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B2, an abscisic acid mimic, improves salinity tolerance in winter wheat seedlings via improving activity of antioxidant enzymes
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Salinity severely inhibits growth and reduces yield of salt-sensitive plants like wheat, and this effect can be alleviated by plant growth regulators and phytohormones, among which abscisic acid (ABA) plays a central role in response to various stressful environments. ABA is highly photosensitive to light disruption, which this limits its application. Here, based on pyrabactin (a synthetic ABA agonist), we designed and synthesized a functional analog of ABA and named B2, then evaluated its role in salt resistance using winter wheat seedlings. The phenotypes showed that B2 significantly improved the salt tolerance of winter wheat seedlings by elevating the biomass. The physiological analysis found that B2 treatment reduced the generation rate of O2–, electrolyte leakage, the content of proline, and the accumulation of malonaldehyde (MDA) and H2O2 and also significantly increased the contents of endogenous hormones zeatin riboside (ZA) and gibberellic acid (GA). Further biochemical analysis revealed that the activities of various antioxidant enzymes, including superoxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase (APX), were enhanced by B2, and the activities of antioxidase isozymes SOD3, POD1/2, and APX1/2 were particularly increased, largely resembling ABA treatment. The abiotic stress response-related gene TaSOS1 was significantly upregulated by B2, while the TaTIP2;2 gene was suppressed. In conclusion, an ABA analog B2 was capable to enhance salt stress tolerance in winter wheat seedlings by stimulating the antioxidant system, providing a novel regulator for better survival of crops in saline soils and improving crop yield.
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Introduction

Stress caused by excessive soil salt content which inhibits plant growth is called salinity stress (Wilczek et al., 2012). Salt stress is one of the major abiotic stresses that inhibit plant growth and development, and crop production (van Zelm et al., 2020). It is reported that over 800 million ha of land was affected by soil salinization worldwide (Luo et al., 2021). Soil salinization is aggravated by natural environment (e.g., arid climate) and human (e.g., brackish water irrigation) factors, which will threaten food security and bring great economic losses to farmers as well (Munns and Gilliham, 2015). Wheat (Triticum aestivum L.) is one of the most important staple food crops worldwide, feeding over 35% of the global population (Li et al., 2022). Due to its salinity sensitivity and soil salinization, the production of wheat displayed a significant loss annually (Garg and Gupta, 1999; Oyiga et al., 2016). Therefore, exploring strategies for improving the salt tolerance of wheat is of great importance for wheat production and sustainability.

The occurrence of salinity stress due to excessive soil salt first causes osmotic stress, which affects water absorption and metabolic response of plants, which is also known as physiological drought (Ibrahimova et al., 2021). High concentrations of Na+ and Cl– ions can further disrupt the ionic balance in cells, inhibiting the absorption of other nutrient elements and causing a series of impacts (Gupta and Huang, 2014). Salinity significantly affects plant growth parameters such as plant height, biomass of the shoot and root, leaf area, water content, and seed weight (Goharrizi et al., 2019).

When subjected to salt stress, plants are associated with excessive reactive oxygen species (ROS) synthesis, which causes further oxidative stress. To prevent the damage caused by oxidative stress, plants have developed effective antioxidant systems. Salinity also triggers a variety of physiological and biochemical changes by increasing content of ROS, such as radical superoxide (O2–), hydrogen peroxide (H2O2), hydroxyl radicals (OH–), and singlet oxygen (1O2) (Sekmen et al., 2012). Meanwhile, salinity induces a complex antioxidant defense (AOD) system caused by ROS including antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) free radical, and enzymes catalyzing ascorbate–glutathione cycle, ascorbate peroxidase (APX), and glutathione reductase (GR) as well as non-enzymatic antioxidants such as carotenoids, glutathione, ascorbic acid, and tocopherols (Pinhero et al., 1997; Lee et al., 2001; Jebara et al., 2005; Zheng et al., 2009; Li et al., 2010). Plants have developed a complex and distinct mechanism to defend salt stress involving morpho-physiological, cellular, and anatomical changes, but the extent to which these mechanisms can improve is limited under severe conditions (Islam et al., 2021). The dynamic balance of ROS plays a role in maintaining this balance (Goharrizi et al., 2019). The exogenous application of different plant growth regulators is a well-recognized strategy to improve crop productivity under stress conditions (Rademacher, 2015). The impact of salt stress on crop growth has been proved to be alleviated by using phytohormones (Javid et al., 2011).

Phytohormones are the critical mediators in response to environmental stresses (Ahmad et al., 2019). Among various phytohormones, abscisic acid (ABA) is one of the most important phytohormones, which provide adaptation to many abiotic stresses, such as salt, drought, and cold stress (Iqbal et al., 2014). Under salt stress conditions, the accumulation amounts of ABA in plants increase, and ABA binds to receptors and activates ABA-responsive pathway to help plants survive. ABA improves salt stress tolerance by stimulating antioxidant defense systems in plants (Jiang and Zhang, 2004). It has been reported that exogenous application of ABA could improve the salt tolerance of sorghum, rice, common bean, etc. (Amzallag et al., 1990; Khadri et al., 2007; Gurmani et al., 2013). However, the application of ABA to enhance crop stress tolerance is largely restricted by its chemical instability, high production cost, and rapid catabolism in plants (Todoroki et al., 2009). A breakthrough discovery identified a chemical on ABA receptors, namely, pyrabactin, which functions like ABA in the aspect of inhibiting seed germination (Park et al., 2009). As it is more structurally stable than ABA and has a low production cost, pyrabactin could be used as a lead structure to design a new family of ABA analogs (Park et al., 2009).

In this study, we designed and synthesized two ABA mimics and tested their effects on the salinity resistance of winter wheat, by investigating biomass, ROS accumulation, and the antioxidant defense system exposed to salt stress. We mainly aim to clarify the protective role of exogenous ABA functional analogs in the antioxidant defense system of winter wheat under salt stress.



Materials and methods


Plant materials and growth conditions

The winter wheat (Triticum aestivum L.) Jimai 22 was grown in hydroponic conditions in a climate chamber. The seeds were surface-sterilized with 0.5% sodium hypochlorite solution for 15 min, thoroughly washed with distilled water, and germinated in silica sand in a plastic box (50 cm × 30 cm × 10 cm) covered by a black plastic sheet to retain 100% moisture. At the stage of the second leaf emergence, the seedlings with a similar root length were transplanted to the cultivating box with full-strength modified Hoagland nutrient solution under 12/12 h photoperiod, at 25/22°C day/night temperature, 50% relative humidity, and 400 μmol m–2 s–1 light intensity, and the growth solution was renewed every 3 days. The components of nutrient solution were as follows: 30.0 μM H3BO3, 2.5 μM ZnSO47H2O, 0.8 μM CuSO45H2O, 5.0 μM MnSO4H2O, 100 μM NaFeEDTA, 0.03 μM (NH4)6Mo7O244H2O, 2.5 mM Ca(NO3)24H2O, 0.5 mM NH4H2PO4, 1.0 mM MgSO47H2O, and 2.5 mM KNO3 (Hoagland and Arnon, 1950; Shen et al., 2009).



Synthesis and selection of abscisic acid analogs


2,4-Dichlorobenzoyl chloride

A 100 mL three-necked round bottom flask equipped with a mechanical stirrer, addition funnel, and a thermometer was charged with 2,4-dichlorobenzoic acid (1.91 g, 0.01 mol), thionyl chloride (1.19 g, 0.01 mol), and methylbenzene (20 mL). The reaction mixture was refluxed at 80°C for 6 h. The reaction was detected by thin-layer chromatography (TLC) until it is complete. The excess dichlorosulfoxide and toluene were removed by vacuum distillation to obtain liquid aromatic chloride with no further operation.



1-[2-(2,4-Dichlorophenyl)-2-oxoethyl]cyclopropane-1-carboxylic acid (B2)

1-Amino-1-cyclopropanecarboxylic acid (1.0 g, 0.01 mol), sodium hydroxide (0.8 g, 0.02 mol), and deionized water (30 mL) were added into a 100 mL three-necked round-bottom flask equipped with a mechanical stirrer, addition funnel, and a thermometer. The aromatic chloride (2.09 g, 0.01 mol) was added dropwise to the stirred solution. Then, the reaction mixture was stirred at room temperature for 24 h. The reaction was completely detected by TLC. The pH was adjusted to around three by progressively adding concentrated hydrochloric acid, and solid was precipitated out. The mixture was filtered through a filter paper into a solid. The crude product was recrystallized from ethanol and dried, and the target compound was obtained which was a white solid. The yield was 72.3%. Melting point (m.p.): 243–246°C. 1H NMR (300 MHz, DMSO) δ 1.05–1.10 (m, 2H, CH2), 1.37–1.42 (m, 2H, CH2), 7.42–7.52 (m, 2H, benzene-H), 7.67 (s, 1H, benzene-H), 8.99 (s, 1H, NH), 12.47 (s, 1H, COOH). IR (KBr) 3,671, 3,247, 1,708, 1,651. HRMS-ESI m/z calculated for C11H10Cl2NO3 [M + H]+ 274.00323, found 274.00305.



