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Abstract

:

Salinity is one of the major abiotic factors that limit rice production worldwide. Previous trends show that salt concentration in rivers is increasing consistently, posing potentially adverse threats in the near future. Thus, crops currently being cultivated, particularly in small-scale farming systems, are under high threat from salinity. In this study, we investigated the mitigating effect of nitric oxide (NO) on salt stress in rice based on the assessment of changes in the transcript levels of different genes and the phenotypic response of rice genotypes. We observed that exogenously applied NO increased the expression levels of OsHIPP38, OsGR1, and OsP5CS2 in the susceptible genotype of rice, whereas in the tolerant genotype, the effect of NO was mainly in counteracting the salt-induced gene expression that diverts cellular energy for defense. Moreover, seedlings that were pretreated with NO showed high biomass production under salt stress conditions, indicating the positive role of NO against salt-induced leaf chlorosis and early senescence. The effect of NO-mediated enhancement was more pronounced in the salt tolerant genotype. Therefore, the use of NO with the integration of tolerant genes or genotypes will enhance salt tolerance levels in rice.






Keywords:


NO-induced salt tolerance; salinity mitigation; stress-related genes












1. Introduction


Rice is a major cereal crop grown globally and is of principal importance as a staple food source for more than half of the world population [1]. World rice production is projected to be 915 million tons by 2050, which is far less than that expected based on the yield doubling hypothesis to supply for the global food demand [2,3]. The current trend also shows that no significant increase in annual production is observed in the major rice growing regions [4,5]. The major factors that influence rice production and do not allow it to keep pace with the global population growth are associated with biotic [6] and abiotic factors [7] that are aggravated by climate change [8,9,10].



Salinity is one of the major abiotic factors that limit crop production in many parts of the world. About 20% of the cultivated and 50% of the irrigated land is affected by high salinity levels [11]. In Asia alone, where more than 90% of the world’s rice production is harvested, 21.5 million ha of agricultural land is affected by salt stress [12]. For this reason, the large area of irrigated lands became fallow. Moreover, even the level of salt in the river water has increased at various times and has the potential to render additional farmlands uncultivable [13]. High salinity affects plant growth and development through physiological water stress conditions, ion toxicity [14] and accumulation of reactive oxygen species (ROS) that cause protein denaturation, lipid peroxidation, DNA damage, and inhibition of enzymes [15,16]. Rice, a glycophytic plant by nature, is sensitive to salt stress and has a threshold level of 3 dSm−1 [17]. Salinity causes yield loss in rice by more than 50% [18] and for every 1 dSm−1 increase in salinity above the threshold level, there is a 12% reduction [17] depending on the growth stage in which the pant is exposed to salinity. The physiological mechanism of salt tolerance is generally based on Na+ exclusion, osmotic stress adjustment and ROS detoxification or scavenging system [19,20,21].



The cellular accumulation of proline is one of the mechanisms of mitigation of salt stress through which plants counteract the effects of osmotic stress and maintain cellular homeostasis [22,23,24]. Higher salt-induced production and accumulation of proline were observed in tolerant than in the susceptible genotypes of rice [25,26] and wheat [27]. The biosynthesis of proline is encoded by 1-pyrroline-5-carboxylate synthetase (P5CS) gene which consists of two isoforms, OsP5CS1 (LOC_Os01g62900) and OsP5CS2 (LOC_Os05g38150) [28].



