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Abstract

:

Salinity reduces agricultural productivity majorly by inhibiting seed germination. Exogenous salicylic acid (SA) can prevent the harm caused to rice by salinity, but the mechanisms by which it promotes rice seed germination under salt stress are unclear. In this study, the inhibition of germination in salt-sensitive Nipponbare under salt stress was greater than that in salt-tolerant Huaidao 5. Treatment with exogenous SA significantly improved germination of Nipponbare, but had little effect on Huaidao 5. The effects of exogenous SA on ion balance, metabolism of reactive oxygen species (ROS), hormone homeostasis, starch hydrolysis, and other physiological processes involved in seed germination of rice under salt stress were investigated. Under salt stress, Na+ content and the Na+/K+ ratio in rice seeds increased sharply. Seeds were subjected to ion pressure, which led to massive accumulation of H2O2, O2−, and malonaldehyde (MDA); imbalanced endogenous hormone homeostasis; decreased gibberellic acid (GA1 and GA4) content; increased abscisic acid (ABA) content; inhibition of α-amylase (EC 3.2.1.1) activity; and slowed starch hydrolysis rate, all which eventually led to the inhibition of the germination of rice seeds. Exogenous SA could effectively enhance the expression of OsHKT1;1, OsHKT1;5, OsHKT2;1 and OsSOS1 to reduce the absorption of Na+ by seeds; reduce the Na+/K+ ratio; improve the activities of SOD, POD, and CAT; reduce the accumulation of H2O2, O2−, and MDA; enhance the expression of the GA biosynthetic genes OsGA20ox1 and OsGA3ox2; inhibit the expression of the ABA biosynthetic gene OsNCED5; increase GA1 and GA4 content; reduce ABA content; improve α-amylase activity, and increase the content of soluble sugars. In summary, exogenous SA can alleviate ion toxicity by reducing Na+ content, thereby helping to maintain ROS and hormone homeostasis, promote starch hydrolysis, and provide sufficient energy for seed germination, all of which ultimately improves rice seed germination under salt stress. This study presents a feasible means for improving the germination of direct-seeded rice in saline soil.
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1. Introduction


Abiotic stress factors, such as drought, salinity, extreme temperature, and heavy metals, can severely affect plant growth and reduce plant productivity by more than 50% [1]. Salt stress is a major abiotic stress factor that is caused by the high concentration of sodium (Na+) and chloride ions (Cl−) in soil [2]. Soils are described as saline soils when their electrical conductivity reaches 4 dS/m (equivalent to 40 mM NaCl), which can inhibit plant growth significantly [3]. Statistically, more than 800 million hectares of land (about 6% of the total land area) worldwide are affected by salt [3]. Economic losses in agriculture due to salt stress are estimated to be up to USD 27 billion a year [4]. It is estimated that by 2050, >50% of the arable land will be affected by salt stress globally [5]. Most crops are glycophytic plants; i.e., they are very sensitive to salt stress, and thus, when NaCl concentrations reach 100 to 200 mM, their growth is completely inhibited, or the crop may even die [6]. This poses a significant obstacle to meeting the goal of increasing agricultural output by 70% by the year 2050 [7,8].



Rice (Oryza sativa L.) is one of the main grain crops; it feeds more than half of the world’s population [9]. It is estimated that ~30% of the land used for rice cultivation is affected by salinization worldwide [10]. As rice is sensitive to salt stress, such land significantly reduces crop yield and quality [11,12]. Seed germination is not only the beginning of plant growth and development, but is also a key link that determines the quality of seedling growth [13]. However, seed germination is susceptible to many factors, such as drought [14], light [15], temperature [16], saline–alkaline [17], and heavy metals [18]. Unsuitable environmental conditions can readily compromise seed germination rate, leading to weak seedling growth. On the one hand, direct damage caused to seed germination by salt stress includes osmotic stress, which restricts water absorption and accumulation by seed, and the production of reactive oxygen species (ROS) is induced, resulting in oxidative damage. On the other hand, salt stress leads to the accumulation of Na+ and Cl− in seeds. Excess sodium in plant cells is a toxic effect that leads to phytohormone imbalance, generation of (ROS), and changes in membrane permeability [19]. Many studies have shown that salt stress may significantly inhibit the germination of rice seeds [20,21]. However, in recent years, many Asian countries have grown rice by direct seeding rather than transplanting to save time and money [22]. Therefore, it has become crucial to devise means of promoting the germination of rice seeds under salt stress to ensure sufficient rice yield in the future.



It is well known that gibberellic acid (GA) is the most important plant hormone to break dormancy and promote seed germination [23]. Liu et al. [24] demonstrated that a reduction in α-amylase activity by lowering the content of bioactive GA is one of the pathways by which NaCl inhibits germination of rice seeds. This inhibitory effect of salts can be alleviated by the application of exogenous GA3. Nakaune et al. [25] found that GA played an even stronger role than abscisic acid (ABA) in regulating the germination of tomato seeds under short-term salt stress. At present, more than 130 types of GAs are known in plants, fungi, and bacteria. However, most GAs in plants are biologically inactive and exist either as a precursor of a biologically active form or as an inactivated metabolite. Only GA1, GA3, GA4, and GA7 are the major bioactive GAs in plants [26]. GA3 is bioactive in most higher plants, but in rice, GA1 and GA4 are the main bioactive GAs [27]. Homeostasis of bioactive GAs in plants is regulated by biosynthesis and inactivation pathways [28]. Furthermore, genes encoding GA synthase include CPS, KS, KO, KAO, GA20ox, and GA3ox [29], where GA2ox regulates plant growth by inactivating endogenous bioactive GA [30].



In addition to GA, ABA also plays an important role in the regulation of seed germination by promoting seed dormancy [31]. Chen et al. [32] demonstrated that salts inhibit seed germination by decreasing endogenous GA content and increasing endogenous ABA content. Similar to GA homeostasis, ABA homeostasis is regulated by ABA biosynthesis and catabolism genes [33]. For ABA biosynthesis in higher plants, 9-cis epoxycarotenoid dioxygenase (NCED) is a key enzyme [34], while ABA 8ʹ-hydroxylases encoded by CYP707A gene catalyzes ABA decomposition [35]. The ABA content in wheat seeds of the aba8′oh1a and aba8′oh1d double mutants was significantly higher than that in the wild type during seed germination, which enhanced seed dormancy [36]. However, the expression of TsNCED1 in seeds of germination-insensitive cultivars before the harvest was higher than germination-sensitive cultivars before harvest [37]. Li et al. [38] found that under salt stress, exogenous melatonin reduces the expression of the ABA biosynthetic genes NCED1 and NCED3, and increases the expression of the ABA catabolic genes LbCYP707A1 and LbCYP707A2, thus reducing ABA accumulation to alleviate the inhibitory effect of salt on seed germination of Limonium bicolor. Blue-light-induced secondary dormancy in barley seeds has been shown to increase the expression of HvNCED1 and HvNCED2 and decrease the expression of HvABA8’OH-1, leading to increased ABA accumulation [39].



The energy required for seed germination and early growth of seedlings is mainly provided by the hydrolysis of starch stored in the endosperm [40]. α-Amylase (EC 3.2.1.1) is a key catalytic enzyme in starch hydrolysis [41]. Kaneko et al. [42] proved that GA may induce the expression of RAmy1A, which promotes the synthesis of α-amylase, thus accelerating starch hydrolysis. The activity of α-amylase is lowered by salt stress, but is restored by treatment with exogenous GA3 to some extent [24]. Therefore, decreased α-amylase activity induced by salt stress may be caused by two pathways. On the one hand, it may be due to the decrease in bioactive GA content; on the other hand, the accumulation of Na+ may cause ion toxicity, deactivating α-amylase.