1-[2-(4-Chlorophenyl)-2-oxoethyl]cyclopropane-1-carboxylic acid (B5)

1-[2-(4-Chlorophenyl)-2-oxoethyl] cyclopropane-1-carboxylic acid (B5) was synthesized from 1-amino-1-cyclopropanecarboxylic acid (1.0 g, 0.01 mol), sodium hydroxide (0.8 g, 0.02 mol), and 4-chlorobenzoyl chloride (1.75 g, 0.01 mol) and purified by recrystallization from ethanol. The target compound was obtained as a white solid. The yield was 59.6%. Melting point (m.p.): 218-220°C. 1H NMR (300 MHz, DMSO) δ 1.08–1.12 (m, 2H, CH2), 1.38–1.43 (m, 2H, CH2), 7.84 7.59 (m, 4H, benzene H), 9.05 (s, 1H, NH), 12.35 (s, 1H, COOH). IR (KBr) 3,671, 3,265, 1,708, 1,641. HRMS-ESI m/z calculated for C11H11ClNO3 [M + H]+ 240.04220, found 240.04193.

Structures of B2 and B5 were showed in Figure 1. The two compounds were screened by the inhibitory effect on seed germination activity (Zhou et al., 2013; Han et al., 2015; Supplementary Table 1).
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FIGURE 1
Structures of abscisic acid (ABA) and the analogs.





Treatments and experimental design

The seedlings were pretreated by culturing in Hoagland nutrient solution containing ABA, B2, or B5 at a concentration of 0.01 μM for 24 h and then were cultured under normal (Hoagland nutrient solution) or salinity conditions (Hoagland nutrient solution with 150 mM NaCl). The experimental design was followed as given Table 1. Each treatment was independently replicated three times and arranged in a completely randomized design.


TABLE 1    Treatments of experimental design.
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After 6 days of salinity treatment, the youngest fully expanded leaf of each treatment was sampled immediately in liquid nitrogen and stored at –80°C for the determination of free oxygen radicals, malonaldehyde (MDA) level, solute leakage, 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity, and antioxidant enzymes.

The seedlings were treated for 11 days and then dried at 80°C for 24 h (Azri et al., 2020). The seedling dry weights of both root and shoot were measured individually. The root/shoot ratio was calculated as the root dry weight divided by the corresponding shoot dry weight.



Determination of reactive oxygen species generation

The ROS generation was expressed as the accumulation of O2– and H2O2. The content of O2– was determined by monitoring the formation rate of nitrite from hydroxylamine according to Verma and Mishra (2005). The assay was performed by homogenizing 0.3 g frozen leaves in 4 mL 50 mM phosphate buffer (pH 7.8) in an ice bath and then centrifuging at 12,000 r/min for 15 min at 4°C. The supernatant was then subject to quantification of O2–. The formation rate of O2– was calculated from the standard curve of NaNO2 reagent.

H2O2 was extracted following the method of Okuda et al. (1991). A measure of 0.3 g frozen leaf was homogenized in 200 mM ice-cold perchloric acid. After centrifugation at 3,000 r/min for 10 min, the supernatant was transferred into a new tube and neutralized with 4 M KOH. Insoluble potassium perchlorate was eliminated by centrifugation at 3,000 r/min for 10 min. The reaction was started by the addition of peroxidase (horseradish, J&K Scientific Co., Ltd., Beijing, China), and the increase in absorbance was recorded at 590 nm for 3 min (UV-6000PC, Shanghai Metash Instruments Co., Ltd., Beijing, China).



Assay of lipid peroxidation and membrane permeability

Lipid peroxidation in the leaf was determined by measuring the amount of MDA using thiobarbituric acid (Dhindsa et al., 1981). A measure of 0.3 g sample was homogenized with 4 mL 10% trichloroacetic acid and centrifuged at 8,000 r/min for 15 min at 4°C. The supernatant was mixed with 0.6% thiobarbituric acid at a 1:1 ratio and then incubated at 100°C for 15 min. The absorbance of the reaction solution was determined at wavelengths of 450, 532, and 600 nm.

Membrane permeability was determined by relative conductivity (Lt/L0) as described in Lutts et al. (1996). The latest fully expanded leaves from three seedlings were washed three times with distilled water to remove surface-adhered electrolytes and were then cut into 1 cm segments per treatment. The tissue segments were placed in stoppered vials with 10 mL distilled water and were incubated in the dark at 25°C in a rotary shaker at 120 r/m. After 24 h, the electrical conductivity of the bath solution (Lt) was measured. The samples were then autoclaved for 30 min to achieve 100% electrolyte leakage, and a final conductivity reading (L0) was recorded upon equilibration at 25°C.



Estimation of soluble sugar and soluble protein contents

The soluble sugar content in the leaf was evaluated at 620 nm using a spectrophotometer following the anthrone method (Fales, 1951). Fresh leaves (0.5 g) were put into 15 ml of distilled water and boiled in a water bath for 20 min. After cooling, 5 mL of anthrone was added to 0.1 mL of the boiled sample. Then, 3 ml of the boiled sample was transferred to a cuvette, and the absorbance was read. Finally, the content of total soluble sugar in the samples was calculated using a standard glucose curve.

The soluble protein concentration was estimated following the method described by Sedmak and Grossberg (1977) in a microplate spectrometer (Multiskan FC, Thermo Fisher Scientific Inc., United States). A standard curve of bovine serum albumin was used to determine soluble protein concentrations.

The proline content was determined following the method of Koca et al. (2007). The leaf samples (0.3 g) from each treatment were homogenized in 5 mL of 3% (w/v) sulfosalicylic acid and then soaked in a boiling water bath for 10 min. After cooling, 1 mL of supernatant was boiled in a 100°C water bath for 1 h after the addition of 2 mL of 2.5% acid ninhydrin and 1 mL of glacial acetic acid. The mixture was placed in an ice bath to stop the reaction and extracted with 4 mL of toluene. After static stratification, the toluene phase was taken to determine the absorption value at 520 nm. Proline concentration was calculated using a calibration curve.



Determination of 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity

The DPPH radical scavenging activity was determined following the method of Sairam and Srivastava (2002). After 0.2 g fresh leaves were homogenized in 3.0 mL pure ethanol at 4°C and centrifuged at 8,000 r/min for 15 min, 0.2 mL supernatant was mixed with 0.5 mL 0.5 mM freshly prepared DPPH, 1.8 mL absolute ethanol, and 2 mL 0.1 M acetate buffer (pH 5.5). The reaction mixtures were shaken vigorously and incubated for 30 min at room temperature. Then, the absorbance of the mixture was measured at 517 nm, and DPPH radical scavenging activity was calculated as described by Jao and Ko (2002).



Determination of hormone contents

An indirect ELISA technique was used to determine the content of hormones, including ABA, JA, ZR, and gibberellic acid (GA). Extraction and purification of hormones were carried out according to Yang et al. (2001). The specificity of monoclonal antibodies and other possible non-specific immunoreactive interference were checked by Wu et al. (1988), Zhang et al. (1991), and He (1993) and proved reliable.



Activity analysis of antioxidant enzymes

The enzyme activities of CAT, POD, APX, and GR were measured as described by Parida et al. (2004). Fresh leaves (0.5 g) were ground using a chilled pestle and mortar, and homogenized in 2 mL of sodium phosphate buffer (50 mM, pH 7.0) at 4°C as described by Gossett et al. (1994). The buffer contained 2% polyvinylpyrrolidone, 0.1 mM EDTA, 1 mM D isoascorbic acid, and 0.05% (w/v) Triton X-100. After centrifuging at 10,000 r/min for 30 min at 4°C, the supernatants were collected and used for the detection. Then, one unit of enzyme was taken as the amount of enzyme required to disintegrate 1 μmol of the substrate in 1 min at 25°C.

Catalase activity was measured using the disappearance rate of H2O2 at 240 nm (Sairam and Srivastava, 2002). The reaction mixture contained 50 mM potassium phosphate (pH 7.0) and 10.5 mM H2O2 (Miyagawa et al., 2000). Then, the enzyme extract (containing 20 μg of protein) was added to the reaction mixture, and the reaction was run at room temperature for 2 min. The activity was calculated with an absorbance at 240 nm of the initial linear rate of decrease. The activity was calculated with the initial linear rate of decrease in an absorbance at 240 nm.