The sequential break down of oxidative molecules by antioxidant enzymes—such as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), peroxidase (POD), and glutathione reductase (GR)—is another mechanism of salt tolerance in different genotypes [29,30,31]. GR plays a significant role in the major ROS scavenging pathways of ascorbate–glutathione and glutathione peroxidase (GPX) cycles [32,33]. Different studies on the response of contrasting rice genotypes to salinity by Hossain, et al. [34] and cold stress by Huang and Guo [35] showed that the activity of SOD, CAT, GR, and APX enzymes were increased in tolerant line compared to susceptible genotypes. The other important proteins that are involved in transcriptional response to abiotic stress (cold and drought) in rice are heavy metal-associated isoprenylated plant proteins (HIPPs) [36]. HIPPs are metallochaperones that contain one or two conserved domains: heavy metal association domains with two cysteine residues and a heavy metal-associated isoprenylated motif at the C-terminus [37]. However, the transcriptional response of HIPP gene family for salt stress has not been addressed in previous studies. In this study, one of the rice HIPPs, OsHIPP38, was studied for its transcriptional response to salinity in contrasting genotypes. OsHIPP38 is one of the candidate genes located in the salt tolerant quantitative trait locus (Saltol region) on chromosome 1.



Nitric oxide (NO), a gaseous redox-active molecule, plays an important role in the regulation of plant growth and development and is involved in the defense strategy of plants against biotic and abiotic stresses [38,39]. NO is involved in the scavenging of superoxide radical by activating antioxidative enzymes, such as SOD, CAT, APX, and POD [40]. NO also directly interacts with superoxide radicals when the latter is produced in excess due to severe stress conditions and their reaction generates peroxynitrite (ONOO¯) [41] which is again involved in the scavenging of hydrogen peroxide [42]. NO induced antioxidative enzyme (SOD, GR, APX, and CAT) activities were increased in rice and wheat under cadmium stress [43,44]. Similar findings also showed antioxidative role of NO on drought stress in rice [45], on salt in wheat, chickpea, and soybean [46,47,48] and on cold stress in wheat and cucumber seedlings [49,50]. The other ameliorating effect of NO on abiotic stress is through the metabolism and production of osmolytes in plants [51]. NO triggered biosynthesis and accumulation of proline content was reported in wheat, cucumber, and Chinese cabbage against salt stress [52,53,54]. Therefore, considering the multifaceted role of NO under stress conditions in different species, this study was designed to evaluate the mitigation effect of NO on salt stress in susceptible and tolerant rice genotypes with regard to gene modulations and phenotypic response. In addition, the transcriptional response of OsHIPP38 (LOC_Os01g20830) to salinity was studied in contrasting genotypes.




2. Materials and Methods


2.1. Plant Materials


Three rice genotypes, HP3319-2wx-6-3-1-B (HP), FL478 (known tolerant check, developed by IRRI), and Ediget (susceptible), were included in the experiments. However, based on our varietal screening data for salt stress, HP was found to be more tolerant than the standard tolerant line, FL478. Thus, HP was used as a tolerant check in the NO experiments. The experiments were done in two sets for the gene expression analysis and for determining NO-induced phenotypic response to salinity. A completely randomized design (CRD) with three and four replications was used for molecular and phenotypic experiments, respectively. The total number of treatments were four (Control, SNP, NaCl, and SNP+NaCl).




2.2. Growth Conditions


2.2.1. Gene Expression Experiment


Rice seeds were surface sterilized with Sportak fungicide (FMC Australia, Sydney, NSW, Australia) solution, used at a rate of 50 μL per 100 mL of water for 24 h at 30 °C. After removing the solution, seeds were rinsed three times with distilled water and sown on square petri dish. Seedlings were grown in the growth room under a 16/8 h light/dark cycle at a constant temperature of 23 °C. Two-week-old rice seedlings were pretreated with sodium nitroprusside (SNP, NO donor) for 24 h at a concentration of 0.25 mmol/L. Thereafter, the solution was removed and Petri dishes were flooded with distilled water two times to avoid any further effect of SNP. After three days, salt stress (150 mmol/L NaCl) was imposed.




