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Oilseed rape not only has the function of improve saline and alkaline soils, but also alleviate the local feed shortage. However, medium- and high-degree soil salinization and alkalinization always inhibit the growth of oilseed rape. Studies have shown that compound material can improve the tolerance to saline and alkaline stress of crops, but the difference in the regulation mechanism of compound material on oilseed rape in saline and alkaline soils is not clear. This study explored the difference through determining the leaf ion contents, physiological indexes, transcriptomics, and metabolomics of oilseed rape in salinized soil (NaCl 8 g kg−1) and alkalinized soil (Na2CO3 8 g kg−1) at full flowering stage, respectively after the application of compound material. The results showed that in salinized and alkalinized soil, the compound material upregulated the genes related to the regulation of potassium ion transport, and changed the amino acid metabolic pathway, which reduced the contents of Na+, malondialdehyde (MDA), and relative conductivity (REC) in leaves, and increased the contents of K+ and Mg2+ and the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT). However, there were differences in the regulation mechanism of compound material in salinized and alkalinized soil. In salinized soil, the compound material improved the tolerance of oilseed rape to saline stress by upregulating transcription factors mannose-1-phosphate guanylyltransferase (GPMM) and Glutamine--fructose-6-phosphate transaminase (GFPT) and downregulating phosphomannomutase (PMM) to change nucleotide metabolism pathway and lipid metabolism pathway. In alkalized soil, the compound material improved the tolerance of oilseed rape to alkaline stress by upregulating transcription factors Phenylalanine ammonia lyase (PAL) to change the biosynthesis pathway of other secondary metabolites. Therefore, the compound material can improve the tolerance of oilseed rape to saline and alkaline stress by regulating the genetic adaptability and apparent plasticity, but the mechanisms were different. This study provides a practical method for the ecological environment restoration and the development of animal husbandry.

Keywords: forage crop, animal husbandry, saline–alkali land development, biosynthesis of other secondary metabolites, genetic adaptability


INTRODUCTION

Soil salinization and alkalinization exert great pressures to the environment, and seriously threaten the sustainable development of agriculture. At present, there are about 8.31 × 108 ha of land subjecting to varying degrees of salinization and alkalinization in the world (Cheeseman, 2013). In arid and semi-arid regions, soil salinization is characterized by high concentration of soluble salts, such as NaCl and Na2SO4, soil alkalinization is characterized by high concentration of Na2CO3 (Alvarez-Acosta et al., 2019). Excessive Na+ in salinized and alkalinized soil may cause ion toxicity to plants, thereby affecting the absorption of nutrients, mainly K+, by plants (Ma et al., 2019), resulting in plant wilting and death (Lu et al., 2021). There are also high concentrations of Ca2+, Mg2+, [image: image], and [image: image] ions in salinized soils that affect plant growth at the physiological and biochemical levels (Ma et al., 2019). Different from soil salinization, soil alkalinization could inhibit the absorption of some inorganic anions by plants, such as [image: image], Cl−, and [image: image]. The main component, Na2CO3, in alkalinized soil could affect the selective absorption of K+ and Na+ by plants, and destroy the ion balance, resulting in the hindered and abnormal growth of plant roots in soil (Yang et al., 2007). Therefore, exploring the differences in the mechanism of tolerance of plants to saline and alkaline stresses has guiding significance for the restoration and sustainable utilization of saline–alkali soils.

Brassica campestris can be used to alleviate the shortage of green fodder for cattle and sheep in arid and semi-arid regions in winter and spring (Wang et al., 2018). Besides, as a salt-tolerant crop, it also has the special advantage of utilizing and ameliorating saline–alkali soils. Wang (2020) found that planting B. campestris can reduce soil pH and Na+ content in saline–alkali soils, but Ulfat et al. (2020) have shown that medium and high degree of soil salinization and alkalinization could suppress the growth of B. campestris and reduce the yield. However, the application of modifiers, such as lignosulfonate, polyacrylamide, and polyglutamic acid, can reduce the damage of ionic toxicity, and change the physiological and biochemical indicators of the growth of B. campestris phenotype, such as the accumulation of proline and the increase of T-AOC (Xu et al., 2017), synthesis of lignin and fatty acids, alleviating oxidative stress, and regulating the osmotic pressure of cells (Chen, 2020; Huang, 2021), thereby improving the ability of crops to resist saline and alkaline stresses (Ahmad, 2012; Wang et al., 2021). Therefore, the application of modifiers combined with the cultivation of salt-tolerant forage crop to ameliorate saline–alkali soils provides a new way for the development of animal husbandry with saline–alkali soil resources.

Many studies have clarified that modifiers can regulate the genetic adaptation of crops in saline–alkali soils to improve the tolerance to saline and alkaline stresses. Tan et al. (2019) have found that melatonin could regulate the hormone synthesis and lignin and fatty acid metabolism in leaves and root of rape seedlings, which regulates the production of phytohormones and promotes their functions, thereby increasing the biomass of B. campestris. Mir et al. (2018) have found that jasmonic acid could regulate the proline and glutathione metabolic pathways of plant cells and improve the redox state of plants under alkaline stress. The compound materials including lignosulfonate and polyacrylamide can upregulate K+ transporter gene and K+/Na+ ratio in plant leaves and regulate the osmotic pressure and antioxidant system under saline and alkaline stresses by upregulating phenylpropane biosynthesis pathway (An et al., 2020).

However, there are few studies on the differences in regulation performance of genetic adaptation of B. campestris to saline and alkaline stresses by compound materials. Therefore, the purpose of this study was to explore the regulatory mechanisms of compound material on the tolerance of B. campestris to saline and alkaline stresses from the perspectives of phenotypic plasticity and genetic adaptability through field experiments. This study determined (1) the differences in the physiological characteristics of B. campestris under saline stress and alkaline stress, (2) the molecular regulation mechanism of CM on the responses of B. campestris to saline stress and alkaline stress, and (3) the difference between the self-regulation mechanism of B. campestris in response to saline and alkaline stresses and the regulation mechanism of compound material. Our study could reveal the differential regulation mechanism of CM on the responses of B. campestris to saline stress and alkaline stress, and help develop a practical method for sustainable development of agriculture in saline and alkaline soils.



MATERIALS AND METHODS


Experimental Location and Experimental Materials

This experiment was conducted at Shihezi, Xinjiang, China (44°33′46.1″N, 86°02′81″E) from July 15 to October 20, 2020. The soil is a grey desert soil. Soil properties are shown in Table 1 (Manoj et al., 2020). B. campestris seeds (variety Huayouza 82) were obtained from Huazhong Agricultural University (Wuhan, China). CM was prepared through mixing polyacrylamide, polyvinyl alcohol, manganese sulfate, and inorganic fertilizer (superphosphate of 180 kg/ha and urea of 240 kg/ha) at the mass ratio of 3: 1: 6: 50.



TABLE 1. Physicochemical properties of soil.
[image: Table1]



Experimental Design

This experiment employed a randomized block design as six plant per block, with a total of four treatments. Each treatment had three replicates. The four treatments were (1) YP treatment (NaCl of 8 g kg−1 was mixed fully with the plough layer (0–20 cm) and CM of 12 kg hm−2 was applied), (2) JP treatment (Na2CO3 of 8 g kg−1 was mixed fully with the plough layer and CM of 12 kg hm−2 was applied), (3) YCK treatment (no CM was applied and NaCl of 8 g kg−1 was mixed fully with the plough layer), and (4) JCK treatment (no CM was applied and Na2CO3 of 8 g kg−1 was mixed fully with the plough layer). On July 20, 2020, soils were put in plastic buckets (length × width × height: 30 × 30 × 80 cm) while maintaining the original profile of the soil layer, and buried in the field, followed by the application of NaCl and Na2CO3 separately. The pH and EC of salinized soil were 9.12 and 3.52 s m−1, respectively, and those of alkalinized soil were 9.59 and 3.85 s m−1, respectively. B. campestris seeds were sown through mixing with fertilizers (superphosphate of 180 kg/ha, urea of 240 kg/ha) at a ratio of 1:15 on July 15th. The CM was applied through drip irrigation after diluted with water. Drip irrigation (300 m3/ha) was started in the seedling stage, with a cycle of 10 days until the full flowering stage. Leaves were collected in the full flowering stage (on October 20th) and immediately placed in liquid nitrogen and stored at −80°C until use. All measurements were repeated three times, and the average value was used for analysis.



Leaf Physiological Analysis

The leaves, stems and roots of B. campestris were separated, deactivated in an oven at 105°C for 30 min, dried at 70°C, and weighed. The accumulation of dry matter for each organ was measured (Bao, 2000). The content of Na+ and K+ in the leaves was measured according to the method of Bao (2000). Leaf samples were immersed in the mixture of 98% H2SO4 and 30% H2O2, and measured with an AP1200 flame spectrophotometer (AP1200 type, Shanghai, China). The content of Ca2+ and Mg2+ was measured according to the EDTA titration method (Goffman et al., 2004), the content of [image: image] and Cl− was measured according to the EDTA indirect complexometric titration method and the silver nitrate titration method, respectively, and the content of [image: image] and [image: image] was measured according to the dual-indicator neutralization titration method (Moustaka et al., 2016). The activity of antioxidant enzymes in leaves (0.5 g) was measured by spectrophotometry (Ashraf and Ali, 2008). The SOD activity was measured at 560 nm based on NBT photochemical reduction. The peroxidase (POD) activity was measured at 470 nm based on the absorbance of guaiacol. The CAT activity was measured at 240 nm by reacting potassium phosphate buffer with H2O2. The content of malondialdehyde (MDA) was measured according to the content of thiobarbituric acid reactive substances (TBARS) in leaf samples (nmol/g; extinction coefficient: 155 mM cm−1; Wang et al., 2017). Fresh leaves (0.1 g) were cut into 1 cm slices, put in 10 ml of deionized water, and shaken on a rotary shaker for 24 h at room temperature to measure the electrical conductivity (L1) using a conductivity meter (EM38, ICT international, Armidale, NSW, Australia). After that, the solution was boiled for 15 min, and the electrical conductivity of the solution was measured again (L2). Finally, the relative electrical conductivity (REC) was calculated according to the following formula (Ding et al., 2018):

[image: image]



Transcriptome Sequencing and Data Analysis

The total RNA of 12 samples were processed for transcriptome sequencing, and qualified RNA were processed for library construction. mRNA was isolated by Oligo(dT)-attached magnetic beads, and then randomly fragmented in fragmentation buffer. First-strand cDNA was synthesized with fragmented mRNA as template and random hexamers as primers, followed by second-strand synthesis with addition of PCR buffer, dNTPs, RNase H, and DNA polymerase I. Purification of cDNA was processed with AMPure XP beads (Zhuang et al., 2019). Double-strand cDNA was subjected to end repair. Adenosine was added to the end and ligated to adapters. AMPure XP beads were applied here to select fragments within the size range of 300–400 bp. cDNA library was obtained by certain rounds of PCR on cDNA fragments generated from step 4.

Qubit 2.0 and Agilent 2,100 were used to examine the concentration of cDNA and insert size, and Q-PCR was performed to obtain a more accurate library concentration, to ensure the quality of library. Library with concentration higher than 2 nM was acceptable. The qualified library was pooled based on pre-designed target data volume and then sequenced on Illumina sequencing platform (Liu et al., 2020). Clean data with high quality was obtained through filtering raw data to remove adapter sequence and reads with low quality. These clean data were further mapped to pre-defined reference genome to obtain mapped data. Assessment on insert size and sequencing randomness were performed on mapped data as library quality control. Basic analysis on mapped data included gene expression quantification, alternative splicing analysis, novel genes prediction, and genes structure optimization. Data analysis was performed using BMKCloud.1



Metabolomics and Data Analysis

Metabolite analysis was performed on 12 samples using the non-target metabolomics profiling (Sun et al., 2021). Frozen leaf sample (200 mg) was added with 1,000 μl of solution consisted of methanol, acetonitrile, and water (V: V: V = 2:2:1, 2 μg/ml) and vortexed for 30 s. After that, ceramic beads were added, and processed with a grinder (45 Hz) for 4 min, following by the ultrasonication in an ice-water bath for 5 min. This step was repeated for 3 times. After centrifugation at 12,000 rpm for 15 min, the supernatant was removed and placed in an EP tube. The extract was dried in a vacuum concentrator. Then, 150 μl of solution consisted of acetonitrile and water (V: V = 1:1) was added to the dried metabolites, vortexed for 30 s, and ultrasonicated in an ice-water bath for 10 min. The sample was centrifuged at 12000 rpm at 4°C for 15 min. The supernatant (120 μl) was transferred into a 2 ml sample bottle, and 10 μl from each bottle was mixed for testing (Zhang et al., 2015).

The LC/MS system for metabolomics analysis was composed of Waters Acquity I-Class PLUS Ultra Performance Liquid Chromatography in tandem with Waters Xevo G2-XS QT of High Resolution Mass Spectrometer. The Waters Acquity UPLC HSS T3 chromatography column (1.8 μm 2.1*100 mm) was used. The positive ion mode employed mobile phase A: 0.1% formic acid aqueous solution and mobile phase B: 0.1% formic acid acetonitrile. The negative ion mode employed mobile phase A: 0.1% formic acid aqueous solution and mobile phase B: 0.1% formic acid acetonitrile. The injection volume was 1–3 μl. The gradient elution procedures were 0–0.25 min 98% A, 0.25–10 min 2% A, 10–13 min 2% A, 13–13.1 min 98% A, and 13.1–15 min 98% A. The flow rate was 400 μl/min. The raw data collected using MassLynx V4.2 were processed by using Progenesis QI software (version 3.0) for peak extraction, peak alignment, etc. Online databases, such as METLIN and Biomark’s self-built libraries, were used for identification based on the type of samples using the Progenesis QI software. The mass deviation of fragment ion identification was within 100 ppm. The analysis of metabolome data was performed on the platform BMKCloud (see footnote 1).



Statistical Analysis

One-way ANOVA analysis and Duncan test of the ion content and physiological characteristics of B. campestris leaves were performed using SPSS 22.0 software (SPSS, Chicago, IL, United States) at p < 0.05. R software (version 3.6.1; Boston, MA, United States)3 was used to process the data. Origin software (version 2018; Origin Laboratories, Ltd., Northampton City, MA, United States) and Gephi software (version 0.9.2)4 were used for drawing.




RESULTS


Phenotype Analysis of B. campestris Leaves


Dry Matter of B. campestris Leaves

The growth of B. campestris was obviously better in NaCl treatments (YCK and YP treatment) than in Na2CO3 treatment (JCK and JP treatment). The application of CM obviously increased the dry weight of B. campestris organs in all treatments. For instance, the dry weight of root, stem, and leaves in YP treatment were 41, 33, and 59% higher than those in YCK treatment, respectively (p < 0.05), and the dry weight of root, stem, and leaves in JP treatment were 33, 51, and 59% higher than those in JCK treatment, respectively (p < 0.05). The dry weight of leaves was lower in JCK treatment than in YCK treatment. However, there was no difference in the dry weight of stem (p > 0.05), but the root dry weight was higher in JCK treatment than in YCK treatment (Table 2).



TABLE 2. Dry weight of Brassica campestris organs.
[image: Table2]



Ion Content and Physiological Characteristics of B. campestris Leaves

The content of K+ and REC in leaves in Na2CO3 treatment (JCK and JP treatment) were lower than those in NaCl treatments (YCK and YP treatment; p < 0.05), while the activities of POD and CAT and the content of MDA were higher than those in NaCl treatments (p < 0.05). The application of CM increased the content of K+ and Mg2+, K+/Na+ ratio, and the activity of POD and CAT, while reduced the content of Na+ and REC. The content of Na+ in leaves was higher in Na2CO3 treatments (JCK and JP treatment) than in NaCl treatments (YCK and YP treatment). There was no difference in Na+ content between YP treatment and YCK treatment (p > 0.05). However, the content of K+, Mg2+, [image: image] and K+/Na+ ratio in YP treatment was 14, 266, 29, and 30% higher than those in YCK treatment, respectively (p < 0.05). There was also no difference in Na+ content between JP treatment and JCK treatment (p > 0.05). However, the content of K+ and Mg2+ and K+/Na+ ratio in JP treatment were 18% (p < 0.05), 73% (p < 0.05), and 36% (p > 0.05) higher than those in JCK treatment, respectively. The content of [image: image] had no difference among treatments. The activity of SOD and POD in JCK treatment was 2.3% (p > 0.05) and 54% (p < 0.05) higher than those in YCK treatment, respectively, while the activity of CAT was 29% lower than that in YCK treatment. The activity of SOD and POD in YP and JP treatment was higher than those in the control (YCK and JCK treatment). The activity of SOD and POD in the YP treatment was 8.6% (p > 0.05) and 140.17% (p < 0.05) higher than those in the YCK treatment, respectively, while the activity of CAT, MDA, and REC were 85, 15, and 65% lower than those in the YCK treatment, respectively (p < 0.05). The activities of CAT and POD in the JP treatment were 70 and 129% higher than those in the JCK treatment, respectively (p < 0.05), while the content of MDA and REC were 7.2 and 22% lower than those in the JCK treatment, respectively (p < 0.05). There was no difference in SOD activity between JP treatment and JCK treatment (p > 0.05; Figure 1).

[image: Figure 1]

FIGURE 1. Changes in ion content (K+, Na+, K+/Na+ ratio, Ca2+, Mg2+, [image: image], Cl−, and [image: image]) in Brassica campestris leaves in different treatments (A), and changes in antioxidant enzymes activity and the content of MDA and REC in Brassica campestris leaves in different treatments (B). Different lowercase letters indicate significant difference at p < 0.05.




Transcriptome Analysis for B. campestris Leaves

High throughput sequencing of B. campestris leaves was performed by using Illumina Hiseq platform, and the average reading times was 22 million. The clean reads of each sample were compared with the specified reference genome, and the efficiency ranged from 81 to 91%. The counts of reads were summarized at the gene level (Supplementary Table S1). The heatmap proved that the samples had good repeatability (Figure 2A). Principal component analysis (PCA) showed that the samples in NaCl and Na2CO3 treatments were obviously separated in PC2 dimension, while the samples in compound material treatments and the controls were obviously separated in PC1 dimension (Figure 2B). To determine the difference of transcriptional response of different treatments, differentially expressed genes (DEGs) were determined by pairwise comparison of samples. Compared to YCK treatment, the expression of 636 genes was upregulated and that of 844 genes were downregulated in JCK treatment (Figure 2C). A total of 5,337 and 5,917 DEGs were identified in Na2CO3 treatments (JCK and JP treatment) and NaCl treatments (YCK and YP treatment), respectively (Figure 2C). Compared to YCK treatment, the expression of 3,417 genes was upregulated and that of 2,500 genes were downregulated in YP treatment. Compared to JCK treatment, the expression of 3,072 genes was upregulated and that of 2,262 genes were downregulated in JP treatment (Figure 2C). Compared to YP treatment, the expression of 1,605 genes was upregulated and that of 2005 genes were downregulated in the JP treatment. The Venn diagram showed that there was a total of 83 common DEGs for the four treatments (Figure 2D).

[image: Figure 2]

FIGURE 2. Heatmap of correlations among samples in different treatments (A), PCA analysis (B), the number of DEGs in leaves identified in different treatments by transcriptomic analysis (C), and Venn diagram of DEGs (D).


Gene ontology (GO) enrichment analysis was performed on DEGs in compound material treatments (YP and JP treatment), and three functions [biological process (BP), cellular component (CC), and molecular function (MF)] were annotated. For NaCl treatments (YCK and YP treatment; Figure 3A), the most enriched GO terms in BP were response to salt stress (GO: 0009651), response to water deprivation (GO: 0009414), and response to cold (GO: 0009409). The most enriched GO terms in CC were chloroplast stroma (GO: 0009570), vacuole (GO: 0005773), and plasma (GO: 0009506). The most enriched GO terms in MF were protein binding (GO: 0005515), sequence-specific DNA binding (GO: 0003700), and calcium ion binding (GO: 0043565). For Na2CO3 treatments (JCK and JP treatment; Figure 3B), the most enriched GO terms in BP were defense response to bacterium (GO:0042742), response to water deprivation (GO:0009414), and response to wounding (GO:0009611). The most enriched GO terms in CC were plasmodesma (GO:0000786), cell wall (GO:0042555), and vacuolar membrane (GO:0005874). The most enriched GO terms in MF were calcium ion binding (GO:0005509), polysaccharide binding (GO:0030247), and chlorophyll binding (GO:0016168). For the control (YCK and JCK treatment; Figure 3C), the most enriched GO terms in BP were response to far red light (GO:0010218), pectin catabolic process (GO:0045490), and nitrate assimilation (GO:0042128). The most enriched GO terms in CC were cytoplasm (GO:0005737), extracellular region (GO:0005576), and plant-type cell wall (GO:0009505). The most enriched GO terms in MF were transcription factor activity sequence-specific DNA binding (GO:0003700), pectate lyase activity (GO: 0030570), and xyloglucan: xyloglucosyl transferase activity (GO:0016762). For compound material treatments (YP and JP treatment; Figure 3D), the most enriched GO terms in BP were response to heat (GO:0034605), response to water deprivation (GO: 0009414), and protein folding (GO:0006457). The most enriched GO terms in CC were chloroplast stroma (GO:0009570), chloroplast envelope (GO:0009941), and cell wall (GO:0005618). The most enriched GO terms in CC were ATPase activity (GO:0016887), unfolded protein binding (GO:0051082), and thioglucosidase activity (GO:0019137).
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FIGURE 3. GO enrichment analysis. The top ten enriched GO terms for NaCl treatments (YCK and YP treatment; A), the top ten enriched GO terms for Na2CO3 treatments (JCK and JP treatment; B), the top ten enriched GO terms for the control (YCK and JCK treatment; C), and the top ten enriched GO terms for compound material treatments (YP and JP treatment; D). BP, CC, and MF represent biological process, cellular component, and molecular function, respectively. *Indicates significant difference at p < 0.05.


Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis (Supplementary Figure S1) helps us further understand the molecular interactions among DEGs. The results showed that the CM regulated the complex biological pathways in B. campestris under saline and alkaline stresses. For NaCl treatments (YCK and YP treatment), DEGs were obviously enriched in the pathways of protein processing in endoplasmic reticulum, plant–pathogen interaction, amino sugar and nucleotide sugar metabolism, and DNA replication. For Na2CO3 treatments (JCK and JP treatment), DEGs were obviously enriched in the pathways of plant–pathogen interaction, phenylpropanoid biosynthesis, and amino sugar and nucleotide sugar metabolism. For the control (YCK and JCK treatment), DEGs were obviously enriched in the pathways of starch and sucrose metabolism, phenylpropanoid biosynthesis, pentose and glucuronate interconversions, and circadian rhythm plant. For compound material treatments (YP and JP treatment), DEGs were obviously enriched in the pathways of protein processing in endoplasmic reticulum, spliceosome, and plant–pathogen interaction.



Regulation of Responses of Antioxidant Activity and Salt Ion Transporter in B. campestris Leaves

Many DEGs identified in B. campestris leaves were enriched in GO terms related to oxidoreductase (Table 3) and ion transport (Table 4). For instance, in NaCl treatments, the expression of four genes related to peroxidase activity (BnaA01G0372800ZS, BnaA10G0269200ZS, BnaC01G0465300ZS, and BnaC05G0022700ZS), three genes related to potassium ion transport (BnaA08G0067600ZS, BnaC05G0326000ZS, and BnaC08G0094500ZS), and three genes related to the regulation of potassium ion transport (BnaA09G0714900ZS, BnaA10G0007700ZS, and BnaC05G0009300ZS) were obviously upregulated. In Na2CO3 treatments, the expression of three superoxide dismutase genes (BnaA09G0129500ZS, BnaA09G0647100ZS, and BnaC09G0137500ZS) and three genes related to potassium ion transport (BnaA05G0313200ZS, BnaC06G0097600ZS, and Bnascaffold0075G0000100ZS) were upregulated.



TABLE 3. Expression patterns of DEGs involved in ROS.
[image: Table3]



TABLE 4. Expression patterns of DEGs involved in salt ion transport.
[image: Table4]



Metabolome Analysis of B. campestris Leaves

To further explore the mechanism of CM in improving the tolerance to saline and alkaline stress in B. campestris leaves, the differentially expressed metabolites (DEMs) were identified by high-performance liquid chromatography. A total of 533 metabolites were identified based on the widely targeted metabolomics (Figure 4A). The PCA results showed that there was an obvious separation among treatments, in which the samples in NaCl and Na2CO3 treatments were obviously separated in PC2 dimension, while the samples in CM treatments and the control were obviously separated in PC1 dimension (Figure 4B). A total of 260 DEMs were identified through pairwise comparison of samples. Compared to YCK treatment, the expression of 14 metabolites was upregulated and that of 133 metabolites were downregulated in JCK treatment (Figure 4C). The number of metabolites with expression changed was more in NaCl treatments than in Na2CO3 treatments. Compared to YCK treatment, the expression of 46 metabolites was upregulated and that of 100 metabolites were downregulated in YP treatment. Compared to JCK treatment, the expression of 30 metabolites was upregulated and that of 37 metabolites were downregulated in JP treatment (Figure 4C). Compared to YP treatment, the expression of 16 metabolites was upregulated and that of 70 metabolites were downregulated in JP treatment. Venn diagram showed that there were seven common DEMs for the four treatments (Figure 4D). The DEMs were annotated and classified. The results showed that four carboxylic acids and derivatives and four flavonoids were annotated for the DEMs in NaCl treatments. Eight carboxylic acids and derivatives and five fatty acyls were annotated for the DEMs in Na2CO3 treatments. Eight fatty acyls and four carboxylic acids and derivatives were annotated for the DEMs in the control. Two carboxylic acids and derivatives and two fatty acyls were annotated for the DEMs in CM treatments (Figure 4D).

[image: Figure 4]

FIGURE 4. Analysis of metabolites of Brassica campestris in different treatments. (A) Heat map of metabolites. The content of each metabolite was normalized to complete linkage hierarchical clustering. Each treatment was shown in a column, and each metabolite was represented by a row. Red indicates high abundance, and green indicates low abundance. (B) Principal component analysis of metabolites. (C) The number of DEMs upregulated and downregulated in different treatments. (D) Venn diagram of DEMs and classification.