Guaiacol peroxidase activity was determined spectrophotometrically at 25°C (Tatiana et al., 1999). The reaction mixture contained 50 mmol/L potassium phosphate (pH 7.0), 2 mM H2O2, and 2.7 mM guaiacol. The enzyme extract (equivalent to 5 μg protein) was added to 2 mL of the reaction mixture to start the reaction. The formation of tetraguaiacol was measured at 470 nm (ε = 26.6 mmol/L–1cm–1).

The activity of ascorbate peroxidase was measured according to Kuk et al. (2003). The reaction mixture contained 50 mM potassium phosphate (pH 7.0), 0.5 mM ascorbic acid, 0.2 mM EDTA, and 0.25 mM H2O2. The enzyme extract (containing 50 μg of protein) and H2O2 were added to the reaction mixture in turn. Then, the reaction was started at 25°C. The absorbance decrease was recorded at 290 nm for 1 min, and the amount of oxidized ascorbic acid was calculated based on the extinction coefficient of 2.8 mmol/L–1cm–1.

Glutathione reductase was assayed at 25°C by measuring NADPH oxidation rate through the absorbance decrease at 340 nm (ε = 6.2 mmol/L–1cm–1) following to the method of Klapheck et al. (1990). The reaction mixture (1 mL) was composed of 100 mM Tris–HCl (pH 7.8), 0.005 mM NADPH, 21 mM EDTA, 0.5 mM oxidized glutathione (GSSG), and the enzyme extract. The reaction was started by the addition of NADPH.

For the analysis of superoxide dismutase, the leaf tissue (1 g) was ground with a chilled pestle and mortar, and homogenized in 8 mL of potassium phosphate buffer (50 mM, pH 7.8), which contained 1% insoluble PVP and 0.1 mM Na2EDTA. After centrifugation at 20,000 r/min for 20 min, the supernatant was collected and used for the detection of SOD according to the method of Beyer and Fridovich (1986). The reaction mixture contained 27 mL of 50 mM potassium phosphate (pH 7.8), 1.5 mL of 30 mg/mL L-methionine, 1 mL of 1.44 mg/mL nitroblue tetrazolium salt, and 0.75 mL of Triton X-100. The enzyme extract (20 μL) and 44 mg/L riboflavin (10 μL) were added to the reaction mixture (1 mL). Then, the mixtures were illuminated by exposing to light of 20 W fluorescent tubes for 7 min. The increase in absorbance at 560 nm was read, and the activity of SOD was calculated by measuring the percentage inhibition per minute. Overall, 50% of inhibition was defined as equivalent to 1 unit of SOD activity.



Activity staining of antioxidase isozymes

The activity staining was carried by native polyacrylamide gel electrophoresis (PAGE) following the method of Laemmli (1970). The samples were loaded onto the gels after mixed with 10% glycerol (v/v) and 0.25% bromophenol blue. Protein extract (40 μg) was applied in each lane. The electrophoretic run was completed at a current of 35 mA at 4°C.

Different SOD isoenzymes were separated using 4% stacking gel and 12% running gel at 4°C (Xie et al., 2007). After electrophoresis, the gels were soaked in 50 mM phosphoric acid buffer (pH = 7.8), containing 0.03 mM riboflavin, 0.25 mM NBT, and 28 mM TEMED for 30 min in the dark at room temperature. Then, the gels were irradiated with a fluorescent lamp to start the photochemical reaction, and SOD was localized.

Different CAT isoenzymes were separated on 7.5% polyacrylamide gel containing 0.5% soluble starch at 4°C following the method of Kuk et al. (2003). After electrophoresis, the gels were immediately incubated in a solution for 30 s at 25°C, which contained 18 mM sodium thiosulphate and 679 mM H2O2. Then, the gel was successively washed with distilled water and 90 mM potassium iodide solution containing 0.5% glacial acetic acid. Negative bands of CAT isoenzymes appeared on the gel with a blue background.

Different POD isoenzymes were separated using 4% stacking gel and 5.5% running gel at 4°C (Parida et al., 2004). The gels were dyed in the staining solution [containing 50 mM phosphoric acid buffer (pH = 5.0), 0.03 mM riboflavin, 0.1 mM EDTA-Na2, 0.25 mM NBT, and 28 mM TEMED] for 30 min in the dark.

Different APX isozymes were separated on 7.5% non-denaturing polyacrylamide gel (containing 1.1 M sorbitol and 1 mM Na-ascorbate) at 4°C (Parida et al., 2004). After electrophoresis, the gels were stained in 50 ml of 100 mM potassium phosphate buffer (pH 6.4) containing 20 mM guaiacol and 5.55 mM H2O2. After washing two times with 10 mM potassium phosphate (pH 6.0), the gels were incubated in the same buffer containing 4 mM Na ascorbate and 4 mM H2O2 for 15 min at 25°C. The gels were rinsed with water and incubated with oscillations for 3 min. The gels were then immersed in the solution of 2.4 mM potassium ferricyanide.

Activity staining of GR was performed on 7.5% PAGE following the method of Rao et al. (1996). After electrophoresis, the gels were rinsed with distilled water and immersed in staining solution (50 mL of 25 mM Tris–HCl buffer, pH 7.5, containing 10 mg MTT, 3.4 mM GSSG, 10 mg DCPIP, and 0.5 mM NADPH) until GR isozyme bands appeared on the gel.



RNA extraction and quantitative reverse transcription polymerase chain reaction assay

Reverse transcription polymerase chain reaction (RT-qPCR) analysis and leaf tissues of different treatments were used for total RNA extraction. Total RNA extraction and quantitative polymerase chain reaction (qPCR) assay were conducted, as described by Zheng et al. (2018). β-Actin was used as an internal control. Primer sequences for qPCR were designed according to the coding sequence of TaSOS1 and TaTIP2;2 by using Primer 5 software and checked using the BLAST search in the apple genomic database. The primer sequences are shown in Supplementary Table 2. For each sample, three individual repeats of biological experiments were used for statistical analysis.



Statistical analysis

A completely randomized design was adopted with three biological replicates for physiology in this study. The experiments were carried out in triplicate. Data were analyzed using ANOVA in SAS (SAS Institute, Cary, NC, United States). P < 0.05 was considered statistically significant (Student’s t-tests).




Results


Effect of exogenous treatments on plant biomass

To characterize the effects of ABA and ABA analogs on salt tolerance in wheat seedling growth, we measured the biomass of wheat seedlings under different treatments. Different responses to salinity were observed in control and pretreated seedlings (Figure 2). After salt treatment for 11 days, leaf yellowing was more severe in untreated seedlings than in the pretreated seedlings. Salinity stress also altered root elongation and reduced the growth rate of wheat seedlings, which lead to the reduction of biomass. Under both normal and salinity conditions, wheat seedlings treated with different small molecules did not show significant differences in biomass, including shoot dry weight, root dry weight, total dry weight, root/shoot ratio, and plant height of wheat seedlings (Table 2).
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FIGURE 2
Morphology of wheat seedlings with different exogenous treatments under normal and salinity conditions. Wheat seedlings at three-leaf stage were incubated in Hoagland solution with a particular chemical for 24 h and were then transferred into fresh Hoagland solution with or without 150 mM NaCl. Pictures were taken at 11 days after salt treatment. CK, control; ABA, ABA treatment under normal conditions; B2, B2 treatment under normal conditions; B5, B5 treatment under normal conditions; Salt, salinity treatment; salt + ABA, ABA treatment under salt stress; salt + B2, B2 treatment under salt stress; salt + B5, B5 treatment under salt stress.



TABLE 2    Shoot dry weight, root dry weight, total dry weight, root/shoot ratio, and plant height of wheat seedlings treated with B2 and B5 after salt treatment for 11 days.
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Under non-stressed conditions, the total dry weight was significantly increased by 25%, 35%, and 30%, respectively, by the application of ABA, B2, and B5 compared with the control. The plant height was significantly increased by 13.4 and 7.4% by the application of B2 and B5 compared with the control, but not significant in ABA treatment. Under salt-stressed conditions, the wheat seedlings were seriously damaged in salt treatment, and the total dry weight of seedlings was reduced by 60% compared with the control. The exogenous application of ABA, B2, and B5 remarkably increased total dry biomass to 260, 290, and 240%, respectively, compared with the plants under salt treatment and alleviated the effect of salt stress on wheat seedlings. Moreover, a greater root/shoot ratio was observed in pretreated wheat under the salt-stressed condition, indicating that exogenous application increased root growth more than shoot growth. Surprisingly, the biomass of B2-treated plants under salt-stressed conditions was significantly higher (15%) than that of the control plants under normal conditions. The results indicated that B2 enhanced plant growth more than ABA and B5 and could even enhance the biomass of wheat while eradicating the growth restriction posed by salt stress.