A large uptake of Na+ changes membrane polarization and alters the electron transport chain, which elevates the rates of ROS generation [43]. Accumulation of large amounts of ROS causes oxidative damage to the cell by attacking macromolecules, such as DNA, RNA, lipids, and proteins, which compromises membrane integrity and, finally, leads to oxidative stress and retardation of plant growth and development [44]. Previous studies have shown that ROS accumulation in seeds under salt stress inhibits germination [45,46]. Superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) are the key enzymes involved in the metabolism of ROS. An increase in their activities contributes to the removal of ROS [47].



Salicylic acid (SA) is a small phenolic substance that is widely present in plants. It is also an important plant hormone that is involved in various developmental stages and physiological mechanisms in plants [48]. Xie et al. [49] found that under normal conditions, SA may reduce the activity of α-amylase by regulating the expression of HvWRKY38, thus inhibiting seed germination. However, under salt stress, exogenous SA reduces the loss of water from the cell by increasing the accumulation of osmotic substances, which decreases intracellular water potential [50]. At the same time, treatment of SA decreases the accumulation of Na+ and Cl−, while increasing K+ content, which helps maintain ion homeostasis in plants [51]. This hormone also can increase the activity of antioxidant enzymes and the accumulation of nonenzymatic antioxidants, leading to reduced oxidative damage [52], In addition, it can promote seed germination [53], photosynthesis [54], and nutrient metabolism [55] to improve growth and reproductive development; therefore, SA ultimately improves the yield and quality of crops under salt stress [56]. Research studies have shown that treatment with exogenous SA may promote the germination of rice seeds under salt stress. However, these studies only studied the germination phenotype, while the mechanism of germination was not explored [57,58]. To clarify the mechanisms by which SA promotes rice seed germination under salt stress, in this study, we investigated the mechanism of exogenous SA regulating ion balance, hormone homeostasis, ROS, and starch metabolism during rice seed germination under salt stress, providing a theoretical basis for alleviating plant salt stress with exogenous SA.




2. Results


2.1. Exogenous SA Promoted the Germination of Rice Seeds under Salt Stress


After incubation for 120 h, the germination rate (GR) of both genotypes of rice seeds under CK treatment was close to 100% (Figure 1A). However, under 150 mM NaCl stress, the GR of Huaidao 5 reached 80%, while that of Nipponbare was only 63.33% (Figure 1A). Exogenous SA treatment effectively alleviated the inhibitory effect of salt stress on the germination of rice seeds. Upon treatment with 0.1, 0.5, and 1 mM SA, the germination rate of Nipponbare increased by 26.32%, 14.74%, and 13.68%, respectively. However, different concentrations of SA had no significant effect on the germination rate of Huaidao 5 under salt stress (Figure 1A). Salt stress had a severe inhibitory effect on the germination potential (GP) and germination index (GI) of rice seeds, especially the salt-sensitive Nipponbare genotype. When the seeds of Nipponbare and Huaidao 5 were exposed to 150 mM NaCl, their GP decreased by 41.89% and 15.11%, respectively, as compared to that of CK (Figure 1B). Treatment with 0.1 and 0.5 mM SA significantly increased GP by 19.77% in Nipponbare, but had no significant effect in Huaidao 5. Salt stress also significantly reduced the GI of seeds. Although exogenous SA did not affect the GI of Huaidao 5, 0.1 mM SA increased the GI of Nipponbare by 28.33% (Figure 1C). In addition, 0.1 mM SA also promoted the growth of root and shoot of Nipponbare under salt stress, but did not promote the growth of Huaidao 5 (Figure 2).




2.2. Exogenous SA Maintained Ion Homeostasis in Rice Seeds under Salt Stress


Under salt stress, Na+ accumulation increased sharply, while K+ accumulation decreased significantly, increasing the Na+/K+ ratio (Figure 3). The accumulation of Na+ decreased by 9.85% and 6.64% at days 1 and 3 of treatment with 0.1 mM SA, respectively. Although SA had no significant effect on K+ accumulation, it effectively reduced Na+/K+ by 11.29% and 11.20%, alleviating ion stress from rice seeds (Figure 3). However, as compared to salt stress, SA treatment had no significant effect on the accumulation of Na+ and K+ in seeds at day 5 of incubation, and thus exhibited no significant difference in the Na+/K+ ratio either.




2.3. Exogenous SA Promoted the Expression of OsHKTs under Salt Stress


In order to explore the mechanism of exogenous SA maintaining a Na+/K+ balance in rice seeds under salt stress, we detected the expression of OsHKT1;1 and OsHKT1;5 after 1 to 5 days of different treatments, and the results are shown in Figure 4. Compared with salt stress, the expression levels of OsHKT1;1 and OsHKT1;5 were increased by 46.46%, 25.90%, and 156.40%; and 139.81%, 68.73%, and 301.18%, respectively, after 1 to 5 days of Salt + SA treatment.




2.4. Exogenous SA Increased the Activity of Antioxidant Enzymes and Promoted the Scavenging of ROS under Salt Stress


As shown in Figure 5 and Figure 6, 150 mM NaCl significantly increased the accumulation of ROS and malondialdehyde (MDA) in rice seeds during 1 to 5 days of treatment followed by induction of antioxidant enzyme activity. Exogenous SA further improved the activity of antioxidant enzymes and promoted the elimination of ROS; this effect was the most significant after 5 days of incubation. As compared to CK, the content of hydrogen peroxide (H2O2), superoxide anion (O2−), and MDA improved by 153.23%, 101.76%, and 308.62%, respectively. The activities of SOD, POD, and CAT improved by 47.13%, 46.47%, and 40.66%, respectively, under salt stress. Upon treatment with 0.1 mM SA, the SOD, POD, and CAT activities increased by 18.31%, 18.36%, and 28.24%, respectively. Furthermore, ROS were eliminated, and the content of H2O2, O2−, and MDA decreased by 49.08%, 56.89%, and 41.97%, respectively.




2.5. Exogenous SA Positively Regulated GAs and ABA Homeostasis under Salt Stress


Determination of endogenous hormone content showed that salinity increased ABA content, decreased GA1 and GA4 contents, and decreased the (GA1 + GA4)/ABA ratio in rice seeds. On the contrary, treatment with 0.1 mM SA decreased ABA content, increased GA1 and GA4 content, and increased the ratio of (GA1 + GA4)/ABA (Figure 7). After incubation for 1, 3, and 5 days, ABA content in seeds treated with 150 mM NaCl increased by 21.29%, 157.73%, and 48.10% as compared to the control; GA1 content decreased by 22.11%, 45.75%, and 37.54%, while GA4 content decreased by 13.80%, 15.18%, and 51.86%, respectively. Treatment with exogenous SA for 1, 3, and 5 days reduced ABA content by 17.18%, 33.14%, and 26.47%; increased GA1 content by 8.47%, 40.81%, and 25.42%; and increased GA4 content increased by 11.30, 3.25, and 39.11%, respectively.




2.6. Exogenous SA Regulated GA and ABA Metabolism under Salt Stress


To explore the mechanism by which SA affected the content of GA and ABA during seed germination, the expression of GA and ABA biosynthesis and catabolism genes was monitored after different incubation periods (Figure 8 and Figure 9). Gene expression results showed that after incubation for a day, salinity significantly inhibited the expression of the GA biosynthesis genes OsGA20ox1 and OsGA3ox2, while exogenous SA enhanced the expression of these two genes. Salinity induced the expression of OsGA20ox1 and OsGA3ox2 from day 3 onwards, while SA treatment further enhanced their expression (Figure 8A,B). Similarly, the GA inactivation gene OsGA2ox1 was induced by salinity after incubation for 3 days, while OsGA2ox3 was induced after incubation for 5 days. Exogenous SA treatment also promoted the expression of OsGA2ox1 and OsGA2ox3 (Figure 8C,D).



