Abstract: In nature, plants are constantly affected by adverse conditions. Unlike animals, plants can resist these adverse stresses only by insisting on their original positions. Stress can be divided into biological stress and abiotic stress, abiotic stress directly affects the growth, development and yield of plants, it spans all developmental stages from seed germination to senescence. In order to adapt to changing environment, plants have evolved well-developed mechanisms that help to perceive the stress signals and enable optimal growth response. Salicylic acid (SA) is an important endogenous signal molecule in plants, which not only regulate some plant growth and development processes, but also plays an important part in plant stress resistance. Much work about salicylic acid has been done on the immunity of plants to pathogens, and the synthesis and signal transduction of SA are clearly understood, its function in plant growth, development and abiotic stress is also well learned, we systemically summarized the multiple function of SA signal in non-pathogen-related response, such review should help us understand the common but essential function of SA signal in modulating plant growth, development and abiotic stress.

Keywords: Abiotic stress; biosynthesis; salicylic acid; signal transduction





1  Introduction

Plants are exposed to a variety of environmental stresses throughout their lives [1]. In addition to biotic stresses, plants can also be impacted by a variety of abiotic stresses (drought, cold, high temperature, high salt, or toxic metal ions) [2]. The frequency of extreme weather increases due to climate change, and the adverse effects of abiotic stress on plants deepen. Plants have to evolve more sophisticated mechanisms to cope with these stresses. One of the strategies for plants is to adjust their growth to the changing environment through signals transmitted by plant hormones [3].

Salicylic acid (SA), also called ortho-hydroxybenzoic acid, is a simple phenolic compound that participates in the regulation of diverse metabolism in plants. It is considered as a new plant hormone and plays an important role in improving plant stress resistance [4]. SA, classified under the group of plant hormones, has been reported to induce heat production in inflorescences of thermogenic species [5], stimulate flowering and enhance flower longevity, inhibit ethylene biosynthesis, block the wound response, and reverse the effect of abscisic acid [6]. Studies have demonstrated that SA can induce plant resistance to heavy metal, ozone, ultraviolet radiation, high temperature, salt stress and other abiotic stresses [7]. SA also plays a major role in plant growth and development, as there is evidence that SA regulates seed germination, vegetative growth, photosynthesis, respiration, thermogenesis, flower formation, seed production, senescence and other life processes [8].

In the past two decades, increasing evidence has shown that SA plays essential roles in regulating plant development by affecting the immunity of plants to pathogens. However, the action of SA in the regulation of plant growth has not been comprehensively described yet in most reviews, compared to the role of other plant hormones, such as auxin and gibberellin. This review mainly describes the mechanisms of SA in regulating plant in abiotic stress. This knowledge of the SA-mediated development regulation will contribute to the future crop improvement.

2  The Synthesis, Conjugation and Transport of SA

SA is a small phenolic compound that plays a significant role in plant pathogen defense [9]. Studies have shown that chorismate produced by the shikimic acid pathway is an important precursor substance for the synthesis of SA in plants. There are two pathways for the synthesis of SA, the isochorismate synthase (ICS) pathway and the phenylalanine ammonia-lyase (PAL) pathway (Fig. 1) [10].
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Figure 1: Salicylic acid biosynthesis in plants. There are two pathways of SA biosynthesis: the ICS1/2 (isochromatic synthase) pathway and the PAL (phenylalanine ammonia-lyase) pathway. Both pathways begin with chorismite as the substrate, which is produced via a seven-step enzymatic reaction of shikimate pathway in chloroplast. (1) ICS pathway: After isochorismate is generated by ISC1/2, it interacts with PBS3 binds isochorismate to Glu to generate IC-9-Glu (isochorismoyl-9-glutamate), which can break down into SA spontaneously. (2) PAL pathway: In the cytosol, phenylalanine generates mandelonitrile or trans-cinnamic acid under the action of phenylalanine ammonia-lyase. BA2H (Benzoic acid 2-hydroxylase) hydroxylated benzoate to SA