2.2.2. Phenotypic Experiment


Pre-germinated seeds were sown on styrofoam, floating in a small box containing distilled water, as described by Glenn and Senadhira [55]. After two days, the water was replaced with half-strength hoagland solution (KisanBio, Seoul, Korea), which was changed again to a full dose after three days. The seedlings were grown in a growth chamber at 28/22 °C day/night temperature and 14 h light conditions, i.e., under simulated field conditions. The light intensity was 450 μmol m−2 s−1 with a relative humidity of 70%. The solution used during seedling growth was changed every three or four days and the pH was maintained at 5 by adjusting with NaOH or HCl. Two-week-old seedlings were then pretreated with SNP as described above and after three days, salt stress (100 mmol/L NaCl) was imposed. The roots were separated from the shoots by cutting on the collar points, 10 days after salt induction. The dry biomass data were collected after drying the samples at 70 °C for 72 h. Four representative plants were considered for each genotype in each replication. The data collected from four individual plants were used to generate mean value that was used for analysis of variance (ANOVA).



The level of salinity was optimized to 100 mmol/L NaCl solution based on the response of selected rice genotypes in our observation in which 60 and 120 mmol/L salt concentrations were used for stress induction. The result showed that genotypes were not affected by 60 mmol/L salinity. Whereas salinity at 120 mmol/L was detrimental to all genotypes (Figure S1). The concentration and method of application of SNP were also formulated after our observations. The results showed that application of NO together with salt stress was not found important to seedlings and because of this, pretreatment application was used (Figure S2 and S3).





2.3. Quantitative Real Time PCR (qPCR) Analysis


For qPCR analysis, leaf samples were collected from each replication at 0, 6, 12, 24, and 48 h after exposure to salinity and were immediately frozen in liquid nitrogen. Total RNA was extracted using Trizol isolation method (Molecular Research Center Inc., Cincinnati, OH, USA). About 1 µg of total RNA was used for cDNA synthesis using reverse transcript (RT) kit (BIOFACT Co., Ltd., Daejeon, CR, Korea). The concentration of cDNA was diluted to 200 ng/µL with nuclease free water. 20 µL qPCR mix was prepared including 1 µL template using 2x real-time PCR master mix (BIOFACT Co., Ltd., Daejeon, Korea). The qPCR analysis was carried out for 40 cycles with an Eco real-time PCR system (Illumina Inc., Hayward, CA, USA). The amount of transcript was quantified using OsUBQ1 as internal standard for normalization. The primers used for qPCR analysis are presented in Table 1.




2.4. Total Protein and Antioxidant Enzyme Assay


For determination of antioxidant activity and total protein content, 100 mg leaf samples were ground separately by freezing with liquid nitrogen. Then, each sample was immediately homogenized with 1 mL of 50 mmol/L phosphate buffer (pH 7.5). After 10 min incubation on ice, the homogenate was centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatant was transferred to a fresh tube and used as a crude source for estimation of enzymatic activities. Total protein content was quantified using the Bradford assay [56]. The CAT activity was estimated according to Aebi [57] by adding 50 µL H2O2 (0.2 mol/L to 50 µL crude supernatant. The absorbance was read at a wavelength of 240 nm. For POD estimation, 50 µL supernatant, 50 µL pyrogallol, 25 µL H2O2, and 100 µL phosphate buffer were added sequentially and the mixture was incubated for 5 min at room temperature under dark conditions. Subsequently, H2SO4 (5%) was added to the mixture and absorbance was read at 420 nm.




2.5. Statistical Analysis


One-way ANOVA was carried out using GraphPad software version 7.00 (GraphPad Software, San Diego, CA, USA) and for mean separation, Tukey’s multiple comparison test was used. p ≤ 0.05 was considered as a significant value for mean differences. Each mean value was presented as mean ± standard error (SE).





3. Results


3.1. Salt Induced Change in the Expression of OsHIPP38 in Contrasting Genotypes


OsHIPP38 was selected because of its locus in the salt tolerant QTL on chromosome 1. The expression analysis was done using leaf samples collected at 0, 6, 24, and 48 h from susceptible (Ediget) and tolerant rice genotypes (HP and FL478) treated with salt (150 mmol/L NaCl). The results showed that the transcript accumulations and expression patterns of OsHIPP38 were different over time in all genotypes (Figure 1). In Ediget, the level of expression showed significant difference between the control and treated seedlings. OsHIPP38 was downregulated after 48 h of salt stress in susceptible genotype (Figure 1A). In contrast, significantly high expression was observed in the two tolerant genotypes but the time of maximum expression, regardless of the amount, was different in both genotypes (Figure 1B,C). In HP, the expression was optimum at 24 h, whereas in FL478, the expression reached on its peak immediately after 6 h and then dropped to the level of the control after 48 h. The maximum expression levels in HP and FL478 were more than 4- and 10-times of their respective control treatments.