The expression levels of ABA biosynthesis and catabolism genes under different treatments showed that salinity and SA influenced the expression of ABA metabolism in rice seeds. The expression of OsNCED1 was inhibited by salinity, while exogenous SA alleviated this inhibitory effect (Figure 9A). The expression levels of OsNCED3 and OsNCED5 increased from day 3 onwards, especially the expression of OsNCED5, which was enhanced by 35.10×; exogenous SA effectively inhibited the expression of these two ABA biosynthesis genes (Figure 9B,C). However, the expression levels of the ABA catabolism genes OsABA8’OH1, OsABA8’OH2, and OsABA8’OH3 were significantly enhanced under salt stress, while exogenous SA inhibited their expression (Figure 9D–F).




2.7. Exogenous SA Alleviated the Inhibition of α-Amylase Activity by Salinity and Increased the Accumulation of Soluble Sugars


Seed germination depends on the hydrolysis of starch by α-amylase to provide energy. Treatment with 150 mM NaCl for 1, 3, and 5 days inhibited α-amylase activity, and decreased the starch hydrolysis rate and the content of soluble sugar in rice seeds (Figure 9). The activity of α-amylase was significantly increased by 143.35%, 66.42%, and 66.31% at days 1, 3, and 5 after 0.1 mM SA treatment (Figure 10A), respectively, which promoted the hydrolysis of starch and increased soluble sugar content by 27.45%, 203.31%, and 218.04%, respectively (Figure 10B).





3. Discussion


Salinity is an important factor that may limit crop productivity by inhibiting seed germination [59]. As an important plant growth regulator, exogenous SA has often been reported to be involved in plant responses to salt stress [60,61]. In this study, treatment with 150 mM NaCl significantly inhibited the germination of rice seeds, while exogenous application of SA significantly increased the GR, GP, and GI of rice under salt stress (Figure 1). Jini and Joseph [58] also asserted that treatment with exogenous SA improved rice seed germination under conditions of salinity. Interestingly, rice cultivars with different sensitivities to salinity respond differently to SA under salt stress [62]. By comparing the germination characteristics of Nipponbare (salt-sensitive) and Huaidao 5 (salt-tolerant) varieties, it was observed that SA promoted the germination of the salt-sensitive rice genotype more significantly under salt stress, while it had no stimulatory effect on the salt-tolerant genotype. Furthermore, the germination levels of Nipponbare under salt stress were comparable to those of Huaidao 5 in the application of exogenous SA (Figure 1). In line with this, Lee et al. [63] found that exogenous SA had a two-sided effect on Arabidopsis seed germination under salt stress, whereby it promoted germination at concentrations of <10 μm, while it inhibited germination at concentrations >100 μm under salt stress. In this study, a low concentration (0.1 mM) of SA promoted germination, while a higher concentration (1 mM) of SA had no significant effect on the germination of rice seeds under salt stress (Figure 1).



Salinity induces Na+ accumulation and K+ efflux, destroys ion homeostasis, causes ion toxicity, and inhibits plant growth and development [64,65]. Chen et al. [66] reported that salinity increased Na+ accumulation and decreased K+ accumulation in cotton seeds, which severely inhibited seed germination. In this study, treatment with 150 mM NaCl significantly increased the accumulation of Na+ during the different stages of rice germination, while reducing the content of K+ and the Na+/K+ ratio, which was similar to the results of Jini and Joseph [58]. OsHKT1;1 and OsHKT1;5 play important roles in Na+ efflux, and their increased expression contributes to maintaining ion balance [67,68]. In this study, exogenous SA reduced the accumulation of Na+ in rice seeds by activating the expression of OsHKT1;1 and OsHKT1;5, and maintained the balance of Na+/K+ under salt stress. However, contrary to the findings of Jini and Joseph [58], treatment with SA reduced the accumulation of Na+, but had no significant effect on the content of K+ (Figure 3). This discrepancy in findings may be due to the fact that their experiments were conducted with seedlings rather than seeds. The accumulation of Na+ in seeds decreased significantly after treatment with SA at days 1 and 3, but there was no significant difference between the SA + NaCl and NaCl treatments on day 5. We speculated that the radicle length was longer, and thus, the absorption area was higher after 5 days of SA treatment, which led to increased accumulation of Na+.



ROS accumulation is commonly observed during seed imbibition [47]. Luo et al. [45] demonstrated that salinity-induced ROS accumulation inhibited seed germination. In this study, treatment with 150 mM NaCl induced an accumulation of H2O2 and O2−, aggravated lipid membrane peroxidation, and increased MDA accumulation (Figure 4), which inhibited seed germination. Plants maintain redox homeostasis under salt stress by scavenging excess ROS through their antioxidant systems [69]. Previous studies on potato and wheat have shown that SA treatment enhances the activities of SOD, POD, and CAT, and may alleviate oxidative damage under salt stress [70,71]. In this study, treatment with 0.1 mM SA reduced the accumulation of H2O2, O2−, and MDA by enhancing the activities of SOD, POD, and CAT (Figure 5 and Figure 6) and maintaining ROS homeostasis in seeds, which led to improved germination of rice seeds under conditions of salinity.



Decreasing bioactive GA content is an important pathway to inhibition of seed germination under salt stress [72]. Previously, there was no consensus on the effects of salinity on the expression of genes related to GA metabolism in rice seeds. Liu et al. [24] found that the expression levels of all GA biosynthetic and inactivation genes were higher under salt stress than in the control. The authors suggested that salinity induced the expression of GA inactivation genes and decreased the content of bioactive GAs; upregulation of the GA biosynthesis gene may be a result of the negative feedback due to the salinity-induced lack of bioactive GA. However, Li et al. [73] found that the expression of GA biosynthesis genes in salt-sensitive rice was inhibited by salinity, while the expression of GA inactivation genes was induced by salinity after 6–48 h of incubation. After incubation for 72 h, the expression trend was reversed, suggesting that salinity decreased the content of bioactive GAs in seeds. On the contrary, we found that exogenous SA could restore the content of GA1 and GA4 in rice seeds under salt stress to a certain extent (Figure 7B,C). Liu et al. [24] also showed that the application of exogenous SA increased GA content in Limonium bicolor seeds. Furthermore, monitoring the expression of GA metabolic genes, we found that the expression of two key genes in GA biosynthesis, OsGA20ox1 and OsGA3ox2, was inhibited by salinity within a day of incubation; however, expression was induced under conditions of salinity from day 3 onwards. They also implied that upregulated GA biosynthetic gene expression may be a consequence of negative-feedback regulation of NaCl-induced bioactive GA deficiency [24]. The expression of these two genes in the Salt + SA treatment was higher than that in the Salt treatment at all points in time (Figure 8A,B), suggesting that SA may increase the content of bioactive GA in rice seeds by enhancing the expression of GA biosynthetic genes. Liu et al. [74] also suggested that SA may enhance the expression of GA20ox and GA3ox in Limonium bicolor seeds under salt stress. Although exogenous SA activates the expression of the GA biosynthesis genes OsGA20ox1 and OsGA3ox2, it also enhances the expression of the GA inactivation genes OsGA2ox1 and OsGA2ox3 (Figure 8). Measurement of hormone content indicated GA1 and GA4 to be significantly higher in rice seeds under the Salt + SA treatment as compared to salt stress alone (Figure 7B,C). In conclusion, the key pathway by which exogenous SA improves bioactive GA content in rice seeds is by enhancing the expression of GA biosynthetic genes, rather than inhibiting the expression of genes that deactivate GA production.