Effects of exogenous B2 on the reactive oxygen species generation and cell membrane

As the accumulation of ROS in plants can be induced by salt stress, we next investigated ROS levels in the leaves under different treatments by monitoring the accumulation of O2– and H2O2. Under normal conditions, the generation rate of O2– in young wheat leaves was not affected by the applications of ABA and B2 (Figure 3A). As expected, the plants exhibited increased accumulation of both O2– and H2O2 upon salt stress. The generation rate of O2– was sharply induced by salinity stress but was reduced by 22.67 and 23.33%, respectively, when exogenous ABA and B2 were applied. Salt stress significantly increased the content of H2O2, which was reduced by the application of ABA and B2 under salt-stressed conditions (Figure 3B). The reduction was also observed under B2 treatment under normal conditions.


[image: image]

FIGURE 3
Effects of B2 on ROS generation, peroxidation, and membrane permeability in wheat seedlings after chemical treatments for 6 days. (A) Formation rate of O2–. (B) H2O2 content. (C) MDA content. (D) Electrolyte leakage. CK, control; A, ABA treatment under normal conditions; B, B2 treatment under normal conditions; S, salinity treatment; S + A, ABA treatment under salt stress; S + B, B2 treatment under salt stress. Data are presented as treatment mean with SE (n = 3). Bars with the same letter are not significantly different at P = 0.05.


To determine whether the increased ROS level induced cell injury, we evaluated the MDA content and electrolyte leakage. The plants without pretreatment exhibited an increased accumulation of MDA and electrolyte leakage under salt conditions compared with those under normal conditions (Figure 3C). ABA and B2 could reduce the MDA content by 23.6 and 33.0%, respectively, under salt-stressed conditions, compared with untreated conditions. B2 also decreased electrolyte leakage by 36.5% after salt treatment (Figure 3D). Lower levels of MDA and electrolyte leakage indicated that the cell membrane integrity was protected by ABA or B2, due to their reduction on ROS.



Effects of exogenous B2 on the osmolytes

Under salt stress, plants can reduce osmotic potential and adapt to the salt environment by synthesizing and accumulating osmotic regulatory substances. To explore the ability of wheat seedlings to resist salt stress, the contents of osmolytes were measured, including soluble sugar, proline, and soluble protein (Figure 4). Salinity increased the content of soluble sugar and soluble protein, while decreased the content of proline. Exogenous application of ABA and B2 had no significant effect on the content of soluble sugar and protein under neither condition (Figures 4A,C). However, exogenous applications decreased the proline content under both normal and salinity conditions compared with untreated control and salt treatment (Figure 4B). The expression of soluble protein was also measured, but the differences between the treatments were not significant under both normal and stress conditions (Figure 4D).
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FIGURE 4
Effects of B2 on osmolytes in wheat seedlings after salt treatments for 6 days. (A) Soluble sugar content. (B) Proline content. (C) Soluble protein content. (D) Soluble protein expression. CK, control; A, ABA treatment under normal conditions; B, B2 treatment under normal conditions; S, salinity treatment; S + A, ABA treatment under salt stress; S + B, B2 treatment under salt stress. Data are presented as treatments mean with SE (n = 3). Bars with the same letter are not significantly different at P = 0.05.




Effects of exogenous B2 on content of endogenous hormones

As known, plant hormones play an important role in stress response. In order to explore whether B2 is involved in regulating other plant hormones in the process of improving wheat tolerance to salt stress, the contents of endogenous hormones were measured, including ABA, JA, ZR, and GA (Figure 5). Under normal conditions, the contents of ABA, JA, and GA were not affected by the application of exogenous ABA and B2, while the contents of ZR were increased. Under salt-stressed conditions, the contents of ABA and JA were significantly induced by salinity stress, and the ZR content was obviously decreased. The exogenous applications of ABA and B2 significantly increased the contents of ZR and GA but had no significant effect on the content of ABA and JA.
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FIGURE 5
Effects of B2 on the endogenous hormone contents in leaves of wheat seedlings after salt treatments for 6 days. (A) ABA. (B) JA. (C) ZR. (D) GA. CK, control; A, ABA treatment under normal condition; B, B2 treatment under normal conditions; S, salinity treatment; S + A, ABA treatment under salt stress; S + B, B2 treatment under salt stress. Data are presented as treatment mean with SE (n = 3). Bars with the same letter are not significantly different at P = 0.05.




Effects of exogenous B2 on activities of antioxidant enzyme and 1,1-diphenyl-2-picrylhydrazyl scavenging

Under abiotic stresses, antioxidant enzymes have a role in ROS detoxification, which contributes to ROS scavenging. We measured the activities of antioxidant enzymes including SOD, CAT, POD, APX, and GR in wheat seedlings under different treatments for 6 days. ABA and B2 treatments worked differently on the enzymes (Figures 6A–E). Under normal conditions, ABA treatment increased the activity of CAT and POD, while B2 treatment increased the activity of CAT and GR. Under salinity conditions, the activities of SOD and APX were not affected but were significantly increased by the application of ABA and/or B2. Under salt stress, the effect of ABA on APX was not significant; however, the effect of B2 was significant (according to Figure 6D). The activity of CAT, POD, and GR was stimulated by salt stress. Under salt stress, ABA increased the activity of SOD, CAT, and POD, while B2 increased the activity of SOD, POD, and APX.
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FIGURE 6
Effects of B2 on the activity of antioxidant enzymes and the 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging in leaves of wheat seedlings after salt treatments for 6 days. (A) SOD. (B) CAT. (C) POD. (D) APX. (E) GR. (F) Activity of DPPH scavenging. CK, control; A, ABA treatment under normal conditions; B, B2 treatment under normal conditions; S, salinity treatment; S + A, ABA treatment under salt stress; S + B, B2 treatment under salt stress. Data are presented as treatments mean with SE (n = 3). Bars with the same letter are not significantly different at P = 0.05.


The non-enzymatic antioxidant activity was also estimated by monitoring DPPH scavenging (Figure 6F). Neither molecule affected the activity under unsalted conditions. Under salt stress, DPPH scavenging activity decreased significantly compared with the control. Both ABA and B2 treatment increased DPPH scavenging significantly, thus alleviating salt stress.

Native PAGE of antioxidant enzymes further revealed that the affection was not the same for all of the antioxidant enzyme isoforms (Figure 7). Under normal conditions, ABA treatment increased the intensity of CAT3/4/5, POD1, and GR2/3/4, while B2 treatment increased the intensity of CAT3/4/5 and GR2/3/4, which were consistent with the results of enzyme activity. The intensity of SOD1, SOD3, POD1, and GR4 increased under salt treatment, while APX2 and CAT2 decreased significantly. Pretreatment with ABA and B2 led to significant increases in SOD3 (particularly) and POD1/2 compared with salt-treated samples under salt treatment. Meanwhile, B2 also significantly increased the intensity of APX1/2, which is different from the results of enzyme activity.
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FIGURE 7
Native PAGE of antioxidant enzymes in leaves of wheat seedlings after salt treatments for 6 days. (A) SOD. (B) CAT. (C) POD. (D) APX. (E) GR (lane 1: control; lane 2: ABA; lane 3: B2; lane 4: salt; lane 5: salt + ABA; lane 6: salt + B2).




Effects of exogenous B2 on the expression of TaSOS1 and TaTIP2;2 genes

In order to explore the regulation mechanisms of B2, the expressions of TaSOS1 (a transmembrane Na+/H+ antiporter) and TaTIP2;2 (a wheat aquaporin gene) genes were measured (Figure 8). The results showed that the expressions of TaSOS1 genes were upregulated, and those of TaTIP2;2 were suppressed by ABA and B2 treatments under normal conditions compared with the control. Both gene expressions were suppressed by salinity. Under salt-stressed conditions, the TaSOS1 gene was upregulated by ABA and was more significantly upregulated by B2 compared with the salt treatment, while TaTIP2;2 genes were suppressed.
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FIGURE 8
Effects of B2 on the expression of salt-responsive genes in wheat seedlings after salt treatments for 6 days. (A) Gene expression of TaSOS1 (a transmembrane NA+/H+ antiporter). (B) Gene expression TaSOS2;2 (a wheat aquaporin gene). Control; ABA, ABA treatment under normal conditions; B2, B2 treatment under normal conditions; salt, salinity treatment; salt + ABA, ABA treatment under salt stress; salt + B2, B2 treatment under salt stress. Data are presented as treatments mean with SE (n = 3). Bars with the same letter are not significantly different at P = 0.05.