2.1 The Synthesis of SA

Studies on Arabidopsis sid2 (SA-DEFICIENT 2) mutants found that after induction with pathogenic bacteria, ICS1 (ISOCHORISMATE SYNTHASE 1) was expressed at a time similar to the time of SA accumulation under these patho genic bacteria, the study showed that SA can be synthesized by chorismate through the ICS pathway, and plays an important role in the Arabidopsis SAR (systemic acquired resistance) defense response [11]. The homologue of ICS1, ICS2, is another protein that encodes synthetic SA, but ICS2 contributes much less to SA synthesis in Arabidopsis [12]. Fluorescence localization experiments demonstrated that both ICS1 and ICS2 proteins were located in the plastids, while SA was synthesized in the cytosol [13]. After isochorismate is generated by ISC1/2, it interacts with PBS3 (AvrPphB susceptible3) localized on the chloroplast plasma membrane to translocate isochorismate into the cytosol [13,14]. PBS3 is an acyl-adenylate/thioester-forming enzyme from GH3 (GLYCOSIDE HYDROLASE 3) protein family, hence also is named as GH3.12. PBS3 binds isochorismate to Glu via the amino acids (AAs) transferase activity of PBS3 (GH3.12) to generate IC-9-Glu (isochorismoyl-9-glutamate) [12,14]. IC-9-Glu is very unstable, it can spontaneously break down into SA when SA at a very low concentration. In a forward genetic mutant screen of Arabidopsis, EPS1(EXOPOLYSACCHARIDE 1) recently found in nature as IPGL (IC-9-Glu pyruvoyl-glutamatelyase), also can enhance SA biosynthesis.

In the PAL pathway, chorismate produced by the shikimate pathway undergoes a series of reactions to generate phenylalanine, which serves as a precursor for SA synthesis. PAL activity decreased by 90% after PAL gene mutation, while SA accumulation was decreased, indicating the involvement of the PAL pathway in SA biosynthesis [15,16]. In the cytosol, phenylalanine further generates mandelonitrile or generates trans-cinnamic acid under the action of PAL [17]. Trans-cinnamate acid and mandelonitrile are first converted to benzaldehyde, and then to benzoic acid. It is proposed that the role of benzoic acid 2-hydroxylase (BA2H) hydroxylated benzoate to SA, but the role of BA2H remains to be verified. In addition, trans-cinnamate acid can be converted to ortho-courmaric acid and it can form SA spontaneously [18]. The synthetic SA will be found in responses to the plant stress.

2.2 Conjugation and Transport of SA

SA can be chemically modified into various bioactive derivatives by glycation, methylation, sulfonation, AAs (amino acids) conjugation and hydroxylation [19]. With one hydroxyl and one carboxyl group, SA can be converted into two major derivatives via glycosylation. In Arabidopsis, two UGTs (uridine diphosphate-glucosyltransferases) have been reported to play roles in the glycosylation of SA. Both UGT74F1 and UGT74F2 in Arabidopsis can catalyze the conjugation of glucosyl group from UDP-glucose into the hydroxyl group of SA and produce SAG (SA 2-O-β-D-glucoside) [20]. UGT74F2, was also named as SGT1 (S-glucosyl transferase 1), which can also catalyze the conjugation of glycosyl onto the carboxyl group of SA and produce SGE (salicylate glucose ester) [21]. The carboxyl group of SA can be methylated by the SAM (S-adenosyl-L-methionine)-dependent MTs (methyltransferases) in plants. In Arabidopsis, the SAM-MT is encoded by the gene BSMT1 (BA/SA CARBOXYL METHYLTRANSFERASE 1) [22], which belongs to a 24-gene SABATH family of MTs. SABATH MTs is collectively called as the three earliest-identified genes in this family: SAMT (SALICYLIC ACID CARBOXYL METHYLTRANSFERASE), BAMT (BENZOIC ACID CARBOXYL METHYLTRANSFERASE), and THS (THEOBROMINE SYNTHASE) [23]. In bsmt1 mutant, MeSA (pathogen-induced methyl salicylate) accumulation is completely abolished. Similar to the glycosylation, methylation inactivates SA for its function and, reversibly, MeSA can be converted into active SA through the methylesterases (MESs) [24]. These conjugation reactions are catalyzed by cytoplasmic SA glucosyltransferases, and SAG is actively transported from the cytoplasm to the vacuoles of soybean and tobacco cells, where it may function as an inactive form of storage that can release free SA. Interestingly, SA is also converted by SA carboxymethyl transferase to MeSA, a volatile derivative that is an essential remote signal of resistance acquisition in tobacco and Arabidopsis systems. MeSA can be further glycosylated to produce methyl salicylate 2-O-β-D-glucose (MeSAG). But this SA-bound form is not stored in vacuoles [25].