ABA is also an important plant hormone that affects seed germination. Salinity can inhibit seed germination by positively regulating ABA synthesis [72,75]. However, the effect of salinity on ABA metabolism in rice seeds has not been reported. Previous studies have shown that the expression of the ABA biosynthetic gene OsNCED5 is upregulated under salt stress, which promotes the accumulation of ABA [76]. In this study, we found that the expression of OsNCED5 changed more than that of OsNCED1 and OsNCED3 under salt stress (Figure 9A–C), indicating that OsNCED5 may be a key gene related to salinity in rice seed germination. Treatment with 0.1 mM SA decreased the expression of OsNCED5, indicating that SA reduces ABA content in rice seeds by inhibiting ABA biosynthesis (Figure 7A and Figure 9C). Similarly, in Limonium bicolor, SA was reported to reduce ABA content and promote seed germination by inhibiting the expression of ABA biosynthetic genes [74]. Kong et al. [77] demonstrated that exogenous H2O2 reduced ABA content in cotton seeds under salt stress by inhibiting the expression of ABA biosynthesis genes and enhancing the expression of ABA catabolism genes. However, in this study, the expression of the ABA catabolism genes OsABA8’OH1, OsABA8’OH2, and OsABA8’OH3 was enhanced by salinity, while their expression decreased upon treatment with exogenous SA (Figure 9D–F). This was attributed to the SA treatment lessening the accumulation of ABA, which led to a weaker induction of ABA catabolism genes as compared to under salt stress.



α-Amylase is an important hydrolase associated with seed germination; it promotes the hydrolysis of starch to soluble sugars and provides energy for seed germination [78]. Previous studies have shown that salt stress inhibits starch hydrolysis by reducing α-amylase activity during seed germination, thereby delaying seed germination [24,73]. This study also proved that as compared to the control, seeds treated with 150 mM NaCl had significantly reduced α-amylase activity and soluble sugar content. Furthermore, treatment with 0.1 mM SA effectively alleviated the inhibition of α-amylase activity and promoted the hydrolysis of starch to soluble sugars (Figure 10). This may have been due to the increased content of bioactive GAs in the rice seeds as a result of the application of exogenous SA, which, in turn, activated the transcription of α-amylase [24].




4. Materials and Methods


4.1. Plant Materials and Germination Treatments


Seeds of the Japonica rice varieties Nipponbare and Huaidao 5 (Oryza sativa L.) were used for this study. Nipponbare is sensitive to salt, while Huaidao 5 is salt-tolerant. Both types of rice seeds were provided by the College of Plant Protection at Shandong Agricultural University, Shandong Province, China. Rice seeds were disinfected with 75% ethanol and 2.5% (v/v) NaClO according to the method of Wang et al. [79]. The disinfected rice seeds were germinated in 90 mm Petri dishes on two layers of filter paper immersed in 10 mL distilled water (CK); 150 mM NaCl (≈8.766‰; NaCl); or 150 mM NaCl with 0.1, 0.5, or 1 mM SA (NaCl + 0.1SA, NaCl + 0.5 SA, and NaCl + 1 SA). Each treatment had five replicates and 30 seeds per replicate. Finally, the petri dishes were sealed with parafilm. All seeds were germinated for 1, 2, 3, 4, and 5 days in an artificial climate incubator under dark conditions at 28 °C.




4.2. Seed Germination Analysis


The number of seeds germinated in the different treatments at days 1, 2, 3, 4, and 5 was counted, and photos were taken after 5 days. GR was calculated at day 5. GP and GI were calculated using the following equations [80] with minor changes in GP calculation:


   GR     %    =      Total   number   of   germinated   seeds       Total   number   of   tested   seeds        ×   100  










   GP     %    =      Number   of   germinated   seeds   within   four   days     Total   number   of   tested   seeds      × 100  










   GI    =  ∑      Gt   Dt      








where Gt denotes the number of seeds on day t, and Dt means day t.




4.3. Determination of Na+ and K+ Content


Nipponbare seeds were germinated in distilled water, 150 mM NaCl, or 150 mM NaCl + 0.1 mM SA. After 5 days of incubation, Na+ and K+ content was determined in seeds by flame photometry as described by Wang et al. [81].




4.4. Quantification of ROS Levels and Antioxidant Enzyme Assays


Nipponbare seeds were germinated in distilled water, 150 mM NaCl, or 150 mM NaCl + 0.1 mM SA. After 5 days of incubation, 100 mg of germinated seeds was used to determine H2O2, O2−, and malondialdehyde (MDA) content. The activities of SOD, POD, and CAT were estimated using commercial kits from Solarbio Science & Technology Co., Ltd. (Beijing, China).




4.5. RNA Isolation, cDNA Synthesis, and Gene Expression Analysis


Imbibition seeds were collected from the different treatments at days 1, 3, and 5 and rapidly frozen in liquid nitrogen. Total RNA was extracted from the seeds using an RNeasy Plant Total RNA Isolation Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. The first strand of cDNA was synthesized from 1 μg of total RNA in a 20 μL reaction volume using Rescript II RT SuperMix reverse transcriptase (Nobelab, Beijing, China). Quantitative real-time PCR was performed in 96-well blocks on a CFX96 Touch Real-Time PCR System (Bio-Rad, Hercules, CA, USA) using the 2× SYBR Premix UrTaq II (Nobelab, Beijing, China) with a total reaction volume of 20 μL. Each reaction was performed as independent biological triplicates. Primer sequences used for qRT-PCR are presented in Table 1.




4.6. Quantification of GA1, GA4, and ABA in Rice Seeds


Nipponbare seeds were germinated in distilled water, 150 mM NaCl, or 150 mM NaCl + 0.1 mM SA. After 5 days of incubation, 100 mg of germinated seeds were collected for determination of ABA, GA1, and GA4 contents by an LC-MS system. Endogenous ABA was determined using the methods of Liu et al. [82], and quantification of endogenous GAs was performed as described by Chen et al. [83].




4.7. Quantitative Assay for α-Amylase Activity


Nipponbare seeds were germinated in distilled water, 150 mM NaCl, or 150 mM NaCl + 0.1 mM SA. After 5 days of incubation, 100 mg of germinated seeds were collected for determination of α-amylase activity as described by Wang et al. [84]. The process was performed in triplicates.




4.8. Determination of Soluble Sugar Content in Rice Seeds


Nipponbare seeds were germinated in distilled water, 150 mM NaCl, or 150 mM NaCl + 0.1 mM SA. After 5 days of incubation, 100 mg of germinated seeds were collected for determination of soluble sugar content by a soluble sugar content assay kit (Solarbio, Beijing, China) according to the manufacturer’s protocol.




4.9. Statistical Analysis


Statistical analysis was carried out with SPSS 22.0 software by using one-way analysis of variance (ANOVA), followed by Tukey’s test. Differences were considered significant at p ≤ 0.05. Data are presented here as means ± SD from at least three measurements unless indicated otherwise.





5. Conclusions


In this study, 150 mM NaCl significantly inhibited the germination of salt-sensitive rice (Nipponbare), while a dilute solution of SA (0.1 mM) helped maintain the ion balance, ROS content, and endogenous hormone homeostasis in rice seeds. It also alleviated the inhibitory effect of salinity on α-amylase activity and promoted hydrolysis of starch to soluble sugars, which collectively promoted the germination of rice seeds under salt stress. The findings of this study are of great significance to ensure the improved yield of crops in saline soils.







Author Contributions


Z.L. performed most of the experiments and analyzed the data; C.M., L.H., X.W., D.W. and L.Z. were involved in the experiments; P.L. designed the experiments; Z.L. and P.L. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Foundation of Modern Agricultural Technology Industry System of Shandong Province (SDAIT-25-07).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Shuang Lu (Shandong Agricultural University) for the technical assistance.