Discussion

Soil salinization is one of the major factors that negatively affect crop growth and limit agricultural production (Iqbal et al., 2018). Improving the salt tolerance of crops is essential for sustainable agriculture. To cope with such adverse conditions, plants develop certain internal mechanisms, but these mechanisms often fail to tolerate severe stresses. Among the various strategies, the application of plant growth regulators (PGRs) has gained significant attention to induce salt tolerance in plants (Rademacher, 2015). The application of ABA is an effective method to improving salt tolerance in plants (Iqbal et al., 2014). However, ABA is limited as a plant growth regulator due to its instable structure and being easily degraded in plant. In this study, we synthesized two ABA functional analogs and evaluated the function of alleviating the adverse effects of salinity in wheat seedlings. It was found that the effect of B2 was similar to ABA and better than B5 at 0.01 μM. Therefore, B2 was chosen as the target compound for further evaluation. Biomass yield, that is, dry weight, root/shoot ratio, and plant height, and physiological characteristics, that is, ROS generation and cell membrane integrity, osmolyte and endogenous hormone content, activities of antioxidant enzymes, DPPH scavenging, activity staining of antioxidase isozymes, and expression of TaSOS1 and TaTIP2 genes in wheat seedlings under normal or salinity conditions with different exogenous treatment or not were investigated in this study.

Salinity stresses could disturb normal growth of plants (Sharma et al., 2019). In this study, the results showed that the differences in the aforementioned parameters of biomass and physiological characteristics between untreated plants and B2-treated plants were not significant under normal conditions. Salt stress significantly affected most parameters investigated in this study. The applications of ABA and B2 could ameliorate salt-induced growth inhibition in wheat seedlings. Responses of wheat seedlings treated by ABA or B2 to salt treatment were partially different from each other, indicating that the physiological and biochemical mechanisms of B2 and ABA were different.

One of the initial effects of salinity stress on plants is the reduction of growth, which leads to the reduction of biomass. Salinity inhibits plant growth in two ways. One is the water-deficit or osmotic effect on the ability of plants to absorb water, which leads to slower growth. The other is the ion-excess or salt-specific effect on transpiration stream, which eventually injure cells in leaves and furtherly reduce plant growth (Parihar et al., 2015). The salinity in the root zone can inhibit root growth and increase leaf thickness. It has been shown that salt stress decreased the biomass of various plants in comparison with that of plants under normal conditions (Ahmad et al., 2019). In this study, salinity stress could significantly reduce the biomass of wheat seedlings, including dry weight, root/shoot ratio, and plant height, which was in agreement with previous studies. The exogenous B2 treatment could recover the amount of dry matter to a normal level. Plant development is also affected under abiotic stresses by various physiological and biochemical mechanisms, such as antioxidant systems and hormonal signaling (Oyiga et al., 2016).

Under salt stress, plants encounter three main challenges, including osmotic stress, ion toxicity, and oxidative damage. The generation and accumulation of ROS are usually induced by osmotic stress and ionic stress, which lead to oxidative damage (Parihar et al., 2015). Several research studies have revealed that the content of H2O2 and O2– are significantly induced in different plants under salinity stress, such as cotton (Wang et al., 2016), Mung bean (Ahmad et al., 2019), Brassica juncea (Kaur et al., 2018), and Lepidium draba (Goharrizi et al., 2019). The results of the H2O2 content and generation rate of O2– are similar to the previous results reported by Goharrizi et al. (2019). In our study, the H2O2 content and generation rate of O2– in young wheat leaves were not affected by the applications of ABA under normal conditions in comparison with those of control plants, while the applications of B2 decreased the H2O2 content. As expected, the accumulation of both O2– and H2O2 in salt-treated plants increased significantly, which were reduced by the exogenous ABA and B2 treatments. Overall, the exogenous applications could eliminate the impact of salinity on the generation rates of O2– and H2O2 content in salt-stressed wheat seedlings, and B2 showed effects similar to ABA.

The accumulation of O2– and H2O2 in plant cells leads to membrane damage and electrolyte leakage (Wang et al., 2012). The MDA content and electrolyte leakage are important indexes for plant resistance via lipid peroxidation and plasma membrane. Phytohormones could trigger the biosynthesis of osmolytes in plants growing under various environmental conditions (Sharma et al., 2019). Under stress conditions, ABA maintains the osmotic adjustments by regulating the biosynthesis and of accumulation of osmolytes in plant cells (Sarafraz-Ardakani et al., 2014; Karimi and Ershadi, 2015). In this study, the salt-treated plants exhibited increased accumulation of MDA and electrolyte leakage, which were similar to a previous research (Goharrizi et al., 2019). The MDA content was reduced by both exogenous ABA and B2 under normal and salt stress conditions. The electrolyte leakage content was decreased by exogenous ABA and B2 treatments only under salt stress conditions. Exogenous application of ABA and B2 was proved to relieve the membrane damage induced by salt stress.

Accumulations of carbohydrates, such as sugar and starch, are elevated under salt stress (Vijayalakshmi et al., 2016). It has been proved that plants increase the contents of sugars and other compatible solutes to decrease osmotic damage under salinity stress (Ashraf and Foolad, 2007). The major role of these carbohydrates involves carbon storage, osmo-protection, and scavenging of reactive oxygen species to relieve stress (Yancey, 1994). The sucrose content was found to increase in tomato (Solanum lycopersicum) under salinity by increasing the activity of sucrose phosphate synthase (Pressman et al., 2012). The results showed that the soluble protein content in Astragalus membranaceus var. mongolicus seedlings increased by the increase in the chloride concentration (Zhao et al., 2016). Salt stress induced the production of new proteins, meanwhile, increased the mass fraction of original proteins, thus causing an increase in the soluble protein content (Bertazzini et al., 2018).

To prevent oxidative damage induced by salt stress, plants have developed an antioxidant system, which comprises antioxidants and antioxidant enzymes, to maintain a dynamic balance of ROS. Enzymatic ROS scavenging mechanisms mainly include SOD, POD, CAT, APX, and GR (Islam et al., 2021). A previous study revealed that ABA induced the activities of POD and CAT under drought conditions (Sarafraz-Ardakani et al., 2014). When exogenous B2 was applied, the activities of SOD, POD, and APX were significantly increased compared with those with no exogenous application under salt stress. The exogenous application of B2 triggers the antioxidant enzyme systems of plants under salt stress and thus decreased the oxidative stress. Despite the activity of SOD, CAT, POD, APX, and GR form a network to scavenge ROS, plants also possess a non-enzymatic antioxidant. DPPH radical scavenging activity reflects the potential of non-enzymatic antioxidant activity. The high level of DPPH radical scavenging has been associated with increased salinity tolerance (Xie et al., 2007). In general, the antioxidant system was significantly stimulated by B2, similar to that by ABA, contributing to enhance performance under salt stress conditions at the whole plant level.

In conclusion, the exogenous ABA analog B2 showed effects similar to ABA and could alleviate the damage of salt stress to wheat seedlings. In terms of physiology, B2 reduced electrolyte leakage and lipid peroxidation and affected the hormone and antioxidant response under salt stress. While in terms of growth performance, the application of B2 promoted the growth of wheat seedlings under normal conditions, while increased the plant height and dry matter to a stress-free level under salinity conditions. Although the mechanism still needs to be further studied, the present results can support the conclusion that the exogenous application of B2 could be a feasible way to improve the salt tolerance of winter wheat seedlings. ABA plays an important role in plant growth and development, such as seed dormancy and adaptation to many abiotic stresses. Although B2 mimics the functions of ABA, further detections will be required to establish which responses of ABA are activated by B2. Before applying for agricultural purposes, it is necessary to perform toxicological assays. The value of plant growth regulators is that they can be applied on demand, whereas crop genetics cannot be implemented in one growing season. A common role of genetics and chemistry is likely to have maximum benefit (Cao et al., 2017). B2 is a new chemical tool for improving plant salinity tolerance.



Data availability statement

The original contributions presented in this study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

CY and LD designed the study. CY, FZ, and ZR performed the experiments. WT, LJ, SC, ZX, YX, and YZ analyzed the data. CY, RW, and LD wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was sponsored by grants from the National Key Research and Development Program of China (No. SQ2017ZY060073) and the National Key Research and Development Program of China (2017YFD0201300).



Conflict of interest

Authors FZ, ZR, and SC were employed by Shenyang Research Institute of Chemical Industry Co., Ltd.

The remaining 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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.916287/full#supplementary-material



References

Ahmad, B., Zaid, A., Sadiq, Y., Bashir, S., and Wani, S. H. (2019). “Role of selective exogenous elicitors in plant responses to abiotic stress tolerance,” in Plant Abiotic Stress Tolerance, eds M. Hasanuzzaman, K. H. Hakeem, K. Nahar, and H. F. Alharby (Switzerland, FL: Springer), 273–290.