Although free SA is not the primary signal that induces systemic acquired resistance, it also moves from the infected leaf to the upper uninoculated leaves via the sieve tubes [26]. It may be supposed that, in mature infected tissues [27], SA transport to the sieve elements occurs via either the symplastic or the apoplastic pathway according to the species, as described in the past for assimilates [28]. In the case of apoplastic phloem loading, SA must cross the plasma membrane of the companion cell-sieve element complex. Similarly, exogenous SA and analogs applied to the leaf surface must cross the plasma membrane of a cell to reach the phloem sap. The first biosynthesis of SA takes place in chloroplast, where chorismate is converted into isochorismate by ICS1, one of the most critical enzymes. Isochorismate, in turn, is transported by the membrane-located transporter EDS5 (ENHANCED DISEASE SUSCEPTIBILITY 5) in the chloroplast and is converted into SA in the cytoplasm through a series of processes [29]. As the cytoplasmic pH is higher than that of the pKa of SA, the SA in the cytoplasm is deprotonated and transformed into an active form by a series of methylation and glycosylation modifications [30]. At the same time, some SAG and SGE can enter the vacuole through active transport and be stored in an inactive form [29].

3  Perception and Signaling

In late 1990s, the characterization of the bio-synthesis pathway was initiated in Arabidopsis through forward genetic screens [31]. Three key genes ICS1, EDS5 and PBS3 were cloned and were later considered to encode three enzymes that defined the canonic IC pathway of SA biosynthesis [32]. In plants, many resistance (R) genes are involved in pathogen reorganization and innate immune response activation, they share common binding sites for transcription factors, such as nucleotide binding sites (NBS) and leucine-rich repeat domains (LRR) and some of the NBS-LRR type resistance proteins in dicots have Toll/Interleukin-1 Receptor (TIR) motifs. Downstream of TIR-NBS-LRR R generequires EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1). While CC-NBS-LRR R gene NPR1 (NONEXPRESSER OF PATHOGENESIS-RELATED GENE 1) is required downstream of CCAs a lipase-like protein without lipase activity [33]. EDS1 plays a key role in plant basal resistance, SA accumulation, and effector protein-induced innate immunity (ETI) [34]. EDS1 causes the initial accumulation of SA and process of hypersensitivity reaction (HR), which then acts with PAD4(PHYTOALEXIN DEFICIENT4) to cause further accumulation of SA [35]. EDS5 and SID2 are located downstream of EDS1 and PAD4, and can directly affect the synthesis of SA [36]. In a genetic and transcriptomic analysis of Arabidopsis autoimmunity caused by constitutive or conditional EDS1/PAD4 overexpression, intrinsic EDS1/PAD4 signaling properties and their relation to SA were uncovered. SA also promotes the expression of PR genes, EDS1, PAD4, EDS5 and SID2 which amplify SA signal rapidly [37].

Arabidopsis carries five NPR1 homologues, which can be divided into three groups: NPR1 and NPR2 are the first group, NPR3 and NPR4 are the second group, and BOP1 (Blade-On-Petiole1) and BOP2 on petiole are the third group [38]. NPR1 cannot be the only SABP (SA-binding protein) in plants. NPR1 paralogs, NPR2, NPR3 and NPR4, also bind SA [39]. And almost all NPR1 analogues contain anchor protein repeats, which play an important role in protein-protein interaction. Among the five analogs, NPR1/2/3/4 achieves strong ability to bind SA in vitro, while BOP1/2 only has weak interaction with SA [40]. Recent studies have shown that NPR1 and NPR2 play an up-regulation role in the regulation of downstream genes that respond to SA, while NPR3 and NPR4 seem to play an opposite role to NPR1 and NPR2, that is, they negatively regulate the process of SA signaling (Fig. 2) [41].
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Figure 2: Biosynthesis, transport and signal perception of SA in plants. There are two pathways of SA: the ICS1/2 pathway and the PAL pathway. SA can be converted into functional or nonfunctional metabolites via different modifications. All glycosylated salicylates are stored in vacuoles in plant cells. When c[SA] is low, NPR3 and NPR4 serve as negative regulators to suppress gene expressions via their direct interactions with plant-specific TGA transcription factors, while monomeric NPR1 protein is maintained in a steady and relatively low level. NPR1 cannot be the only SABP (SA-binding protein) in plants, NPR2, NPR3 and NPR4, also bind SA. In the nucleus, NPR1 forms a protein complex with CDK8 and EDS1, promoting the expression of the PR1 gene. The turnover of NPR1 protein is mediated by 26S proteasome complex. When plant facing pathogens and stress, the level of SA increase. Higher SA level can increase monomerization process of NPR1 and induced NPR1-dependent gene expression through direct interactions with TGA transcription factors