Conflicts of Interest


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




References


	



Rasheed, F.; Anjum, N.A.; Masood, A.; Sofo, A.; Khan, N.A. The key roles of salicylic acid and sulfur in plant salinity stress tolerance. J. Plant Growth Regul. 2020, 1–14. [Google Scholar] [CrossRef]

	



Ismail, A.; Takeda, S.; Nick, P. Life and death under salt stress: Same players, different timing? J. Exp. Bot. 2014, 65, 2963–2979. [Google Scholar] [CrossRef]

	



Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [Google Scholar] [CrossRef] [PubMed]

	



Qadir, M.; Quillérou, E.; Nangia, V.; Murtaza, G.; Singh, M.; Thomas, R.J.; Drechsel, P.; Noble, A.D. Economics of salt-induced land degradation and restoration. Nat. Res. Forum. 2014, 38, 282–295. [Google Scholar] [CrossRef]

	



Jamil, A.; Riaz, S.; Ashraf, M.; Foolad, M.R. Gene expression profling of plants under salt stress. Crit. Rev. Plant Sci. 2011, 30, 435–458. [Google Scholar] [CrossRef]

	



Munns, R.; Termaat, A. Whole plant response to salinity. Aust. J. Plant Physiol. 1986, 13, 143–160. [Google Scholar] [CrossRef]

	



Tester, M.; Langridge, P. Breeding technologies to increase crop production in a changing world. Science 2010, 327, 818–822. [Google Scholar] [CrossRef]

	



Shabala, S. Learning from halophytes: Physiological basis and strategies to improve abiotic stress tolerance in crops. Ann. Bot. 2013, 112, 1209–1221. [Google Scholar] [CrossRef]

	



Sasaki, T. The map-based sequence of the rice genome. Nature 2005, 436, 793–800. [Google Scholar] [CrossRef] [PubMed]

	



Takehisa, H.; Shimodate, T.; Fukuta, Y.; Ueda, T.; Yano, M.; Yamaya, T.; Kameya, T.; Sato, T. Identification of quantitative trait loci for plant growth of rice in paddy field flooded with salt water. Field Crops Res. 2004, 89, 85–95. [Google Scholar] [CrossRef]

	



Tuteja, N.; Sahoo, R.K.; Garg, B.; Tuteja, R. OsSUV3 dual helicase functions in salinity stress tolerance by maintaining photosynthesis and antioxidant machinery in rice (Oryza sativa L. cv. IR64). Plant J. 2013, 76, 115–127. [Google Scholar] [CrossRef]

	



Razzaq, A.; Ali, A.; Safdar, L.B.; Zafar, M.M.; Rui, Y.; Shakeel, A.; Shaukat, A.; Ashraf, M.; Gong, W.; Yuan, Y. Salt stress induces physiochemical alterations in rice grain composition and quality. J. Food Sci. 2020, 85, 14–20. [Google Scholar] [CrossRef] [PubMed]

	



Bewley, J.D. Seed germination and dormancy. Plant Cell 1997, 9, 1055–1066. [Google Scholar] [CrossRef] [PubMed]

	



Gad, M.; Chao, H.; Li, H.; Zhao, W.; Lu, G.; Li, M. QTL mapping for seed germination response to drought stress in Brassica napus. Front. Plant Sci. 2021, 11, 629970. [Google Scholar] [CrossRef]

	



Yang, L.; Liu, S.; Lin, R. The role of light in regulating seed dormancy and germination. J. Integr. Plant Biol. 2020, 62, 1310–1326. [Google Scholar] [CrossRef] [PubMed]

	



Shen, Q.; Zhang, S.; Liu, S.; Chen, J.; Ma, H.; Cui, Z.; Zhang, X.; Ge, C.; Liu, R.; Li, Y.; et al. Comparative transcriptome analysis provides insights into the seed germination in cotton in response to chilling stress. Int. J. Mol. Sci. 2020, 21, 2067. [Google Scholar] [CrossRef]

	



Cheng, B.; Li, Z.; Liang, L.; Cao, Y.; Zeng, W.; Zhang, X.; Ma, X.; Huang, L.; Nie, G.; Liu, W.; et al. The γ-aminobutyric acid (GABA) alleviates salt stress damage during seeds germination of white clover associated with Na+/K+ transportation, dehydrins accumulation, and stress-related genes expression in white clover. Int. J. Mol. Sci. 2018, 19, 2520. [Google Scholar] [CrossRef] [PubMed]

	



Mahanta, S.; Habib, M.R.; Moore, J.M. Effect of high-voltage atmospheric cold plasma treatment on germination and heavy metal uptake by soybeans (Glycine max). Int. J. Mol. Sci. 2022, 23, 1611. [Google Scholar] [CrossRef] [PubMed]

	



El Moukhtari, A.; Cabassa-Hourton, C.; Farissi, M.; Savouré, A. How does proline treatment promote salt stress tolerance during crop plant development? Front. Plant Sci. 2020, 11, 1127. [Google Scholar] [CrossRef]

	



Shi, Y.; Gao, L.; Wu, Z.; Zhang, X.; Wang, M.; Zhang, C.; Zhang, F.; Zhou, Y.; Li, Z. Genome-wide association study of salt tolerance at the seed germination stage in rice. BMC Plant Biol. 2017, 17, 92. [Google Scholar] [CrossRef] [PubMed]

	



Xu, E.; Chen, M.; He, H.; Zhan, C.; Cheng, Y.; Zhang, H.; Wang, Z. Proteomic analysis reveals proteins involved in seed imbibition under salt stress in rice. Front. Plant Sci. 2017, 7, 2006. [Google Scholar] [CrossRef] [PubMed]

	



Fujino, K.; Sekiguchi, H.; Sato, T.; Kiuchi, H.; Nonoue, Y.; Takeuchi, Y.; Ando, T.; Lin, S.Y.; Yano, M. Mapping of quantitative trait loci controlling low-temperature germinability in rice (Oryza sativa L.). Theor. Appl. Genet. 2004, 108, 794–799. [Google Scholar] [CrossRef] [PubMed]

	



Binenbaum, J.; Weinstain, R.; Shani, E. Gibberellin localization and transport in plants. Trends Plant Sci. 2018, 23, 410–421. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Xia, W.; Li, H.; Zeng, H.; Wei, B.; Han, S.; Yin, C. Salinity inhibits rice seed germination by reducing α-amylase activity via decreased bioactive gibberellin content. Front. Plant Sci. 2018, 9, 275. [Google Scholar] [CrossRef] [PubMed]

	



Nakaune, M.; Hanada, A.; Yin, Y.G.; Matsukura, C.; Yamaguchi, S.; Ezura, H. Molecular and physiological dissection of enhanced seed germination using short-term low-concentration salt seed priming in tomato. Plant Physiol. Biochem. 2012, 52, 28–37. [Google Scholar] [CrossRef] [PubMed]

	



Yamaguchi, S. Gibberellin metabolism and its regulation. Annu. Rev. Plant Biol. 2008, 59, 225–251. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, M.; Yamaguchi, I.; Murofushi, N.; Ota, Y.; Takahashi, N. Fluctuation and localization of endogenous gibberellins in rice. Agric. Biol. Chem. 1988, 52, 1189–1194. [Google Scholar]

	



Frigerio, M.; Alabadí, D.; Pérez-Gómez, J.; García-Cárcel, L.; Phillips, A.L.; Hedden, P.; Blázquez, M.A. Transcriptional regulation of gibberellin metabolism genes by auxin signaling in Arabidopsis. Plant Physiol. 2006, 142, 553–563. [Google Scholar] [CrossRef] [PubMed]

	



Fleet, C.M.; Yamaguchi, S.; Hanada, A.; Kawaide, H.; David, C.J.; Kamiya, Y.; Sun, T. Overexpression of AtCPS and AtKS in Arabidopsis confers increased ent-kaurene production but no increase in bioactive gibberellins. Plant Physiol. 2003, 132, 830–839. [Google Scholar] [CrossRef]

	