Integrated Transcriptomic and Metabolomic Analyses in B. campestris Leaves

The association between metabolites and genes in B. campestris leaves in the same biological process was analyzed by KEGG annotation (Supplementary Figure S2). The pathways obviously enriched for different treatments were marked through integrated transcriptomic and metabolomic analyses (Figure 5). It was found that the pathways related to carbohydrate metabolism and amino acid metabolism were obviously enriched for the treatments. Among them, the DEGs and DEMs in NaCl treatments were enriched in the pathways of carbohydrate metabolism, nucleotide metabolism, and amino acid metabolism. The DEGs and DEMs in Na2CO3 treatments were enriched in the pathways of amino acid metabolism and biosynthesis of other secondary metabolites. The DEGs and DEMs in the control and CM treatments were mainly enriched in the pathway of amino acid metabolism.
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FIGURE 5. Metabolic pathways and the mutual regulation relationships in different treatments. The pathway notes and arrows in different colors represent the regulation pathways for different treatments. Red represents the common regulation pathway of NaCl treatments (YCK and YP treatment) and Na2CO3 treatments (JCK and JP treatment), yellow represents the regulation pathway of NaCl treatments (YCK and YP treatment), and blue represents the regulation pathway of Na2CO3 treatments (JCK and JP treatment). The ellipse indicates the obviously changed transcription factors, and the bold font indicates the differentially expressed metabolites (DEMs). The data in the box represents the average expression of metabolites for the two treatments (log2FC), in which red indicates upregulation, and blue indicates downregulation.


Different regulatory mechanisms were found in the control (YCK and JCK treatment). Compared to YCK treatment, the expression of 2-dehydro-3-deoxy-d-gluconate was downregulated by downregulating the expression of pel in pentose and glucuronate interconversions pathway in JCK treatment. At the same time, the expression of 4-hydroxybenzoic acid was downregulated by upregulating the expression of PAL and CYP73A in the phenylalanine metabolism pathway. The expression of 3-amino-3-(4-hydroxyphenyl) propanoate in the tyrosine metabolism pathway was downregulated by 0.94 times, and that of amygdalin was downregulated by 3.77 times through the regulation of the expression of bglx in the cyanoamino acid metabolism pathway. After the application of CM, the regulation mechanisms of the responses of B. campestris to saline and alkaline stresses were only manifested in the pathway of phenylalanine, tyrosine, and tryptophan biosynthesis. Compared to YP treatment, the expression of Quinate in JP treatment was downregulated by 1.26 times by upregulating the expression of aroF. The application of CM in salinized soil leads to an obvious enrichment in many pathways in B. campestris. Among them, in the amino sugar and nucleotide sugar metabolism pathway, the application of CM lead to the downregulation of the expression of GDP-L-Fucose by upregulating the expression of GPMM and downregulating the expression of PMM, and the expression of N-carbamoyl-L-aspartate was downregulated by 1.8 times by upregulating the expression of GFPT. In the Phenylalanine metabolism pathway, the expression of N-Acetyl-L-phenylalanine was upregulated by 2.36 times. In the alpha-Linolenic acid metabolism pathway, the expression of 9(S)-HOTrE was upregulated by 0.62 times by upregulating the expression of LOX2S, and the expression of traumatic acid was downregulated by 2.63 times by downregulating the expression of HPL1. After the application of CM, the number of pathways enriched was less in Na2CO3 treatments than in NaCl treatments. After the application of CM, the expression of oxoglutaric acid was downregulated by 2.8 times by upregulating the expression of IDH3 in the citrate cycle (TCA cycle) pathway, the expression of fumaric acid was upregulated by 0.76 times by downregulating the expression of SDHB, and the expression of (S)-Malate (L-Malic acid) was upregulated by 0.58 times by downregulating the expression of FH. Similar to NaCl treatments, there were also changes in the enrichment of DEGs and DEMs in the alanine, aspartate, and glutamate metabolism pathway in Na2CO3 treatments, in which the expression of n-carbamoyl-l-aspartate was downregulated by 1.18 times. Different from NaCl treatments, the biosynthesis of other secondary metabolites pathway was mainly enriched for the DEGs and DEMs in Na2CO3 treatments. Among them, the expression of sinapic acid in phenylpropanoid biosynthesis pathway was downregulated by 2.69 times, and the expression of neohesperidin in flavonoid biosynthesis pathway was upregulated by 2.38 times, compared with those in the YCK treatment.



Combined Analysis of Dry Weight, Physiological Indexes, Ion Contents, Transcriptomics, and Metabolomics in B. campestris

The network diagram showed the relationships among various indexes of B. campestris (Figure 6). It was found that the regulation mechanism in B. campestris leaves varied in different treatments. The DEGs (BnaA10G0269200ZS and BnaC01G0465300ZS) had good interactions with other indexes in different treatments. Ion contents had greater effects on B. campestris in NaCl treatments (YCK and YP treatment) than in Na2CO3 treatments (JCK and JP treatment; Figure 6A), which was mainly reflected in the effects of K+, Na+, Cl−, and K+/Na+ ratio on ion homeostasis in B. campestris. The phenotype and ion contents of B. campestris were directly regulated by genes, and there were also ways of mutual regulations among ion contents, metabolites, and physiological indexes. The main regulatory genes (BnaA10G0269200ZS and BnaC01G0465300ZS) directly affected the phenotypic indexes, and the effect on root dry weight was greater than that on leaf and stem dry weight. Moreover, the regulation on root and leaf dry weight was negative. The regulatory effects on DEGs (BnaA10G0269200ZS and BnaC01G0465300ZS) were greater in Na2CO3 treatments (JCK and JP treatment) than in NaCl treatments (YCK and YP treatment; Figure 6B). The content of Cl− was negatively correlated with many genes. The dry weight of root, leaves, and stem were positively correlated with the expression of BnaA10G0269200ZS and BnaC01G0465300ZS, and showed a trend of leaf dry weight > root dry weight > stem dry weight. The stem dry weight was positively correlated with K+/Na+ ratio. BnaC01G0465300ZS was positively correlated with methylmalonic acid and POD, and negatively correlated with CAT and N-Acetyl-L-phenylalanine.
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FIGURE 6. Co-occurrence network of phenotype, physiological indexes, ion contents, differential expressed genes, and differential expressed metabolites of Brassica campestris. (A) YCK treatment, (B) JCK treatment, (C) YP treatment, and (D) JP treatment. There are positive or negative correlations between the two indexes connected (p < 0.05). The indexes with connectivity greater than 15 are marked with words.


After the application of CM, the BnaA10G0269200ZS and BnaC01G0465300ZS (DEGs) were still the main factors in the regulation. The responses of B. campestris to saline and alkaline stresses changed, showing that the interactions between genes and metabolites were strengthened and the interactions between genes and ions were weakened. In NaCl treatments (YCK and YP treatment), the DEGs positively regulated the stem and leaf dry weight by regulating the ion balance, and most of DEGs showed a positive correlation with POD and CAT, and a negative correlation with REC (Figure 6C). At the same time, the interactions between the DEMs (Neohesperidin, Quinate, and Adenosine) and the DEGs (BnaA10G0269200ZS and BnaC01G0465300ZS) were strengthened. In Na2CO3 treatments (JCK and JP treatment), after the application of CM, more metabolites were involved in the regulation of alkaline stress, and the DEMs (D-Glucuronolactone, GDP-L-Fucose, and Quinate) were positively regulated (Figure 6D). Among them, BnaA10G0269200ZS was positively correlated with Ca2+ and K+, and BnaC01G0465300ZS and many DEGs were negatively correlated with [image: image] and positively correlated with CAT. Moreover, the application of CM had the greatest effects on the leaf dry weight. It was correlated with Amygdalin and negatively correlated with BnaA07G0326900ZS, BnaA01G0372800ZS, and citric acid.





DISCUSSION

Our results showed that there were similarities and differences in phenotypic plasticity and genetic adaptability of plants under saline and alkaline stresses. The toxicity of saline and alkaline stresses to plants and the induced self-regulation mechanism of plants were also different. Compare with the saline stress, Alkaline stress had greater ion toxicity and oxidative stress, which is reflected in higher Na+, CAT, and MDA contents (Fang et al., 2021). This is because high pH stress and ion imbalance may occur in addition to the ion toxicity caused by Na+ when plants are under alkaline stress (Han et al., 2018). Excessive Na+ will make a competitive relationship with K+, Ca2+, and Mg2+, which break the ion balance in plants, while high pH will increase cellular oxidative stress and cause massive precipitation of crucial mineral elements, such as phosphorus, calcium, and magnesium, eventually leading to nutrient deficiency and biomass decline in plants (Tahkokorpi et al., 2012; Wang et al., 2015). In this study, the network diagram showed that the detoxification of antioxidant enzymes was suppressed under saline and alkaline stresses, resulting in the accumulation of reactive oxygen species in cells (Figure 6), which seriously destroys the cell structure and macromolecules, such as DNA, lipids, and enzymes (Liu et al., 2021). It is indicated that in severe saline and alkaline soils, the ion imbalance in soils could affect the ion balance in plants and make plants alter apparent plasticity to response the saline and alkaline stress environment (Yang et al., 2018; Lamers et al., 2020). Combined with transcriptional and metabolomics analysis of self-genetic adaptation of B. campestris, we found that BnaA10G0269200ZS and BnaC01G0465300ZS were the main regulators on biomass, ion balance, and antioxidant enzyme activities of B. campestris. In this research, the osmotic protection function of B. campestris is regulated by regulating metabolites including fumaric acid, (S)-L-Malic acid, and methylmalonic acid, to improve the tolerance to saline and alkaline stresses and maintain cellular water balance (Talaat et al., 2015). Under saline stress, the content of sinapic acid is regulated to maintain cell water balance, to cope with the osmotic stress caused by salt (Liu et al., 2014). However, under alkaline stress, the content of N-Acetyl-L-phenylalanine is regulated to cope with the osmotic stress caused by alkali.

Application of compound material altered the phenotypic plasticity and genetic adaptation of B. campestris under saline and alkaline stresses. The phenotypic analysis showed that the effect of compound material application on the growth of B. campestris was significantly different from that of the CK (YCK & JCK) treatments. The compound material application increased K+ and Mg2+ in leaves, but decreased Na+ and REC content to maintain cellular ion homeostasis. Besides, the activities of CAT and POD in antioxidant system were increased and the ionic and osmotic homeostasis of leaf cells were rebuilt to improve the tolerance to saline and alkaline stresses, which eventually increased the dry weight of various organs of B. campestris. Genetic adaptation is reflected in gene modification, including gene expression and quantitative change (Wu et al., 2021). Transcriptomic analysis showed that the application of CM changed the expression of genes in B. campestris under saline stress, such as the expression of genes encoding K+ and Na+ transporters and related enzyme activities [such as BnaA09G0714900ZS, BnaC03G0308500ZS, and BnaA09G0647100ZS (Gu et al., 2021)]. Previous study has found that the increased stress tolerance of transgenic plants may be due to the upregulation of genes involved in protecting intracellular K+ and Na+ homeostasis from damage (Meng et al., 2020). In this study, the expression of genes related to potassium ion transport and regulation of potassium ion transport and superoxide dismutase were upregulated. The regulation of these genes is helpful for B. campestris to improve the tolerance to saline and alkaline stresses (Zhang et al., 2021). The multiomics analysis found that the application of CM changed amino acid metabolism pathways, including Alanine, aspartate and glutamate metabolism, Phenylalanine metabolism, and Tyrosine metabolism by regulating the transcription factors (IDH3, HPD, and pel). Amino acids play an important role in promoting plant growth and resisting various abiotic stresses (Widodo et al., 2009; Caldana et al., 2011). This study found that compound material application could promote amino acid synthesis in the leaves. This plays a role in maintaining cell structure and promoting crop growth (Li and Song, 2019), and also improves the osmotic pressure and antioxidant properties of cells (Jia et al., 2020). Therefore, it was inferred that the application of CM could reconstruct ionic homeostasis and osmotic homeostasis under saline stress, to improve the tolerance of B. campestris to saline stress. However, the application of CM had different regulatory effects on B. campestris leaves under saline stress and alkaline stress. Compared with the salt control treatment (YCK), the application of CM changed the metabolic pathways related to organic acid metabolism by regulating the expression of transcription factors (IDH3, HPDG, PMM, and GFPT), such as phenylalanine metabolism and alpha-Linolenic acid metabolism. It indicates that under saline stress, the compound material could enable B. campestris to synthesize a large amount of organic acids, which not only enhances the antioxidant system, but also promotes the synthesis of important structural substances in plant cells (You et al., 2019). What’s more, the application of CM also changed the biosynthetic pathways of other secondary metabolites under alkaline stress by regulating transcription factors (PAL, CYP37A), including phenylpropanoid biosynthesis and flavonoid biosynthesis pathway. Study has found that Phenylpropane secondary metabolism pathway affects the synthesis of lignin, flavonoids, and other secondary substances (Chun et al., 2019). The biosynthesis of phenylpropane is related to the synthesis of flavonoids and lignin, which could improve the osmotic regulation and enhance the tolerance of Fraxinus mandshurica to stress (Sharma et al., 2019), which indicated that the application of CM might improve the osmotic regulation by upregulating the secondary metabolites content in B. campestris, to enhance the tolerance to saline and alkaline stresses.

Our results showed that there was difference between the self-regulation mechanism of B. campestris in response to saline and alkaline stresses and the regulation mechanism of compound material (Figure 6). From the perspective of apparent plasticity, the growth inhibition of B. campestris under saline and alkaline stresses was alleviated by the application of CM. However, there was no difference in the effect of the application of CM on the biomass of B. campestris under saline and alkaline stresses. The application of CM helped achieve the ion homeostasis in B. campestris under saline and alkaline stress. Under saline stress by increasing the content of K+, Ca2+, Mg2+, [image: image], and [image: image] and reducing that of Na+, and it helped achieve the ion homeostasis in B. campestris, thus alleviating the ion toxicity (Ma et al., 2019), under alkaline stress by increasing the content of Ca2+ and K+ and reducing that of Cl− and [image: image]. At the same time, the application of CM improved the detoxification of antioxidant enzymes, which is reflected in the regulation of SOD, CAT, and MDA. This research antioxidant enzymes can scavenge reactive oxygen species in cells, thereby reducing oxidative stress under saline and alkaline stresses (Lu et al., 2021). We also found that in this study, the application of CM made more metabolites participate in the responses of B. campestris to alkaline stress, in which the DEMs including D-Glucuronolactone, GDP-L-Fucose, and Quinate were positively regulated by DEGs (BnaA10G0269200ZS, BnaC01G0465300ZS). Previous study has found that GDP-L-Fucose and Quinate obviously accumulate in leaves when plants are short of boron for a long time (Liu et al., 2015). Therefore, the application of CM might promote the normal operation of carbohydrates by regulating the boron content in B. campestris, to enhance the tolerance to saline and alkaline stresses. The citric acid and adenosine regulated under saline stress and the neohesperidin and fumaric acid regulated under alkaline stress play an important role in plant stress resistance by maintaining cellular osmotic pressure and ionic homeostasis (Chen et al., 2016).



CONCLUSION

Saline stress and alkaline stress had different degrees of harm to oilseed rape (Figure 7). Alkaline stress had greater ion toxicity to oilseed rape through the increase of Na+ content and the decrease of K+/Na+ ratio. The application of CM could recover the ionic homeostasis and osmotic homeostasis in leaves through genetic adaptation and phenotypic plasticity. The CM could increase K+ content and K+/Na+ ratio in leaves by upregulating genes related to the regulation of potassium ion transport in saline and alkaline soils, and change the amino acid metabolic pathway through upregulating transcription factor IDH3 and HPD and downregulating the expression of pel, which increased the activities of SOD, POD, and CAT and decreased the contents of Na+, MDA, and REC in oilseed rape leaves. However, there were differences in the regulation mechanism of CM on oilseed rape in saline and alkaline soil. In saline soil, the CM regulated nucleotide metabolism and lipid metabolism through the upregulation of transcription factors GPMM and GFPT and the downregulation of glna and PMM, to improve the antioxidant capacity of oilseed rape. In alkaline soil, the CMl regulated the metabolic pathway of secondary metabolites by upregulating the transcription factors PAL and CYP73A to improve the osmotic regulation of oilseed rape. Moreover, the application of CM made more metabolites participate in the process of regulating ion balance to improve the tolerance to saline and alkaline stresses. This study showed that the application of CM could improve the tolerance of oilseed rape to saline and alkaline stresses and play a better regulatory role in saline soil. Our findings are helpful to develop a practical method for sustainable agriculture in saline and alkaline soils.
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FIGURE 7. Regulation mechanisms of compound material on the responses of Brassica campestris of compound material to saline and alkaline stresses of Brassica campestris. Yellow and blue represent the regulation mechanisms of the responses to saline stress and alkaline stress, respectively, and green represents the common regulation mechanism of the responses to saline stress and alkaline stress. Red indicates upregulation, and blue indicates downregulation.
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Barley is used as a model cereal to decipher salt tolerance mechanisms due to its simpler genome than wheat and enhanced salt tolerance compared to rice and wheat. In the present study, RNA-Seq based transcriptomic profiles were compared between salt-tolerant wild (Hordeum spontaneum, genotype no. 395) genotype and salt-sensitive cultivated (H. vulgare, ‘Mona’ cultivar) subjected to salt stress (300 mM NaCl) and control (0 mM NaCl) conditions. Plant growth and physiological attributes were also evaluated in a separate experiment as a comparison. Wild barley was significantly less impacted by salt stress than cultivated barley in growth and physiology and hence was more stress-responsive functionally. A total of 6,048 differentially expressed genes (DEGs) including 3,025 up-regulated and 3,023 down-regulated DEGs were detected in the wild genotype in salt stress conditions. The transcripts of salt-stress-related genes were profoundly lower in the salt-sensitive than the tolerant barley having a total of 2,610 DEGs (580 up- and 2,030 down-regulated). GO enrichment analysis showed that the DEGs were mainly enriched in biological processes associated with stress defenses (e.g., cellular component, signaling network, ion transporter, regulatory proteins, reactive oxygen species (ROS) scavenging, hormone biosynthesis, osmotic homeostasis). Comparison of the candidate genes in the two genotypes showed that the tolerant genotype contains higher functional and effective salt-tolerance related genes with a higher level of transcripts than the sensitive one. In conclusion, the tolerant genotype consistently exhibited better tolerance to salt stress in physiological and functional attributes than did the sensitive one. These differences provide a comprehensive understanding of the evolved salt-tolerance mechanism in wild barley. The shared mechanisms between these two sub-species revealed at each functional level will provide more reliable insights into the basic mechanisms of salt tolerance in barley species.
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INTRODUCTION

Soil salinization is a serious threat to agricultural lands in arid and semi-arid regions. Barley (Hordeum vulgare ssp. vulgare; hereafter referred to as H. vulgare) is an important salt-tolerant cereal crop and is among the world′s earliest domesticated crop plants. H. vulgare ssp. spontaneum (hereafter referred to as H. spontaneum) is a wild progenitor of barley and grows over an astonishingly wide range of ecological habitats, including highlands and deserts (Jakob et al., 2014). There is substantial genetic variation in the barley gene pools for salt tolerance to ensure the continued improvement of barley adaptation to salt stress (Garthwaite et al., 2005; Ebrahim et al., 2020). However, the process of domestication, subsequent improvement, and cultivation in less stressful environments may lead to loss of genetic variation and evolutionary adaptation potential in cultivated barley (Ellis et al., 2000).

A comprehensive understanding of molecular mechanisms underlying salt tolerance in crop plants would be highly desirable for the development of salt-tolerant cultivars through cloning of candidate genes and genetic engineering (Deinlein et al., 2014). “Salt tolerance” is defined as the ability to limit the detrimental effects of salt by a plant genotype through alleviating osmotic stress, ion toxicity, and the resultant oxidative stress, thereby diminishing yield loss (Munns and Tester, 2008; Arzani and Ashraf, 2016). At the molecular level, a large number of genes are associated with salt tolerance and are mainly involved in signaling, phytohormone biosynthesis, ion transporter and channels, transcription factors, and reactive oxygen species (ROS) scavenging (Formentin et al., 2018; Fu et al., 2018).

Transcriptome analysis is a powerful tool to decipher the physiological, biochemical, and molecular adaptations related to plant response to stresses. This method allows predicting of genes and their biological functions involved in stress tolerance mechanisms and, hence, to connect the genotype to the phenotype of a cell. RNA sequencing (RNA-Seq) technologies coupled with existing reference genome and bioinformatic analysis can provide an unbiased profile of the plant transcriptome. To aid in this endeavor, contrasting (tolerant and sensitive) genotypes can be employed to decipher the comparative transcriptomic alterations at normal and salt stress conditions (Wu et al., 2018).

Over the past decade, there have been many studies that have implemented RNA-Seq technology to comparatively analyze the transcriptome changes induced by salt stress of the tolerant and sensitive genotypes in oat (Wu et al., 2018), rice (Mansuri et al., 2019), soybean (Zeng et al., 2019), and bermudagrass (Hu et al., 2015). An RNA-Seq differential expression analysis can be used to identify salt tolerance genes in a salt-tolerant wild ancestor that may provide a better understanding of underlying mechanisms and pathways and subsequently incorporate desired genes into cultivated species. There is only one study, to our knowledge, that has investigated the RNA-Seq based transcriptome analysis of a single genotype of H. spontaneum. As such, the objective of this study is to employ a comparative RNA-Seq study to elucidate the molecular mechanisms underlying the adaptive strategies used by wild barley genotype to combat salt stress when compared with the salt-sensitive H. vulgare cultivar. Physiological and functional outcomes were assessed as a function of salt stress and several mechanisms were advanced to explain the observed effects in contrasting barley genotypes.



MATERIALS AND METHODS


Plant Materials and Growing Conditions

Two barley genotypes belonging to the wild subspecies H. spontaneum (a salt-tolerant genotype, no. 395) and a salt-sensitive cultivar (‘Mona’) were used in this study. This genotype was selected from the 47 H. spontaneum genotypes collected from West Iran (see Ebrahim et al., 2020). The individual plant was taken from each collection site. The collected seeds from each plant (pure line; hereafter termed “genotype”) were subsequently planted in separate rows to increase seeds in the field conditions. Seed germination was performed on moist filter paper at 4°C. The seedlings were moved to plastic pots with sand culture medium (fine size 50–200 micrometers) in the greenhouse conditions at a photoperiod of 12L:12D with a photosynthetic photon flux density (PPFD) of ∼400 μmol m–2 s–1, day–night temperatures 25 ± 3°C–17 ± 3°C, and the relative humidity ∼50%. Plants were irrigated every 2 days and fertilized once a week with half-strength Hoagland’s solution (Hoagland and Arnon, 1950). At the two-leaf stage, half of the pots were watered normally (control) and the other half were subjected to salt stress for 6 days at 300 mM NaCl in the two experiments of this study.

For the RNA-Seq analysis, the fresh leaves were collected from 10 plants in each entry, immediately frozen in liquid nitrogen, and kept at −80°C until the extraction of RNA. Two biological replicates per treatment (control and salt stress) and per genotype (tolerant and sensitive) were used in the RNA-Seq study.



Physiological Study

A 2 × 2 factorial experiment that was spread across four replicate blocks was used. Plant height was measured to the tip of the uppermost leaf. Leaf and root dry weight was obtained after drying the plant tissues in an oven at 70°C for 72 h. Leaf membrane stability index (MSI) was measured in control and salt-treated plants according to Premachandra et al. (1990). To evaluate the lipid peroxide content of the leaves, the malondialdehyde (MDA) content was assessed using the thiobarbituric acid (TBA) reaction method reported by Taulavuori et al. (2001). The relative water content (RWC) (Ebrahim et al., 2020) and stress tolerance index (STI) (Fernandez, 1992) were calculated. In order to measure the concentrations of sodium (Na), potassium (K) ions of the root and shoot tissues, the samples were dried at 70°C for 48 h and were then incinerated at 550°C for 4 h. The acid digested (10 ml 2N HCl) samples were then analyzed for measuring the concentration of Na and K using a flame emission photometry (Jenway PF P7 Flame Photometer; Jenway, Essex, United Kingdom). A standard curve was used to calculate the Na and K concentrations (Houshmand et al., 2005).

The statistical significance of environment and genotype and their interaction was determined using factorial analysis of variance (ANOVA). The data were analyzed using the GLM procedure of SAS software (version 9.4; SAS Institute Inc., Cary, NC, USA). The means of variables were compared using Tukey’s HSD test.



RNA Sequencing

Total RNA was extracted using RNA Isolation Kit (Roche, Germany) as per the guidance of the manufacturer’s protocol. The quality and quantity of total RNA quality were checked by a NanoDrop 8000 spectrophotometer. Isolated RNA was treated with DNaseI to remove contaminating DNA. Total RNA samples were subsequently sent for transcriptome analysis at Macrogen Co., Seoul, South Korea. RNA-Seq libraries were constructed using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina) following the manufacturer’s instruction guide (Illumina Part # 15031047 Rev. E). Illumina HiSeq 2500 platform was used to sequence the libraries, using 151 bp paired-end reads. Cutadapt (Martin, 2011) or Trimmomatic (v.0.39; Bolger et al., 2014) was used to remove the reads containing adaptor contamination, undetermined bases, and low-quality bases. The assessment of the quality of the sequencing data was carried out using FastQC1, before further bioinformatic analysis. FastQC reports the number of reads, read length, K-mer content, presence of the ambiguous base, and duplicated reads.