Recently, Chen et al. [42] throw new light onto how NPR1 regulates pathogenesis-related (PR1) expression. NPR1 forms a complex with TGA (TGACG cis-element-binding protein) transcription factors TGA5, TGA7, and CDK8 (CYCLIN-DEPENDENT-KINASE8), which forms a bridge between the RNA polymerase II and the PR1 promoter and consequently facilitates PR1 transcription [42]. In general, the monomer NPR1 protein in the plant is maintained at a relatively low and stable level, while the tetramer from NPR1 protein is maintained at a high level in the cytoplasm [43]. NPR1 and NPR3/4 work in anti-parallel in response to SA, in which SA activates NPR1 positive regulation and deactivates NPR3/4 negative regulation by direct binding to the respective NPR proteins [44]. Though the unique mutant allele of NPR4 reported in the second model has strongly suggested the later one is more likely to be real, it has not fully ruled out the biochemical possibility of NPR3/4 degrading NPR1. More importantly, it has not yet been fully understood how NPRs are regulated in response to basal level of SA vs. higher level of SA accumulation upon immune activation [45]. At low SA concentrations, S-nitrosylation of NPR1Cys156 by S-nitrosoglutathione (GSNO) encourages the existence of NPR1 in its oligomeric form. Furthermore, it was not known whether all NPR1 homologs would undergo similar biochemical processes to NPR1 in response to SA accumulation, such as monomerization, translocation from cytosol to nuclear, interaction with transcription factors (TFs), polyubiquitination, and rapid protein turnover.

However, when abiotic stress or pathogen invasion, plants will accumulate higher levels of SA. Increased SA in plants induces NPR1 protein monomerization and downstream SA responsive gene expression through direct interaction with TGA2 transcription factor [44]. In the nucleus, NPR1 forms a protein complex with CDK8 and EDS1, promoting the expression of the PR1 gene. NPR1 is degraded by the 26S proteasome complex through a series of polyubiquitination processes by CUL3 (Cullin 3) and the UBE4 (ubiquitin E4 ligase), and its de-ubiquitination is mediated by de-ubiquitinase UBP6 and UBP7, which are closely linked to 26S proteasome [45]. SA-induced gene expression requires efficient turnover of the monomer NPR1 protein in the nucleus, that is, the extracellular tetramer protein is degraded into monomer protein and transported into the nucleus [46]. When the concentration of monomer protein in the nucleus reaches a certain height, the protein interacts with some transcription factor to induce responsive gene expression, this is also dependent on the dynamic balance of the ubiquitination of NPR1 [46].

WRKY transcription factors play crucial roles in plants, including in response to various stresses. There are 74 WRKY transcription factors in Arabidopsis thaliana and 109 WRKY transcription factors in rice, which plays important roles in plant stress resistance [47]. Shan et al. [48] pointed that the expression level of MdWRKY17 in 6 susceptible apple (Malus domestica) germplasm was significantly higher than that in 6 tolerant apple germplasm, and the corresponding SA content was decreased, confirming the key role of MdWRKY17-mediated SA degradation in Glomerella leaf spot (GLS) tolerance. In a recent study, exogenous SA treatment was found to significantly inhibit the occurrence of Penicillium digitatum in citrus fruits. The researchers identified a transcription factor CsWRKY70 that responded positively to exogenous SA induction by transcriptomic sequencing, and found that SA carboxyl methyltransferase (CsSAMT) gene related to methyl salicylate synthesis also responded positively to SA induction [49].