Lo, S.F.; Yang, S.Y.; Chen, K.T.; Hsing, Y.I.; Zeevaart, J.A.; Chen, L.J.; Yu, S.M. A novel class of gibberellin 2-oxidases control semidwarfism, tillering, and root development in rice. Plant Cell 2008, 20, 2603–2618. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Ye, N.; Liu, R.; Chen, M.; Zhang, J. H2O2 mediates the regulation of ABA catabolism and GA biosynthesis in Arabidopsis seed dormancy and germination. J. Exp. Bot. 2010, 61, 2979–2990. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Lu, B.; Liu, L.; Duan, W.; Jiang, D.; Li, J.; Zhang, K.; Sun, H.; Zhang, Y.; Li, C.; et al. Melatonin promotes seed germination under salt stress by regulating ABA and GA3 in cotton (Gossypium hirsutum L.). Plant Physiol. Biochem. 2021, 162, 506–516. [Google Scholar] [CrossRef]

	



Zhu, G.; Ye, N.; Zhang, J. Glucose-induced delay of seed germination in rice is mediated by the suppression of ABA catabolism rather than an enhancement of ABA biosynthesis. Plant Cell Physiol. 2009, 50, 644–651. [Google Scholar] [CrossRef] [PubMed]

	



Tan, B.C.; Joseph, L.M.; Deng, W.T.; Liu, L.; Li, Q.B.; Cline, K.; McCarty, D.R. Molecular characterization of the Arabidopsis 9-cis epoxycarotenoid dioxygenase gene family. Plant J. 2003, 35, 44–56. [Google Scholar] [CrossRef]

	



Nambara, E.; Marion-Poll, A. Abscisic acid biosynthesis and catabolism. Annu. Rev. Plant Biol. 2005, 56, 165–185. [Google Scholar] [CrossRef] [PubMed]

	



Chono, M.; Matsunaka, H.; Seki, M.; Fujita, M.; Kiribuchi-Otobe, C.; Oda, S.; Kojima, H.; Kobayashi, D.; Kawakami, N. Isolation of a wheat (Triticum aestivum L.) mutant in ABA 8′-hydroxylase gene: Effect of reduced ABA catabolism on germination inhibition under field condition. Breed. Sci. 2013, 63, 104–115. [Google Scholar] [CrossRef] [PubMed]

	



Fidler, J.; Zdunek-Zastocka, E.; Prabucka, B.; Bielawski, W. Abscisic acid content and the expression of genes related to its metabolism during maturation of triticale grains of cultivars differing in pre-harvest sprouting susceptibility. J. Plant Physiol. 2016, 207, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Zhao, C.; Zhang, M.; Yuan, F.; Chen, M. Exogenous melatonin improves seed germination in Limonium bicolor under salt stress. Plant Signal. Behav. 2019, 14, 1659705. [Google Scholar] [CrossRef] [PubMed]

	



Hoang, H.H.; Sechet, J.; Bailly, C.; Leymarie, J.; Corbineau, F. Inhibition of germination of dormant barley (Hordeum vulgare L.) grains by blue light as related to oxygen and hormonal regulation. Plant Cell Environ. 2014, 37, 1393–1403. [Google Scholar] [CrossRef] [PubMed]

	



Damaris, R.N.; Lin, Z.; Yang, P.; He, D. The rice alpha-amylase, conserved regulator of seed maturation and germination. Int. J. Mol. Sci. 2019, 20, 450. [Google Scholar] [CrossRef]

	



Pujadas, G.; Palau, J. Evolution of alpha-amylases: Architectural features and key residues in the stabilization of the (β/α)(8) scaffold. Mol. Biol. Evol. 2001, 18, 38–54. [Google Scholar] [CrossRef] [PubMed]

	



Kaneko, M.; Itoh, H.; Ueguchi-Tanaka, M.; Ashikari, M.; Matsuoka, M. The α-amylase induction in endosperm during rice seed germination is caused by gibberellin synthesized in epithelium. Plant Physiol. 2002, 128, 1264–1270. [Google Scholar] [CrossRef]

	



Hasegawa, P.M.; Bressan, R.A.; Zhu, J.K.; Bohnert, H.J. Plant cellular and molecular responses to high salinity. Annu. Rev. Plant Biol. 2000, 51, 463–499. [Google Scholar] [CrossRef] [PubMed]

	



Mittler, R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 2002, 7, 405–410. [Google Scholar] [CrossRef]

	



Luo, X.; Dai, Y.; Zheng, C.; Yang, Y.; Chen, W.; Wang, Q.; Chandrasekaran, U.; Du, J.; Liu, W.; Shu, K. The ABI4-RbohD/VTC2 regulatory module promotes reactive oxygen species (ROS) accumulation to decrease seed germination under salinity stress. New Phytol. 2021, 2, 950–962. [Google Scholar] [CrossRef] [PubMed]

	



Guzmán-Murillo, M.A.; Ascencio, F.; Larrinaga-Mayoral, J.A. Germination and ROS detoxification in bell pepper (Capsicum annuum L.) under NaCl stress and treatment with microalgae extracts. Protoplasma 2013, 1, 33–42. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.N.; Li, Y.; Khan, Z.; Chen, L.; Liu, J.; Hu, J. Nanoceria seed priming enhanced salt tolerance in rapeseed through modulating ROS homeostasis and α-amylase activities. J. Nanobiotechnol. 2021, 19, 276. [Google Scholar] [CrossRef]

	



Raskin, I. Role of salicylic acid in plants. Annu. Rev. Plant Biol. 1992, 43, 439–463. [Google Scholar] [CrossRef]

	



Xie, Z.; Zhang, Z.L.; Hanzlik, S.; Cook, E.; Shen, Q.J. Salicylic acid inhibits gibberellin-induced alpha-amylase expression and seed germination via a pathway involving an abscisic-acid-inducible WRKY gene. Plant Mol. Biol. 2007, 64, 293–303. [Google Scholar] [CrossRef]

	



Misra, N.; Saxena, P. Effect of salicylic acid on proline metabolism in lentil grown under salinity stress. Plant Sci. 2009, 177, 181–189. [Google Scholar] [CrossRef]

	



Shaki, F.; Maboud, H.E.; Niknam, V. Effects of salicylic acid on hormonal cross talk, fatty acids profile, and ions homeostasis from salt-stressed safflower. J. Plant Interact. 2019, 14, 340–346. [Google Scholar] [CrossRef]

	



Ahanger, M.A.; Aziz, U.; Alsahli, A.A.; Alyemeni, M.N.; Ahmad, P. Influence of exogenous salicylic acid and nitric oxide on growth, photosynthesis, and ascorbate-glutathione cycle in salt stressed Vigna angularis. Biomolecules 2020, 10, 42. [Google Scholar] [CrossRef] [PubMed]

	



Afzal, I.; Basra, S.M.; Farooq, M.; Nawaz, A. Alleviation of salinity stress in spring wheat by hormonal priming with ABA, salicylic acid and ascorbic acid. Int. J. Agric. Biol. 2006, 8, 23–28. [Google Scholar]

	



Hayat, S.; Maheshwari, P.; Wani, A.S.; Irfan, M.; Alyemeni, M.N.; Ahmad, A. Comparative effect of 28 homobrassinolide and salicylic acid in the amelioration of NaCl stress in Brassica juncea L. Plant Physiol. Biochem. 2012, 53, 61–68. [Google Scholar] [CrossRef] [PubMed]

	



El-Khallal, S.M.; Hathout, T.A.; Ashour, A.A.; Kerrit, A.A. Brassinolide and salicylic acid induced growth, biochemical activities and productivity of maize plants grown under salt stress. Res. J. Agric. Biol. Sci. 2009, 5, 380–390. [Google Scholar]

	



Ghassemi-Golezani, K.; Farhangi-Abriz, S. Changes in oil accumulation and fatty acid composition of soybean seeds under salt stress in response to salicylic acid and jasmonic acid. Russ. J. Plant Physiol. 2018, 65, 229–236. [Google Scholar] [CrossRef]

	