Differential Expression Genes and Differential Expression Isoforms

Four groups of the RNA-Seq data: tolerant – control (TC), tolerant – stress (TS), sensitive – control (SC), sensitive – stress (SS) each with two biological replications were subjected to the analyses described below. RNA sequencing resulted in an average per sample of total reads of 7.8 Gb and paired-end reads of 50 million. A total of 453 million clean reads with a range of 40 to 66 million read pairs were obtained from the paired-end reads of the eight samples. Fast QC report the number of reads, read length, K-mer content, presence of the ambiguous base, duplicated. Initially, the raw read was processed to remove the adaptor and filter low-quality (Phred score ≥ 30) and short reads (shorter than 60 bp) using Trimmomatic software v0.39 (Bolger et al., 2014). First, the clean reads from each dataset (eight samples) were aligned to the barley cultivar ‘Morex’ reference genome (Ensemble database; Hordeum_vulgare.IBSC_v2.dna.toplevel.fa) using STAR (Dobin et al., 2013). Then, the expression of all genes and isoforms was determined using RSEMv1.3.2 (Li and Dewey, 2011). Generated reads were mapped to the barley genome using gSNAP. Then Cufflinks v. 2.2.1 was adapted to estimate the expression values as fragments per kilobase of transcript per million mapped reads (FPKM). Statistical analysis for RNA-seq was performed using the DESeq2 package in R (Love et al., 2014). Genes and isoforms with the FDR adjusted p value < 0.05 and | log2 fold change (FC)| ≥ 1.5 were considered as differentially expressed (DE). The expression changes between the four contrast groups of experimental treatments viz. tolerant genotype grown in control (TC) vs. grown in salt stress (TS), sensitive genotype grown in control (SC) vs. grown in salt stress (SS), tolerant vs. sensitive genotype grown in control (TC-SC), tolerant vs. sensitive genotype grown in salt stress (TS-SS) conditions were assessed. The frequency distribution of the number of isoforms per gene and their abundance in two H. vulgare subspecies (salt-tolerant and sensitive) was counted. To visualize the common and the unique differentially expressed genes (DEGs) in the four contrasting groups (TC, TS, SC, and SS), the Venn diagram software2 was used. Group comparisons were performed using the Chi-square (χ2) and Mann–Whitney U tests, as appropriate.



Functional Annotation and Gene Ontology Enrichment Analysis

Gene Ontology (GO) enrichment analysis was undertaken to explore the function of the DEGs associated with salt stress. Classification of DEGs to GO terms was done using the g: Profiler3 (Raudvere et al., 2019). The GO was used to assess the enrichment of various categories of GO for the genes with |log2 FC| ≥ 1.5 in the wild and cultivated barleys. g:Profiler uses cumulative hypergeometric P-values to identify the most significant GO terms corresponding to the input set of genes. PANTHER4 was first adopted to understand gene ontology and function of the DEGs. To further examine the significance of the overrepresented (enriched) GO terms within GO categories of molecular function and biological process, the Functional Annotation Chart tool of the Database for Annotation, Visualization and Integrated Discovery (DAVID)5 was applied with a modified non-parametric Fisher’s exact test to identify. Then, based on the generated p value, a particular canonical pathway was assigned to the DEGs by Kyoto Encyclopedia of Genes and Genomes (KEGG)6. Finally, putative protein kinases (PKs), transcription factors (TFs), and transcriptional regulators (TRs) were identified by a homologous search of the un-assigned DEGs against the iTAK database using the BlastX (Zheng et al., 2016).



Expression Validation Using Quantitative Real-Time PCR

Seven salt-responsive genes (DEGs) were randomly selected to validate the transcriptome RNA-Seq data. These include five upregulated [potassium transporter (HvKT24), chloride channel protein (HvCLC-c), ABA-responsive element binding factor (ABF, HvbZIPx), dehydrin 7 (AvDhn7), heat shock protein (HSP, HvHSP20)] and two down-regulated (calcium-sensing receptor and cytochrome c) genes. Targeted seven pairs of primers listed in Supplementary Table 1 were designed using Primer 3 software7. The control and salt-stressed plants of the two-barley subspecies were grown and treated using a similar protocol to that employed for RNA-Seq analysis. In addition, the original samples used for RNA sequencing analysis were also utilized for quantitative real-time PCR (qRT-PCR) analysis. Two biological replicates and two technical replicates were used for each qRT-PCR reaction. Total RNA of the leaf tissues was extracted using a Plant RNA Isolation Kit (Qiagen, Hilden, Germany) following the manufacturer’s instruction. The RNA samples were treated with DNase I, quality checked by a Nanodrop spectrophotometer, and reverse transcribed into complementary DNA (cDNA). qRT-PCR was used to assess the expression of seven candidate genes using Real Q Plus 2x Master Mix Green (Ampliqon, Denmark) on the ABI StepOnePlus Real-Time PCR System (Applied Biosystems). Fold change in relative mRNA expression of the target genes was calculated by the 2–ΔΔCt method (Livak and Schmittgen, 2001). The threshold cycle for different samples was normalized using the β-tubulin reference gene. The Mann–Whitney U test was used to determine whether there were significant differences in transcript expression between salt-tolerant and salt-sensitive genotypes relative to the control.




RESULTS


Physiological Study

Table 1 shows the means of growth and physiological parameters evaluated in two contrasting genotypes of barleys (salt-tolerant and sensitive) grown in control and salt stress treatments. In response to salt stress, root and leaf Na concentrations, MSI, and MDA were increased significantly. In contrast, the root and leaf K concentrations, K/Na ratio, leaf RWC, plant height, root and shoot DW were significantly decreased due to salt stress. However, wild barley had significantly better root and shoot growth and was less affected by salt stress for the physiological attributes studied (Table 1). The two barleys significantly differed for the element concentrations of the above ground parts and the roots under both control and salt-stress conditions. The concentration of MDA was increased in response to salt stress in both the wild genotype and Mona barley, but the increase was more pronounced in the case of the ‘Mona’ cultivar. In response to salt stress, the RWC showed a significantly higher reduction in the Mona cultivar than the wild genotype. Tolerant wild genotype had lower cell electrolyte leakage that indicated a greater MSI than sensitive plants when exposed to 300 mM NaCl. The calculated STI was higher for the tolerant genotype (0.71) compared to that in the sensitive genotype (0.21).


TABLE 1. Mean comparisons of tolerant and sensitive barleys for growth and physiological traits in control and salt stress conditions.
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Plant height was reduced by salt stress by 19% and 31%, in the salt-tolerant and salt-sensitive genotypes, respectively. The DW of the shoots and roots were significantly decreased in response to salt stress. Figure 1A shows the growth performance of the two barley genotypes grown in salt stress and control conditions. The Na concentrations of the roots and leaves were much more prominently accumulated in the sensitive than tolerant genotype. In contrast, the K concentrations of the roots and leaves were diminished in the two barleys at 300 mM NaCl, but they were even sharper in the ‘Mona’ cultivar. The K/Na ratio, as a salt stress indicator in cereals, declined significantly under salt stress in two barleys, but the decrease was much lower in wild than cultivated barley.
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FIGURE 1. (A) Growth performance of tolerant genotype (pot no. 1 and 3) and sensitive cultivar (pot no. 2 and 4) under control (two pots on the left) and salt stress (two pots on the right) conditions. (B) Venn diagrams showing the number of distinct and common salt-responsive genes (DEGs) found in two barley subspecies (wild salt-tolerant genotype and ‘Mona’ salt-sensitive cultivar).




Transcriptome Analysis


Overview of the RNA-Seq

Eight libraries, obtained from the transcriptome profiles of leaf tissues of control and salt-treated plants in two barleys, were subjected to a deep RNA sequencing (RNA-Seq) analysis. The cleaned and trimmed reads of each sample were mapped to the reference barley genome sequence. A higher mapping rate with 77–89% reads was obtained when the data of wild genotype (tolerant) were mapped to the reference genome, than when the ‘Mona’ cultivar (sensitive) was mapped (71–80% reads). An overall RNA-Seq data analysis pipeline revealed that the two environments (saline and control) and two genotypes were distinct from each other. Four contrast groups (TC vs. TS, SC vs. SS, TC vs. SC, and TS vs. SS) were subjected to analysis of differential gene expression to compare the differences in gene expression between wild genotype and ‘Mona’ cv, and between control and salt-stress treatments in each of the genotypes.



Differential-Expressed Genes and Isoforms

Enrichment analysis was performed to categorize DEGs of the barley subspecies (wild and cultivated) enriched in response to salt stress. In wild barley, 6,048 DEGs were found between salt and control conditions, and of these, 3,025 genes were up-regulated and 3,023 genes were down-regulated. In the salt-sensitive cultivar (‘Mona’) 2610 DEGs including 580 up-regulated and 2,030 down-regulated genes were identified. The number of DEGs found in wild barley was 2.3 folds greater than the DEGs found in sensitive barley cultivar. Figure 1B shows the Venn diagram generated to illustrate the similarities and differences of the transcriptome changes associated with salt stress in the two contrasting genotypes. A total of 1,176 overlapping (common) DEGs were identified between the two genotypes, of which 273 and 780 genes showed a consistent pattern of up-and down-regulation, respectively. On the other hand, the expression of 4,872 DEGs was specifically induced in the tolerant genotype, and 1,434 DEGs were uniquely induced in the sensitive one. A frequency histogram of the DEGs based on the fold change in expression (Log FC) is shown in Supplementary Figure 1. The DEGs were discretized into seven groups in both control and salt stress conditions, and group one contained most of the DEGs with a fold change of 2 or 3, whereas group 7 had the least number of DEGs (fold change >8). The distribution of the assigned DEGs among the seven barley chromosomes is shown in Table 2. They were fairly evenly distributed among the seven chromosomes, but 4H had a greater number of the DEGs. In addition, two and zero up-regulated DEGs, as well as 6 and 12 down-regulated ones, were assigned to the mitochondrion in tolerant and sensitive genotypes, respectively. Twenty-five and 29 down-regulated DEGs were assigned to the plastids in tolerant and sensitive genotypes, respectively, although no up-regulated could be assigned to either cultivar.


TABLE 2. The differentially expressed genes (DEGs) between the control and salt-treated groups were assigned to seven barley chromosomes in two barley subspecies (wild salt-tolerant genotype and ‘Mona’ salt-sensitive cultivar).
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A total of 17,221 differentially expressed isoforms (DEIs) were found in the RNA-Seq analysis. There was a considerable difference between the two barleys for the number of DEIs in a similar trend to the DEGs (see Venn diagrams in Supplementary Figure 2). A greater number of expressed DEIs were produced in the tolerant genotype (12,299) compared with that generated in the sensitive cultivar (4,971 DEIs) under salt stress conditions. Among these DEIs, salt stress upregulated the transcripts of 6,645 and 1,710 DEIs in the tolerant and sensitive barleys, respectively. The frequency distribution of the number of isoforms per gene and their abundance in two barley subspecies (tolerant and sensitive) are given in Supplementary Figure 3. Also, comparing the average number of DEIs per gene showed that about 40% of the expressed genes have a single isoform per gene in the salt-tolerant genotype, while over 60% of the genes have single DEIs in the sensitive cultivar in both control and salt stress conditions. In general, the mean number of DEIs per gene was 2.03 in the tolerant genotype and was 1.9 in the sensitive cultivars. The number of FPKM representing the gene expression abundance was high to very high (from 10 to 100) for the tolerant genotype in salt stress conditions, while it was moderate-to-low (from 1 to 10) in control conditions. On the other hand, the number of FPKM was much less influenced by salt stress in sensitive barley. The noted superiority of wild barley for the DEGs and DEIs compared to barley cultivar was statistically significant at p < 0.0001.



Gene Ontology and Kyoto Encyclopedia of Genes and Genome Enrichment Analysis of Differentially Expressed Genes

A GO-enrichment analysis was used to categorize the genes enriched in response to salt stress and revealed that the DE genes are significantly enriched (Bonferroni corrected P < 0.05) in salt-stress regulated biological processes. Table 3 shows the DEGs significantly enrich 165 GO terms in tolerant genotype and 119 GO terms in sensitive cultivar, respectively. Accordingly, a total of 5,466 DEGs of the wild genotype were assigned to various biological processes, molecular functions, and cellular components (Table 3). A total of 2,244 annotated genes were contributed to the biological functions in the sensitive, which is more than half lower than those in the tolerant barley.


TABLE 3. Unique and shared enriched functional categories of DEGs in tolerant (H. spontaneum) and sensitive (H. vulgare) in response to salt stress annotating by GO term.
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Gene Ontology enrichment analysis determined gene categories that enriched in response to salt stress (Table 3). Response to the abiotic stimulus (GO:0009628) and protein self-association (GO:0043621) were the top functional groups that were enriched in the shared up-regulated genes between tolerant and sensitive barleys (Table 3). The unique up-regulated genes in tolerant genotype showed significantly enriched catalytic activity (GO:0003824), spliceosomal complex (GO:0005681), and response to chemical (GO:0042221) Whereas, the unique up-regulated genes of sensitive cultivar were significantly enriched for response to abscisic acid (GO:0009737) and oxidoreductase activity (GO:0016491). The shared down-regulated genes between the barleys under salt stress were enriched for photosynthesis (GO:0015979), plastid (GO:0009536), and catalytic activity (GO:0003824). The uniquely down-regulated genes of tolerant genotype showed a small molecule metabolic process (GO:0044281), cytoplasm (GO:0005737), and iron-sulfur cluster binding (GO:0051536) significantly enriched processes. Protein dimerization activity (GO: 0046983), cell periphery (GO:0071944), and obsolete oxidation-reduction process (GO:005511) were the top three processes that were enriched in the unique down-regulated genes of the sensitive cultivar.

Kyoto Encyclopedia of Genes and Genome analysis of the DEGs was carried out to further understand the role that DE genes play in salt tolerance-related pathways. The KEGG pathway enrichment analysis revealed that 902 up-regulated DEGs of salt-tolerant genotype were assigned into 333 pathways and 838 down-regulated DEGs of salt-tolerant genotype were mapped to 327 pathways which seven largest and most important categories enriched in metabolic pathways (KO 01100), biosynthesis of secondary metabolites (KO 01110), carbon metabolism (KO 01200), biosynthesis of amino acids (KO 01230), mitogen-activated protein kinase (MAPK) signaling pathway (KO 04010), plant hormone signal transduction (KO 04075), and phenylpropanoid biosynthesis (KO 00940) (Figures 2A,B).
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FIGURE 2. KEGG pathway classification of the differentially expressed genes (DEGs) (A) up-regulated and (B) down-regulated in salt-tolerant genotype; as well as (C) up-regulated and (D) down-regulated in sensitive barleys grown under contrasting environments (control vs. salt stress).


In the salt-sensitive cultivar, 2610 genes were mapped to the reference common pathway in the KEGG. Among those 169 up-regulated genes were assigned to 164 KEGG pathways and 375 down-regulated genes were assigned to 280 KEGG pathways (Figures 2C,D). The top enriched pathways that up-regulated genes in the sensitive cultivar in response to salt stress included metabolic (KO 1100), biosynthesis of secondary metabolites (KO 01110), starch and sucrose metabolism (KO 00500), and biosynthesis of amino acids (KO 01230). The five top pathways of down-regulated genes in the sensitive cultivar were categorized as: metabolic pathways (KO 1100), biosynthesis of secondary metabolites (KO 01110), oxidative phosphorylation (KO 00190), photosynthesis (KO 00195). Supplementary Figure 4 shows the Venn diagram of the distinct and common KEGG pathways enriched in salt stress conditions. Twenty-three pathways were uniquely and equally up-regulated and downregulated in the tolerant genotype, while lower pathways were uniquely found in the sensitive barley. Plant hormone signal and MAPK signal transduction pathways are shown in Figure 3 and Supplementary Figure 5, respectively. Phenylpropanoid biosynthesis was a common pathway in the two barleys under salt stress conditions (see Figure 4).


[image: image]

FIGURE 3. Plant hormone signal transduction detected in response to salt stress conditions (300 mM NaCl) in barley. This figure provides only a KEGG pathway for up-regulated genes in the salt-tolerant genotype and salt-sensitive cultivar. Purple color boxes represent the common differentially expressed genes (DEGs) between salt-tolerant and salt-sensitive barleys and green color boxes represent the specifically DEGs in salt-tolerant genotype. EC number of the encoded enzyme is shown in each box.
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FIGURE 4. Phenylpropanoid biosynthesis pathway detected in response to salt stress conditions (300 mM NaCl) in barley. This figure represents only one of the KEGG pathway for up-regulated genes in the salt-tolerant and salt-sensitive genotypes. Green color boxes represent the differentially expressed genes (DEGs) in salt-tolerant genotype and yellow color boxes represent the specifically DEGs in salt-sensitive genotype. EC number of the encoded enzyme is shown in each box, e.g., [EC:4.3.1.24]: phenylalanine ammonia-lyase (PAL), [EC:1.14.14.91]: trans-cinnamate 4-monooxygenase (CYP73A), [EC:6.2.1.12] 4-coumarate–CoA ligase (4CL), [EC:2.3.1.133]: shikimate O-hydroxycinnamoyltransferase (HCT), [EC:1.11.1.7]: peroxidase [EC:1.2.1.44]: cinnamoyl-CoA reductase (CCR), [EC:1.1.1.195]: cinnamyl-alcohol dehydrogenase (CAD).





Candidate Genes for Salt Tolerance

The transcripts have been narrowed to focus on the most specifically salt stress-responsive DEGs of wild genotype by comparisons between control and salt stress as well as between the two genotypes. Hence, Table 4 lists the key 80 candidate genes that are associated more specifically with salt tolerance in barley. Supplementary Table 2 presents the same data along with the statistical significance of the expression differences (p-value). Among the detected DEGs, the six most important groups include signaling elements, ion transporter, regulatory proteins (transcription factors and kinases), genes involved in ROS scavenging, genes involved in phytohormone biosynthesis, and genes involved in osmotic homeostasis and accumulation of compatible solutes, are described in greater detail below.


TABLE 4. Functional annotations of some of the differentially expressed (up- and down-regulated) genes in wild (tolerant) and cultivated (sensitive) genotypes of barley grown under control and salt stress conditions.
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Signaling Factors

Differentially expressed genes encoding calcium-binding protein components (HvCML31, HvCML58, and HvCaMBP1) and protein kinases [HvSnRK1alpha2, HvSnRK1alpha3, HvSnRK1beta3, HvSnRK3, and serine/threonine protein kinase (STKs)] were uniquely altered with significant up-regulation in the tolerant genotype. Probable calcium-binding proteins [HvCML48 (log2 FC = 4.6) and HvCML31 (log2 FC = 6.29)] were other signaling proteins that their transcripts were highly altered in the tolerant genotype (Table 4). The transcript of calmodulin-binding receptor-like cytoplasmic kinase 1, HvCaMBP1 (log2 FC = 4.3) was increased, whereas the transcripts of calcium-sensing receptor (HvCaSR) and calcium-transporting ATPase (PMCA) were reduced in response to salt stress in the salt-tolerant genotype.

The analysis of protein kinases (PKs) in the tolerant wild barley showed that 163 up-regulated genes and 155 down-regulated genes encode PKs under salt stress. These PKs are categorized into the following families: AGC, STE, CMGC RLK-Pelle, TKL, and CAMK. The RLK-Pelle family was the largest family containing 119 up-regulated genes found in wild barley (Figure 5A). This family included 27 types of kinases such as RLK-Pelle-DLSV, RLK-Pelle-L-LEC, RLK-Pelle-WAK, and RLK-Pelle-SD-2b. In contrast, only seven and 65 PKs belonging to six families (CAMK, CK1, CMGC, RLK-Pelle, and TKL) were found to be differentially up- and down-expressed under salt stress in ‘Mona’ cultivar, respectively (Figure 5B). Four categories of plant-specific TLK, STE, CKT, and WEE genes were significantly up-regulated only in the wild genotype in response to salt stress. Additionally, one AGC_RSK-2 (Ribosomal S6 Kinases 2) was uniquely down-regulated in the wild barley. The most abundant KP groups were RLK-PELL, followed by CAMK and CMGC which were common in both barleys. In contrast, the transcripts of six MAP3K and one MAPK genes belonging to STE and CMGC families were only up-regulated in wild barley. The expression of TLK, WNK, WEE, NAK, and IRE1 kinase was only altered in wild tolerant genotype as well.
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FIGURE 5. Differentially expressed kinase genes [protein kinases (PKs)] detected in the tolerant wild genotype (A) and the sensitive cultivar ‘Mona’ (B).




Genes Involved in Phytohormone Biosynthesis

HvCYP707A4 gene that encodes 8-hydroxylase ABA was down-regulated in the sensitive but up-regulated in the tolerant genotype. Another gene in this group, HvPP2C, encoding a type C protein phospholipase was differentially expressed in both barley subspecies. In the tolerant genotype, the gibberellin hormone receptor, HvGID1c, was significantly induced under salt stress, while the differential expression was not significant in the sensitive cultivar. Salt stress was only induced significantly in the HvCYP90D1 gene, in the tolerant genotype encoding 3-Epi-6-deoxocathasterone 23-monooxygenase that involves brassinosteroid biosynthesis. Two genes encoding lipoxygenase (HvLoxB and unknown) were shown to be up-regulated significantly in the salt-tolerant but not in the sensitive genotype. In the tolerant barley, HvJAZ and HvCOI1 genes were up-regulated in the jasmonic acid signal transduction pathway.



Transcription Factors

In the salt-tolerant genotype, 69 transcription factor (TF) families containing 399 genes were identified, 177 of which were down-regulated and 222 up-regulated in response to salt stress using the iTAk pipeline. In this study, MYB, AP2/ERF-ERF, MYB-related, NAC, bZIP, WRKY, bHLH, Trihelix families were profoundly expressed in salt stress compared with control conditions. Those TF families that were downregulated in response to salt stress included bHLH, GNAT, AUX/IAA (Figure 6A).
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FIGURE 6. Transcription factors (TFs) differential expressed. Number of up (blue bar)- or down (orange bar)-regulated gene in transcription factors (TFs) expressed (left) and heat map of expression changes in differentially expressed genes (DEGs) under control and salt -stress conditions (right) in the (A) salt-tolerant genotype and (B) salt-sensitive cultivar (‘Mona’).


In contrast to the tolerant genotype, the ‘Mona’ cultivar showed much lower TFs differentially expressed (83: 24 up- and 59 down-regulated, belonging to 37 TF families). NAC, HSF, MADS-M-TYPE, HB-HD-ZIP, MYB families were mainly up-regulated, while MYB, bHLH, AUX/IAA, trihelix, and WRKY followed a down-regulation pattern in this cultivar (Figure 6B). HvbZIPx. HvbZIP63, and HvbZIP16 belonging to the bZIP family were up-regulated in the tolerant barley, but not significantly impacted in the sensitive barley. HvMYB and HvWRKY75 genes were also induced under salt stress in the tolerant genotype, while no expression changes were observed in the sensitive cultivar. In salt-tolerant genotype, HvAp2/ERF genes with log2 FC > 3 were identified but not detected in the ‘Mona’ cultivar. HvNAC56, HvNACx, and HvbHLH were the common TFs induced by salt stress in the two barleys.



Ion Transporters and Channels

Comparative transcriptome analysis of transporters and channels of wild (tolerant) and cultivated (sensitive) barleys in control and salt stress conditions revealed several crucial genes involved in the ion transport and channels. Tolerant genotype showed an upregulation of the transcripts of the following genes: HvABCF3, HvABC1, HvVA68, HvVPH1, HvCLC-c, AvNAR1, HvSultr3;5, AvNHX1, HvCAX1A, HvCAX2B, HvKT24, HvHKT1;2, HvSKOR, five V-type proton- transporting ATPase (V-ATPase) genes, and probable magnesium transporter (a hitherto un-named gene). The expression of HvABC1 and HvABCF3 was almost 1.8 folds higher in two barleys when they were grown under 300 mM NaCl as compared to control conditions. HvVA68, HvVPH1, and five V-ATPase genes were uniquely expressed in the tolerant barley in response to salt stress. The chloride channel gene, HvCLC-c, was upregulated following NaCl treatment in both barleys. Wild tolerant barley showed 8-fold increases in the HvSultr3;5 transcripts due to salt stress while not inducing significantly in the ‘Mona’ cultivar.

The expression of the genes belonging to the transporter families of low-affinity K+ transporter (AKT), high-affinity K+ transporter (HKT), HAK/KUP/KT potassium, and Na+/H+ exchanger (NHX) was significantly up-regulated by salt stress specifically in the tolerant barley. These can be listed as follows: HvNHX1, HvAKT1, HvHKT1;2, and HvKT24. The expression of HvCAX1A, HvCAX2B, HvNCKX, and two probable magnesium transporter genes (hitherto un-named) was also significantly induced by salt stress specifically in the tolerant barley. In contrast, in response to salt stress, the expression of the potassium channel gene, HvSKOR, was differentially up-regulated in two barleys. AvNAR1 was expressed differentially in tolerant genotype while its differential expression in the sensitive cultivar was not significant. These overall results reveal that most of the genes encoding the ion transporter and channel proteins were specifically expressed in the tolerant barley in salt stress conditions.



Genes Encoding Reactive Oxygen Species Scavenging Proteins

The expression of HvTrxR1 and HvTrxL3-2 (thioredoxin reductase and chloroplast thioredoxin respectively or NTRs) genes, as well as duplicate ferredoxin (HvFdx3) genes and glycosyltransferases, was significantly induced in the tolerant barley under stress. In addition, the genes encoding enzymatic antioxidants in plants include catalase (CAT), ascorbate peroxidase (APX), and superoxide dismutase (SOD) symbolized HvCat1, HvSOD1, and HvAPX, respectively, were significantly upregulated in the salt-tolerant barley, but only HvAPX gene was upregulated significantly in the ‘Mona’ cultivar. HvPDI gene encoding the protein disulfide isomerase, a multifunctional enzyme that mediates the isomerization through disulfide bonds, catalyzes the cysteine-based redox reactions, and assists in the acquisition of the correct three-dimensional structure of the protein was up-regulated in two barleys. AvBADH1 gene encoding a form of the beta-aldehyde dehydrogenase (BADH) enzyme up-regulated approximately three-fold in the tolerant and almost one-fold in the sensitive barley, both of which were statistically significant (P < 0.01). Phenylalanine ammonia-lyase (HvPAL) gene involved in salicylic acid synthesis expressed under salt stress in the tolerant genotype while it was down-regulated in response to salt stress in the sensitive cultivar.



Regulation of Genes Involved in Osmotic Homeostasis and Accumulation of Compatible Solutes

Both barleys had significantly elevated expression of the HvLEA18, AvDhn7, HvDhn4, HvBADH1, HvP5CS1, and HVP5CSB genes, while the HvHVA22 gene was significantly upregulated specifically in the tolerant genotype. Heat shock proteins (HSPs) are other cell-protective molecules that may be functionally relevant to this category. Several HSP transcripts showed expression changes, the two most significant and differentially expressed in both barleys were AvHSP15.7 and AvHSP20 genes. Indeed, in addition to the role played as a source of carbon and energy, sugars, also function as osmotic regulators to alleviate abiotic stresses in plants that the HvSWEET2A gene was upregulated in salt-tolerant genotype.