Amzallag, G. N., Lerner, H. R., and Poljakoff-Mayber, A. (1990). Exogenous ABA as a modulator of the response of sorghum to high salinity. J. Exp. Bot. 41, 1529–1534. doi: 10.1093/jxb/41.12.1529

Ashraf, M., and Foolad, M. R. (2007). Roles of glycine betaine and proline in improving plant abiotic stress resistance. Environ. Exp. Bot. 59, 206–216. doi: 10.1016/j.envexpbot.2005.12.006

Azri, W., Cosette, P., Guillou, C., Guillou, C., Rabhi, M., Nasr, Z., et al. (2020). Physiological and proteomic responses to drought stress in leaves of two wild grapevines (Vitis sylvestris): A comparative study. Plant Growth Regul. 91, 37–52. doi: 10.1007/s10725-020-00586-4

Bertazzini, M., Sacchi, G. A., and Forlani, G. (2018). A differential tolerance to mild salt stress conditions among six Italian rice genotypes does not rely on Na+ exclusion from shoots. J. Plant Physiol. 226, 145–153. doi: 10.1016/j.jplph.2018.04.011

Cao, M. J., Zhang, Y. L., Liu, X., Huang, H., Zhou, X. E., Wang, W. L., et al. (2017). Combining chemical and genetic approaches to increase drought resistance in plants. Nat. Commun. 8:1183. doi: 10.1038/s41467-017-01239-3

Dhindsa, R. S., Plumb-Dhindsa, P., and Thorpe, T. A. (1981). Leaf senescence: Correlated with increase leaves of membrane permeability and lipid peroxidation and decreased levels of superoxide dismutase and catalase. J. Exp. Bot. 32, 93–101. doi: 10.1093/jxb/32.1.93

Fales, F. W. (1951). The assimilation and degradation of carbohydrates by yeast cells. J. Biol. Chem. 193, 113–124. doi: 10.1515/bchm2.1951.286.1-6.270

Fridovich, I. (1986). Biological effects of the superoxide radical. Arch. Biochem. Biophys. 247, 1–11. doi: 10.1016/0003-9861(86)90526-6

Garg, B. K., and Gupta, I. C. (1999). Physiology of salt tolerance of arid zone crops. VI. Wheat Curr. Agri. 23, 1–24.

Goharrizi, K. J., Riahi-Madvar, A., Rezaee, F., Pakzad, R., Bonyad, F. J., and Ahsaei, M. G. (2019). Effect of salinity stress on enzymes’ activity, ions concentration, oxidative stress parameters, biochemical traits, content of sulforaphane, and CYP79F1 gene expression level in Lepidium draba Plant. J. Plant Growth Regul. 39, 1075–1094. doi: 10.1007/s00344-019-10047-6

Gossett, D. R., Millhollon, E. P., and Lucas, M. C. (1994). Antioxidant response to NaCl stress in salt tolerant and salt sensitive cultivars of cotton. Crop Sci. 34, 706–714. doi: 10.2135/cropsci1994.0011183x003400030020x

Gupta, B., and Huang, B. R. (2014). Mechanism of salinity tolerance in plants: Physiological, biochemical, and molecular characterization. Int. J. Genomics 2014:701596. doi: 10.1155/2014/701596

Gurmani, A. R., Bano, A., Ullah, N., Khan, H., Jahangir, M., and Flowers, T. J. (2013). Exogenous abscisic acid (ABA) and silicon (Si) promote salinity tolerance by reducing sodium (Na+) transport and bypass flow in rice (‘Oryza sativa’ indica). Aust. J. Crop Sci. 7, 1219–1226.

Han, X. Q., Wan, C., Li, X. Y., Li, H., Yang, D. Y., Du, S. J., et al. (2015). Synthesis and bioactivity of 2’,3’-benzoabscisic acid analogs. Bioorg. Med. Chem. Lett. 25, 2438–2441. doi: 10.1016/j.bmcl.2015.03.071

He, Z. P. (1993). “Guidance to experiment on chemical control in crop plants,” in Guidance to Experiment on Chemical Control in Crop Plants, ed. Z. P. He (Beijing: Beijing Agricultural University Publishers), 60–68. doi: 10.1002/jsfa.10700

Hoagland, D. R., and Arnon, D. I. (1950). The Water-Culture Method for Growing Plants Without Soil. California: California Agricultural Experiment Station, 347.

Ibrahimova, U., Kumari, P., Yadav, S., Rastogi, A., Antala, M., Suleymanova, Z., et al. (2021). Progress in understanding salt stress response in plants using biotechnological tools. J. Biotechnol. 329, 180–191. doi: 10.1016/j.jbiotec.2021.02.007

Iqbal, M. N., Rasheed, R., Ashraf, M. Y., Ashraf, M. A., and Hussain, I. (2018). Exogenously applied zinc and copper mitigate salinity effect in maize (Zea mays L.) by improving key physiological and biochemical attributes. Environ. Sci. Pollut. Res. 25, 23883–23896. doi: 10.1007/s11356-018-2383-6

Iqbal, N., Umar, S., Khan, N. A., and Khan, M. I. R. (2014). A new perspective of phytohormones in salinity tolerance: Regulation of proline metabolism. Environ. Exp. Bot. 100, 34–42. doi: 10.1016/j.envexpbot.2013.12.006

Islam, S., Zaid, A., and Mohammad, F. (2021). Role of triacontanol in counteracting the ill effects of salinity in plants: A review. J. Plant Growth Regul. 40, 1–10. doi: 10.1007/s00344-020-10064-w

Javid, M. G., Sorooshzadeh, A., Moradi, F., Seyed, A. M. M. S., and Allahdadi, I. (2011). The role of phytohormones in alleviating salt stress in crop plants. Aust. J Crop Sci. 5, 726–734.

Jao, C. L., and Ko, W. C. (2002). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging by protein hydrolyzates from tuna cooking juice. Fish. Sci. 68, 430–435. doi: 10.1046/J.1444-2906.2002.00442.X

Jebara, S., Jebara, M., Limam, F., and Aouani, M. E. (2005). Changes in ascorbate peroxidase, catalase, guaiacol peroxidase and superoxide dismutase activities in common bean (Phaseolus vulgaris) nodules under salt stress. J. Plant Physiol. 162, 929–936. doi: 10.1016/j.jplph.2004.10.005

Jiang, M. Y., and Zhang, J. H. (2004). Abscisic acid and antioxidant defense in plant cells. Acta Botanica. Sin. 46, 1–9. doi: 10.1046/j.1365-3180.2003.00373.x

Karimi, R., and Ershadi, A. (2015). Role of exogenous abscisic acid in adapting of ‘Sultana’grapevine to low-temperature stress. Acta Physiol. Plant 37:151. doi: 10.1007/s11738-015-1902-z

Kaur, H., Sirhindi, G., Bhardwaj, R., Alyemeni, M. N., Siddique, K. H. M., and Ahmad, P. (2018). 28-homobrassinolide regulates antioxidant enzyme activities and gene expression in response to salt- and temperature-induced oxidative stress in Brassica juncea. Sci. Rep. 8:8735. doi: 10.1038/s41598-018-27032-w

Khadri, M., Tejera, N. A., and Lluch, C. (2007). Sodium chloride-aba interaction in two common bean (phaseolus vulgaris) cultivars differing in salinity tolerance. Environ. Exp. Bot. 60, 211–218. doi: 10.1016/j.envexpbot.2006.10.008

Klapheck, S., Zimmer, I., and Cosse, H. (1990). Scavenging of hydrgen peroxide in the endosperm of Ricinus communis by ascorbate peroxidase. Plant Cell Physiol. 31, 1005–1013. doi: 10.1093/oxfordjournals.pcp.a077996

Koca, H., Bor, M., Özdemir, F., and Türkan, Ý (2007). The effect of salt stress on lipid peroxidation, antioxidative enzymes and proline content of sesame cultivars. Environ. Exp. Bot. 60, 344–351. doi: 10.1016/j.envexpbot.2006.12.005

Kuk, Y. I., Shin, J. S., Burgos, N. R., Hwang, T. E., Han, O., Cho, B. H., et al. (2003). Antioxidative enzymes offer protection from chilling damage in rice plants. Crop Sci. 43, 2109–2117. doi: 10.2135/cropsci2003.2109

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680–685. doi: 10.1038/227680a0xie

Lee, D. H., Kim, Y. S., and Lee, C. B. (2001). The inductive responses of the antioxidant enzymes by salt stress in the rice (Oryza sativa L.). J. Plant Physiol. 158, 737–745. doi: 10.1078/0176-1617-00174

Li, X. W., Shen, X. F., Li, J. M., Eneji, A. E., Li, Z. H., Tian, X. L., et al. (2010). Coronatine alleviates water deficiency stress on winter wheat seedlings. J. Integr. Plant Biol. 52, 616–625. doi: 10.1111/j.1744-7909.2010.00958.x

Li, S. N., Lin, D. X., Zhang, Y. W., Deng, M., Chen, Y. X., Lv, B., et al. (2022). Genome-edited powdery mildew resistance in wheat without growth penalties. Nature 602, 455–460. doi: 10.1038/s41586-022-04395-9

Luo, M. J., Zhang, Y. X., Li, J. N., Zhang, P. P., Chen, K., Song, W., et al. (2021). Molecular dissection of maize seedling salt tolerance using a genome-wide association analysis method. Plant Biotechnol. J. 19, 1937–1951. doi: 10.1111/pbi.13607