Sheteiwy, M.S.; An, J.; Yin, M.; Jia, X.; Guan, Y.; He, F.; Hu, J. Cold plasma treatment and exogenous salicylic acid priming enhances salinity tolerance of Oryza sativa seedlings. Protoplasma 2019, 256, 79–99. [Google Scholar] [CrossRef] [PubMed]

	



Jini, D.; Joseph, B. Physiological mechanism of salicylic acid for alleviation of salt stress in rice. Rice Sci. 2017, 24, 97–108. [Google Scholar] [CrossRef]

	



Yu, Y.; Wang, J.; Shi, H.; Gu, J.; Dong, J.; Deng, X.; Huang, R. Salt Stress and Ethylene Antagonistically Regulate Nucleocytoplasmic Partitioning of COP1 to Control Seed Germination. Plant Physiol. 2016, 170, 2340–2350. [Google Scholar] [CrossRef] [PubMed]

	



Kamran, M.; Xie, K.; Sun, J.; Wang, D.; Shi, C.; Lu, Y.; Gu, W.; Xu, P. Modulation of growth performance and coordinated induction of ascorbate-glutathione and methylglyoxal detoxification systems by salicylic acid mitigates salt toxicity in choysum (Brassica parachinensis L.). Ecotoxicol. Environ. Saf. 2020, 188, 109877. [Google Scholar] [CrossRef]

	



Ma, X.; Zheng, J.; Zhang, X.; Hu, Q.; Qian, R. Salicylic acid alleviates the adverse effects of salt stress on Dianthus superbus (caryophyllaceae) by activating photosynthesis, protecting morphological structure, and enhancing the antioxidant system. Front. Plant Sci. 2017, 8, 600. [Google Scholar] [CrossRef] [PubMed]

	



Hafez, E.M. Influence of salicylic acid on ion distribution, enzymatic activity and some agromorphological characteristics of wheat under salt-affected soil. Egypt. J. Agron. 2016, 38, 455–469. [Google Scholar] [CrossRef]

	



Lee, S.; Kim, S.G.; Park, C.M. Salicylic acid promotes seed germination under high salinity by modulating antioxidant activity in Arabidopsis. New Phytol. 2010, 188, 626–637. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Guo, Y. Elucidating the molecular mechanisms mediating plant salt-stress responses. New Phytol. 2018, 217, 523–539. [Google Scholar] [CrossRef] [PubMed]

	



Lekklar, C.; Chadchawan, S.; Boon-Long, P.; Pfeiffer, W.; Chaidee, A. Salt stress in rice: Multivariate analysis separates four components of beneficial silicon action. Protoplasma 2019, 256, 331–347. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Liu, L.; Lu, B.; Ma, T.; Jiang, D.; Li, J.; Zhang, K.; Sun, H.; Zhang, Y.; Bai, Z.; et al. Exogenous melatonin promotes seed germination and osmotic regulation under salt stress in cotton (Gossypium hirsutum L.). PLoS ONE 2020, 15, e0228241. [Google Scholar] [CrossRef]

	



Wang, R.; Jing, W.; Xiao, L.; Jin, Y.; Shen, L.; Zhang, W. The OsHKT1;1 transporter is involved in salt tolerance and regulated by an MYB-Type transcription factor. Plant Physiol. 2015, 168, 1076–1090. [Google Scholar] [CrossRef]

	



Ren, Z.H.; Gao, J.P.; Li, L.G.; Cai, X.L.; Huang, W.; Chao, D.Y.; Zhu, M.Z.; Wang, Z.Y.; Luan, S.; Lin, H.X. A rice quantitative trait locus for salt tolerance encodes a sodium transporter. Nat Genet. 2005, 37, 1141. [Google Scholar] [CrossRef]

	



Cheng, Y.W.; Kong, X.W.; Wang, N.; Wang, T.T.; Chen, J.; Shi, Z.Q. Thymol confers tolerance to salt stress by activating anti-oxidative defense and modulating Na+ homeostasis in rice root. Ecotoxicol. Environ. Saf. 2020, 188, 109894. [Google Scholar] [CrossRef]

	



Faried, H.N.; Ayyub, C.M.; Amjad, M.; Ahmed, R.; Wattoo, F.M.; Butt, M.; Bashir, M.; Shaheen, M.R.; Waqas, M.A. Salicylic acid confers salt tolerance in potato plants by improving water relations, gaseous exchange, antioxidant activities and osmoregulation. J. Sci. Food Agric. 2017, 6, 1868–1875. [Google Scholar] [CrossRef]

	



Al-Whaibi, M.H.; Siddiqui, M.H.; Basalah, M.O. Salicylic acid and calcium-induced protection of wheat against salinity. Protoplasma 2012, 3, 769–778. [Google Scholar] [CrossRef] [PubMed]

	



Shu, K.; Qi, Y.; Chen, F.; Meng, Y.; Luo, X.; Shuai, H.; Zhou, W.; Ding, J.; Du, J.; Liu, J.; et al. Salt stress represses soybean seed germination by negatively regulating GA biosynthesis while positively mediating ABA biosynthesis. Front. Plant Sci. 2007, 8, 1372. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Yang, A.; Zhang, W. Higher endogenous bioactive gibberellins and α-amylase activity confer greater tolerance of rice seed germination to saline-alkaline stress. Environ. Exp. Bot. 2019, 162, 357–363. [Google Scholar] [CrossRef]

	



Liu, J.; Li, L.; Yuan, F.; Chen, M. Exogenous salicylic acid improves the germination of Limonium bicolor seeds under salt stress. Plant Signal. Behav. 2019, 14, e1644595. [Google Scholar] [CrossRef]

	



Silva, N.C.; de Souza, G.A.; Pimenta, T.M.; Brito, F.A.; Picoli, E.A.; Zsögön, A.; Ribeiro, D.M. Salt stress inhibits germination of Stylosanthes humilis seeds through abscisic acid accumulation and associated changes in ethylene production. Plant Physiol. Biochem. 2018, 130, 399–407. [Google Scholar] [CrossRef]

	



Huang, Y.; Jiao, Y.; Xie, N.; Guo, Y.; Zhang, F.; Xiang, Z.; Wang, R.; Wang, F.; Gao, Q.; Tian, L.; et al. OsNCED5, a 9-cis-epoxycarotenoid dioxygenase gene, regulates salt and water stress tolerance and leaf senescence in rice. Plant Sci. 2019, 287, 110188. [Google Scholar] [CrossRef]

	



Kong, X.; Luo, Z.; Zhang, Y.; Li, W.; Dong, H. Soaking in H2O2 regulates ABA biosynthesis and GA catabolism in germinating cotton seeds under salt stress. Acta Physiol. Plant. 2017, 39, 2. [Google Scholar] [CrossRef]

	



Li, Q.; Yang, A. Comparative studies on seed germination of two rice genotypes with different tolerances to low temperature. Environ. Exp. Bot. 2020, 179, 104216. [Google Scholar] [CrossRef]

	



Wang, Y.; Hou, Y.; Qiu, J.; Wang, H.; Wang, S.; Tang, L.; Tong, X.; Zhang, J. Abscisic acid promotes jasmonic acid biosynthesis via a ‘SAPK10-bZIP72-AOC’ pathway to synergistically inhibit seed germination in rice (Oryza sativa). New Phytol. 2020, 228, 1336–1353. [Google Scholar] [CrossRef]

	



Liang, S.X.; Gao, N.; Li, X.; Xi, X. Toxic effects of antimony on the seed germination and seedlings accumulation in Raphanus sativus L. radish and Brassica napus L. Mol. Biol. Rep. 2018, 45, 2609–2614. [Google Scholar] [CrossRef]

	