Proposed Salt Tolerance Mechanisms

Figure 7 summarizes our findings of the underlying adaptive mechanisms by which the wild barley cells sense, and deploy interconnected molecular pathways in response to salt stress. We look at these pathways briefly below. Wild barley activates ion transporters such as NHXs, CLC-C, SKOR, AKT, HKT, and CAX for maintaining the homeostasis of Na+ and K+ ions in the cytosol. The Na+, K+ -ATPase maintains Na+ and K+ gradients across cell membranes by pumping Na+ ions out of cells while bringing K+ ions in. Vacuolar H+-ATPase establishes a proton gradient across the vacuolar membrane that drives vacuolar Na+/H+ exchanger activity. Several key components including kinase (e.g., MAPK, MAP3K, CDPKs) activated in signal perception, transduction, and amplification. Transcription factors (e.g., NAC, bZIP, bHLH, WRKY), detoxification and ROS scavenging enzymes [catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX), peroxidase (POD), thioredoxin reductase (NTR)], hormones (ABAs), osmoprotectant (late embryogenesis abundant (LEA), heat shock proteins (HSPs), and proline and some other salt-tolerance related mechanisms were specifically induced to alleviate osmotic stress, to mediate ion homeostasis, and/or to modulate oxidative stress.
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FIGURE 7. Salt tolerance mechanisms of wild barley (H. vulgare ssp. spontaneum). Wild barley maintains lower cellular Na+ content by activating ion transporters such as NHXs (sodium exchanger), CLC-C (chloride channel protein), SKOR (outward rectifying K+), AKT (inward rectifying K+), HKT (high affinity potassium transporters) and CAX (vacuolar cation/proton exchanger). Thus, ion transporters associate with maintaining K+/Na+ ratio in salt tolerant (wild) plant. Vacuolar H+-ATPase establishes a proton gradient across the vacuolar membrane that drives vacuolar Na+/H+ exchanger activity. Several key components including kinase (e.g., MAPK, MAP3K, CDPKs) activated in signal perception, transduction and amplification. Transcription factors (e.g., NAC, bZIP, bHLH, WRKY), detoxification and ROS scavenging enzymes [catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX), peroxidase (POD), thioredoxin reductase (NTR)], hormones (ABAs), osmoprotectant [late embryogenesis abundant (LEA), heat shock proteins (HSPs), and proline] and some other salt-tolerance related mechanisms were specifically induced to alleviate osmotic stress, to mediate ion homeostasis and/or to modulate oxidative stress.




Real-Time Expression Analysis of Salt Responsive Genes

The expression profiles of seven genes randomly selected from the significant DEGs were used for real-time PCR analysis from which a comparison was made with their corresponding transcriptome data. Six out of the mRNA transcripts generated in response to salt stress by qRT-PCR appeared to follow a similar pattern as in the RNA-Seq (Figure 8). Five of the stress-responsive genes namely HvHKT1;2, HvKT24, AvDhn7, AvHSP20, HvbZIPx, HvCCDA were up-regulated while the two remaining genes, HvCLC-c and HvCaSR, were down-regulated in response to salt stress. There was only one inconsistency between qRT-PCR and RNA-Seq data with an inverse regulation pattern for the HvCLC-c gene that was down-regulated in qRT-PCR and up-regulated in transcriptome results.
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FIGURE 8. Relative expression of seven genes (HvKT24, HvbZIPx, HvCLC-c, AvDhn7, HvHSP20, HvCCD, and HvCaSR), which were also detected by RNA-Seq, using qRT-PCR.





DISCUSSION


Plant Growth and Physiological Attributes

Malondialdehyde (MDA) is a product of polyunsaturated fatty acid peroxidation. Salt stress caused an increase in the leaf MDA content of the tolerant genotype, while this increase was much higher for the salt-sensitive barley. This result indicates a higher rate of lipid peroxidation in the sensitive than tolerant genotype under salt stress conditions. These are in good agreement with previous results obtained by Kiani et al. (2015) on Aegilops cylindrica with a greater MDA content in the sensitive than the tolerant genotype. The destructive effect of salt stress on lipid peroxidation has already been shown by Zeeshan et al. (2020) who found a higher MDA content in salt-tolerant than salt-sensitive genotype and that MDA can potentially be used as an indicator of salt tolerance in wheat and barley. Nefissi Ouertani et al. (2021) also observed an association between low MDA content and higher salt-stress tolerance in barley.

The RWC was decreased in response to salt stress in both sensitive and tolerant genotypes, but the decrease in RWA was more pronounced in the sensitive cultivar. Reduction of relative water content due to salt stress has already been observed in barley (Ebrahim et al., 2020), which is in line with the results of this study. Comparison of MSI results between tolerant and -sensitive genotypes shows the higher membrane damage and electrolyte leakage in the sensitive than the tolerant barley. This finding is consistent with that of Ebrahim et al. (2020) for salt stress and Bahrami et al. (2019) for heat stress in barley. Salt stress causes damage to the plasma membrane and cell leakage and a rapid decrease in cytosolic nutrients, so maintaining membrane integrity is essential to prevent membrane leakage. Wild barley was also defined as being superior to cultivated barley for salt tolerance using STI. A recent report shows that STI is the most effective discrimination index for screening salt-tolerant genotypes, and STI for grain weight is governed by several QTL with mainly additive effects in barley (Sayed et al., 2021).

Lower Na and K concentrations along with a higher K/Na ratio found in the tolerant genotype compared with the sensitive genotype, indicate the different mechanisms by which wild and cultivated barleys may have evolved their own specific interactions with salt stress. Because these two sub-species are distinct from each other, one may speculate that a combined Na+ extrusion from the root cells with enhanced salt exclusion from the shoots might be interpreted in favor of wild barley. The distinctive salt tolerance of wild barley can be seen in the context of the predictability of evolutionary responses in wild and cultivated grasses, as a potential support to the already hypothesized evolutionary strategy in saline-adapted wild plants. Consistent with this line of reasoning, Ebrahim et al. (2020) demonstrate that plant survivability in salt-tolerant wild barley was negatively associated with Na concentration in the root and leaf and positively related with the leaf K/Na ratio. Carden et al. (2003) compared salt tolerance of two cultivated barleys at 5 and 8 days of NaCl stress and found that tolerant cultivar has much lower root cytosolic Na+ content than sensitive cultivar at 5 days, with an indifferent effect at 8 days.



Transcriptome Analysis

One of the important implications of this study is the clear link between the overall RNA-Seq dataset and those of the qRT-PCR analysis, which enabled us to establish a relationship between the DEGs and salt-stress tolerance as well as to identify key genes associated with salt tolerance in barley. Though sampling artifacts can be ruled out as the RNA samples used for both experiments were the same, other explanations could be put forward to justify the observed inconsistency between up-regulation of HvCLC-c in the transcriptome experiment and its down-regulation in the qRT-PCR. First, CLC chloride channels have a large gene family in eukaryotes whose members often exhibit distinct expression patterns (Teakle and Tyermam, 2010). Second, consequently, there exist an enormous number of variants of the alleles and the challenge is to navigate through and identify any that are likely to match the primer sequence designed. Therefore, it can be assumed that the RNA-Seq data is more reliable since the qRT-PCR vastly depends on the primer sequence.

During plant salt stress responses, the tolerance mechanisms are regulated by complex cross-talking signaling and transduction pathways (Mahajan et al., 2008; Hasanuzzaman et al., 2018). Indeed, the pictures emerging from our DEGs data suggest that MAPK signaling pathways, calcium signaling pathways, and hormone signal transduction pathways regulate the expression of a network of TFs mediating salt-stress responses in barley. These findings are similar to Goyal et al. (2016), who in a transcriptomic study in wheat found the hormone signal transduction was associated with salt tolerance). The number of DEGs and DEIs found in salt stress conditions was significantly higher than those in normal conditions in two barleys. These findings are in agreement with earlier transcriptome studies in barley both in salt stress (Zhu et al., 2020) and in drought stress conditions (Harb et al., 2020). The number of DEGs has observed in salt-tolerant barley in our study was about five-fold higher than those found for a salt-tolerant line by Zhu et al. (2020). This is consistent with our results and implies that wild subspecies of barley as a tolerant genotype had a very much stronger response to salt stress than the domesticated genotype.

Our transcriptome results are fully consistent with our empirical physiological data and therefore point to the stronger expression of the responsive genes in the tolerant than the sensitive barley. It is interesting to note that the DEGs yielded approximately three-fold greater DEIs in the salt tolerant barley. This finding supports a well-established understanding that alternative pre-mRNA splicing can be induced by environmental stresses and plays a crucial role in shaping the transcriptome of plant cells (Laloum et al., 2018). As such, transcriptional regulation is highly plastic, depending on the presence of transcription factor proteins (TFs) and their binding to short DNA binding motifs (Matys et al., 2003). Accordingly, some of the important elements and functional implications of the salt tolerance strategies of barley are discussed below.


Signaling Elements

Plant cell membranes are crucial players in cell functioning such as structural integrity and transport, as well as sensing and response to environmental and biological stimuli. Cellular signal transduction networks are composed of various proteins such as sensor, transducer, and effector proteins, which include receptors, adaptor proteins, kinases, TFs, and secondary messengers like Ca2+, H2O2, NO, and ABA. In the two examined barleys, the HvCaSR transcript was weakly (small) or strongly (large) down-regulated on day 6 after 300 mM NaCl treatment in sensitive and tolerant genotypes, respectively. A plasma membrane GPCR (G protein-coupled receptor) also named CaSR (calcium-sensing receptor) is involved in regulating intracellular Ca2+ ion homeostasis and as a probable messenger outside cells (Hofer and Brown, 2003). The CaSR receptor is induced not only by Ca2+, but also by other divalent and trivalent cations, polyamines, amino acids, and other polycationic ligands. It is coupled to many different intracellular signaling cascades through heterotrimeric G proteins. The CaSR also plays a pivotal role in the modulation of various cellular processes, such as apoptosis, proliferation, differentiation, chemotaxis, secretion, and ion channel activity (Hofer and Brown, 2003). Having the above definitions in mind, we can postulate two reasons for the down-regulation of HvCaSR in our study. First, the reproducibility of the expression of HvCaSR has been confirmed by two independent experiments. Second, salt stress causes an influx of Ca2+ across the plasma membrane, which results in a calcium-depleted extracellular environment.

In the current study, calcium sensors including calmodulins (CaMs), calcineurin B-like proteins (CBLs), calcium-dependent protein kinases (CDPKs), and calmodulin-like proteins (CMLs) have been widely documented (Hofer and Brown, 2003; Mahajan et al., 2008). The current study findings, therefore, give further evidence for the functional role of the HvCML31, HvCML58, and HvCaMBP1 genes in triggering wild barley tolerance to salt stress. Then, several key components including kinase (receptor-like kinase/Pelle, RLK-Pell) activated in signal perception, and the other kinases are involved in signal transduction and signal amplification (Lehti-Shiu and Shiu, 2012). The results are consistent with previous reports in that a large number of RLK-Pelle proteins were associated with biotic and abiotic stresses in Arabidopsis, rice, and barley (Harb et al., 2020). In addition, in the tolerant genotype, CDPKs (Ca2+ dependent protein kinases) and SNF1-related kinases (SnRKs) are among the salt-induced specific genes belonging to the CAMK group that activated in ABA-independent and ABA-dependent signaling pathways through phosphorylation of ion channels and transducers and simultaneously regulate stress response gene expression (Kitsios and Doonan, 2011; Lehti-Shiu and Shiu, 2012). Exposure of salt-tolerant barley cells to salt stress leads to activation of MAPK cascades composed of MAPKs and two MAPK kinases (MAP3Ks) indicating their important role in salt-stress signal transduction. The GO annotation and KEGG pathway analysis suggested that most of the barley DEGs were involved in salt signaling and transduction pathways fall into two functional categories: MAPK signaling pathways and hormone signal transduction pathways. Phytohormones have been discussed as distinct entities in a separate section below.



Phytohormone Biosynthesis

Phytohormones are crucial signaling molecules that regulate growth, development, and defense in plants. The multiple hormone biosynthesis-related DEGs found in this study show their function as regulatory factors of adaptation and survival in the face of diverse environmental stresses. In rice, Formentin et al. (2018) found a large number of the expressed genes that were associated with hormone regulation in response to salt stress. Key enzymes in ABA catabolism, ABA 8’-hydroxylases, are encoded by CYP707A. The special expression of the CYP707A gene in the tolerant genotype may suggest that this gene plays a central role in regulating tolerance response through various mechanisms in wild barley. This finding is consistent with the reported data indicating the enhanced expression levels of CYP707A in soybean under salt and drought stress conditions (Zheng et al., 2012). Protein phosphatase 2C (PP2C) is another ABA-related gene that is known to participate in the stress responses in eukaryotes including plants (Sheen, 1998). These results are in accordance with those reported in wild maize (Zea mays ssp. mexicana L.) and show the up-regulation of four candidate PP2C genes in response to cold and drought stress (Lu et al., 2017). Given that HvPP2C is inducibly expressed and together with SnRK2s and HvbZIPx genes are critical components of hormone signal transduction and MAPK signaling pathway. They would likely inhibit water loss and osmotic stress through stomata closure. Hence, the PP2C gene family is a player in ABA signaling transduction that assist the plant in tolerating both salt and water stress. The expression of the gibberellic acid receptor gene, HvGID1c, was up-regulated in both barleys due to salt stress. This is in line with a recent report that also found higher expression of the GID1 gene in response to salt stress in millet (Yuan et al., 2021).

CYP90D1 (encodes a cytochrome P450 gene) and thioredoxins (aforementioned) involved in brassinosteroid biosynthesis were up-regulated in the tolerant genotype due to the product and presence of the brassinosteroid hormone. Brassinosteroids (BRs) are steroid hormones that act as signal molecules to activate defense response under stress conditions (Ahammed et al., 2020). CYP90D1 was significantly up-regulated in Arabidopsis in response to drought stress (Li et al., 2020). Two different genes encoding for lipoxygenase up-regulated in both barleys but more specifically in the salt-tolerant barley. These are associated with the oxygenation of fatty acid and the formation of fatty acid hydroperoxide, which ultimately lead to the jasmonic acid synthesis in the octadecanoic pathway. Consistent with our findings, Zhang et al. (2017) found that lipoxygenases genes involved in jasmonic acid signaling were up-regulated by salt stress in sweet potato. Likewise, eight genes encoding lipoxygenase were up-regulated significantly in finger millet under salt stress (Rahman et al., 2014). In the tolerant barley, HvJAZ and HvCOI genes were up-regulated due to salt stress. These genes are associated with the jasmonic acid signal transduction pathway and their expression alterations were reported in Arabidopsis thaliana (Ali and Baek, 2020).



Transcription Factors

After perceiving the stress signal, transcription factors (TFs) are activated. We detected significant up-regulation of AP2/ERF-ERF, bZIP, MYB-related, WRKY, Trihelix, and bHLH TFs only in the tolerant genotype which suggests the crucial roles of these TFs in regulating transcription of the downstream genes responsible for tolerance to salt stress. On the other hand, other TFs like NAC, HSF, MADS-M-TYPE, HB-HD-ZIP, and MYB were differentially expressed in both barleys. These findings in turn suggest the involvement of these TF groups in the type of adaptive responses that underlying tolerance mechanisms are shared between the two barleys. Some of these TF results are consistent with an earlier report examining the transcriptome response of a salt-tolerant cultivar to salt stress in wheat (Amirbakhtiar et al., 2019). Our results also agree well with those found in other crop species such as oat (Wu et al., 2018), finger millet (Rahman et al., 2014), sorghum (Cui et al., 2018), maize (Mittal et al., 2018), and alfalfa (Lei et al., 2018). In the current study, salt-induced genes encoding AP2/ERF-ERF, bZIP, MYB-related, WRKY, Trihelix, and bHLH proteins were only upregulated in the tolerance genotype. In wild diploid species of cotton, salt stress specifically affected AP2, bZIP, bHLH, MYB, NAC, and WRKY families at 12 to 24 h after stress, while most of the known TFs had significantly expressed at 96 to 142 h after stress (Zhang et al., 2016).



Ion Transporters and Channels

The precisely regulated influx and efflux of Cl– and Na+ ions across the cell and organelle membranes are essential for plant salt tolerance (Arzani and Ashraf, 2016). This action is performed by three membrane-embedded proteinous structures known as ion channels, ion pumps, and ion transporters (Teakle and Tyermam, 2010; Hedrich, 2012; Nedelyaeva et al., 2020). What do our transcriptome data suggest about how salt-tolerant wild barley performs the role of regulating the expression of transcripts capable to act in simultaneous multiple ion transporters and channels?

The “chloride channel” (CLC) family is comprised of both active transporters and passive channels. In Arabidopsis thaliana, the CLCc transporter was found to be located in vacuolar membranes (Nedelyaeva et al., 2020). HvCLC-c gene up-regulated under salt treatment in both wild and cultivated barleys but with a stronger expression in wild barley. The observed suggest that increased expression of CLC ion channels genes under stress is necessary for chlorine homeostasis and modulates salt tolerance response.

Indeed, a growing number of studies demonstrate a crucial role for Na+ transporters in cultivated and wild plants, which decrease the toxic levels of Na+ ions and stabilize the cytosolic ion homeostasis during salt stress. Na+ -mediated ion transporters (i.e., ion cotransporters, ion antiporters, and ion exchangers) including high-affinity potassium transporters (HKTs), KUP/HAK/KT K+ (HAK) transporter, low-affinity K+ transporter (AKT), stelar K+ outward rectifier (SKOR) and Na+/H+ exchanger (NHX) as well as stelar K+ outward rectifier (SKOR) channel were the major Na+ transporter family genes that observed in our transcriptome data. In barley, Han et al. (2018) demonstrated that HvHKT1;1 not only is a critical transporter of Na+ but also associated with Na+ retrieval from xylem, both of which result in a decrease in Na+ accumulation in shoots. In barley, Amarasinghe et al. (2019) reported that the HvHKT1;5 and HvHKT2;1 genes were only expressed in the root tissues, while, the expression of HvHKT1;2 was induced in all plant organs, but predominantly in the leaf blade and sheath tissues. We did not trace the root transcripts, so it may not be surprising that HvHKT1;5 and HvHKT2;1 have not been identified in our study.

In response to salt stress in wild barley, potassium channel and transporters genes including HvKT24, HvHKT1;2, HvAKT1, and HvSKOR were induced. Similar observations have been made in rice that some K+ transporters (HAK5 and HKT) were upregulated (Walia et al., 2007). In millet, three KUP genes of potassium transporters were up-regulated in salt treatment (Rahman et al., 2014). Sulfur atoms in cysteine residues are highly sensitive to oxidation and such oxidative alterations often play a key role in the localization, structure, and function of the protein. Sulfur and its derivatives play role in scavenging the free radicals under different abiotic stresses (Hasanuzzaman et al., 2018). In our study, a Mg2+ transport gene and two Ca2+/H+ exchanger genes (HvCAX2B and HvCAX1A) were up-regulated under salt stress in the wild tolerant barley which indicates the essential function of Mg2+ and Ca2+ transporters in salt tolerance of barley. Increased expression of the CAX gene has been observed in sweet potato (Zhang et al., 2017). Similarly, the role of CAX in the improvement of salt tolerance has been established using transgenic plants in Arabidopsis (Luo et al., 2017). Genes belonging to the cation/proton exchanger group were present in both plasma membranes and vacuole membranes, and are an important group in creating ionic homeostasis (Luo et al., 2017). The K+-dependent Na+/Ca2+ exchanger (HvNCKX) gene was upregulated under salt stress in the tolerant barley. This gene plays an important role in calcium homeostasis (Emery et al., 2012). The over-expression of this exchanger might be as a result of homeostatic compensation in Ca2+ signaling, brought about by other Ca2+ transporters such as HvCAX1A, HvCAX2B in the tolerant barley.

In the salt-tolerant barley, vacuolar ATPases (V-ATPases) and plasma membrane ATPases were differentially upregulated. The active Na+ ion efflux generally occurs through ion channels and ion transporters located in the tonoplast and plasma membrane. Therefore, enhanced activity of the tonoplast and plasma membrane ATPases are associated with salt-adaptation as the energy source for pumping out of Na+ ions across the cell wall and sequestration of Na+ ions in the vacuole (Mansour et al., 2003; Zhang et al., 2011; Arzani and Ashraf, 2016). In addition, the expression of the HvNHX1 transporter was increased in the leaves of salt-stressed tolerant barley. The Na+/H+ exchangers (NHXs) lessen the Na+ ions accumulation in the cytosol by compartmentalization of excess Na+ ions in the vacuole (Arzani and Ashraf, 2016). In line with the current study, the important role of HvNHX1 in salt tolerance has been emphasized by Saade et al. (2018) who found a significantly higher increase in transcript level of HvNHX1 of plants exposed to 200 mM NaCl than control plants in barley. ABC transports have been reported to be involved K/Na homeostasis in Arabidopsis and improve salt tolerance (Mansuri et al., 2019). Sulfur also interacts with the phytohormones such as ABA, auxins, cytokinins, gibberellins, jasmonic acid, and salicylic acid ethylene under abiotic stress conditions, thereby potentially regulating plant defense. The sulfate flux (SO42–) into the cell controls by the sulfate transporters. The expression enhancement of sulfate transporter gene HvSultr3;5 in wild barley is likely associated with salt stress tolerance. In plants, Sultr3;1 gene expression under salt stress has already been noted (Gallardo et al., 2014). Kataoka et al. (2004) described the Sultr3;5 as a key sulfate transport component that accelerates the root-to-shoot transport of sulfate which is localized in the root’s pericycle cells and xylem parenchyma in Arabidopsis thaliana.



Genes Encoding Reactive Oxygen Species Scavenging Proteins

An imbalance between oxidants and antioxidants in favor of the oxidants, known as oxidative stress, results in a disruption of redox signaling and control and/or damage to molecular components such as DNA, protein, and lipid with ultimate cell dysfunction or death. ROS also triggers a signaling cascade such as the MAPK to activate redox-sensitive TFs (Fichman et al., 2019; Huang et al., 2019). Salt stress leads to a significant ROS accumulation with destructive oxidative damages. The results of the current study show that the production of free radicals was increased during the salt stress, but was effectively quenched by a robust antioxidant defense system in the salt-tolerant barley. The expression of genes encoding enzymatic antioxidants including HvSOD1, HvAPX, HvCat1, HvPOD, thioredoxin reductase (HvTrxR1, HvTrxL3-2 genes or NTRs), HvPDI, and ferredoxin (HvFdx3) has specifically occurred in the tolerant barley under salt stress. These are consistent with the findings that genes encoding peroxidases and catalase were induced in response to salt stress in finger millet (Rahman et al., 2014). It is well known that non-enzymatic and enzymatic antioxidants play a pivotal role in scavenging ROS and improving tolerance to abiotic stresses in the plant kingdom (Huang et al., 2019).

In the tolerant genotype, expression of the genes encoding PAL: phenylalanine ammonia-lyase, BCH: beta-carotene 3-hydroxylase, HPT: homogentisate phytyltransferase/homogentisate geranylgeranyl transferase was increased following salt stress. These genes are respectively involved phenylpropanoid biosynthesis, ubiquinone and other terpenoid-quinone biosynthesis, and carotenoid biosynthesis pathways. These enzymes catalyze various reactions that yield products of non-enzymatic antioxidants such as α-tocopherol, zeaxanthin, zeinoxanthin, and flavonoid. The expression of HvPAL gene, which encodes phenylalanine ammonia-lyase enzyme, was enhanced in salt-tolerant barley, while it was down-regulated in the sensitive one due to salt stress. This result is in line with a previous study on finger millet that shows an increase in the expression of this enzyme in the tolerance genotype and a decreased expression in the sensitive one (Rahman et al., 2014). PAL catalyzes the first reaction in the pathway of general phenylpropanoid resulting in the production of the phenolic compounds in plants. Phenolic compounds are non-enzymatic antioxidants involved in the scavenging of ROS and have potential implications for plant stress tolerance mechanisms (Kiani et al., 2021). The beta-carotene 3-hydroxylase gene (HvCHYB) involved in carotenoid biosynthesis showed increased expression. Expression of this gene in Arabidopsis increases the conversion of beta-carotene to xanthophyll and in turn enhances tolerance to osmotic stress (Ruiz-Sola et al., 2014). Another group of stress-induced genes includes genes involved in phenylpropanoid biosynthesis pathways. Stronger expression of these genes might synergistically contribute to higher adaptive responses in the tolerant barley.



Genes Involved in Osmotic Homeostasis and Accumulation of Compatible Solutes

Plant cells up-regulate the accumulation of compatible solutes (also named osmoprotectants or osmolytes) as specific small organic molecules either by import or de novo synthesis to cope with water loss. Downstream of the signaling cascade, TFs are activated by MAPKs, and then trigger the expression of genes that participate in osmoregulation such as HSPs, LEA, glycinebetaine (betA), and proline (P5CS), thereby promoting salt adaptation (Kishor and Sreenivasulu, 2014; Mansour and Salama, 2020). The upregulation of HvLEA18, AvDhn7, and HvDhn4 genes belong to LEA proteins in both tolerant and sensitive barleys and HvHVA22 only in the tolerant genotype under salt stress. These findings may indicate that these proteins are associated with tolerance to salt stress in barley through the membrane and nucleic acid stabilization and chaperon-mediated protection of dehydration-sensitive proteins by forming complexes (Jia et al., 2017). In finger millet, it was found that dehydrins were linked with salt stress tolerance (Rahman et al., 2014), which corroborates our findings. LEA proteins help plants to withstand desiccation and oxidative stress resulting from salt stress. Another protective role of LEA proteins against salt-induced damage is the ability to scavenge ROS (Zheng et al., 2019). Another interesting finding of this study is that those genes (HvP5CS1 and HvP5CSB) that are responsible for the proline accumulation in the leaves were common between the two sub-species. These results are interpreted in support of the concept that they did not play an explicit role in the adaptation response of high salt tolerant grass species (Arabbeigi et al., 2019). There is some controversy about the role of proline in salt tolerance in the literature. But its positive effects on salt adaptation through balancing the osmotic pressure in the cytosol and other intracellular compartments are evident at the low and moderate salt stress or the initial stage of salt exposure.

The up-regulation of two HSPs, in both barleys (wild and Mona cv) enhances membrane stability and detoxify ROS (Haq et al., 2019). Studies have shown that HSP20 genes play a role in growth, development, and stress tolerance in plants. In Tibetan wild barley several HSPs were up-regulated significantly such as HSP17/70 under salt stress (Shen et al., 2018). Guo et al. (2020) have shown that OsHSP20 was induced by heat and high salt stresses in rice and hence may involve in improving tolerance to salt and heat stresses.