Lutts, S., Kinet, J. M., and Bouharmont, J. (1996). NaCl-induced senescence in leaves of rice (Oryza sativa L.) cultivars differing in salinity resistance. Ann. Bot. 78, 389–398. doi: 10.1006/anbo.1996.0134

Miyagawa, Y., Tamori, M., and Shigeoka, S. (2000). Evaluation of the defense system in chloroplasts to photooxidative stress caused by paraquat using transgenic tobacco plants expressing catalase from Escherichia coli. Plant Cell Physiol. 41, 311–320. doi: 10.1093/pcp/41.3.311

Munns, R., and Gilliham, M. (2015). Salinity tolerance of crops – what is the cost ? New Phytol. 208, 668–673. doi: 10.1111/nph.13519

Okuda, T., Masuda, Y., Yamanka, A., and Sagisaka, S. (1991). Abrupt increase in the level of hydrogen peroxide in leaves of winter wheat is caused by cold treatment. Plant Physiol. 97, 1265–1267. doi: 10.1104/pp.97.3.1265

Oyiga, B. C., Sharma, R. C., Shen, J., Baum, M., Ogbonnaya, F. C., Leon, J., et al. (2016). Identification and characterization of salt tolerance of wheat germplasm using a multivariable screening approach. J. Agron. Crop Sci. 202, 472–485. doi: 10.1111/jac.12178

Parida, A. K., Das, A. B., and Mohanty, P. (2004). Defense potentials to NaCl in a mangrove, Bruguiera parviflora: Differential changes of isoforms of some antioxidative enzymes. J. Plant Physiol. 161, 531–542. doi: 10.1078/0176-1617-01084

Parihar, P., Singh, S., Singh, R., Singh, V. P., and Prasad, S. M. (2015). Effect of salinity stress on plants and its tolerance strategies: A review. Environ. Sci. Pollut. Res. 22, 4056–4075. doi: 10.1007/s11356-014-3739-1

Park, S. Y., Fung, P. L., Nishimura, N., Jensen, D. R., Fujii, H., Zhao, Y., et al. (2009). Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of START proteins. Science 324, 1068–1071. doi: 10.1126/science.1173041

Pinhero, R. G., Rao, M. V., Paliyath, G., Murr, D. P., and Fletcher, R. A. (1997). Changes in activities of antioxidant enzymes and their relationship to genetic and paclobutrazol-induced chilling tolerance of maize seedlings. Plant Physiol. 114, 695–704. doi: 10.1104/pp.114.2.695

Pressman, E., Shaked, R., Shen, S., Altahan, L., and Firon, N. (2012). Variations in carbohydrate content and sucrose-metabolizing enzymes in tomato (Solanum lycopersicum L.) stamen parts during pollen maturation. Am. J. Plant Sci. 3, 252–260. doi: 10.4236/ajps.2012.32030

Rademacher, W. (2015). Plant Growth Regulators: Backgrounds and Uses in Plant Production. J. Plant Growth Regul. 34, 845–872. doi: 10.1007/s00344-015-9541-6

Rao, M., Paliyath, G., and Ormrod, D. P. (1996). Ultraviolet-B- and ozone-induced biochemical changes in antioxidant enzymes of Arabidopsis thaliana. Plant Physiol. 110, 125–136. doi: 10.1104/pp.110.1.125

Sairam, R. K., and Srivastava, G. C. (2002). Changes in antioxidant activity in sub-cellular fractions of tolerant and susceptible wheat genotypes in response to long term salt stress. Plant Sci. 162, 897–904. doi: 10.1016/s0168-9452(02)00037-7

Sarafraz-Ardakani, M.-R., Khavari-Nejad, R.-A., Moradi, F., and Najafi, F. (2014). Abscisic acid and cytokinin-induced osmotic and antioxidant regulation in two drought-tolerant and drought-sensitive cultivars of wheat during grain filling under water deficit in field conditions. Not. Sci. Biol. 6, 354–362. doi: 10.15835/nsb639301

Sedmak, J. J., and Grossberg, S. E. (1977). A rapid, sensitive, and versatile assay for protein using Coomassie brilliant blue G250. Anal. Biochem. 79, 544–552. doi: 10.1016/0003-2697(77)90428-6

Sekmen, A. H., Turkan, I., Tanyolac, Z. O., Ozfidan, C., and Dinc, A. (2012). Different antioxidant defense responses to salt stress during germination and vegetative stages of endemic halophyte Gypsophila oblanceolata Bark. Environ. Exp. Bot. 77, 63–76. doi: 10.1016/j.envexpbot.2011.10.012

Sharma, A., Shahzad, B., Kumar, V., Kohli, S. K., Sidhu, G. P. S., Bali, A. S., et al. (2019). Phytohormones regulate accumulation of osmolytes under abiotic stress. Biomolecules 9:285. doi: 10.3390/biom9070285

Shen, X. F., Li, J. M., Duan, L. S., Li, Z. H., and Eneji, A. E. (2009). Nutrient acquisition by soybean treated with and without silicon under ultraviolet-B radiation. J. Plant Nutr. 32, 1731–1743. doi: 10.1080/01904160903150966

Tatiana, Z., Yamashita, K., and Matsumoto, H. (1999). Iron deficiency induced changes in ascorbate content and enzyme activities related to ascorbate metabolism in cucumber roots. Plant Cell Physiol. 40, 273–280. doi: 10.1093/oxfordjournals.pcp.a029538

Todoroki, Y., Aoyama, H., Hiramatsu, S., Shirakura, M., Nimitkeatkai, H., Kondo, S., et al. (2009). Enlarged analogues of uniconazole, new azole containing inhibitors of ABA 8’-hydroxylase CYP707A. Bioorg. Med. Chem. Lett. 19, 5782–5786. doi: 10.1016/j.bmcl.2009.07.137

van Zelm, E., Zhang, Y. X., and Testerink, C. (2020). Salt tolerance mechanisms of plants. Annu. Rev. Plant Biol. 71, 403–433.

Verma, S., and Mishra, S. N. (2005). Putrescine alleviation of growth in salt stressed Brassica juncea by inducing antioxidative defense system. J. Plant Physiol. 162, 669–677. doi: 10.1016/j.jplph.2004.08.008

Vijayalakshmi, T., Vijayakumar, A., Kiranmai, K., Nareshkumar, A., and Sudhakar, C. (2016). Salt stress induced modulations in growth, compatible solutes and antioxidant enzymes response in two cultivars of safflower (Carthamus tinctorius L. Cultivar TSF1 and Cultivar SM) differing in salt tolerance. Amer. J. Plant Sci. 7, 1802–1819. doi: 10.4236/ajps.2016.713168

Wang, K. H., Zhang, X. Z., and Erik, E. (2012). Antioxidative responses in roots and shoots of creeping bentgrass under high temperature: Effects of nitrogen and cytokinin. J. Plant Physiol. 169, 492–500. doi: 10.1016/j.jplph.2011.12.007

Wang, Y., Li, X., Li, J., Bao, Q., Zhang, F., Tulaxi, G., et al. (2016). Salt induced hydrogen peroxide is involved in modulation of antioxidant enzymes in cotton. Crop J. 4, 490–498. doi: 10.1016/j.cj.2016.03.005

Wilczek, A., Szypłowska, A., Skierucha, W., Cies’la, J., Pichler, V., and Janik, G. (2012). Determination of soil pore water salinity using an FDR sensor working at various frequencies up to 500 MHz. Sensors 12, 10890–10905.

Wu, S. R., Chen, W. F., and Zhou, X. (1988). Enzyme linked immunosorbent assay for endogenous plant hormones. Plant Physiol. Commun. 5, 53–57. doi: 10.13592/j.cnki.ppj.1988.05.020

Xie, Z. X., Duan, L. S., Tian, X. L., Wang, B. Q., Eneji, A. E., and Li, Z. H. (2007). Coronatine alleviates salinity stress in cotton by improving the antioxidative defense system and radical-scavenging activity. J. Plant Physiol. 165, 375–384. doi: 10.1016/j.jplph.2007.06.001

Yancey, P. H. (1994). “Compatible and counteracting solutes,” in Cellular and Molecular Physiology of Cell Volume Regulation, ed. K. Strange (Boca Raton, FL: CRC Press), 81–109.

Yang, J. C., Zhang, J. H., Wang, Z. Q., Zhu, Q., and Wang, W. (2001). Hormonal changes in the grains of rice subjected to water stress during grain filling. Plant Physiol. 127, 315–323. doi: 10.1104/pp.127.1.315

Zhang, J., Han, B. W., Wu, Q., and He, Z. P. (1991). Establishment of an indirect enzyme-linked immunosorbent asssay for zeatin and zeatin riboside. J. Beijing Agric. Univ. 17, 145–151.