3.2. NO Induced Response of OsHIPP38, OsGR1, and OsP5CS2 to Salinity in Rice


The results of NO triggered responses of OsHIPP38 and other genes are summarized in Figure 2. In the previous section, the relative expression of OsHIPP38 was downregulated in susceptible genotype. However, pretreatment of seedlings with SNP (0.25 mmol/L) for 24 h triggered more than 6 and 2.5-times changes in expression before and after salt induction, respectively (Figure 2D). Significant differences were observed in the transcript levels among the samples collected from three groups of seedlings (Figure 2A–C). The highest expression was observed for NO-pretreated seedlings before and after salt induction (0 and 12 h). However, after 24 h of salt imposition, the transcript accumulation was the same in all samples. Gene expression was also analyzed for OsGR1 and OsP5CS2 in the same genotype under same conditions. Before salt stress, the relative expressions for both genes were the same in between control and NO pretreated seedlings. However, after 12 h of salt exposure, NO pretreatment induced significant amount of transcript accumulation for both genes in the susceptible genotype. NO increased the relative expression level consistently at 12 and 24 h for OsGR1. NO also induced optimum expression level for OsP5CS2 at 12 h. However, neither salt nor the interaction effect of NO and salt induced changes after 12 (Figure 2E,F).



In tolerant genotype (HP), the relative expression of the three genes were the same in control and NO-pretreated seedlings before salt application. NO pretreatment did not also induce any significant changes in the expression of OsHIPP38 and OsGR1 genes after the imposition of salt stress (Figure 2G,H). However, salinity increased expression of OsHIPP38 and OsGR1 in non-pretreated seedlings after 12 h. The relative expression of OsP5CS2 in NO pretreated and no-treated seedlings was increased after 12 and 24 h of salt stress compared to control treatments, respectively (Figure 2I).




3.3. Effects of NO on Protein and Enzyme Activity in Rice Genotypes Exposed to Salinity


Significant differences were observed in total protein content and the activity of POD and CAT enzymes between treated and control samples in the susceptible genotype (Figure 3A–C). Salinity affected the total protein content and POD but not the CAT activity. The pretreatment of seedlings with NO increased the protein content and activity of CAT. However, no significant difference was observed between salt stressed (NaCl) and NO pretreated (SNP+NaCl) seedlings for the POD activity. In the tolerant genotype, salinity did not affect total protein content and enzyme activities. However, NO pretreatment induced changes by increasing significantly the total protein content and the activities of both enzymes in tolerant genotype (Figure 3D–F).




3.4. Effect of NO on Phenotypic Traits of Rice Genotypes under Salinity


An experiment was conducted to study the phenotypic effect of NO pretreatment on salt (100 mmol/L NaCl) tolerance in rice seedlings under 28/22 °C day/night temperature. The results showing the negative effect of salinity on rice seedlings and NO induced response of genotypes including the statistical analysis are presented in Figure 4.



ANOVA showed that there were significant differences for the root length and dry biomass traits in both genotypes. In the susceptible genotype, variation was not observed in between control and NO pretreated seedlings for root length. Salinity (NaCl) affected the root growth significantly. Pretreatment of seedlings with NO did not show any change on salt induced negative effect in root length (Figure 4A). Like root length, salinity caused a significant decrease in root and shoot dry biomass (Figure 4B–D). NO pretreatment showed improvement and negative effect in shoot and root dry biomass respectively, though it was not significant. A significant difference was observed between control and NO pretreated seedlings for root and shoot dry biomasses when there was no salt stress, indicating the positive role of NO for plant growth and development.