Wang, Y.; Stevanato, P.; Yu, L.; Zhao, H.; Sun, X.; Sun, F.; Li, J.; Geng, G. The physiological and metabolic changes in sugar beet seedlings under different levels of salt stress. J. Plant Res. 2017, 130, 1079–1093. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.B.; Li, X.H.; Xiao, J.H.; Wang, S.P. A convenient method for simultaneous quantification of multiple phytohormones and metabolites: Application in study of rice-bacterium interaction. Plant Methods 2012, 8, 2. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.L.; Fu, X.M.; Liu, J.Q.; Ye, T.T.; Hou, S.Y.; Huang, Y.Q.; Yuan, B.-F.; Wu, Y.; Feng, Y.-Q. Highly sensitive and quantitative profiling of acidic phytohormones using derivatization approach coupled with nano-LC-ESI-Q-TOF-MS analysis. J. Chromatogr. B 2012, 905, 67–74. [Google Scholar] [CrossRef]

	



Wang, Y.; Cui, Y.; Hu, G.; Wang, X.; Chen, H.; Shi, Q.; Xiang, J.; Zhang, Y.; Zhu, D.; Zhang, Y. Reduced bioactive gibberellin content in rice seeds under low temperature leads to decreased sugar consumption and low seed germination rates. Plant Physiol. Biochem. 2018, 133, 1–10. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 03293 g001 550] 





Figure 1. Effects of different concentrations of SA on the germination of rice seeds (Nipponbare and Huaidao 5) under salt stress. Distilled water was used in the CK treatment; the concentration of NaCl was 150 mM (NaCl), and the dosage of salicylic acid (SA) was 0.1, 0.5, or 1 mM (NaCl + SA). The seeds were incubated in a 90 mm culture dish with two layers of filter paper for 5 days, followed by calculation of (A) germination rate, (B) germination percentage, and (C) germination index. Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 2. Effects of NaCl and SA on root and shoot growth of Nipponbare and Huaidao 5. 
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Figure 3. Effects of exogenous salicylic acid (SA) on ion accumulation in rice seeds under salt stress. Seeds of Nipponbare were incubated in distilled water (CK), 150 mM NaCl (Salt), and 150 mM NaCl + 0.1 mM SA (Salt + SA) for 1, 3, and 5 days. The amount of Na+ (A) and K+ (B) accumulated in seeds from the different treatments and incubation times are compared, along with the Na+/K+ ratio (C). Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 4. Effects of exogenous salicylic acid (SA) on the expression of OsHKT1;1 and OsHKT1;5 in rice seed under salt stress. Seeds of Nipponbare were incubated in distilled water (CK), 150 mM NaCl (Salt), and 150 mM NaCl + 0.1 mM SA (Salt + SA) for 1, 3, and 5 days. The expression of OsHKT1;1 (A) and OsHKT1;5 (B) in seeds subjected to the different treatments and incubation times are compared. Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 5. Effects of exogenous salicylic acid (SA) on the accumulation of H2O2, O2−, and malonaldehyde (MDA) in rice seeds under salt stress. Seeds of Nipponbare were incubated in distilled water (CK), 150 mM NaCl (Salt), and 150 mM NaCl + 0.1 mM SA (Salt + SA) for 1, 3, and 5 days. The accumulation of H2O2 (A), O2− (B), and MDA (C) in seeds subjected to the different treatments and incubation times are compared. Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 6. Effects of exogenous salicylic acid (SA) on superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activities in rice seeds under salt stress. Seeds of Nipponbare were incubated in distilled water (CK), 150 mM NaCl (Salt), and 150 mM NaCl + 0.1 mM SA (Salt + SA) for 1, 3, and 5 days. The activity of SOD (A), POD (B), and CAT (C) in seeds subjected to the different treatments and incubation times are compared. Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 7. Effect of exogenous salicylic acid (SA) on endogenous hormones in rice seeds under salt stress. Seeds of Nipponbare were incubated in distilled water (CK), 150 mM NaCl (Salt), and 150 mM NaCl + 0.1 mM SA (Salt + SA) for 1, 3, and 5 days. The content of abscisic acid (ABA) (A), GA1 (B), and GA4 (C) in seeds from the different treatments and incubation times are compared, along with values of (GA1 + GA4)/ABA (D). Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 8. Effects of exogenous salicylic acid (SA) on gibberellic acid (GA) biosynthesis and inactivation of associated gene expressions under salt stress. Seeds of Nipponbare were incubated in distilled water (CK), 150 mM NaCl (Salt), and 150 mM NaCl + 0.1 mM SA (Salt + SA) for 1, 3, and 5 days. The expressions of GA biosynthetic genes (A) OsGA20ox1 and (B) OsGA3ox2 and inactivation genes (C) OsGA2ox1 and (D) OsGA2ox3 were compared. Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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[image: Ijms 23 03293 g008]







[image: Ijms 23 03293 g009 550] 





Figure 9. Effects of exogenous salicylic acid (SA) on abscisic acid (ABA) biosynthesis and expression of ABA catalyzing genes under salt stress. Seeds of Nipponbare were incubated in distilled water (CK), 150 mM NaCl (Salt), and 150 mM NaCl + 0.1 mM SA (Salt + SA) for 1, 3, and 5 days. The expressions of ABA biosynthetic genes (A) OsNCED1, (B) OsNCED3, and (C) OsNCED5 and catalytic genes (D) OsABA8′OH1, (E) OsABA8′OH2, and (F) OsABA8′OH3 were recorded. Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 10. Effects of exogenous SA on α-amylase activity (A) and soluble sugar content (B) under salt stress. Seeds of Nipponbare were incubated in distilled water (CK), 150 mM NaCl (Salt), and 150 mM NaCl + 0.1 mM SA (Salt + SA) for 1, 3, and 5 days. Data are presented as means ± SE. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Table 1. Primers used for quantitative real-time PCR in this study.
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	Gene
	Accession Numbers
	Forward Primer (5′→3′)
	Reverse Primer (5′→3′)





	OsActin
	LOC4333919
	GACTCTGGTGATGGTGTCAGC
	GGCTGGAAGAGGACCTCAGG



	OsGA20ox1
	LOC4334841
	CCACTACTTCCGGCGATTCTTCCAGCG
	GACGTGGTCCTGGTGGAGGATGGTG



	OsGA3ox2
	LOC4337968
	GGAGAGCAAGGCCGTGTATCAGG
	CTCTCCTTGTCCTCTTCCTTCGCTAC



	OsGA2ox1
	LOC4337874
	TGACGATGATGACAGCGACAA
	CCATAGGCATCGTCTGCAATT



	OsGA2ox3
	LOC4325145
	TGGTGGCCAACAGCCTAAAG
	TGGTGCAATCCTCTGTGCTAAC



	OsNCED1
	LOC4330451
	CTGGAGCACATGGAGCTAGTGCACTCC
	CCGACGCCGAAGTAGCCGTACCTG



	OsNCED3
	LOC4333566
	CCCCTCCCAAACCATCCAAACCGA
	TGTGAGCATATCCTGGCGTCGTGA



	OsNCED5
	LOC9270250
	TCATTCCAAAACACCTTCCA
	TCCGGGGACCTCCTATGTAT



	OsABA8′OH1
	LOC9269675
	AAGTACAGGTGGTCCACGTCCAA
	CCAGCTTAGCTGATGCTAGTATTC



	OsABA8′OH2
	LOC4345810
	GACGAGGTGGAGTACAGCCCGTTC
	GGACACATCAGCCACCATCAGCAGTAG



	OsABA8′OH3
	LOC4347261
	CAGTGTGGAAACAGATGGTTGC
	CGGACTTCCCTTGAGGAAATAGA



	OsHKT1;1
	LOC9266695
	TTCACCACTCTTGCGGCTATG
	TGTTTGTAGCCAGTCTCCCCAG



	OsHKT1;5
	LOC4327757
	CCACCTTTTCCTTTTCCATGC
	GGTCTTCATCGGCAGAGCTTT
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