4  The Role of Salicylic Acid in Plant Growth, Development and Abiotic Stresses

SA signaling can mediate a persistent, broad-spectrum disease resistance to pathogen infection known as systemic acquired resistance (SAR). In addition, as a signal molecule, SA regulates physiological processes such as plant respiration and metabolism, seed germination, flower induction, senescence and stress resistance. SA can also regulate stomatal movement, photosynthetic pigment content, photosynthetic mechanism performance and photosynthetic carbon assimilating enzyme activity in plant leaves. Experimental results showed that SA could induce plant stress resistance under abiotic stress such as high temperature, low temperature, salt stress and heavy metal stress [50].

4.1 Seed Germination

Seed germination is an important trait affecting plant growth cycle and yield [51]. The germination process of seeds is influenced by multiple hormones, the most important of which are GA and ABA [51]. The application of exogenous GA increases SA biosynthesis in wild Arabidopsis plants or promotes seed germination and seedling growth in the sid2 mutant under adverse conditions, suggesting a synergistic interplay between SA and GA [52]. ET and JA also play vital roles in seed germination. Mutations in positive regulators of ET signaling pathway led to deep dormancy, while negative regulators the CTR1 (CONSTITUTIVE TRIPLE RESPONSE 1) mutations can accelerate seed germination. The effects of JA on seed dormancy and germination seem to be different in different plant species. According to the report, Synergism or antagonism between JA and ABA occurs during germination, as in JA and ABA Synergistic effects occurred during seed germination of Arabidopsis and Brassica napus [53], while JA decreased wheat ABA levels in seeds. SA mainly plays a role in seed germination under stress, although its exact role and the underlying molecular mechanisms have not been fully elucidated [54,55].

Seed germination is usually affected by a variety of abiotic stresses (drought, high temperature, low temperature, salt stress, etc.) [56]. Yang et al. [57] proposed to the effects of different SA gradients and MeSA saturation concentrations on germination, initial growth and other indicators of Arabidopsis thaliana seeds using wild-type and mutants lacking SA accumulation capacity (nahg) as experimental materials [57]. The results showed that: low SA concentration can promote the germination rate of wild-type in Arabidopsis, but has little effect on SA synthesis mutant. Meanwhile, high SA concentration can inhibit the germination rate of seeds.

SA affects seed germination under high salinity and osmotic stress. We therefore decided to investigate the effects of SA on germination under high salinity [58]. Germination of wild-type seed was significantly delayed by NaCl, with more severe inhibition at higher concentrations, as was previously reported [59]. We examined the effects of SA on germination in the presence of 150 mM NaCl. The results showed that germination was further inhibited when the concentration of SA was 0.2 mM on MS medium. In contrast, lower concentrations of SA (0.01–0.01 mM) reduced the inhibitory effects of high salinity [55,60]. These observations indicate that lower concentrations of SA, which are close to the estimated physiological concentrations of SA in Arabidopsis plants eliminate the inhibitory effects of high salinity on germination [61].

Hamada [62] soaked wheat seed with different concentrations of MeSA and found that it could reduce the inhibition effect of drought, increase the photosynthetic rate of plants, inhibit dark respiration, and promote seedling growth. Generally speaking, SOD (super oxide dismutase) activity under water stress is positively correlated with plant antioxidant capacity. It is reported that under salt stress, 0.7 and 1.4 mM SA could significantly increase the germination rate, germination index and vigor index of wheat seeds, and reduce the plasma membrane permeability of seedling leaves and the damage to cell membrane caused by salt stress [63]. It can improve the activity of SOD, POD (peroxidase) and other protective enzymes in seedling body, alleviate the damage of salt stress to wheat, and improve the adaptability of wheat to salt stress [64,65].

4.2 Vegetative Growth

Compared with other plant hormones, relatively little research has been done on the role of SA in plant growth. The Arabidopsis sid2 and SA-depleted nahg transgenic line show increased leaf biomass compared to WT. However, CPR5 (CONSTITUTIVE EXPRESSER of PR 5) and SIZ1 (MIZ1 DOMAIN-CONTAINING LIGASE 1) present the dwarf plant phenotype with a shorter stem and smaller leaves compared to the wild type, mutants showed stunted growth [66]. The mechanism of SA promoting growth may be related to the changes of other growth hormone levels and SA can promote plant growth by changing photosynthesis, transpiration and stomatal conductance under stress.