In the tolerant genotype, significant differences were also observed for root, shoot, and total dry biomasses (Figure 4G–I). Salinity affected root length significantly in tolerant genotype. However, the negative effect of salt on root growth was improved by NO application (Figure 4F). Salinity also affected dry biomass significantly. However, like root length, NO also reversed the salt induced reduction in dry biomass to the control level (Figure 4G–I). In no stress condition, the application of NO in tolerant genotype showed negative effect on root length compared to the control treatment. However, its application did not induce any significant changes on root and shoot dry biomasses.



The percent reduction or gain in seedling dry biomass because of salinity and NO pretreatment was determined as


   Reduction     ( % )  =   control − treated   control   × 100  











Salt-treated seedlings showed 32% and 27% reduction in the root and shoot dry biomass, respectively, in the tolerant genotype (HP). Whereas, NO-pretreatment showed a gain of 3% and 9% in the root and shoot biomass, respectively over the corresponding values in non-treated seedlings under salt stress condition (Table 2). NO also decreased salt induced effect on shoot biomass by 14% in susceptible genotype (Ediget). On the other hand, NO pretreatment aggravated the effect of salinity on root biomass in Ediget by increasing the percent reduction from 26% (NaCl) to 38% (SNP+NaCl).





4. Discussion


4.1. OsHIPP38 Shows Differential Response to Salinity in Contrasting Genotypes


HIPPs have been known to have significant role in abiotic stress responses in different plant species. In Arabidopsis, a number of AtHIPPs genes are involved in the transcriptional responses to biotic and abiotic stresses [37,58]. Similarly, in rice, about 55 genes encode HIPPs. Members of this gene family are involved in regulation of stress responses in rice. For example, OsHIPP41 showed transcriptional responses to cold and drought stresses. OsHIPP09 and OsHIPP15 also showed downregulated expression in response to salinity in rice [36]. OsHIPP38 is the rice HIPP coding gene that is located in salt tolerant QTL region on chromosome 1. Therefore, we sought to study the transcriptional response of OsHIPP38 to salinity using different rice genotypes. Modulation of gene expression is one of the most significant molecular mechanisms of abiotic stress response in plants. In present study, the expression pattern and relative expression of OsHIPP38 were different in the contrasting rice genotypes under salt stress. The transcript accumulation of OsHIPP38 was high in tolerant while low in susceptible genotype compared to control seedlings (Figure 1), suggesting transcriptional responses of OsHIPP38 to salinity in rice.



Moreover, a functional protein association analysis of OsHIPP38 also showed its co-expression with OsJ_03346 (heat shock protein DnaJ), core histone H2A/H2B/H3/H4 protein and MYB family transcription factors, which are involved in biotic and abiotic stress tolerance [59]. The OsJ_03346 protein plays an important role in protein folding and disaggregation that aids in cell survival under unfavorable conditions. It also assists in the function of the kilodalton heat shock protein 70 (HSP70) family, which encodes a group of highly conserved chaperone proteins that play protective roles against heat and other environmental stresses [60]. Therefore, functional protein association with the known genes also reveals the transcriptional response of OsHIPP38 gene to abiotic stress in rice. However, showing transcriptional response does not necessarily mean that this gene is involved in salt tolerance. Therefore, functional analysis studies are required to confirm the role of OsHIPP38 in rice salt tolerance.




4.2. NO Enhances the Expression level of OsHIPP38, OsGR1 and OsP5CS2 in Susceptible Genotype under Salinity


The transcript accumulation of OsHIPP38 was increased in NO-pretreated seedlings compared to control seedlings before the application of salt stress, indicates the responsiveness of OsHIPP38 to NO. Our transcription data in rice also showed that some members of the OsHIPP gene family were upregulated in response to CysNO (NO-donor) [61]. Under salt condition, NO-pretreatment also showed increased OsHIPP38 expression level compared to non-treated seedlings. Thus, NO-induced gene modulation in the susceptible genotype suggests the enhancing role of NO for the transcriptional response of OsHIPP38 gene to salinity.