In the current study, the HvSWEET2A gene was differentially expressed in wild barley. SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTER (SWEET) gene family is a sugar transporter that is associated with tolerance to oxidative and osmotic stress (Gautam et al., 2019). In wheat, the results provided insights into the role of TaSWEETs in abiotic stresses, which may further apply in planning strategies to develop high-yielding wheat tolerant cultivars (Gautam et al., 2019). SWEET family members are found in Arabidopsis in various parts of the cell, including plasma membrane and vacuole membrane. Increased expression of the AtSWEET10 gene in waterlogging stress in Arabidopsis and increased expression of the BoSWEET gene in chilling stress in Brassica oleracea result in enhanced stress tolerance (Jeena et al., 2019). The expression of the betaine aldehyde dehydrogenase (HvBADH1) gene was specifically increased in the tolerant genotype. This enzyme involves in the glycine-betaine biosynthesis which is an effective compatible solute that contributes to maintaining membrane fluidity and protecting the biological structure of the organisms under water and salt stress (Mansour and Ali, 2017). In another study, this gene was induced in the barley leaves under stress and resulted in a high level of glycine-betaine accumulation (Hattori et al., 2009). Up-regulation of HSP chaperones promotes an essential cellular function as they help co-or post-translational protein folding and inhibit protein denaturation or repair it by folding denatured polypeptides. Future studies need to focus on the function and synthesis pathways of genes that regulate an effective collaboration and networks among and within moderate water deficit through osmoregulation, alleviate ion toxicity, scavenging free radicals, and supporting cell and cell membranes.





CONCLUSION

Functional analysis of differential transcriptomic data between normal and salt-stress conditions can substantially contribute to the understanding of the mechanisms underlying the inheritance of a complex trait such as salt tolerance in plants. We compared the DEGs between two genotypes/subspecies (wild and cultivated H. vulgar) differing in salt tolerance and identified key tolerance-related genes in barley. Indeed, a much stronger transcriptomic response of wild genotype (tolerant) than sensitive ‘Mona’ cultivar as a result of salt stress displays differences in adapting genetic and epigenetic strategies to cope with adverse events associated with salt stress. Perception and signal transmission including plant hormone signal transduction, MAPK signaling pathways, calcium signaling pathways are among the most important pathway components that have been associated with salt tolerance. Our findings of DEGs and pathways will provide more insight into how barley plants can integrate signals and regulatory networks into appropriate adaptation strategies that improve salt tolerance (see Figure 7). The transcriptome dynamics of wild barley in response to salt stress could be exploited, as a bridge from natural habitats, to improve cultivated barley and other cereal crops.
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The effects of foliar application of spermidine (Spd) on the physiological aspects of salt-stressed oat seedlings were studied under greenhouse conditions. At the seedling stage, the salt-sensitive variety, namely, Caoyou 1 and the salt-tolerant variety, namely, Baiyan 2 were treated with 70 and 100 mM of salt, followed by the foliar application of 0.75 mM Spd or distilled water. Results showed that Spd application increased the activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), and reduced the rate of O2⋅– production and the accumulation of H2O2 and malondialdehyde (MDA). In addition, it increased the level of zeatin riboside (ZR) and the content of endogenous polyamines. The application of Spd increased the contents of soluble sugar, soluble protein, and free proline and helped maintain the osmotic balance of oat leaves. At the same time, foliar Spd treatment helped in maintaining the ion nutrition balance. Specifically, it reduced the content of Na+ and thereby stabilized the ratio of Na+/K+, Na+/Ca2+, and Na+/Mg2+. The effects of Spd application were more obvious for the salt-sensitive cultivar Caoyou 1 and under the lighter 70 mM salt stress.
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INTRODUCTION

Soil salinity is one of the main abiotic stresses that constitute a serious threat to field crops production in many parts of the world, especially in the arid and semiarid regions (Farnaz et al., 2017). Salinity can lead to water stress, ions accumulation, plant malnutrition, secondary metabolic disorder, and reactive oxygen species (ROS) accumulation in plants, thereby inhibiting growth and reducing yield (Zhu, 2002; Apel and Hirt, 2004; Munns and Tester, 2008; Tuteja et al., 2009). Therefore, it is important to develop methods to relieve the adverse impact of salt stress and increase crop production under salt stress. The application of exogenous substances is one of the simplest and most effective approaches (Zhu and Gong, 2013).

Polyamines (PAs) are a class of low-molecular-weight aliphatic nitrogen-containing compounds with high biological activities. They play important roles in the growth and development of plants, particularly, in improving the tolerance to adverse growing conditions. Putrescine (Put), spermidine (Spd), and spermine (Spm) are the most common PAs in plants. Among them, Spd was shown to be effective in enhancing plant resistance to stresses (Yamamoto et al., 2016; Wu et al., 2018). It can be used not only as a stress protection substance but also as a signal molecule in stress signal transduction to facilitate the construction of stress resistance mechanisms (Kasinathan and Wingler, 2004; Wen et al., 2008; Ding et al., 2009). It was reported that the application of Spd effectively enhanced antioxidant enzyme activities and reduced oxidative damage caused by salt stress in cucumber (Wu et al., 2018). Yamamoto et al. (2016) investigated the effects of polyamine biosynthesis inhibitors on the salt stress response of rice seedlings and found that decreases in polyamine biosynthesis and/or polyamine content lead to increased salt stress symptoms. In contrast, the application of exogenous Spd led to decreased Na+ content in the leaves of citrus seedlings and reduced salinity stress symptoms (Khoshbakht et al., 2017). The effectiveness of applying exogenous Spd on salt stress relief was found to depend not only on the species, developmental stage, application concentration, and treatment duration but also on the intensity of the stress (Parvin et al., 2014; Liu et al., 2016; Yamamoto et al., 2016; ElSayed et al., 2018).

Oat is widely cultivated all over the world, particularly in the colder regions, and is one of the most important crops for both grain and feed for its superior nutritional and health values compared with other grains. China is one of the most important producers of naked oat. At present, the annual planting area in China is about 700,000 ha, mainly distributed in the provinces of Inner Mongolia, Hebei, Shanxi, and Gansu, with Inner Mongolia having the largest acreage. In the ecotone of agriculture and pastureland in Inner Mongolia, a large area of oat acreage is threatened by salt stress. It is of great significance to understand the physiological mechanism of oat resistance to salt stress and thereby to develop a strategy for salt stress management. Previous studies have shown that maintaining a certain level of polyamines in oats is of great significance for oats to adapt to saline environments (Yan et al., 2018). This study was set forth to investigate whether the foliar application of Spd can alleviate the damage of oat seedlings under salt stress, and if so, its physiological mechanism.



MATERIALS AND METHODS


Oat Cultivars

The oat (Avena sativa) cultivars used in this study were “Caoyou 1” known to be sensitive to salt stress, developed by the Ulan Chabu Academy of Agriculture and Animal Husbandry Science, and “Baiyan 2” known to be relatively tolerant to salt stress, developed by the Baicheng Academy of Agricultural Sciences, Jilin Province (Sa et al., 2014).



Seedling Culture Conditions

Seeds of a similar size of the two oat cultivars were selected, sterilized with 4% NaClO for 10 min, rinsed with distilled water for 5–6 times, dried with filter paper, and evenly placed in a germination box, covered with the two layers of filter paper, and added with 10 ml of distilled water, and then, transferred to a thermostat for germination. The incubation conditions of the thermostat were: 16 h light (25°C) and 8 h dark (20°C), with a humidity of 80% and a canopy light intensity of 400 μmol/m2s. After 4 days of incubation, the seeds were transferred to a hydroponic box containing 1/2 Hoagland nutrient solution (pH 6.5 ± 0.1, the electrical conductivity of 2.0–2.2 dS/m1) for growth and development. The seedings were held still by a foam board placed over the hydroponic box, which had holes for the seedlings to grow through. The nutrient solution was refreshed every 2 days. The growing conditions were 16 h of light (25–30°C); 8 h of darkness (15–18°C) with supplemental light.



Salt and Spermidine Treatment

At the two-leaf stage, the seedlings were randomly divided into 6 groups to receive the following 6 treatments:

CK: 1/2 Hoagland nutrient solution + spray of distilled water;

CS: 1/2 Hoagland nutrient solution + spray of 0.75 mM Spd;

S1: 1/2 Hoagland nutrient solution + 70 mM salt (NaCl and Na2SO4 molar ratio 1:1 mixed) + spray of distilled water;

SS1: 1/2 Hoagland nutrient solution + 70 mM salt + spray of 0.75 mM Spd;

S2: 1/2 Hoagland nutrient solution + 100 mM salt + spray of distilled water; and

SS2: 1/2 Hoagland nutrient solution + 100 mM salt + spray 0.75 mM Spd.

A stock solution (1 M) of Spd was prepared by dissolving 7.2625 g of Spd in a volumetric flask of 50 ml and the final volume was made up to the mark with distilled water. The required concentration of Spd (0.75 mM) was obtained by diluting the stock solution with distilled water. Tween-80 (0.01%) was added to the solution prior to the treatment. The control treatment was made of distilled water containing the same surfactant. The Spd and control solutions were sprayed onto the plant leaves at 6 p.m. each day for four consecutive days, and a set of physiological and biochemical indicators were determined 24 h after the last spray. Leaves from the bottom were cut and frozen immediately in liquid nitrogen and stored at −80°C before the determination of the physiological parameters. The experiment was repeated three times.



Determination of Antioxidant Enzyme Activities

Leaf samples were taken and snap frozen in liquid nitrogen for 30 s and then stored at −80°C for subsequent analysis. Then, 0.5 g fresh leaf samples were homogenized in a phosphate buffer solution in an ice bath and then subjected to refrigerated centrifugation to obtain the crude enzyme solution for determining the superoxide dismutase (SOD) activity using the nitroblue tetrazolium (NBT) photoreduction method (Beauchamp and Fridovich, 1971). Additionally, peroxidase (POD) activity was determined using the guaiacol method (Kochba et al., 1977).

Furthermore, 0.1 g fresh leaf samples were homogenized in the phosphate buffer solution in an ice bath and then were subjected to freeze-centrifugated to obtain crude enzyme solution. Catalase (CAT) was determined using the UV absorption method (Aebi, 1984).

In addition, 0.1 g of fresh leaf samples were mixed with 1 ml reagent, homogenized in an ice bath, and then freeze-centrifugated to obtain the supernatant on ice. Ascorbate peroxidase (APX) was determined using the kit XY-W-A304 (Shanghai Youxuan Biological Technology Co., Ltd.).



Determination of O2⋅– Production Rate, H2O2, and Malondialdehyde (MDA) Content

To determine the O2⋅– production rate, 0.2 g of fresh leaf samples were taken and ground and homogenized in an ice bath and freeze-centrifugated. Then, the supernatant was used to determine the O2⋅– production rate using the hydroxylamine oxidation method (Elstner and Heupel, 1976).

In addition, 0.1 g of fresh leaf samples were taken, homogenized in an ice bath, and then freeze-centrifugated. The supernatant was taken on ice to determine the H2O2 concentration using the kit XY-W-A400 (Shanghai Youxuan Biological Technology Co., Ltd.).

A total of 0.3 g of fresh leaves were taken, ground into a homogenate in an ice bath, and MDA content was determined using the thiobarbituric acid (TBA) method (Wang et al., 2010).



Determination of Soluble Protein, Soluble Sugar, and Proline Content

For this, 0.5 g of fresh leaves were taken and ground into a homogenate in an ice bath, and the supernatant was used to determine the content of soluble protein using the Coomassie brilliant blue method (Bradford, 1976).

Leaves samples were dried in a circulation oven at 105°C for 24 h, and 50 mg dried leaves were taken, ground, and filtered, and the supernatant was used to determine soluble sugar using the anthrone colorimetric method (Yemm and Willis, 1954).

A total of 0.5 g fresh leaves were placed into a test tube, added with 2.5 ml 3% sulfosalicylic acid, and bathed for 10 min in a boiling water bath. Then, 1.0 ml of the supernatant was taken and mixed with 1.0 ml of water, 2 ml of glacial acetic acid, and 2 ml of 2.5% acid ninhydrin. The mixture solution was placed in boiling water for 30 min to allow color development. After cooling, 5 ml of toluene was added and the solution was shaken for 30 s. After the extraction was complete, the upper layer of the red toluene solution was carefully transferred into a cuvette with a pipette and the color was determined at 520 nm, using toluene as a blank control (Bates et al., 1973).



Determination of Polyamine and Hormone Content

Putrescine, Spd, and Spm were measured as described (Zhang et al., 2008), using the Shimadzu LC-20AT high-performance liquid chromatography (HPLC) system. First, 1.0 g of fresh leaves were taken and ground into a homogenate in pre-cooled perchloric acid (PCA, 5 ml, 5% v/v), then transferred to a centrifuge tube, extracted in an ultrasonic instrument for 40 min, centrifuged at 10,000 rpm for 5 min, and the supernatant was taken. Then, 1 ml supernatant was pipetted into a 15 ml centrifuge tube, mixed with 2 ml of 2 N NaOH and then 15 μl benzoyl chloride, and the mixture was incubated at 30°C for 40 min. After the reaction was completed, 2 ml of saturated NaCl and 2 ml of anhydrous ether were added, mixed, and extracted for 1 min. After standing for layering, 1 ml of ether layer (upper layer) was taken and dried with liquid nitrogen. Then, 1.5 ml of methanol was added to dissolve the residue. The resulting solution was then filtered through a 0.45 μm micro-membrane for later use. The determination was carried out in the Inner Mongolia Animal Husbandry and Fishery Biological Experimental Research Center.

Briefly, 0.5 g fresh leaf samples were taken and frozen in liquid nitrogen, homogenized in 2 ml of 80% methanol containing 1 mM 2, 6-di-tert-butyl-4-methylphenol, and centrifuged at 3,500 × g for 8 min at 4°C. The supernatant was isolated using a C-18 solid phase extraction cartridge and dried under liquid nitrogen. The residues were utilized to determine IAA, ZR, GA3, and ABA concentrations based on the enzyme-linked immunosorbent assays (ELISAs) (Yang J.C. et al., 2001; Yang Y.M. et al., 2001; Zhao et al., 2006). The determination was carried out in the Crop Chemical Control Centre of China Agricultural University.



Determination of Ion Content

The content of Na+, K+, Ca2+, and Mg2+ was detected using atomic absorption spectrophotometry with slight modifications (Miller, 1998). For this, 0.2 g fresh leaf samples were digested in nitric acid (68%) and hydrogen peroxide (30%) solution (5:2, v/v) overnight at room temperature. Then, the mixture was boiled in a microwave digestion oven until the digestion solution was clear. Next, the solution was diluted with 0.1 mM nitric acid to 50 ml, and the content of Na+, K+, Ca2+, and Mg2+ were determined at 589, 766.5, 422.7, and 285.2 nm, respectively, using an atomic absorption spectrophotometer (Shimadzu AA7000, Japan).



Determination of Dry Weight

Dry weights were determined 48 h after the last spray. The shoots and roots from each oat plant were dried at 105°C for 30 min and then at 85°C for 48 h, and then, weighed by an electronic balance.



Statistical Analyses

Physiological data are expressed as the mean ± standard deviation (SD) of three independent replicates, and data analyses and graphical presentation were conducted using Microsoft Excel 2016, SAS 9.4 statistical software, and GGEbiplot (Yan, 2001).




RESULTS


Responses of Various Indicators to the Treatments

The biplot presented in Figure 1 shows the relative values of the various indicators in each of the cultivar-treatment combinations. The biplot explained 82.4% of the total sum of squares of the variation, of which PC1 explained 64.8% and PC2 explained 17.6%. The following can be visualized from the biplot.


(1)PC1 separated the treatments into two groups: the non-stress treatments (CK and CS) for both cultivars on the left side, and the stress treatments (S1, SS1, S2, and SS2) for both cultivars on the right side of the biplot.

(2)The two cultivars under non-stress conditions showed little difference as they are placed close to each other on the biplot. They were characterized by having relatively high levels for the indicators placed on the left side (such as K+, Ca2+, Mg2+, put, ZR, and soluble protein), and relatively low levels for those placed on the right side (such as SOD, POD, CAT, APX, MDA, H2O2, O2⋅–, soluble sugar, proline, Spd, Spm, IAA, ABA, GA3, and Na+) of the biplot. The opposite can be said for the salt stress treatments. Therefore, the salt-treated and non-treated oat seedlings showed contrasting physiological states in the terms of the two sets of indicators.

(3)PC2 appeared to have separated the two cultivars under salt-stress conditions. Caoyou 1 under S2 (CAOYOU1_S2), Caoyou 1 under SS2 (CAOYOU1_SS2), and Caoyou 1 under S1 (COYOU1_S1) are placed on the upper right of the biplot, characterized by relatively high levels of GA3, H2O2, and MDA. In contrast, various treatments of Baiyan 2, particularly Baiyan 2 under SS1 are placed in the lower right of the biplot, characterized by relatively high levels of Spm, Apx, CAT, soluble sugar, etc. Caoyou 1 under SS1 (CAOYOU1_SS1) is placed on the lower right part of the biplot. This suggested that the high levels of endogenous polyamines (Spd and Spm), antioxidant enzyme activities (SOD, POD, APX, and CAT), and osmoregulation substances (proline and soluble sugar) and the low levels of ROS (O2⋅– and H2O2) and MDA are the indicators of intrinsic or Spd-induced salt tolerance.
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FIGURE 1. Biplot showing the relative levels of each of the cultivar-treatment combinations for each of the determined indicators.




The Effects of Spermidine Application on Each of the Determined Indicators

The biplot presented in Figure 2 compares the four salt and Spd treatments, i.e., the two levels of salt treatments with or without Spd application (S1 vs. SS1, and S2 vs. SS2), averaged across the two cultivars. The biplot explained 96.8% of the total squares of variation, of which PC1 explained 67.5% and PC2 explained 29.3%. The following can be observed from the biplot.


(1)The polygon view of the biplot allows us to visualize which treatment had the highest level for each of the determined indicators. Specifically, it shows that S1 had the highest levels of Put, O2⋅–, and ABA, and S2 had the highest levels of IAA, GA3, MDA, Na+, and H2O2. SS2 had the highest levels of proline and POD; and SS1 had the highest levels of SOD, ZR, soluble sugar, CAT, APX, Spm, Ca2+, Mg2+, K+, and soluble protein.

(2)The distance between any two treatments is an indication of the magnitude of the difference between them. Thus, the distance between S1 and SS1 is considerably longer than that between S2 and SS2, indicating that the effect of Spd application was stronger under S1 (lower salt stress) than under S2 (higher salt stress).

(3)The straight lines labeled “1” and “3” pass the biplot origin and happen to align as a single line, which may be referred to as the Zero-Effect line. It serves the function to show the effects of the Spd application, i.e., to compare S1 vs. SS1 and S2 vs. SS2 for various indicators. SS1 and SS2 had higher levels for the indicators that are placed on their side of the Zero-Effect line but lower levels for those placed on the other side of the line. In other words, the Spd applications had stronger effects on the indicators that are placed away from the Zero-Effect line and weaker effects on those placed close to the Zero-Effect line. If an indicator is located right on the Zero-Effect line, it means that the Spd application had zero effect on its level. Thus, the biplot showed that Spd application had strong effects in increasing the levels of POD, CAT, APX, ZR, Soluble sugar, Spd, and Spm and in decreasing the levels of IAA, GA3, Na+, MDA, O2⋅–, and Put. These indicators will be further examined below.
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FIGURE 2. The which-won-where view of the GGE biplot to show which trait performed bets in which treatments.




Effects of Spermidine Application on Superoxide Dismutase, Peroxidase, Catalase, and Ascorbate Peroxidase Under Salt Stress in the Oat Seedlings

For both oat cultivars, the activities of SOD, POD, CAT, and APX under S1 and S2 were significantly increased relative to CK and CS (Figure 3), these were intrinsic responses of the oat seedling to salt stress. These activities were further increased by the Spd application. Compared with S1, Spd application (SS1) led to a significant increase in SOD, POD, CAT, and APX activities, by 7.9, 12.9, 15.7, and 46.0%, respectively, for Caoyou 1. For Baiyan 2, only the CAT and APX activities were significantly increased with the Spd application by 11.9 and 20.7%, respectively. Compared with S2, Spd application (SS2) only led to an increase in the POD activity for Baiyan 2.
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FIGURE 3. Effects of Spd application on SOD, POD, CAT, and APX under salt stress in the oat seedlings. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd; Different lowercase letters indicate significant differences between treatments at 0.05 level.




Effects of Spermidine Application on O2⋅– Production Rate, H2O2, and Malondialdehyde Content Under Salt Stress in the Oat Seedlings

For both oat cultivars, the levels of O2⋅– production rate, MDA, and H2O2 content under S1 and S2 were significantly increased relative to CK and CS (Figure 4). Compared with S1, Spd application (SS1) led to significantly decreased levels of O2⋅– production rate and H2O2 content by 39.9 and 13.4%, respectively, for Caoyou 1. For Baiyan 2, only the O2⋅– production rate was significantly decreased with the Spd application by 35.5%.
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FIGURE 4. Effects of Spd application on O2⋅– production rate, H2O2 and MDA content under salt stress in the oat seedlings. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd; Different lowercase letters indicate significant differences between treatments at 0.05 level.




Effects of Spermidine Application on Soluble Protein, Soluble Sugar, and Proline Contents Under Salt Stress in the Oat Seedlings

Compared with CK and CS, salt stresses (S1 and S2) led to a significant increase in the levels of soluble sugar, proline, and a significant decrease in protein accumulation for both oat cultivars (Figure 5). Spd spraying further increased the levels of proline and soluble sugar under the salt stresses and alleviated the reduction in soluble protein. Compared with S1, Spd application (SS1) led to a significant increase in the levels of soluble protein, soluble sugar, and proline in the leaves of Caoyou 1 by 10.7, 22.8, and 10.3%, respectively. For Baiyan 2, the levels of soluble protein, soluble sugar, and proline were significantly increased by 9.0, 12.7, and 9.3%, respectively. Compared with S2, Spd application (SS2) only led to an increase in the proline content for the salt-sensitive cultivar Caoyou 1.
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FIGURE 5. Effects of Spd application on soluble protein, soluble sugar, and proline contents under salt stress in the oat seedlings. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd; Different lowercase letters indicate significant differences between treatments at 0.05 level.




Effects of Spermidine Application on Endogenous Polyamine Contents and Ratio Under Salt Stress in the Oat Seedlings

Compared with CK and CS, salt stresses (S1 and S2) led to a significant increase in the levels of Spd and Spm contents and the (Spd + Spm)/Put ratio, and a significant decrease in Put content for both oat cultivars (Figure 6). Spd spraying further increased the levels of Spd and Spm contents and (Spd + Spm)/Put ratio and further decreased the Put content. Compared with S1, Spd application (SS1) led to a significant increase in the levels of Spd and Spm contents and (Spd + Spm)/Put ratio, by 46.6, 175.0, and 117.0%, respectively, and decreased the level of Put by 30.1% in the leaves of Caoyou 1. The corresponding changes for Baiyan 2 were 13.6, 168.4, 34.7, and 12.1%, respectively. Compared with S2, Spd application (SS2) only led to a significant increase in the (Spd + Spm)/Put ratio for both oat cultivars, and only to a significant decrease in the Put content for Baiyan 2.
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FIGURE 6. Effects of Spd application on endogenous polyamine contents and ratio under salt stress in the oat seedlings. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd; Different lowercase letters indicate significant differences between treatments at 0.05 level.




Effects of Spermidine Application on Endogenous Hormone Content Under Salt Stress in the Oat Seedlings

As shown in Figure 7, compared with CK and CS, the levels of IAA, GA3, and ABA were increased under S1 and S2, and ZR decreased for both oat cultivars. Spd spraying decreased the levels of IAA, GA3, and ABA under salt stress, and increased the level of ZR. Compared with S1, Spd application (SS1) led to a significant decrease in the levels of IAA, ABA, and GA3 in leaves of Caoyou 1, by 13.5, 11.3, and 16.1%, respectively, and a significant increase in ZR by 33.2%. For Baiyan 2, the levels of IAA and GA3 were significantly decreased by 11.3 and 24.5%, respectively. Compared with S2, Spd application (SS2) led to a significant increase in IAA and GA3 in Caoyou 1 by 9.9 and 13.7%, respectively, and a significant increase in ZR by 31.0%. For Baiyan 2, the level of IAA was decreased by 12.0% and ZR increased by 33.6%.
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FIGURE 7. Effects of Spd application on endogenous hormone content under salt stress in the oat seedlings. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd; Different lowercase letters indicate significant differences between treatments at 0.05 level.




Effects of Spermidine Application on Ion Content and Ratio Under Salt Stress in the Oat Seedlings

Compared with CK and CS, salt stresses (S1 and S2) led to a significant increase in Na+ in both oat cultivars, and the increase in leaves and stems was significantly greater than that in roots (Figure 8A). Spd spraying reduced Na+ under salt stress. Compared with S1, Spd application (SS1) led to a significant decrease in the level of Na+ in the first leaf and the second plus third leaves of Caoyou 1 by 42.4 and 12.6%, respectively. For Baiyan 2, the levels of Na+ in the first leaf and the stem were decreased by 41.5 and 11.0%, respectively.
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FIGURE 8. Effects of Spd application on ion content under salt stress in the oat seedlings. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd; Different lowercase letters indicate significant differences between treatments at 0.05 level.


Compared with CK and CS, salt stresses (S1 and S2) led to a significant decrease in the levels of K+ (Figure 8B). Spd spraying increased the levels of K+ under the salt stresses. Compared with S1, Spd application (SS1) led to a significant increase in the levels of K+ in the roots of Caoyou 1 by 10.0%.

Compared with CK and CS, salt stresses (S1 and S2) led to a significant decrease in the levels of Ca2+ (Figure 8C). Spd spraying increased the levels of Ca2+ under the salt stresses. Compared with S1, Spd application (SS1) led to a significant increase in the levels of Ca2+ in the second plus third leaves and the root of Caoyou 1 by 10.3 and 16.2%, respectively.

Compared with CK and CS, salt stresses (S1 and S2) led to a significant decrease in the levels of Mg2+ (Figure 8D). Spd spraying increased the levels of Mg2+ under the salt stresses. Compared with S1, Spd application (SS1) led to an increase in the level of Mg2+ in the various organs of both oat cultivars, but the changes were not statistically significant.