Under salt stress, plants can induce the production of reactive oxygen species and lipid peroxidation, which are found in tomatoes, wheat and spinach. SA can enhance the antioxidant system of plants, remove excessive reactive oxygen species in cell, reduce lipid oxidation level, improve cell metabolism, and finally alleviate salt stress [67]. Meanwhile, the exogenous application of SA can increase the contents of chlorophyll A and carotenoid in tomato, and also improve the rate of photosynthetic electron transfer.

It was found that under drought stress, the chlorophyll content of wheat increased with the increase of exogenous SA concentration, which further enhanced the photosynthetic rate and stomatal conductance of wheat under drought stress. SA treatment of wheat can enhance the activity of ribulose diphosphate carboxylase and thus enhance the fixation of carbon dioxide [68]. The content of carbon compounds required for plant growth increases, so that plants should not starve to death, and maintain plant growth, dry weight and water content increase.

4.3 Flowering

Flowering in various plant species is regulated by environmental factors, such as night-length in photoperiodic flowering and temperature in vernalization [53]. On the other hand, a SD (short-day) plant such as Pharbitis nil (synonym Ipomoea nil) can be induced to flower under LD (long days) when grew under poor-nutrition [69,70], low temperature or high-intensity light conditions [71]. The flowering induced by these conditions is associated with an increase in PAL activity [72]. Taken together, these facts suggest that the flowering induced by these conditions might be regulated by a common mechanism [73,74]. Poor nutrition, low temperature and high-intensity light can be regarded as stress factors, and PAL activity increases under these stress conditions [75,76]. Timely flowering of plants is the result of the joint regulation of endogenous and exogenous signals, which is of great significance for plant growth and reproductive development [75]. It has been suggested that SA may be related to flower regulation, and Raskin et al. [77] first found that SA exerts a regulatory role as a natural thermogenesis inducer at the flower tip of Alam lily.

In Arabidopsis thaliana, flowering is controlled by complex regulatory networks. 0.5 mM SA enhanced dry weight of root, shoot and nodule, and the number of flower and pods in chickpea, and it also significantly increased photosynthesis and growth in wheat and mung bean [78]. Related studies have shown that under UV-C (ultraviolet-C) light exposure, increased SA level will accelerate flowering, and in short days, NahG transgenic plants lacking SA or eds5/sid1 and sid2 mutants show a significant delayed flowering phenotype, confirming that SA regulate flowering time [39,78].

SA regulation of flowering is important, but its complex regulatory mechanisms have not yet been well studied and key questions such as SA signaling pathways and related hormone regulation of flowering time need to be further answered [79].

4.4 Senescence

Senescence takes place when plants grow to a certain stage or under environmental stress. SA levels increase during plant senescence in Arabidopsis thaliana [80]. Consistent with this observation, mutants with defects in SA synthesis or signal transduction, such as sid2, pad4, npr1, eds5, typically exhibit a pattern of anti-aging that includes delayed aging and decreased necrosis compared to wild-type plants. Buchanan-wollaston et al. [81] analyzed the gene expression profile of senescence in Arabidopsis and found that SA had a general up-regulation process on senescence related genes [82]. In SA synthesis or signal transduction mutants, the expression of these 20% age-related genes was decreased by about two time [83]. These findings suggest that SA might modulate leaf senescence under circumstances such as biotic stress, albeit to a limited extent under normal growth conditions [84].

Most of the genes that show SA-dependent expression during leaf senescence [81] also demonstrate increased expression during senescence in petal and siliques, whereas the other phytohormones cause differential expression profiles in the three plant tissues studied. ET biosynthesis and binding appear to be more important in silique and petal senescence than in leaves (despite the fact that some elements are conserved in the three tissues), while genes linked to auxin (AUX) biosynthesis and response are strongly up regulated in petals but down-regulated in leaves. In contrast, the SA pathway is active in the three tissues during senescence [85].