The relative expression level of OsGR1 was not increased significantly under salt stress in the susceptible genotype. However, NO pretreatment increased expression, indicating the role of NO in enhancing antioxidant enzymes in susceptible genotype. A lower enzyme activity of GR was also reported by [34] in susceptible line compared to the tolerant genotype in salt stressed rice seedlings. In a similar study on mustard, GR activity was low in susceptible line compared to the tolerant genotype [62]. GR is a key enzyme in the ascorbate-glutathione cycle that is modulated by NO and NO-based post-translational modifications under abiotic stresses [39,63]. Therefore, one of the roles of NO in salt stress mitigation is enhanced expression of antioxidant enzymes that scavenge excess reactive oxygen species (H2O2).



The increased transcript level of the proline biosynthesis gene (OsP5CS2) in NO-pretreated seedlings of the susceptible genotype under saline conditions, indicates the role of NO in the production of proline, which plays a significant role in counteracting salt-induced osmotic stress [64]. NO-induced proline accumulation in response to salinity in other crop species—such as wheat [53], cabbage [52], chickpea [46], and cucumber [54]—are in agreement with the present study.




4.3. NO Counteracts Salt-Induced Gene Expression in the Tolerant Genotype in Salt Stress Conditions


NO is involved in the scavenging of ROS by activating antioxidative enzymes when plants exposed to abiotic stress [40]. However, in the present study, NO pretreatment decreased the expression levels of OsHIPP38, OsGR1, and OsP5CS2 genes compared to non-treated seedlings in tolerant genotype under saline condition. Such counteracting effect of NO on stress induced gene expression was also reported in rice exposed to copper [65] and cadmium [66]. Low accumulation of hydrogen peroxide (H2O2, a substrate for GR) might be the possible reason for decreased OsGR1 expression in NO-pretreated seedlings compared to non-treated ones under saline condition. Because, NO interacts with superoxide radical (O2−, a precursor for H2O2) and produces peroxynitrite (ONOO−) [41]. NO-triggered decrease in gene expression may implicate less energy dissipation for transcriptional activity in the tolerant genotype. In stress conditions, resources are mobilized from the growth-related biosynthetic active sites to metabolic reactions that aid in defense strategies [67].




4.4. NO Enhances Protein Content and Enzymatic Activities in the Contrasting Genotypes


Under stress conditions, plants strive to break down toxic molecules like ROS through the production of antioxidative enzymes and osmolytes. However, the biosynthesis and sufficiently accumulation of these stress alleviating enzymes and osmoprotectants are different within and between species depending on their tolerant ability [31,68]. In this study, the total protein content and POD activity were significantly decreased in susceptible genotype, indicates our work is in agreement with the studies. The studies reported by Kibria, et al. [69] and by [34] also showed that salinity affected the activity of CAT which was not influenced in this work. Whereas increased activity of CAT in susceptible rice genotypes was observed in another study [70]. Thus, it might be possible to suggest that the activity of CAT is controversial in susceptible genotype under saline condition. However, salt induced reduction in protein content was compromised by the application of NO to the level of control treatment. The application of NO pretreatment in rice seedlings also improved the activity of CAT under saline condition. Whereas NO induced enhancement was not observed in POD activity. CAT and POD are involved in the scavenging of H2O2 in common. Therefore, CAT might have fast reaction ability than POD. In cadmium and zinc induced stress on pigeon pea, the capacity of CAT in ROS scavenging activity was greater than POD [71]. Moreover, POD is also involved in other plant physiological processes such as development, cell wall crosstalk, and lignification [72,73].