For both oat cultivars, the ratios of Na+/K+, Na+/Ca2+, and Na+/Mg2+ under S1 and S2 were significantly increased relative to CK and CS (Tables 1–3). Spd spraying decreased these ratios. Compared with S1, Spd application (SS1) led to a significant decrease in the ratios of Na+/K+ in the first leaf, the second and third leaves, and the stem of Caoyou 1 by 45.3, 17.3, and 8.3%, respectively. For Baiyan 2, the ratios of Na+/K+ in the first leaf and the stem were decreased by 42.8 and 12.1%, respectively. Compared with S2, Spd application (SS2) only led to a significant increase in the ratios of Na+/K+ in the second and third leaves for Caoyou 1 by 6.7% (Table 1).


TABLE 1. Effects of Spd application on Na+/K+ ratio under salt stress in the oat seedlings.
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TABLE 2. Effects of Spd application on Na+/Ca2+ ratio under salt stress in the oat seedlings.
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TABLE 3. Effects of Spd application on Na+/Mg2+ ratio under salt stress in the oat seedlings.
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Compared with S1, Spd application (SS1) led to a significant decrease in the ratios of Na+/Ca2+ in the first leaf, the second and third leaves, and the root of Caoyou 1 by 45.7, 20.6, and 29.4%, respectively. For Baiyan 2, the ratios of Na+/Ca2+ in the first leaf and the stem were decreased by 43.3 and 15.4%, respectively. Compared with S2, Spd application (SS2) only led to a significant increase in the ratios of Na+/Ca2+ in the second and third leaves and the stem for Baiyan 2, by 9.2 and 11.2%, respectively (Table 2).

Compared with S1, Spd application (SS1) led to a significant decrease in the ratios of Na+/Mg2+ in the first leaf and the second and third leaves of Caoyou 1 by 46.6 and 20.6%, respectively. For Baiyan 2, the ratios of Na+/Mg2+ in the first leaf and the stem were decreased by 42.2 and 14.0%, respectively (Table 3).



Effects of Spermidine Application on Dry Weight Under Salt Stress in the Oat Seedlings

For both oat cultivars, the shoot dry weight and root dry weight under S1 and S2 were significantly decreased relative to CK and CS (Figure 9). These dry weights were increased by the Spd application. Compared with S1, Spd application (SS1) led to a significant increase in the shoot dry weight and root dry weight by 19.0 and 14.9%, respectively, for Caoyou 1. For Baiyan 2, the shoot dry weight and root dry weight were significantly increased by the Spd application by 11.2 and 10.5%, respectively.
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FIGURE 9. Effects of Spd application on dry weight under salt stress in the oat seedlings. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd; Different lowercase letters indicate significant differences between treatments at 0.05 level.
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FIGURE 10. Effects of Spd application on the growth under Salt Stress in salt-sensitive cultivar Caoyou 1. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd.



[image: image]

FIGURE 11. Effects of Spd application on the growth under Salt Stress in salt-tolerant cultivar Baiyan 2. CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd.





DISCUSSION

Salt stress is complex and imposes a water deficit because of osmotic effects on a wide variety of metabolic activities (Greenway and Munns, 1980; Cheeseman, 1988). This water deficit leads to the formation of ROS, such as superoxide (O2⋅–) and hydrogen peroxide (H2O2) (Halliwell and Gutteridge, 1985). These cytotoxic activated oxygen species can seriously disrupt the normal metabolism through oxidative damage to lipids (Fridovich, 1986; Wise and Naylor, 1987). MDA is one of the most important products of oxidative damage to lipids (Guidi et al., 2000). The superoxide dismutase (SOD) is the “first line of defense” of plants against oxidative damage, which helps to protect biological macromolecules from O2⋅– attack, decompose O2⋅– into H2O2, inhibit Haber-Weiss reaction (Chang et al., 1984), and then decompose H2O2 into H2O by POD, CAT, and APX, so as to prevent O2⋅– and H2O2 accumulation (Chen and Asada, 1989; Kozi, 1992; Gill and Tuteja, 2010; Sharma et al., 2012; Sofo et al., 2015). These antioxidant enzymes work synergistically to remove excessive ROS and keep it at a low level. In the present study, the activities of SOD, POD, CAT, and APX under S1 and S2 were significantly increased relative to CK and CS for both oat cultivars (Figure 3), these were intrinsic responses of the oat seedling to salt stress. These activities were further increased by the Spd application. Compared with S1, Spd application (SS1) led to a significant increase in SOD, POD, CAT, and APX activities for both oat cultivars, and the magnitude was greater in Caoyou 1 than in Baiyan 2. For both oat cultivars, the levels of O2⋅– production rate, MDA, and H2O2 content under S1 and S2 were significantly increased relative to CK and CS (Figure 4). Spd application reduced the accumulation of ROS. Compared with S1, Spd application (SS1) led to a significant decrease in the levels of O2– and H2O2 content, and the magnitude of decrease in Caoyou 1 was greater than that in Baiyan 2. In general, Spd application further enhanced the activities of SOD, POD, CAT, and APX, and decreased O2⋅– production rate, H2O2, and MDA content, consistent with the previous research results in rice (Tang et al., 2018) and wheat (ElSayed et al., 2018). The Spd-enhanced oxidant enzyme activities might originate from the characteristics of polycations, which promoted the binding with protein receptors and improved its stability. In addition, polyamine, as a signal transduction substance, could promote the synthesis of related functional proteins, thereby enhancing the activities of antioxidant enzymes in plants.

To adapt to the osmotic stress caused by salt stress, the cytoplasm accumulates low-molecular-weight compounds termed compatible solutes because they do not interfere with normal biochemical reactions (Ashihara et al., 1997; Hasegawa and Bressan, 2000); these solutes replace the water in a biochemical reaction. With accumulation proportional to the change of external osmolarity within species-specific limits, they protect the cell structures and osmotic balance and support continued water influx (or reduced efflux) (Hasegawa and Bressan, 2000). Proline (Khatkar and Kuhad, 2000; Singh et al., 2000; Lin et al., 2002), soluble sugar (Kerepesi and Galiba, 2000), and soluble protein (Bohnert and Jensen, 1996) are the most common compatible solutes. They are used as protective osmotic substances in plant stress resistance to maintain the normal function of various enzymes and cell membrane structures in plant tissues. In the present study, compared with CK and CS, salt stresses (S1 and S2) led to a significant increase in the levels of soluble sugar, proline, and a significant decrease in soluble protein for both oat cultivars (Figure 5). Spd spraying further increased the levels of proline and soluble sugar under the salt stresses and alleviated the reduction in soluble protein. Compared with S1, Spd application (SS1) led to a significant increase in the levels of soluble protein, soluble sugar, and proline, and the magnitude in Caoyou 1 was greater than that in Baiyan 2, consistent with a previous study of bermudagrass under salt stress (Shi et al., 2013). Spd application increased free proline, soluble sugar, and soluble protein in the leaves of oat seedlings under salt stress. It is speculated that Spd promoted the accumulation of proline by increasing the activities of key enzymes P5CS and P5CR in the glutamate metabolism pathway, so as to alleviate the damage of osmotic stress (Du et al., 2014), and the mitigation effect was stronger in salt sensitive cultivars. Spd application significantly increased the soluble protein content in oat seedling leaves under salt stress. On the one hand, Spd, as an information molecule, induced the expression of stress-responsive protein related genes in the process of signal transduction and promoted protein synthesis. On the other hand, after protein translation, Spd can covalently crosslink with the original protein in the cell. It may stabilize the structure of proteins and slow down their degradation (Kasukabe et al., 2004). Exogenous Spd increased soluble sugar content in oat seedlings under salt stress, probably through enhanced carbohydrate metabolism and the activities of glucose, fructose, and sucrose synthase in plants under stress (Yan et al., 2012).

Spermidine has the characteristics of polycation. It promotes the synthesis of nucleic acids and proteins by combining amino groups with negatively charged phospholipid heads and other negatively charged groups on the membrane and plays an important role in the stability of cell membrane structure (Das and Misra, 2004). Previous studies have shown that after the combination of free PAs and cinnamic acid, it is transformed into acid soluble bound PAs, which can improve the resistance of tobacco plants to salt, drought, and fungal wilting (Waie and Rajam, 2003), remove superoxide anion, and protect cell homeostasis. Increasing evidence shows that PAs plays an important role in protecting plants from abiotic stresses (Bouchereau et al., 1999). In the present study, compared with CK and CS, salt stresses (S1 and S2) led to a significant increase in the levels of internal Spd and Spm contents and (Spd + Spm)/Put ratio and a significant decrease in Put content for both oat cultivars (Figure 6). Spd spraying further increased the levels of Spd and Spm contents and (Spd + Spm)/Put ratio and further decreased Put content. Compared with S1, Spd application (SS1) led to a significant increase in the levels of Spd and Spm contents and (Spd + Spm)/Put ratio and decreased the level of Put, and the magnitude of change for the salt-sensitive cultivar Caoyou 1 was greater than that for the salt-tolerant cultivar Baiyan 2. This supports the suggestion that there may be a relationship between salt stress tolerance and endogenous PAs level (Li et al., 2014). Spd application decreased the content of Put under salt stress and increased the content of Spd and Spm, thereby increasing the (Spd + Spm)/Put ratio. A higher (Spd + Spm)/Put ratio has been shown to be beneficial to plants to offset abiotic stresses (Liu et al., 2015). Therefore, Spd application can change the levels of PAs, enhance salt stress tolerance, and protect plants from oxidative damage caused by salt stress (Bouchereau et al., 1999).

Plant endogenous hormones are important growth regulators. IAA, GA3, and ZR mainly promote growth, while ABA mainly inhibits growth (Waśkiewicz et al., 2013). ABA has long been considered as a major plant stress hormone, regulating multiple mechanisms to enhance stress tolerance (Cutler et al., 2010; Danquah et al., 2014). In this study, salt stress increased ABA concentration, which may result in stomatal closure and decreased transpiration. Spd application under salt stress decreased ABA concentration, probably because Spd alleviated injury due to the salt stress and allowed more photosynthesis. The equilibrium between zeatin nucleoside (ZR) and ABA affects the stomatal opening and closing, thus playing an important role in stress adaptation (Argueso et al., 2010; Cutler et al., 2010). In general, ZR can delay the cell senescence process by ensuring the integrity of the vacuolar membrane (Thomson et al., 1987) and promoting photosynthesis (Novakova et al., 2007). Under osmotic stress, transgenic tobacco plants with enhanced endogenous ZR levels showed the increased expression levels of photosynthetic genes associated with PSI, PSII, and cytochrome B6F (Cytb6f) complexes (Rivero et al., 2009, 2010). Cortleven et al. (2014) proved that Arabidopsis mutants with reduced endogenous ZR production levels are more vulnerable to photoinhibition induced by strong light stress, because the D1 protein level was significantly reduced, and the efficiency of photoprotective mechanisms, such as non-enzymatic and enzymatic clearance systems, was significantly reduced. In this study, salt stress decreased ZR concentration, while Spd application partially reversed this process. Transgenic Arabidopsis plants with enhanced endogenous IAA levels showed increased ETR and QP values under osmotic stress (Tognetti et al., 2010). Compared with the wild type, transgenic rice showed larger stomatal aperture and earlier wilting, which was related to the significant reduction of IAA level (Du et al., 2013). It is reported that IAA concentration in cereals and other crops increases and growth is inhibited under salt stress (Javid et al., 2011). In this study, salt stress increased the concentration of IAA, while Spd application decreased the content of IAA under salt stress. Gibberellin (GA) interacts with other hormones to jointly regulate plant growth and development under salt stress (Achard et al., 2006). Transgenic Citrus sinensis × Poncirus trifoliata plants with high endogenous GA3 levels showed significant upregulation of many genes involved in photosynthesis and stress mitigation (Huerta et al., 2010). In this study, under salt stress, Spd application reduced GA3 concentration and increased ZR concentration. Li et al. (2016) found that exogenous Spd pretreatment increased the concentration of GA3 and ZR in white clover treated by osmotic stresses. Spd application increased ZR and decreased IAA and GA3 which led to delayed senescence, maintained photosynthetic efficiency, and promoted plant growth under stress.

Maintaining the ion balance in plants and cells plays an important role in the normal growth and development of plants. Plants absorbed more Na+ and less K+, Ca2+, and Mg2+ under salt stress (Zhu, 2001; Bressan et al., 2008). Ca2+ is the main regulator of plant metabolism and development. The high concentration of Na+ can replace Ca2+ to bind on the plasma membrane and cell intima and destroy Ca2+ balance and increase the membrane permeability. With the decrease of K+ absorption, salt stress further affects Mg2+ absorption. Therefore, maintaining the low levels of Na+/K+, Na+/Ca2+, and Na+/Mg2+ in leaves under salt and alkali stress is an important indicator of salt and alkali tolerance. The results showed that exogenous Spd significantly reduced the content of Na+ in the leaves, increased the content of K+ in the roots, and the content of Ca2+ in leaves, roots, and stems, and maintained the low levels of Na+/K+, Na+/Ca2+, and Na+/Mg2+ in various organs under salt stress (Figure 8). Zhao et al. (2007) found that exogenous Spd limited Na+ inflow in bare roots and improved K+/Na+ homeostasis in barley seedlings by preventing K+ loss from stems. Other studies have shown that exogenous Spd can improve the activity of H+-ATPase and Na+/H+ reverse steering protein in vacuole membrane and plasma membrane of barley roots (Zhao and Qin, 2004; Mostofa et al., 2014), and help to maintain the integrity of vacuole membrane and plasma membrane under salt stress. Combined with previous studies, this study suggests that exogenous Spd improved crop salt tolerance by regulating the absorption and local distribution of ions in plants, which may be related to improvement in the activities of H+-PPase and Na+/H+ reversal protein in vacuole membrane and plasma membrane.
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Soil salinization and alkalization severely inhibit agriculture. However, the response mechanisms of cotton to salt stress or alkali stress are unclear. Ionomics and metabolomics were used to investigate salt and alkali stresses in cotton roots and leaves. Compared with the control, salt-treated and alkali-treated cotton plants showed 51.8 and 53.0% decreases in biomass, respectively. Under salt stress, the concentration of N decreased in roots but increased in leaves, and the concentrations of P and K increased in roots but decreased in leaves. Salt stress inhibited Ca, B, N, and Fe uptake and Mg, K, P, S, and Cu transport, but promoted Mo, Mn, Zn, Mg, K, P, S, and Cu uptake and Mo, Mn, Zn, B, N, and Fe transport. Under alkali stress, the concentrations of N and P in roots and leaves decreased, while the concentrations of K in roots and leaves increased. Alkali stress inhibited P, Ca, S, N, Fe, and Zn uptake and N, P, Mg and B transport, but promoted K, Mn, Cu, Mo, Mg, and B uptake and K, Mn, Cu, Mo, Fe, and Zn transport. Under salt stress in the leaves, 93 metabolites increased, mainly organic acids, amino acids, and sugars, increased in abundance, while 6 decreased. In the roots, 72 metabolites increased, mainly amino acids, organic acids, and sugars, while 18 decreased. Under alkali stress, in the leaves, 96 metabolites increased, including organic acids, amino acids, and sugars, 83 metabolites decreased, including organic acids, amino acids, and sugars; In the roots, 108 metabolites increased, including organic acids, amino acids, and sugars. 83 metabolites decreased, including organic acids and amino acids. Under salt stress, cotton adapts to osmotic stress through the accumulation of organic acids, amino acids and sugars, while under alkali stress, osmoregulation was achieved via inorganic ion accumulation. Under salt stress, significant metabolic pathways in the leaves and roots were associated with amino acid and organic acid metabolism, sugar metabolism was mainly used as a source of energy, while under alkali stress, the pathways in the leaves were related to amino acid and linoleic acid metabolism, β-Oxidation, TCA cycle, and glycolysis were enhanced to provide the energy needed for life activities. Enhancing organic acid accumulation and metabolism in the roots is the key response mechanism of cotton to alkalinity.
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INTRODUCTION

High salinity and alkalinity cause abiotic stresses that seriously affect agricultural production (Rolly et al., 2020). It is estimated that 1.13 × 109 ha of the world’s territory is influenced by salt or alkali stress, representing > 20% of the total arable land (Morton et al., 2019). The total area of salt–alkali land in China is ∼9.91 × 107 ha (Yang et al., 2021), and Xinjiang Province is greatly affected by soil salinization and alkalization, where the salt–alkali land in irrigated areas accounts for 37.72% of the total arable land (Yang et al., 2016). Cotton (Gossypium hirsutum L.) is one of the most important cash crops in Xinjiang, the cultivation area of which accounts for > 82.8% of the national total. Although cotton plants are salt-tolerant, their growth and development can be severely affected by salt and alkali stresses (Ashraf et al., 2018). Soil salinization and alkalization frequently co-occur, and it is generally believed that salt stress is caused by neutral salts (NaCl and Na2SO4), whereas alkali stress is induced by alkali salts (NaHCO3 and Na2CO3) (Yang et al., 2007; Lin et al., 2016). Compared with salt stress, alkali stress causes greater damage to plants (Wang et al., 2017). Therefore, investigating the differential effects of salt and alkali stresses on cotton is important for guiding agricultural production.

Salt stress causes osmotic stress and ion toxicity by disrupting ion homeostasis in plant cells (Ruiz et al., 2016). Plants attempt to re-establish osmotic and ionic homeostasis to adapt to the new environment by accumulating small-molecule soluble substances such as betaine, proline, polyamines, and polyols for osmoregulation (Lacerda et al., 2003; Shen et al., 2018). Meanwhile, cells rapidly accumulate inorganic ions such as Na+, K+, and Ca2+ (Shabala and Shabala, 2011; Chen et al., 2017). However, excessive Na+ and Cl– can disrupt the ion homeostasis in plants (Ruiz et al., 2016) and interfere with the influx or metabolism of other essential ions (Zhao et al., 2020). Studies on ion homeostasis under salt or alkali stress have focused on the mechanisms of Na+ and K+ transport in plants (Zhao et al., 2014). However, the maintenance of intracellular ion homeostasis involves a whole range of ions, not just one or several ions. Ionomics represents an important approach for understanding ion homeostasis in plants (Wu et al., 2013a). Under salt stress, the concentration of Na in cotton roots, stems, and leaves increases significantly, while the concentrations of K, Cu, B, and Mo in the roots and Mg and S in the leaves decrease drastically (Guo et al., 2019). Some stress factors are shared by alkali and salt stresses. However, the high pH associated with alkali stress causes the precipitation of many nutrient ions (Ca2+, Mg2+, Fe2+, Mn2+, Cu2+, and Zn2+) in the rhizosphere, causing nutrient deprivation and further damage to crops (Wang et al., 2012; Liu et al., 2019; Guo et al., 2020). There are few studies on the differences in osmoregulation in cotton under salt and alkali stresses. The uptake and transport of ions and the relative osmoregulatory capacity of ions and small-molecule soluble substances have not been clarified.

Metabolomics describes the changes in metabolites and metabolic pathways in vivo and reveals the connections between organisms and the environment. Plants increase the activity of certain metabolic pathways to adapt to salt stress, such as amino acid metabolism, tricarboxylic acid (TCA) cycle, glycolysis, signal transduction, and sugar metabolism (Kumari et al., 2015). In the leaves, sugar metabolism, photosynthesis, and TCA cycle related to energy supply are inhibited under salt stress (Pang et al., 2016). Under alkali stress, β-oxidation, glycolysis, citric acid cycle, and amino acid metabolism serve important roles in improving alkali tolerance (Zhang et al., 2016; Xiao et al., 2020). Enhanced glycolysis process provided more carbon source and energy for alkali stress response of roots (Lu et al., 2021). Meanwhile, Sucrose acted as a signaling molecule and directly mediated amino acid metabolism (Jia et al., 2019), and other small-molecule soluble substances such as organic acids, amino acids, betaine, sugars, and alcohols are synthesized and accumulated (Munns and Tester, 2008; Sun et al., 2019). Most studies suggest that the enhanced accumulation and metabolism of organic acids in the roots contribute to intracellular ion homeostasis and counteract the negative effects of high pH under alkali stress, which is an important mechanism for adaptation to alkali conditions (Guo et al., 2018; Han et al., 2019; Xiang et al., 2019). However, the effect of salt or alkali stress on amino acid metabolism in plant roots remains inconclusive. Guo et al. (2017) reported that alkali stress inhibited nitrogen metabolism and amino acid production in the roots, while Wang et al. (2021) showed that amino acid and organic acid metabolic pathways were critical for the roots under alkali stress. These studies suggest that the changes of other metabolites in plants and the relationship between their changes and the secretion of organic acids by roots are still unclear, and plants coordinate all organs and most metabolic processes to adapt to salt and alkali stresses, and the transformation of metabolites within plant organs needs to be further investigated.

Although salt and alkali tolerance in cotton have been intensively studied, the differences between the mechanisms of such tolerance have not been fully elucidated, and few studies have evaluated the changes in the roots and leaves under salt and alkali stresses. Therefore, the purpose of this study was to investigate: (i) the effects of salt and alkali stresses on ion uptake, transport, and allocation in cotton; (ii) the effects of salt and alkali stresses on metabolic pathways and metabolites in cotton leaves and roots; and (iii) the conversion between metabolites and the links between metabolic pathways in the leaves and roots. By evaluating ion uptake and transport as well as the differential metabolites and metabolic pathways, this study provides insights into the mechanisms and regulatory pathways of the response of cotton to salt and alkali stresses.



MATERIALS AND METHODS


Experimental Site and Soil Description

A soil column experiment was conducted in 2020 in a greenhouse at the experimental station of the Agricultural College of Shihezi University (44°18′41″N, 86°3′18″E). The climate is temperate arid zone with a mean annual temperature of 7.8°C, precipitation of 210 mm, and evaporation of 1,660 mm, with little annual variation. During the experiment, the maximum temperature and minimum temperature of the greenhouse were 15.8 and 35.6°C, respectively. The sample soil collected from the experimental station was calcaric fluvisol with a loam texture. The basic physicochemical properties of the soil were as follows: organic matter, 14.9 g⋅kg–1; total nitrogen, 1.1 g⋅kg–1; available phosphorus, 10.6 mg⋅kg–1; and available potassium, 244 mg⋅kg–1. The experimental plant was the cotton cultivar “Lumianyan24.”



Experimental Design

Three treatments were used in this experiment: (1) control (CK, untreated soil); (2) salt soil (CS, soil + NaCl); and (3) alkali soil (AS, soil + Na2CO3 + NaHCO3). Each treatment was in triplicate.

The soil was naturally air-dried, ground, and passed through a 2-mm sieve before experimentation. NaCl or Na2CO3 + NaHCO3 (weight ratio, 1:1) solution was added to the soil until saturation (the same volume of deionized water was added to the control). The soil was left for 1 month to reach equilibrium and then used as the salt or alkali soil. The soil was then air-dried, ground, and sieved. Soil samples were collected to measure salinity, conductivity, and pH. The specific experimental treatments are shown in Table 1.


TABLE 1. Type and degree of salinity and alkalinity in the soil under different treatments.

[image: Table 1]
A simulation of a cotton plantation was performed in a soil column (a cylindrical container with a height of 60 cm, a diameter of 35 cm, and a closed bottom). Each soil column was packed with 60 kg of air-dried soil in 10-cm layers (a total depth of 50 cm) at a density of 1.25 g⋅cm–3. Drip irrigation was performed using a horizontal capillary tube placed above the soil column, with an emitter fixed at the center of the column. Each column was irrigated with one emitter at 2.5 L per column. On April 10, 2020, 20 seeds were sown in dry soil in each column and irrigated for seed germination. When the cotton seedlings reached the “two leaves and one heart” stage, two cotton seedlings with uniform growth were retained in each column. To ensure adequate water supply, drip irrigation was used regularly for watering during the experiment to keep the soil moisture at 60–80% of field capacity. The experiment was terminated at 60 d after sowing.



Plant Materials

Samples were collected at the seedling stage and began at 10:30 in the CK treatment with collection of samples from, the CS treatment beginning at approximately 12:30, the AS treatment beginning at approximately 12:30 and concluding at approximately 14:30. Three representative cotton plants were collected from each treatment and divided into three parts: roots, stems, and leaves. While in the field, collected samples were stored on ice in coolers. Some leaf samples were freeze-dried in liquid nitrogen, ground into powder using a plant grinder (Scientz-48, Tongyuan Juwu Technology, Beijing, China), and stored at −80°C for later use.



Determination Method


Measurement of Biomass

To determine the dry matter of cotton, The roots, stems, and leaves was washed with distilled water and then dried in an oven at 70 °C for 48 h, weighed.



Measurement of Ions Content

Plant samples were digested with concentrated H2SO4-H2O2, and the N content was determined using a Hanon K9840 semi-auto Kjeldahl analyzer (Jinan Hanon Instruments Co., Ltd., China). For the measurement of Na, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, B, and Mo, 100 mg of cotton plant sample was combined with 1.5 mL concentrated nitric acid and heated on an electric hotplate at 145°C to remove part of the organic matter, and then evaporated to dryness. The sample was then combined with 1 mL concentrated nitric acid and sealed in a digestion tank, which was placed in an oven at 195°C for 12 h of digestion, and the sample was evaporated to dryness. The sample was completely dissolved in 0.5 mL concentrated nitric acid plus 0.5 mL internal standard and 3 mL deionized water, 2 mL of which was diluted to 10 mL with 18 mΩ ultrapure water. Finally, the metal content was determined using inductively coupled plasma-mass spectrometry (Agilent 7900 ICP-MS, United States) according to the manufacturer’s instructions.



Extraction and Measurement of Metabolites

For metabolite extraction, 50 mg samples were combined with 1,000 μL extraction solution (methanol:acetonitrile:water = 2:2:1, V/V/V, containing 4 μg mL–1 internal standard). The mixture was vortexed for 30 s, following which steel beads were added and the mixture was ground at 35 Hz for 4 min and then sonicated in an ice-water bath for 5 min. The grinding was repeated and the sample was sonicated for the second time, following which it was kept at −40°C for 1 h. The sample was then centrifuged at 4°C and 10,000 rpm for 15 min, and 250 μL of the supernatant was transferred into an Eppendorf tube and dried under vacuum. The sample was reconstituted with 300 μL 50% acetonitrile, vortexed for 30 s, and sonicated in an ice-water bath for 10 min. The sample was centrifuged at 4°C and 13,000 rpm for 15 min, and 75 μL of the supernatant was transferred to a vial for analysis. Samples from the three treatments (10 μL each) were mixed to form the quality control sample for the evaluation of measurement accuracy.

For liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, the target substances were separated using an Agilent 1290 ultra-high performance liquid chromatograph (Agilent, Waldbronn, Germany) on a Waters ACQUITY UPLC BEH Amide column (2.1 mm × 100 mm × 1.7 μm). Mobile phase A was an aqueous solution containing 25 mmol L–1 ammonium acetate and 25 mmol L–1 ammonia, and phase B was acetonitrile. Gradient elution was performed as follows: 0–0.5 min, 95% B; 0.5–7 min, 95–65% B; 7–8 min, 65–40% B; 8–9 min, 40% B; 9–9.1 min, 40–95% B; 9.1–12 min, 95% B. The mobile phase flow rate was 0.5 mL min–1, the oven temperature was 25°C, the sample tray temperature was 4°C, and the injection volume was 2 mL for both positive and negative ionization modes. Electrospray ionization in positive and negative modes was used for liquid chromatography-quadrupole time-of-flight (TOF) mass spectrometry to improve metabolite coverage and detection efficiency. A Triple TOF 6600 high-resolution mass spectrometer was used for data collection in information-dependent acquisition mode. In this mode, data acquisition software Analyst TF 1.7 (AB Sciex) automatically selects ions from MS for MS/MS based on pre-defined criteria. Twelve ions with high intensity (> 100 counts) were selected in each cycle for MS/MS scans, with an energy of 30 eV and a cycle time of 0.56 s. The ion source parameters were as follows: gas 1 pressure, 60 psi; gas 2 pressure, 30 psi; curtain gas pressure, 35 psi; source temperature, 600°C; declustering potential, 60 V; and ion spray voltage floating, 5,000 V (positive mode) and −4,000 V (negative mode).



Data Analyses

Data were processed using Excel 2016 (Microsoft Corp., Redmond, United States), One-way ANOVA was conducted using SPSS 17.0 (SPSS Inc., Chicago, United States), and Tukey’s test was used to assess the significance of differences. Metabolomic data from the mass spectra were converted to mzXML format using ProteoWizard software. XCMS was used for retention time correction as well as peak identification, extraction, integration, and alignment. The minfrac was set to 0.5 with a cutoff of 0.6. The peaks were identified using a self-developed R package and MS/MS database. In the orthogonal partial least squares-discriminant analysis (OPLS-DA) model, VIP > 1 (variable importance in the projection) of the first principal component was used in combination with P < 0.05 to identify metabolites that were increased or decreased in abundance. The R package software (Version 4.0.3) was used for principal component analysis (PCA) of the ionome and metabolomics. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used in this study, and metabolic pathways were analyzed using the online MetaboAnalyst 5.0 software1.





RESULTS


Growth Status of Cotton Seedlings Under Salt and Alkali Stress

Salt and alkali stresses significantly reduced the cotton biomass (Table 2). Compared with CK, the biomass of the leaves, stems, and roots and the total biomass of CS decreased by 47.2, 66.0, 33.0, and 51.8%, respectively. These values of AS were reduced by 58.6, 58.4, 34.6, and 53.0%, respectively.


TABLE 2. Dry matter weight of cotton under salt and alkali stresses.
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Ionomes of Cotton Seedlings Under Salt and Alkali Stress

In the PCA of the Ionomes data, the total coefficients of variation of the first and second principal components for the leaves were 63.5 and 33.9%, respectively, CS and AS were well separated from CK (Figure 1). The first principal component was primarily composed of Na, Fe, Mn, Mo, Mg, and Ca, and the second principal component was composed mostly of K, N, Zn, Cu, and P (Figure 1A). The total coefficients of variation of the first and second principal components for the roots were 64.6 and 24.9%, respectively. The primary variables were N, Mg, Fe, Mn, B, and P as well as Cu, Zn, Ca, Mo, and K, respectively (Figure 1B).


[image: image]

FIGURE 1. Principal component analysis of cotton. (A) Leaves, (B) Roots. CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS, Na2CO3 + NaHCO3 stress treatment.


The effects of salt alkali stress on ion content in cotton organs were significantly different (Figure 2) (see Supplementary Table 1 for ion content). In the leaves (Figure 2A), CS showed increased B, N, Zn, Mn, Fe, Na, and Mo but decreased S, Mg, Ca, P, Cu, and K as compared with CK; AS showed increased K, Cu, Mo, Mn, Na, Fe, and Zn but decreased P, Ca, Mg, S, N, and B. In the roots (Figure 2B), CS showed increased Mg, K, Mo, Na, Mn, P, S, Zn, and Cu but decreased Ca, B, N, and Fe; AS showed increased Mg, B, K, Mo, Na, Mn, and Cu but decreased N, Fe, P, S, Ca, and Zn.


[image: image]

FIGURE 2. Effects of salt stress and alkali stress on ion concentration in roots and leaves of cotton. (A) Leaves, (B) Roots. CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS, Na2CO3 + NaHCO3 stress treatment.


The effects of salt and alkali stress on Na+ concentration in cotton roots and leaves were significantly different (Figure 3). Compared with CK, CS and AS showed significantly higher Na+, and the concentration was 5.63- and 17.6-fold higher in the leaves and 3.17- and 5.88-fold higher in the roots, respectively. The concentration of Na+ in AS was 1.65-fold that in CS.
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FIGURE 3. Effects of salt stress and alkali stress on Na concentrations. (A) Leaves, (B) Roots. Columns and error bars represent the mean ± standard error (n = 3), respectively. CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS, Na2CO3 + NaHCO3 stress treatment. Different lowercases indicate significant differences among different treatments (P < 0.05).




Metabolites of Cotton Seedlings Under Salt and Alkali Stress

In the PCA of the metabolomic data, the first two principal components explained 53.6 and 42.4% of the variance in the leaves and roots, respectively (Figure 4). In the leaves, the primary metabolites of the first principal component included arachidonic acid, ascorbic acid 6-palmitate, pyruvaldehyde, dihydroxyacetone, and dioscin, and the primary metabolites of the second principal component included L-nicotine, indoleacetic acid, succinate, terpineol, and D-ribose 5-phosphate. In the roots, the primary metabolites of the first principal component were Glu-Lys, 3-phenylpropanoic acid, 4-hydroxybutanoic acid lactone, 3,3-dimethylacrylic acid, and 3-hydroxy-4-methoxycinnamic acid, and the primary metabolites of the second principal component were 2-amino-2-methyl-1,3- propanediol, ornithine, N-(omega)-hydroxyarginine, tyramine, and estriol 16alpha-(beta-D-glucuronide).


[image: image]

FIGURE 4. Principal component analysis (PCA) score chart of metabolites. (A) Leaves (B) Roots. CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS, Na2CO3 + NaHCO3 stress treatment.


Next, we screened the changes of differential metabolites in cotton roots and leaves under saline alkali stress (Figure 5 and Supplementary Table 2). A total of 99 DAMs were identified in CS leaves, of which 93 increased in abundance and six decreased in abundance. A total of 90 DAMs were detected in CS roots, of which 72 increased in abundance and 18 decreased in abundance. Geranylgeraniol and phosphorylcholine decreased in the leaves but increased in the roots. In AS, a total of 179 DAMs were identified in the leaves, of which 96 increased and 83 decreased in abundance; a total of 181 DAMs were identified in the roots, 108 of which increased and 73 decreased in abundance. Metabolites that decreased in the leaves but increased in the roots included pectin (galacturonic acid), succinate, 2-oxoadipic acid, N-acetylneuraminic acid, 3-phenylpropanoic acid, alpha-N-acetyl-L-glutamine, kynurenic acid, and 2-amino-2-methyl-1,3-propanediol.
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FIGURE 5. Thermographic analysis of differential metabolites in cotton roots and leaves under salt alkali stress. (A) CS leaves, (B) CS roots, (C) AS leaves and (D) AS roots. CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS, Na2CO3 + NaHCO3 stress treatment.


The various types of DAMs in the cotton leaves and roots under salt and alkali stresses are shown in Figure 6 and Supplementary Table 3. In CS leaves, one organic acid (beta-homoproline), two alcohols (geranylgeraniol and dihydrotachysterol), and one drug (phosphorylcholine) decreased, while the other metabolites increased. Cs leaves shown in Figure 6A, the increased metabolites included 14 organic acids (e.g., barbituric acid and chlorogenic acid); 11 sugars (e.g., D-mannose and sucrose); 10 nucleosides, nucleotides, and their derivatives (e.g., flavin adenine dinucleotide and 5′-deoxyadenosine); 9 amino acids and their derivatives (e.g., L-histidinol and L-tyrosine); 6 alcohols (e.g., perillyl alcohol and ribitol), and other metabolites including 6 amines, 5 lipids and lipoids, 3 vitamins, 2 drugs, 1 fatty acid, and 1 ketone. In CS roots, we also observed that a small proportion of metabolites decreased in abundance, including 5 amino acids (e.g., L-leucine and L-isoleucine), 3 organic acids (e.g., 1-aminocyclopropanecarboxylic acid and beta-homoproline), 2 amines (2-methylbutyroylcarnitine and L-carnitine), and 1 ketone (daidzein). As shown in Figure 6B, the other metabolites increased, including 13 amino acids and their derivatives (e.g., D-aspartic acid and DL-homoserine); 13 organic acids (e.g., homovanillic acid and rosolic acid); 8 nucleosides, nucleotides, and their derivatives (e.g., 5,2′-O-dimethyluridine and 5-methylcytidine); 7 sugars (e.g., D-lactose and sucrose); 5 alcohols (e.g., myo-inositol and geranylgeraniol); and other metabolites including 4 lipids and lipoids, 4 drugs, 3 amines, 1 vitamin, and 1 ketone.
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FIGURE 6. Component diagram of differential metabolites in roots and leaves of cotton under salt and alkali stress. (A) CS leaves, (B) CS roots, (C) AS leaves and (D) AS roots. CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS, Na2CO3 + NaHCO3 stress treatment.


Compared with CS, AS showed a higher diversity in metabolites, and the changes in metabolites in AS leaves are illustrated in Figure 6C. Nineteen organic acids wee increased (e.g., quinate and homocitrate) and 20 decreased in abundance (e.g., succinate and butanoic acid). Fourteen amino acids and their derivatives increased (e.g., L-arginine and L-aspartate) and 16 decreased (e.g., L-glutamine and acetyl-DL-valine). For nucleosides, nucleotides, and their derivatives, 11 increased (e.g., 5-hydroxymethylcytidine and 2′-O-methyluridine) and 4 decreased (e.g., 3′,5′-cyclic guanosine monophosphate and flavin mononucleotide). 6 sugars increased (e.g., arbutin and alpha-trehalose) and 4 decreased (D-quinovose and 6-phospho-D-gluconate). 4 alcohols increased (e.g., geranylgeraniol and sinapyl alcohol) and 6 decreased (e.g., coniferol and D-sorbitol). Other metabolites also observed varying degrees of increased and decreased, but the number was small (e.g., amines, drugs, ketones, fatty acids, vitamins, and lipids and lipoids). The changes in metabolites in AS roots are shown in Figure 6D. 21 amino acids and their derivatives increased (e.g., L-alanine and L-citrulline) and 19 decreased (e.g., L-isoleucine and L-threonine). 28 organic acids increased (e.g., succinate and 2-oxoadipic acid) and 6 decreased (e.g., oleanolic acid and caffeic acid). 13 sugars increased (e.g., D-fructose and glycogen) and only D-ribose 5-phosphate decreased. Other metabolites also observed varying degrees of increased and decreased, but the number was small (e.g., nucleosides, nucleotides, and their derivatives, amines, ketones, lipids and lipoids, alcohols, fatty acids, and drugs) amines, drugs, ketones, fatty acids, vitamins, and lipids and lipoids).



Metabolic Pathways of Cotton Seedlings Under Salt and Alkali Stress

The IDs of the DAMs were imported into the KEGG database for enrichment analysis. Differential metabolic pathways were identified based on P ≤ 0.05, impact ≥ 0.1, and −log10 (p) value (Supplementary Table 4). The results are plotted in Figure 7. There were 7 differential metabolic pathways in CS leaves, including 4 amino acid and organic acid metabolic pathways (pyruvate metabolism, cyanoamino acid metabolism, pentose phosphate pathway, and tyrosine metabolism), and 3 other metabolic pathways (isoquinoline alkaloid biosynthesis, stilbenoid, diarylheptanoid and gingerol biosynthesis, and terpenoid backbone biosynthesis) (Figure 7A). There were 7 differential metabolic pathways in CS roots, including 3 amino acid metabolic pathways (alanine, aspartate, and glutamate metabolism; arginine biosynthesis; and arginine and proline metabolism), 3 organic acid metabolic pathways (butanoate metabolism, pantothenate and CoA biosynthesis, and inositol phosphate metabolism), and 1 sugar metabolic pathway (galactose metabolism) (Figure 7B). There were 8 differential metabolic pathways in AS leaves, including 4 amino acid metabolic pathways (alanine, aspartate and glutamate metabolism; lysine degradation; arginine and proline metabolism; and tryptophan metabolism), and 4 other metabolic pathways (linoleic acid metabolism, flavone and flavonol biosynthesis, pentose phosphate pathway, and thiamine metabolism) (Figure 7C). There were a total of 19 differential metabolic pathways in AS roots, including 7 organic acid metabolic pathways (butanoate metabolism, glyoxylate and dicarboxylate metabolism, pentose phosphate pathway, TCA cycle, pyruvate metabolism, pantothenate and CoA biosynthesis, and inositol phosphate metabolism), 5 amino acid metabolic pathways (alanine, aspartate and glutamate metabolism; arginine biosynthesis; glutathione metabolism; glycine, serine and threonine metabolism; and tyrosine metabolism), and 2 sugar metabolic pathways (starch and sucrose metabolism; galactose metabolism) (Figure 7D).
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FIGURE 7. Pathway analysis of cotton leaves and roots under salt alkali stress. (A) CS leaves, (B) AS leaves, (C) CS roots and (D) AS roots. CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS, Na2CO3 + NaHCO3 stress treatment. Each circle represents a metabolic pathway, the color indicates the size of the difference. The darker the color mean the more significant the difference. The lighter the color mean the less significant the difference. The size of the circle indicates the influence value. The larger the circle mean the greater the influence value, the smaller the circle, and the smaller the influence value. (A) 1 Isoquinoline alkaloid biosynthesis, 2 Pyruvate metabolism, 3 Stilbenoid, diarylheptanoid and gingerol biosynthesis, 4 Cyanoamino acid metabolism, 5 Pentose phosphate pathway, 6 Tyrosine metabolism and 7 Terpenoid backbone biosynthesis, (B) 1 Alanine, aspartate and glutamate metabolism, 2 Butanoate metabolism, 3 Pantothenate and CoA biosynthesis, 4 Arginine biosynthesis, 5 Galactose metabolism, 6 Arginine and proline metabolism and 7 Inositol phosphate metabolism. (C) 1 Linoleic acid metabolism, 2 Flavone and flavonol biosynthesis, 3 Pentose phosphate pathway, 4 Alanine, aspartate and glutamate metabolism, 5 Thiamine metabolism, 6 Lysine degradation, 7 Arginine and proline metabolism and 8 Tryptophan metabolism. (D) 1 Biosynthesis of secondary metabolites—unclassified, 2 Isoquinoline alkaloid biosynthesis, 3 Alanine, aspartate and glutamate metabolism, 4 Vitamin B6 metabolism, 5 Arginine biosynthesis, 6 Butanoate metabolism, 7 Glyoxylate and dicarboxylate metabolism, 8 Pentose phosphate pathway, 9 Starch and sucrose metabolism, 10 Citrate cycle (TCA cycle), 11 Glycerophospholipid metabolism, 12 Pyruvate metabolism, 13 Galactose metabolism, 14 Glutathione metabolism, 15 Glycine, serine and threonine metabolism, 16 Pantothenate and CoA biosynthesis, 17 Cutin, suberine and wax biosynthesis, 18 Tyrosine metabolism, 19 Inositol phosphate metabolism.





DISCUSSION

As a major abiotic stress limiting agricultural production, salt or alkali stress severely disrupts plant physiology, biochemistry, metabolism, and development, and inhibits plant growth (Abbas et al., 2015). In this study, salt and alkali stresses significantly inhibited cotton growth, probably as a result of a high concentration of Na+ leads to osmotic imbalance, membrane dysfunction, increased production of ROS, as well as the disruption of plant nutrient metabolism by high pH under alkali stress, and thus affects cell division and growth (Bracci et al., 2008; Lokhande et al., 2011; Yang and Guo, 2018). However, salt stress and alkali stress differ in their inhibition of cotton stems and leaves. Salt stress tends to inhibit stem growth, while alkali stress mostly inhibits leaf growth in this study. By analyzing the Na+ concentration in cotton roots and leaves under salt and alkali stresses, we found that Na+ under alkali stress was higher than that under salt stress. This is unexpected based on the experimental conditions. The salt content under salt stress was more than twice that under alkali stress, but the Na+ concentration in the cotton was higher under alkali stress. This result suggests that different osmoregulators might be involved in the response of cotton to salt and alkali stresses, which may be caused by the different nature of the stresses. The most significant difference was the oxidative stress caused by high pH under alkali stress.

Salt and alkali stresses not only inhibit nutrient uptake but also affect the transport of some elements. Our analysis of the distribution of various elements in the cotton roots and leaves indicated that salt stress inhibited the uptake of Ca, B, N, and Fe and the transport of Mg, K, P, S, and Cu, and promoted the uptake of Mo, Mn, Zn, Mg, K, P, S, and Cu and the transport of Mo, Mn, Zn, B, N, and Fe. Alkali stress inhibited the uptake of P, Ca, S, N, Fe, and Zn and the transport of Mg and B, and promoted the uptake of K, Mn, Cu, Mo, Mg, and B and the transport of K, Mn, Cu, Mo, Fe, and Zn. To adapt to salt and alkali stresses, cotton accumulated a large amount of Na+, and constrained Na+ within the vacuole through ion compartmentation. This not only promotes water absorption by cells and avoids the toxic effects of salt ions on the enzymes in the cell membrane and cytoplasm, but also helps to maintain osmotic homeostasis and ensures physiological functioning in plants (Graus et al., 2018). However, Ca2+ is antagonistic to Na+, and the excessive uptake of Na+ leads to Ca2+ deficiency in cotton. Some scholars believe that the decrease of Ca2+ and Fe2+ in roots is related to the accumulation of organic acids in roots, the organic acids formed insoluble complexes with Fe2+ and Ca2+ in the roots which impaired nutrient uptake (Sagervanshi et al., 2021). Our studies have shown that salt and alkali stresses limit the uptake of Fe2+ and Ca2+ by cotton, especially under alkali stress. Therefore, the accumulation of organic acids in roots limits the uptake of Fe2+ and Ca2+ to a certain extent. As an essential macro-element for plant growth, N uptake and transport were significantly inhibited under alkali stress. For normal N metabolism, plant roots transport NH4+ and NO3– via the ammonium transporter (AMT) and nitrate transporter (NRT) protein families, respectively (Wang et al., 2012). However, high pH under alkali stress restricts the supply of external protons to the plasma membrane in the roots, which might hinder the activities of NRT and AMT, resulting in decreased uptake of NO3– and NH4+ (Crawford and Glass, 1998).

Organic acid and amino acid metabolic pathways showed the most significant changes in the leaves under salt stress, and most metabolites were increased in abundance, including amino acids, organic acids, sugars, and alcohols. The same trend was observed in the roots, with significant accumulation of amino acids, organic acids, sugars, and alcohols. There are reports that plants accumulate compatible solutes (low-molecular-weight metabolites) such as amino acids, carbohydrates and polyphenols, and organic acids (Liang et al., 2022). Salt and alkali stresses induce osmotic stress. To adapt to osmotic balance between their cytoplasm and environment, plants accumulate large amounts of small-molecule organic solutes. When plants are subjected to abiotic stress, amino acids serve as important compatible solutes, of which proline is the most well-known and plays an important role in osmoregulation and cell membrane stability (Widodo et al., 2009), thus promoting the growth of salt-tolerant plants under salt stress (Wu et al., 2013b; Yang et al., 2017). As the intermediates or final products of some metabolic pathways, amino acids participate in the regulation of various biochemical pathways, play prominent functions in protein biosynthesis and participate in signaling processes during plant stress response, thereby affecting many physiological processes in plants (Amir et al., 2018; Yang et al., 2018; Wang et al., 2020). Tyrosine is not only a central hub of many metabolic pathways, but also the precursor of special metabolites such as non-protein amino acids, attractants, and defense compounds (Schenck and Maeda, 2018), playing an important role in plant adaptation to stress (Datta et al., 2016). Moreover, amino acids that accumulate under various abiotic stresses can act as effective antioxidants to scavenge free radicals in plant cells (Caldana et al., 2011). Studies have shown that sucrose is a compatible osmoprotectant in osmoregulation and detoxification (Singh et al., 2015; Yang et al., 2018). Sugars not only alleviate osmotic stress but also serve as important energy sources. Yang et al. (2009) reported that glucose, fructose, and sucrose increased under neutral salt stress. Sugars are energy sources and structural components of cells, and sucrose is the primary carbon source and energy source for plant metabolism (Fougère et al., 1991; Kaplan et al., 2004; Rosa et al., 2009). Plants provide energy for osmotic homeostasis in cells through the decomposition of polysaccharides stored as a carbon source.

Under alkali stress, linoleic acid metabolism showed the greatest changes in the leaves, and β-oxidation is the primary means of fatty acid decomposition, which provides large amounts of energy for life activities and is critical for the plant stress response (Xu et al., 2008). Under alkali stress, palmitic acid and linoleic acid accumulated in the leaves in large quantities, which might promote β-oxidation to produce energy. Zhang et al. (2016) also found that the accumulation of large amounts of fatty acids in leaves would promote β-oxidation, generating large amounts of energy, which reduce the damage caused by a hostile environment. However, other metabolites in leaves did not accumulate significantly, but increased by half and decreased by half. This indicates that the organic solutes in the leaves for osmoregulation may be replaced by inorganic ions while their metabolites perform other physiological functions. The KEGG pathway analysis revealed that metabolites associated with organic acid metabolism increased, including organic acids as well as sugars and amino acids that can be converted to organic acids (Figures 8, 9). Organic acid metabolism serves a key role in the plant response to alkali stress. Under alkali stress, Na+ influx dramatically increases the positive charge in plant cells, and a significant reduction of anions (Cl–, NO3–, H2PO4–) causes a severe deficit in negative charge. The secretion of organic acids in the root system can compensate for the negative charge caused by inorganic ions and maintain intracellular pH stability (Pang et al., 2016). Sugars, such as raffinose and sucrose, are located at the most upstream of metabolic pathways. Both these sugars significantly increased in the cotton roots under salt and alkali stresses, of which raffinose was significantly higher under alkali stress than under salt stress. Downstream of these two metabolites are amino acid and organic acid metabolism. It is well-known that 30–40% of photosynthetically fixed carbon is allocated to the rhizosphere as root exudates (Badri and Vivanco, 2009). The increased sugars in the roots suggests that more photosynthates were transported from the leaves to the roots, and we speculate that cotton under alkali stress transports more photosynthates to the roots for conversion to organic acids rather than for increasing leaf biomass. Aspartate, asparagine, arginine, glutamate, ornithine, threonine, and homoserine also significantly accumulated under alkali stress. Similarly, Ahmad et al. (2021) found that ornithine, aspartate, asparagine accumulated significantly under alkali stress. ornithine occupies a vital role in the arginine pathways. Ornithine together with arginine, can be converted to polyamines that participate in the plant response to stress (Anwar et al., 2018; Yang et al., 2020). Aspartate is important for the biosynthesis of asparagine, as well as the circulation, storage, and transportation of N in various organs (Gaufichon et al., 2016). The relationship between aspartate and asparagine is closely associated with the catabolism of many metabolites, and the conversion of aspartate to asparagine is essential for the supply of N (Han et al., 2021). Moreover, asparaginase catalyzes the conversion of asparagine to aspartate, which can be used for amino acid biosynthesis (Gaufichon et al., 2016). Homoserine and threonine are also derived from the aspartate pathway, and both are important for improving plant stress tolerance (Zeier, 2013). Aspartate and glutamate can link amino acid metabolism to organic acids in the TCA cycle and to carbon metabolism in glycolysis (Kirma et al., 2012). Similarly, it has been reported that under alkali and salt stress, the TCA cycle of plants increases, releases more energy and accelerates the physiological and metabolic response to stress (Guo et al., 2017). Central metabolism can be fine-tuned through glycolysis (e.g., sucrose, hexose, and pyruvate) and the TCA cycle (e.g., 2-oxoglutarate and succinate) to support cell survival (Sullivan et al., 2015; Jia et al., 2016; Ullah et al., 2017). Under alkali stress, cotton is induced to secrete large amounts of organic acids, which can act as a buffer to help plants resist environmental changes and maintain intracellular pH stability and ion homeostasis (Yang et al., 2010; He et al., 2011; Yang, 2012). The present study showed that succinic acid, malic acid, and cis-aconitate, which are important intermediates in the TCA cycle, were increased in the cotton roots under alkali stress. The organic acids accumulated in the TCA cycle and downstream metabolism can neutralize excessive cations in the cells and regulate intracellular pH (Yang et al., 2007). The TCA cycle also serves as an important energy source in cotton under alkali stress. In the leaves, however, succinic acid, malic acid, and cis-aconitate were significantly decreased in abundance. These results suggest that cotton roots play a key role in tolerance to alkali conditions under salt stress, and that organic acid metabolism in the roots is the key process involved in this tolerance. The mapping of our results may help to clarify the salt and alkali tolerance mechanism of cotton (Figure 10).
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FIGURE 8. Changes of KEGG pathway metabolites in Cotton Leaves under salt alkali stress. The histogram describes the content of corresponding differential metabolites under the three treatments. The control was white, gray under salt stress and black under alkali stress. Metabolic pathways were constructed according to KEGG (http://www.genome.jp/kegg/) metabolic database.
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FIGURE 9. Changes of KEGG pathway metabolites in Cotton Roots under salt alkali stress. The histogram describes the content of corresponding differential metabolites under the three treatments. The control was white, gray under salt stress and black under alkali stress. Metabolic pathways were constructed according to KEGG (http://www.genome.jp/kegg/) metabolic database.
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FIGURE 10. Schematic diagram of cotton regulation mechanism under salt alkali stress. The arrow indicates the transport direction of ions of the same color, and the horizontal line indicates that the transport is blocked. White letters indicate that plant absorption is inhibited.