Zhao, R., Guo, F., An, L., Chen, Y., Guo, A., and Cao, S. (2016). Growth and physiological responses of Astragalus membranaceus var. mongolicus seedlings to salt stress. J. Northwest For. Univ. 31, 23–29. doi: 10.3969/j.issn.1001-7461.2016.03.004

Zheng, C. F., Jiang, D., Liu, F. L., Dai, T. B., Jing, Q., and Cao, W. X. (2009). Effects of salt and waterlogging stresses and their combination on leaf photosynthesis, chloroplast ATP synthesis, and antioxidant capacity in wheat. Plant Sci. 176, 575–582. doi: 10.1016/j.plantsci.2009.01.015

Zheng, X. D., Zhao, Y., Shan, D. Q., Shi, K., Wang, L., Li, Q. T., et al. (2018). MdWRKY9 overexpression confers intensive dwarfing in the M26 rootstock of apple by directly inhibiting brassinosteroid synthetase MdDWF4 expression. New Phytol. 217, 1086–1098. doi: 10.1111/nph.14891

Zhou, F., Ran, Z. J., Tan, W. M., Li, Z. H., and Duan, L. S. (2013). Synthesis and biological activity of arylamido-cyclopropanecarboxylic acid. Chin. J. Pestic. Sci. 15, 490–495. doi: 10.3969/j.issn.1008-7303.2013.05.02



OPS/images/fpls-13-916287-t002.jpg
Treatment

Control
ABA

B2

B5

Salt

Salt + ABA
Salt + B2
Salt + B5

Means (n = 5) followed by the same letter are not significantly different from each other within the same column at P = 0.05.

Shoot dry
weight
(g/plant)

0.151 £ 0.028 cde
0.179 % 0.036 abc
0.203 £ 0.023 a
0.188 £ 0.017 ab
0.064 £+ 0.013 f
0.145 £ 0.028 de
0.161 £ 0.007 bed
0.130 £ 0.023 e

Root dry
weight
(g/plant)

0.051 & 0.010 cd
0.066 £ 0.011 ab
0.073 £0.007 a
0.069 + 0.016 ab
0.023 £ 0.002 e
0.056 % 0.007 bed
0.069 £ 0.012 ab
0.063 & 0.013 abc

Total dry
weight
(g/plant)

0.20e
0.25 be
027 a
0.26 b
0.08 f
02le
0.23d
0.19e

Root/Shoot
ratio

0.348 £0.017d
0.353 £0.032d
0.363 £0.045 cd
0.393 £ 0.051 bed
0.337 £0.011d
0.390 £+ 0.037 b
0.427 £ 0.062 abc
0.480 £ 0.038 a

Plant height
(cm)

351+ 1.441cd
33.7+1.222de
39.8+0.513a
37.7 £1.466 b
27.6 £1.909 f
328+ 1.120e
33.4+ 1.602 de
33.1+0.680 de





OPS/images/fpls-13-916287-t001.jpg
Treatments

Control (CK)

ABA (A)

B2 (B)

B5 (B5)

Salt (S)

Salt+ ABA (S+ A)
Salt + B2 (S + B)
Salt + B5 (S + B5)

Nutrient solution

L ESESES NN

150 mM NaCl

2o & e &

0.01 oM ABA

0.01 pM B2

0.01 .M B5





OPS/xhtml/Nav.xhtml




Contents





		Cover



		B2, an abscisic acid mimic, improves salinity tolerance in winter wheat seedlings via improving activity of antioxidant enzymes



		Introduction



		Materials and methods



		Plant materials and growth conditions



		Synthesis and selection of abscisic acid analogs



		2,4-Dichlorobenzoyl chloride



		1-[2-(2,4-Dichlorophenyl)-2-oxoethyl]cyclopropane-1-carboxylic acid (B2)



		1-[2-(4-Chlorophenyl)-2-oxoethyl]cyclopropane-1-carboxylic acid (B5)







		Treatments and experimental design



		Determination of reactive oxygen species generation



		Assay of lipid peroxidation and membrane permeability



		Estimation of soluble sugar and soluble protein contents



		Determination of 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity



		Determination of hormone contents



		Activity analysis of antioxidant enzymes



		Activity staining of antioxidase isozymes



		RNA extraction and quantitative reverse transcription polymerase chain reaction assay



		Statistical analysis







		Results



		Effect of exogenous treatments on plant biomass



		Effects of exogenous B2 on the reactive oxygen species generation and cell membrane



		Effects of exogenous B2 on the osmolytes



		Effects of exogenous B2 on content of endogenous hormones



		Effects of exogenous B2 on activities of antioxidant enzyme and 1,1-diphenyl-2-picrylhydrazyl scavenging



		Effects of exogenous B2 on the expression of TaSOS1 and TaTIP2;2 genes







		Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

B2, an abscisic acid mimic,
improves salinity tolerance
in winter wheat seedlings via
improving activity of antioxidant
enzymes












OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science







OPS/images/cross.jpg
@ Check for updates.





OPS/images/fpls-13-916287-g001.jpg
O

Br(:S;—NH N\ /

Pyrabactin

O





OPS/images/fpls-13-916287-g003.jpg
m
34 £ o
24 ik o
< H n < H
©H m o {
8H < o= |
cL| 5 < |
(A -5 Towu) (%)
JUAIUO0d ‘O'H o o8B BI[ AJATON]
E--
o 3 39
o ¥ oH]
< H n < H
=y m © H
© H < © H
o 5 2H
EREE " AR = s
- — - o
(M (-8 (ur o) (M-8 Jowru)

dJeI UONRULIO] ;. O O Ju9Ju0d VAN

S S+A S+B

B

A

CK

S S+A S+B

B

A

CK





OPS/images/fpls-13-916287-g002.jpg
Salt+B2  Salt+B5

Salt+ABA

=
5
7






OPS/images/fpls-13-916287-g008.jpg
Gene Expression of »
1aSOS1 (fold)

Gene Expression of ®
TaTlIP2;2 (fold)

20

Time (h)

Control
=== ABA
-2

80
Salt
Salt+ABA
Salt+B2
80





OPS/images/fpls-13-916287-g005.jpg
<

« H
< |
< H
©
© H
o
- (- (- (- (=
S S 8 8 g
2 8 @ B8
(,-8 Bu) JuUOd Y[
—
A
<
o
© H
o H
- - - L~
- - (- O
o o) o o
<t I Al —

(;-8 8u) JuUAUOd VIV

S+A S+B

S

CK

S S+A S+B

B

A

CK

= 1
< |
o H
Chm
= H
8H
S 8 383 8 38 3
A.I/_.. IO.. (20 O < (@
(;-8 Su) JUdU0d VO
o [
o |
] .
© H
< H
o H
s g g o
S 2 g =
(| vy oy
(,.8 Su) JuUU0d Y7

S S+A S+B

B

A

CK

S S+A S+B

B

CK A





OPS/images/fpls-13-916287-g004.jpg
B H
o H l
o H l
© H 1
3 H
< H ;
- o E
S S S S
(-8 8n)
JUS)UOD SUT[OI]
<H 1
o H ,
H
o H '
o H ,
2H
s 383 8 °

(M. (-8 Jown)

S S+A S+B

B

A

CK

S S+A S+B

B

A

CK

a 8]
i 3
. ) :
: |
: | 7
. P <
; B
1291 01 F 3
22BRMI /S 2 9
(]
- m
S H o
2+ ¥
al wn
C_.— m
34 <
8H >
B & = A &
- & & o
g?.mfw.wav

JUIUOO 1e3NS A[qNOS ¢  JUuod urdjoid a[qnjos





OPS/images/fpls-13-916287-g007.jpg
POD2 —> h | :

POD 3 . —>

APX] > —>

G e

GR2 —
T

GR4 —





OPS/images/fpls-13-916287-g006.jpg
100 -

- - - -
oo \O <t Q|

(M -8 (-uTur 1)
AAnoe 1vD

O

200 -

T
-
v

150 -
100 -

( Mg (-8,-umu n)
A1anoe qOS

S S+A S+B

S S+A S+B

A B

CK

A B

CK

Q
S H
o H
8H
S H
8 H
I 1 1 |
[ [ o~ (o
(o) O < (@

(M (8 -uTu )
a Ay1anoe XJV

< H
«
o

<

o o

< f
I | | |
O - (=== O
O - - O
(-] () O &~
.ﬂlé.. (@)} \O on

(M ;-8 Ut n)
A)1anoe qOd

C

S S+A S+B

B

A

CK

S S+A S+B

B

CK A

o |
© H
o i
< H
< H
< H
s 3 8 3 =
(%) Ay1anoe
,  Surduaaeds Hddd
< H
= H
=H
= H
SH
o i
TETL

(Mg -8 ;uru n)
A1anoe Yo

S S+A S+B

B

ck: A

S S+A S+B

B

E A