In the tolerant genotype, total protein content, CAT, and POD activities were not affected by salinity. This might be because of the lower rate of ROS production and accumulation in tolerant genotype at early time point of stress. The past study also showed that the amount of ROS was increased earlier in susceptible genotype than tolerant genotype [31]. Unchanged POD and CAT activities were also reported in tolerant rice genotype exposed to cold stress [35]. However, the result obtained in the present study was in contradiction with another study in which POD activity showed increasing by more than 90% of its activity in NO non-treated seedlings under salinity [31]. NO application induced a significant increase in total protein and in the activity of both enzymes. NO induced increase was larger in POD activity (>100% of its activity in control) than the increase in CAT activity and total protein content.




4.5. NO Maintains the Production of Biomass in Salt-Stressed Seedlings


Salinity significantly affected the root length and biomass in both contrasting genotypes although the degree of reduction for both traits was different in each genotype. The large reduction in biomass is associated with poor carbohydrate metabolism that leads to low starch accumulation [74]. Such phenomenon is usually observed in salt-susceptible genotypes in which the chlorophyll content is largely decreased in response to osmotic and toxic effects of salt [74,75,76]. Salinity also induces a large amount of ROS formation [77] that causes disruption of cellular homeostasis and oxidative burst in plant cells [31,78]. Because of this, susceptible genotypes show chlorosis and leaf senescence that leads to poor growth within a few days of exposure to salinity. In the present study, significant reduction in dry biomass was observed. However, the salt-induced biomass reduction was reversed by the application of NO. In a similar study on soybean, large dry biomass was observed in NO treated plants under saline condition [47]. The role of NO on biomass maintenance was also reported in wheat under salt stress [44]. In addition to its role in ROS scavenging, NO is involved in repairing of salt induced damage on chloroplast that decreases carbohydrate synthesis [79,80]. NO also enhances the assimilation and transportation of nitrogen in low nutrition condition and maintains the leaf nitrogen content [81]. For these and other physiological roles of NO [82], seedlings were able to stay green and maintain biomass production under stress conditions. However, NO pretreatment showed negative effect on root biomass and increased salt induced reduction by 12% in the susceptible genotype. This might be because of the high amount of the NO in root cells that induces a negative effect on root growth. A study in arabidopsis indicates that the effect of NO on root growth is dose-dependent and high NO concentration affects DNA in root cells [83].