EIN3 (Ethylene insensitive 3) family protein and its homologous protein EIL1 (EIN3-LIKE1) are key transcription factors in ethylene signaling pathway, which is required for ethylene to promote aging. NPR1 is a core regulatory protein in the SA signaling pathway [86]. As a transcription co-activator, NPR1 interacts with other transcription factors to regulate gene expression. It is found that leaf senescence caused by SA depends on NPR1, EIN3 and EIL1 [87]. Compared with SA or ACC (ethylene precursor 1-aminocyclopropane-1-carboxylic acid), is a non-proteinogenic amino acid produced by ACS (ACC SYNTHASE) treatment alone, SA and ACC treatment dramatically promoted leaf senescence, suggesting that SA and ET can synergistically promote leaf senescence [88].

4.5 Other Environment Stress

It was found that under salt stress, 0.1 and 0.2 mM SA could significantly increase germination rate and vigor index of wheat seeds, reduce plasma membrane permeability, and improve the activities of SOD, POD and other cell protective enzymes in seedlings [89]. The two enzymes can be eliminated to some extent, salt stress induced intracellular ROS (reactive oxygen species), prevent membrane lipid peroxide in the cells, maintain the cytoplasm membrane stability and integrity, reduce a product of membrane lipid peroxidation malondialdehyde accumulation, and alleviate the harm of salt stress on wheat, improve its adaptability to salt stress [90]. Exogenous SA may enhance plant resistance by inducing the expression of defense genes and alleviating heavy metal toxicity in plants [91]. Mishra et al. [92] showed that exogenous SA could prevent membrane lipid peroxidation. Under the stress of 10 mM PbCl2 or HgCl2, the plasma membrane disintegration of kidney bean could be alleviated by external application of 100 mM SA. PR2 protein was induced by 10 mM SA. Therefore, the mechanism of SA induced PRP was similar to that of plant resistance. The endogenous SA level of plants subjected to heavy metal stress also increased, and the tolerance of plants to heavy metals was enhanced. However, it is not clear whether plants that are resistant to heavy metal stress also regulate PR2 gene transcription by increasing endogenous SA level. A recent study proved that the levels of endogenous SA and SAG in tobacco were increased under heat stress [93]. Studies have shown that Arabidopsis plants grew in SA culture medium containing 10 μmM experienced heat shock stress under 40°C for 1 h, compared with plants without SA treatment, survival rate increased 5 times, electrolyte leakage rate decreased 50%; The survival rate of nahg was close to zero at 37°C for 1 h, which was much lower than that of wild type [94].

5  Conclusion

SA is a key plant hormone required for establishing resistance to various pathogens [12]. SA biosynthesis involves two main metabolic pathways with multiple steps: the isochorismate and the phenylalanine ammonia-lyase pathways. However, more in-depth studies of both pathways in different species are still required to address the question of how SA bio-synthesis evolved in plants. As one of the most important enzymes in SA biosynthesis, ICS1 seems to be resilient to a broad range of pH values and temperatures for its function. Thus, it is of great significance to study the mechanism of the ICS1 and the optimum conditions of its catalysis for the synthesis of SA and the function of SA signal in plants. Transcriptional regulations of SA biosynthesis are essential for fine tuning of SA level in plants [95]. The complexity of SA-mediated signaling in growth, development and stress management has attracted increasing attention from scientists under diverse environmental conditions and with the dramatic changes in the environment observed with climate change [96]. Although much work has been done on the immunity of plants to pathogens, and the synthesis and signal transduction of SA are well understood, the specific mechanism of SA in regulating crop growth and development and its response to the natural environment are rarely studied [55]. Therefore, further attention and research should be paid to the following areas: (1) The function of SA in each node of plant growth, especially its influence on energy crops, is of great importance to improve crop yield. (2) SA plays a significant role in plants’ response to pathogen stress, which is often called the aspirin of the plant world. Then what function and specific mechanism does SA play in plants’ response to abiotic stress? (3) The hormone network in plants is complex, and the interaction between hormones may influence the whole life process of plants. Therefore, what kind of relationship between SA and other hormones can jointly regulate the growth and development of plants is a very meaningful topic. (4) It must be noted the higher accumulation of endogenous SA enhances plant immunity but generally suppresses growth. Therefore, under the condition of ensuring the normal growth of plants, how to maximize the promotion of plant resistance to adverse environment? The balance between plant growth and stress defense is of great significance for promoting the development of agricultural production.
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