5. Conclusions


OsHIPP38 showed differential expression in contrasting rice genotypes exposed to salinity. The expression was down and upregulated in susceptible and tolerant genotypes, suggesting the transcriptional response of OsHIPP38 to salt stress. NO pretreatment caused modulation of OsHIPP38, OsGR1, and OsP5CS2 genes in response to salt stress. In the tolerant genotype, OsHIPP3 and OsGR1 expression was lower in NO-pretreated seedlings compared to non-treated ones under saline condition. This may help seedlings in minimizing energy consumption for salt induced transcriptional activities. The NO pretreatment also showed enhancement in dry biomass of rice genotypes exposed to salinity. Leaf senescence was also delayed in NO-pretreated compared to non-treated seedlings under salt condition. However, the effect of NO on salt stress was more pronounced in the tolerant line compared to the susceptible genotype. Therefore, the use of NO, with the integration of tolerant genes or genotypes, will help in increasing the tolerance level of rice genotypes.
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Figure 1. Expression analysis of OsHIPP38 gene in contrasting rice genotypes under salt stress. Two-week-old rice seedlings were treated with NaCl (150 mmol/L) and samples were collected at different time points from 0 to 48 h. (A) susceptible genotype; (B,C) tolerant genotypes. Relative gene expression—the level of gene expression in relative to the internal control. For the expression analysis, OsUBQ1 was used as the internal control. Means followed by the same letter are not significantly different according to Tukey’s significance test at p < 0.05. 
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Figure 2. Nitric oxide enhanced OsHIPP38, OsGR1, and OsP5CS2 expression in rice under salinity. OsUBQ1 was used as the internal control for expression analysis. Relative gene expression— the level of gene expression in relative to the internal control. Two-week-old seedlings were treated with SNP (0.25 mmol/L) for 24 h and NaCl (150 mmol/L) was applied after three days. Cont—control (A), SNP—samples collected after SNP treatment but before salinity, NaCl—salt treated (B), SNP+NaCl—SNP-treated seedlings exposed to NaCl (C): (NaCl—sodium chloride and SNP—sodium nitroprusside). (D,E,F) relative gene expression for OsHIPP38, OsGR1, and OsP5CS2 in Ediget (susceptible genotype) and (G,H,I in HP (tolerant genotype). The data are presented as means ± SE (n = 3) and data followed by the same letter are not significantly different according to Tukey’s significance test at p < 0.05. 
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Figure 3. Effects of nitric oxide (NO) on the total protein content and activities of antioxidant enzymes in rice seedlings exposed to salinity. Two-week-old seedlings were treated with sodium nitroprusside (SNP; 0.25 mmol/L) for 24 h, and NaCl (150 mmol/L) was applied after three days. Leaf samples were collected after 24 h of salt treatment. Cont—Control, NaCl—sodium chloride (salt stress), and SNP+NaCl—SNP pretreated seedlings exposed to salt stress. (A,D) total protein, (B,E) POD—peroxidase activity and (C,F) CAT—catalase activity, Ediget—susceptible genotype, HP—tolerant genotype, U—enzyme unit, and mg g−1 FW—milligram per gram of fresh weight. The data are presented as means ± SE (n = 3) and data followed by the same letter are not significantly different according to Tukey’s significance test at p < 0.05. 
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Figure 4. NO enhanced root length and dry biomass of rice seedlings exposed to salinity. Seedlings were grown in a growth chamber under 28/22 °C day/night temperatures. Two-week-old seedlings were then treated with sodium nitroprusside (SNP; 0.25 mmol/L) for 24 h, and NaCl (100 mmol/L) was applied after three days. Data were collected after 10 days of salt stress. Cont—control, SNP—SNP treatment for 24 h (NO as a sole treatment), NaCl—salt stress, and SNP+NaCl—seedlings treated with SNP and then exposed to salt. Ediget—susceptible genotype, HP—tolerant genotype, cm—centimeter and, mg—milligram. The data are presented as means ± SE (n = 4) and means with the same letters are not significantly different according to Tukey’s significance test at p < 0.05. 
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Table 1. Sequences of primers used in qPCR analysis.
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	No
	Gene
	F-Primer
	R-Primer
	Size





	1
	OsHIPP38
	TCTCGGAGTACGGCTACGTC
	GGTGCATGCATTAGGGTTCT
	158



	2
	OsGR1
	GGCAGGCAGTTTGGTTGATG
	GTTGAGCTCGGCTACCAGTT
	110



	3
	OsP5CS2
	TAGCAGGACTGTTGGCACTG
	CCGCTATTTGAAGCCAAGAC
	223



	4
	OsUBQ1
	GACGGACGCACCCTGGCTGA
	TGCTGCCAATTACCATATACC
	396










[image: Table] 





Table 2. Effect of nitric oxide (NO) on salt-induced reduction in the biomass of rice genotypes.
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Genotype

	
Trait

	
Dry Biomass (mg)

	
Reduction (%) †




	
Control

	
NaCl

	
SNP+NaCl

	
NaCl

	
SNP+NaCl






	
HP

	
Root

	
22.50

	
15.25

	
23.25

	
32.22

	
−3.33




	
Ediget

	
25.00

	
18.50

	
15.50

	
26.00

	
38.00




	
HP

	
Shoot

	
82.75

	
60.75

	
90.00

	
26.59

	
−8.76




	
Ediget

	
102.75

	
58.25

	
73.00

	
43.31

	
28.95








† Minus sign (−) indicates percent weight gain over the control. NaCl—sodium chloride (100 mmol/L) for 10 days, SNP—sodium nitroprusside (0.25 mmol/L) for 24 h. SNP+NaCl: seedlings were treated with SNP for 24 h and then exposed to salinity after three days. The root and shoot dry weight data were collected from the salt-stressed seedlings (after 10 days of stress and drying for 72 h at 70 °C.
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