CONCLUSION

Under salt stress, the uptake of P, Mg, K, S, and Cu increased but their transport decreased, while the uptake and transport of Mn, Zn, and Mo were improved, and the transport of B, N, and Fe was increased. Small-molecule soluble substances such as organic acids, sugars, and amino acids accumulated significantly in cotton, which have a primary role in osmoregulation. The metabolism of amino acids and organic acids was important for enhancing salt tolerance, while sugar metabolism was mainly used as a source of energy. Under alkali stress, the uptake and transport of N, P, S, and Ca were inhibited, whereas the uptake and transport of Mn, Mo, Cu, and K were improved, the uptake of Mg and B was promoted but their transport was inhibited, and the transport of Zn and Fe was increased. β-Oxidation, TCA cycle, and glycolysis were enhanced to provide the energy needed for life activities. Sugars and other organic substances produced by leaves are transported to roots and transformed into organic acids, and the accumulation and metabolism of organic acids in roots are promoted, thereby helping to maintain intracellular ion homeostasis and counteract the negative effect of high pH under alkali stress. Therefore, foliar spraying of nutrient elements such as N, P, K, CA, Mg, S, B, Fe, Cu and Ni and organic fertilizers such as organic acid, sugar and amino acid under salt stress, foliar spraying of nutrient elements such as N, P, CA, Mg, S, Fe, Zn and B under alkali stress and soil application of organic fertilizer rich in organic acid may alleviate the adverse effects of salt stress on cotton.
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As the area of salinized soils increases, and freshwater becomes more scarcer worldwide, an urgent measure for agricultural production is to use salinized land and conserve freshwater resources. Ornamental flowering plants, such as carnations, roses, chrysanthemums, and gerberas, are found around the world and have high economic, ornamental, ecological, and edible value. It is therefore prudent to improve the salt tolerance of these important horticultural crops. Here, we summarize the salt-adaptive mechanisms, genes, and molecular breeding of ornamental flowering crops. We also review the genome editing technologies that provide us with the means to obtain novel varieties with high salinity tolerance and improved utility value, and discuss future directions of research into ornamental plants like salt exclusion mechanism. We considered that the salt exclusion mechanism in ornamental flowering plants, the acquisition of flowers with high quality and novel color under salinity condition through gene editing techniques should be focused on for the future research.
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INTRODUCTION

Degradation of soils caused by salinization, a major abiotic stress factor, is an increasing limitation of arable land. Almost 10% of all soils and 50% of the irrigated land worldwide are affected by salinity (Guo et al., 2015, 2018; Wang et al., 2015, 2018; Song et al., 2016, 2017). Salinized soils limit the growth, development, and survival of plants that grow in such environments. Salinity poses a serious threat to food production and security (Munns and Tester, 2008; Abdullakasim et al., 2018). As the human population grows and urbanization increases, the area of land suitable for cultivation is decreasing. Improving living standards also mean increased demand for habitable land. Planting salt-tolerant flowering plants has become a feasible and sustainable strategy by which to use saline land without incurring competition for soils for food cultivation. Therefore, there is much interest in breeding high-value salt-tolerant ornamental flowering varieties, and to expand the usage of underutilized ornamental species for exploitation of saline soils.

Excess salinity in soils directly reduces the water potential (become more negative) around the roots, making it difficult for root cells to extract water and leading to water deficit (Chinnusamy et al., 2005; Ulczycka-Walorska et al., 2020; Wani et al., 2020; Zheng et al., 2021). Thus, to survive in such environments, plants must reduce the water potential of their own cells (Shabala et al., 2015). When salt ions accumulate in plant cells, ionic toxicity occurs. Subsequently, secondary damage such as oxidative stress and nutrient deficiencies can occur (Breś et al., 2016; Van Zelm et al., 2020). Some salt-sensitive plants may display stunted growth or even die because of damage caused by salinity. However, salt-tolerant plants can initiate various protective mechanisms that allow them to grow in saline environments; for example, changes in gene expression and regulation allow these plants to adapt their morphology, physiology, and biochemistry in response to salinity (Bai et al., 2018; Zandalinas et al., 2018; Guo et al., 2019a; Qi et al., 2020; Zhao et al., 2020). Additionally, the damage to plants caused by salinity depends on the species and environmental factors.

Flowering plants have many important roles for humans. They can be used as ornamental growing plants, as cut flowers, for environmental greening, as medicine, as fruits and vegetables. In addition, the flowering time of many plants can be changed to meet the option or the market needs. Recent reviews have explored the biodiversity of edible flowers (Boutigny et al., 2020), flower color regulation (Zhao and Tao, 2015), and breeding of mutant ornamental flowering plants (Anne and Lim, 2020). However, a review of the mechanisms of salt tolerance in ornamental flowering plants and of strategies to produce salt-tolerant ornamental plants or breed new, salt-tolerant varieties is lacking. Salinity is particularly responsible for degrading the visual quality of ornamental flowers (Jaleel et al., 2008; Yang et al., 2019). Therefore, here we review the salt-tolerant mechanisms of ornamental flowering plants, and the selection and breeding of new salt-tolerant ornamental flowering varieties.



SALT TOLERANCE MECHANISMS OF ORNAMENTAL PLANTS

The level of salt tolerance of ornamental plants depends on the species, their development, the level of salt stress, and environmental factors. If the ornamental plant could grow and survive at the salt level at or over 200 mM NaCl that could be considered as a halophyte, thus the ornamental plants can be divided in halophytic and non-halophytic ones according to their salt tolerant ability. For example, the salinity threshold was 400 mM NaCl of the halophytic Limonium sinuatum under laboratory conditions (Mi et al., 2021). Many research findings have indicated that the development of salt-tolerant ornamental flowers is a viable approach. Although the opening time of the first flower was delayed, marigold (Tagetes erecta) can be planted in saline fields (García-Caparrós et al., 2016; Hao et al., 2017). Some ornamental species, such as fuchsia (Fuchsia hybrida), coleus (Solenostemon scutellarioides), and begonia (Begonia hiemalis; Villarino and Mattson, 2011), can tolerate a certain concentration of NaCl (7.0–9.8 dS m−1) without demonstrable growth inhibition. No negative impact was detected in lily (Lilium × elegans) seedlings treated with a moderate concentration of salt (3 dS m−1). Furthermore, the effect of salinity on growth could be alleviated by applying K+ to the grown medium (Ayad et al., 2019).

Although there has been some research into the salt tolerance of ornamental plants, the underlying mechanisms are complex, and vary between ornamental plants. Therefore, detailed studies still need to be conducted to provide basis for future research and utilization of ornamental plants. The salt-tolerant mechanisms of ornamental plants are summarized in Figure 1, and the detailed experimental condition of plant species is tabulated in Table 1. These mechanisms include the regulation of osmotic balance under the osmotic stress caused by high salinity; adjustment of ionic balance to avoid ionic toxicity; active oxygen scavenging to reduce oxidative damage; the exclusion of salt from the roots by enhancing apoplastic barriers (like Chrysanthemum), salt release via Na+/H+ antiporters (like Salicornia), and salt secretion by salt glands or salt bladders (like Atriplex); photosynthetic regulation to maintain high photosynthetic efficiency (like Aster); limiting water loss by closing stomata, and thickening leaf surface wax (like Dianthus).

[image: Figure 1]

FIGURE 1. Graphical summary of the adaptation of ornamental plants to salinized environments. (A) Adaption through ionic homeostasis and osmotic adjustment; (B) Adaption through ROS scavenging; (C) Adaption through salt exclusion, removing and pumping out of cells in roots; (D) Adaption through salt secretion, leaf succulence, photosynthesis protection, and reduction of water loss in shoots. SOS1: Salt Overly Sensitive 1, e.g., CcSOS1 gene from Chrysanthemum crissum; NHX1: vacuolar Na+/H+ antiporter, e.g., IbNHX2 gene from Ipomoea batatas; HKT1: high-affinity K+ transporters, e.g., AlHKT2:1 gene from Aeluropus lagopoides; WRKY: e.g., DgWRKY4 genes of from Dendronthema grandiform; NAC: e.g., DgNAC1 gene from Dendronthema grandiform; ROS: reactive oxygen species; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; POD: peroxidase; GR: glutathione reductase; RC: reaction center. Symbol size represents relative content of ions and organic matter in plant cells.




TABLE 1. The detailed experimental conditions of the ornamental flowering plants exposed to salt stress.
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Adaptation to Salinity by Osmotic Adjustment and Ionic Homeostasis

Like many other plants, the first threat faced by ornamental plants in a saline environment is the lowered external water potential caused by the presence of salt ions. This prevents plant roots from taking up water from the soil, and can even cause water to drain out of the cells (Feng et al., 2014a), thus reducing plants’ ability to grow and survive. Accumulation of organic and inorganic solutes in the root cell cytoplasm (Feng et al., 2015) reduces the water potential of the cells and ensures water uptake under salt stress conditions (Han et al., 2012; Shao et al., 2014). In the process, some small organic molecules (compatible solutes), such as proline, will synthesize and accumulate in the cytosol of plant cells as the osmotic adjustment substances to cope with the osmotic stress (El-Shawa et al., 2020). These are also used to protect the structure of cells and macromolecular substances. In some cases, exogenous application of compatible solutes can increase plant salt tolerance. For example, increased antioxidant capacity was observed in plants to which exogenous glycine betaine (GB) was applied, compared with those without (Roychoudhury and Banerjee, 2016). At the same time, inorganic ion accumulation is also the way in which most salt-tolerant plants, such as halophytes, to reduce the osmotic potential. In this process, ions such as Na+ and Cl− mainly accumulate in the vacuole so they can be used for osmotic adjustment of the plant cell (Chen and Jiang, 2010). Accumulation of inorganic ions as a strategy that consumes less energy than synthesize organic substances.

In addition, more Na+ and Cl− accumulated in the roots than in the shoots of Dendrobium orchid under saline conditions. This high Na+/K+ ratio in the roots contributed to osmotic adjustment (Abdullakasim et al., 2018). More proline accumulated in seedlings of sweet osmanthus [Osmanthus fragrans (Thunb.) Lour.], germinated from gamma-irradiated seeds than those of controls, thus the salt tolerance of the seedlings was increased by improving osmotic adjustment (Geng et al., 2019). Salinity reduced the leaf area and flower weight of marigold (Calendula officinalis L.), but increased the proline content in these plants. This increased proline content conferred salt tolerance to marigolds in saline conditions below 150 mM NaCl (Adamipour et al., 2019). Despite decreased seedling biomass, proline accumulated and was the main osmolyte responsible for the osmotic adjustment of ornamental plants in response to saline conditions (El-Shawa et al., 2020). In the ornamental crop Hyacinthus orientalis L., proline in the leaves increased under saline conditions of 6.1–8.6 g L−1. The ornamental qualities of these flowers also increased, indicating promise that this crop could be cultured in saline soils with concentrations of sodium chloride as was used in the laboratory culture (Ulczycka-Walorska et al., 2020).

Ionic homeostasis in plant cells is the basis for development and metabolism, especially the higher K+ and lower Na+ concentration in the cytosol of salt-tolerant plant cells (Blumwald, 2000). In salt sensitive plants under salt stress, ionic disturbance is very important, while salt-tolerant plants have a greater ability to maintain ionic balance (Guo et al., 2019a). With a similar charge and physiological characteristics, Na+ might compete with K+ for active sites of enzyme transporters. Thus, competition between the two ions leads to disruption of enzymatic function and biosynthesis (Zhu, 2003). For plants to grow and develop well under saline conditions, maintenance of a proper ratio of cytosolic K+/Na+ is required. This, along with the homeostasis of other ions, such as Ca2+, Mg2+ and Fe2+, is also a reliable indicator of the level of plants’ salt tolerance (Munns and Tester, 2008).

In salt-tolerant plants, ionic homeostasis might be maintained by excluding salt ions in soil through the roots by Salt Overly Sensitive 1 (SOS1) and apoplastic barriers (Hose et al., 2001; Meyer et al., 2009; Krishnamurthy et al., 2011; Song et al., 2012; Gao et al., 2016); thus fewer ions might be translocated to, or accumulate in, the aboveground parts of the plant, such as leaf cells, by compartmentalizing salt ions into the vacuole and reducing the ionic concentration in cytoplasm (Qiu et al., 2007). Therefore, restraining ionic transport to the shoots and compartmentalizing toxic ions in the vacuole are the important pathways to enhance plants’ salt tolerance in saline environments (Hasegawa, 2013). In the ornamental plant Eugenia myrtifolia L., more salt ions accumulated in roots than in leaves to perform normal physiological metabolism under salinity conditions (Acosta-Motos et al., 2017). In salt-tolerant chrysanthemum varieties, growth increased under saline conditions, together with increased K+, Ca2+ and Mg2+ content, and more efficient usage of N and P (Rahi and Singh, 2011). Results in marigold (Tegeta patula) indicated that salt tolerance could be improved by enhanced potassium application (Aboutalebi Jahromi and Hosseini Farahi, 2016).

For the ornamental plant gerbera (Gerbera jamesonii Bolus ex Hook. f., cv. “Forsa”), the presence of NaCl (such as 30 mM) could mitigate the phenotypes in leaves and flowers affected by boron (Gómez Bellot et al., 2018). A steady K+/Na+ ratio was maintained despite high Na+ accumulation in the leaves of daffodils [Narcissus sp. (L.) Amaryllidaceae] when treated with different salt concentrations—even under 150 mM NaCl conditions (Veatch-Blohm et al., 2014). While for the halophytic ornamental plant Lobularia maritima L., which growth was unaffected by 100 mM NaCl with the relative ionic balance in roots and leaves (Hsouna et al., 2020). Another halophytic ornamental plant Sesuvium portulacastrum displayed an optimal growth treated with moderate salinity with accumulating of large amounts of true halophyte and shows an optimal development under moderate salinity with a large amount of salt ions accumulating in the leaves (Nikalje et al., 2018; Ding et al., 2022). In Callistemon laevis treated with NaCl, little Na+ concentration was detected in the leaves, and more Na+ accumulated in the roots and stems, indicating that more salt ions were prevented from reaching the aboveground parts of the plant (Álvarez and Sanchez-Blanco, 2014). In ornamental grasses, such as Eragrostis spectabilis (Pursh) Steud., and Panicum virgatum L. “Northwind,” high visual quality was maintained when treated with NaCl, despite high concentrations of salt ions (Na+ and Cl−) accumulating in leaves (Wang et al., 2019c). In Lobelia erinus, plant growth and biomass were reduced with increased salinity, while salinity (30 or 50 mM NaCl) had no effect on flower production, and no toxic symptoms were observed on leaves, despite high accumulation of Na+ and Cl− in leaf tissues. This indicates that L. erinus could be used for urban landscaping (Escalona et al., 2013). A similar result was observed in pansy (Viola x wittrockiana Gams.), which displayed salt tolerance at levels of 5 or 7 g L−1 NaCl (Pušić et al., 2019). Under salt stress, uptake of Ca2+, Mg2+, and Na+ in the shoots of marigold (Tagetes erecta L.) increased, indicating an increase in salt tolerance (Koksal et al., 2016). When Callistemon citrinus plants were subjected to salt stress, greater Na+ storage was detected, which played a role in maintaining plant quality, and indicating that C. citrinus could be cultured with 4 dS m−1 saline water (Álvarez and Sanchez-Blanco, 2014).

It is well known that high salinity decreases K+ content in plants. A saline environment reduced the growth of marigold, with decreased K+ content, while the Mg2+ content increased in the leaves under such conditions (Koksal et al., 2016). However, the K+ content, as well as the carotenoid content, in pelargonium (Pelargonium hortorum L.H. Bailey) leaves was not affected when plants were grown at salinities lower than 1.976 g L−1. Meanwhile, the increased anthocyanin and proline content in leaves might be important in ameliorating the adverse effects caused by salt stress (Breś et al., 2016).

Salt-tolerant species can maintain ion homeostasis during growth, and this is inseparable from the roles of membrane-bound ion transporters, such as Na+/H+ antiporters. Under salt stress conditions, the plasma membrane-located Na+/H+ antiporter SOS1, and the NHX antiporters on tonoplast membranes are vital in maintaining the cellular ion homeostasis by transporting excess Na+ out of the cells and into the vacuole (Munns and Tester, 2008; Yue et al., 2012). In the working model of the SOS system pathway, cellular Ca2+ signals were identified as being involved. Firstly, salt stress induced an increased concentration of Ca2+ in the cytosol, which is sensed by, and causes the activation of SOS3. SOS2 is then activated by activated SOS3, forming an SOS2–SOS3 complex. Thirdly, SOS1 is activated, which mediates the transport of excess Na+ out of the cells and maintains a relatively low Na+ concentration in the cytoplasm (Tang et al., 2015). A significant reduction in Na+ content, and a favorable K+/Na+ ratio, was detected in transgenic plants—especially in the youngest leaves—in Chrysanthemum crassum overexpressing the CcSOS1 gene. Thus, the transgenic plants demonstrated higher salt tolerance, up to 200 mM NaCl (An et al., 2014).

NHX family transporters are localized to the tonoplast, they are widely considered as the players to sequestrate sodium (Na+) into vacuoles and to avert the cytoplasmic ion accumulation when plants exposed to salinity. In Arabidopsis, the expressional levels of AtNHX1 and AtNHX2 genes were upregulated under osmotic stress or by abscisic acid (ABA; Jiang et al., 2011). Overexpression of HtNHX1 and HtNHX2 transporters from Helianthus tuberosus improved the salt tolerance of rice (Zeng et al., 2018). Salt or drought tolerance was enhanced in transgenic sweet potato [Ipomoea batatas (L.) Lam.] with overexpression of the IbNHX2 gene (Wang et al., 2016).

In view of this research on the ornamental flowering plants, salt-tolerant varieties seem to prefer to accumulate inorganic ions in the vacuole to lower cell water potential, and simultaneously synthesize some compatible solutes in the cytosol to balance the decline of vacuolar water potential. This strategy thereby ensures the growth of plants and their increasing salt tolerance. A reconstruction of osmotic and ion homeostasis pathways in a plant cell under saline stress is shown in Figure 1A.



Adaptation to Salinity by Maintaining the Balance of Reactive Oxygen Species

Reactive oxygen species (ROS) are free radical molecules that are inevitably produced during plant metabolism. They have important roles in plant growth, development, and adaptation to stressors. Under normal conditions, ROS production and scavenging is kept in balance. However, when plants are subjected to adversity, such as salt or drought stress, more ROS are produced, and they will accumulate if production exceeds scavenging. Excess accumulation of ROS damages structural and metabolic plant processes (Pang et al., 2011). In salt-tolerant species, antioxidant capacity is enhanced to scavenge accumulated ROS, thus restoring the balance of ROS. Usually, ROS scavenging is implemented in two main ways: non-enzymatic and enzymatic mechanisms (Bowler et al., 1992; Mittler, 2002). Superoxide dismutase (SOD) and catalase (CAT) are usually considered the two most important antioxidant enzymes, but others, such as ascorbate peroxidase (APX), peroxidase (POD), and glutathione reductase (GR), are all employed to scavenge ROS in enzymatic reaction systems (Kozi, 1999). Furthermore, they work together to regulate the balance of ROS in plants.

When ROS levels are in equilibrium, membrane stability is maintained and normal metabolism occurs in plants (Li et al., 2012; Luo et al., 2013). Tolerance to other stresses, such as drought or heat, is also enhanced (Reddy et al., 2004). During ROS scavenging, enzymic amount and enzymic activity are strongly related to plants’ ROS scavenging ability. Overexpression of genes related to antioxidant enzymes could improve ROS scavenging, thus enhancing stress tolerance (Caverzan et al., 2016). In the ornamental plant Lavandula angustifoli Mill., antioxidant enzymes, including SOD and CAT, were activated under salt stress (even at 300 mM NaCl), with enhanced accumulation of flavonoids and phenolic substances, thus improving plants’ oxidation tolerance (Szekely-Varga et al., 2020). In salt-treated Echinacea species, E. purpurea displayed higher Na+ exclusion ability, and enhanced antioxidant activity of APX and SOD, but CAT activity was reduced and there was no change in GR activity (Sabra et al., 2012). The highly salt-tolerant ornamental plant, Parthenium hysterophorus could grow in a concentration as high as 160 mM NaCl. It also displayed increased proline, ascorbate, and glutathione contents, and elevated activity of enzymatic antioxidants, such as SOD, GR, and CAT (Ahmad et al., 2017). With the high salt tolerance (800 mM NaCl) of the ornamental plant Nerium oleander L., the activities of SOD and CAT were increased in the leaves and roots, even though more salt ions accumulated in these organs (Kumar et al., 2017). In tagetes (Tagetes patula L.), polyphenol and carotenoid contents, and antioxidant activities increased under 100 mM NaCl, and there was high accumulation of N, P, Zn, and Na in the flowers (Chrysargyris et al., 2018). In Eugenia myrtifolia L., SOD content and activity in the leaves increased despite reduced APX content and activity under saline conditions, and lower Na+ in the leaves than roots ensured normal photosynthesis (Acosta-Motos et al., 2015). The antioxidant ability of plants could also be enhanced by gene mutation. The activities of SOD, CAT, and POD were significantly increased in seedlings of sweet osmanthus germinated from gamma-irradiated seeds compared with controls; seedlings’ salt tolerance was improved by regulating ROS balance (Geng et al., 2019). When treated with 80 mM NaCl, growth and the activities of antioxidant enzymes of Catharanthus roseus plants were inhibited. However, the salt tolerance of the seedlings was enhanced, with increased plant weight, SOD, and POD activities when plants were grown with NaCl and propiconazole, except leaf area and stem length decreased (Jaleel et al., 2008).

Salt tolerance is different even in different varieties of the same species. In Amaranthus tricolor, ascorbate, carotenoids (non-enzymatic antioxidant), and SOD and APX (antioxidant enzymes) activities were increased in the salt-tolerant varieties compared with the salt-sensitive ones, indicating that increased ROS quenching ability conferred higher tolerance (Sarker and Oba, 2020). The activities of APX, SOD, POD and CAT in marigold were enhanced when plants were grown under conditions below 150 mM NaCl, then decreased at 200 mM NaCl (Adamipour et al., 2019), indicating that marigold could be developed for cultivation on saline lands.

In saline environments, large amounts of ROS accumulate in plants, resulting in ROS imbalance. Salt-tolerant ornamental varieties usually show improved ROS scavenging ability, both from enzymatic and non-enzymatic reaction processes, so this could be considered an indicator of high salt tolerance in ornamental flowering plants (Figure 1B).



Adaptation to Salinity by Root Salt Exclusion

Another measure that plants employ to reduce cellular ion content is to reduce the uptake of salt ions in the roots, or to excrete some absorbed salt ions out of the plant (Figure 1C). Thus, a relatively higher Na+ content will be detected in roots than in shoots (Abdullakasim et al., 2018). The same was found under cadmium stress (Qi et al., 2020). Salt tolerance was conferred by a special structure, such as thickened apoplastic barriers (Krishnamurthy et al., 2020). In some ornamental plants, such as Escallonia rubra, Cestrum fasciculatum, Viburnum lucidum (Cassaniti et al., 2009), and Aloe vera (L.; García-Caparrós et al., 2016), the mechanism employed to respond to salinity correlated with higher accumulation of ions in roots than in shoots. Na+ content in rhizomes of Iris germanica was usually lower than in leaves or roots under saline conditions, which may indicate a salt stress adaptation mechanism (Zhao et al., 2021). Perhaps, in such plants under saline conditions, the greater accumulation of salt ions in roots is associated with structural changes of roots related to the apoplastic exodermal barriers, such as the thickened endothelium, preformed suberin lamellae and Casparian bands (Andersen et al., 2015). In Opisthopappus taihangensis (Ling) Shih and Iris germanica (Meyer et al., 2009; Yang et al., 2020), salt ion uptake was reduced in root cells. Additionally, the absorbed ions in root cells could also be excreted out of the roots cells through antiporters such as SOS1 (Song et al., 2012; Gao et al., 2016; Mohammadi et al., 2019), resulting in increased ion accumulation in roots and reduced salt ion transport to shoots. However, the relationship between salt ion accumulation and apoplastic barriers remains to be investigated in ornamental flowering plants.

As well as reducing salt ion uptake through structural features, absorbed salt ions can also be removed from xylem. The HKT1 (high-affinity K+ transporters) gene plays vital roles in this process (Ali et al., 2016), and the HKT1 transporter can also restrict Na+ entry into plant roots (Rus et al., 2001). With the function of HKT1 localized in xylem parenchyma cells, Na+ flux to the shoot tip was actively reduced and excess Na+ accumulated in the root zone of plants. In Arabidopsis, AtHKT1 was proposed to recirculate Na+ in the phloem, reducing the allocation of Na+ in the shoot, and correspondingly increasing Na+ content in roots (Davenport et al., 2007).

Furthermore, absorbed Na+ can also be excreted from root cells through transporters such as SOS1, which are localized in the plasma membrane of root cells (Shi et al., 2000; Oh et al., 2009), like the CcSOS1 transporter in chrysanthemum (Song et al., 2012; Gao et al., 2016). Perhaps, in ornamental flowering plants, the SOS1 transporters also play a vital role in pumping Na+ out of root cells.

Finally, absorbed salt ions (especially Na+) can be partitioned into the vacuole via transporters such as NHX1, which is localized in the tonoplast. On the one hand, vacuoles act as the ultimate Na+ sinks to reduce Na+ accumulation in cytoplasm. On the other hand, the water potential of root cells is also reduced to ensure water uptake in saline environments (Liang et al., 2015; Guo et al., 2020).



Adaptation to Salinity by Shoots

Under saline conditions, the response mechanisms triggered are different in different ornamental species. In some ornamental species with salt secreting structures like salt glands or salt bladders, especially Limonium species (Feng et al., 2014b; Leng et al., 2018; Lu et al., 2020; Mi et al., 2021), excess salt ions transported to aboveground parts of the plant are also excreted outside of the plant body through salt glands (García-Caparrós et al., 2016). Limonium species have remarkable salt tolerance thanks to their typical salt excreting salt glands in the leaves; they can grow and develop well in environments containing NaCl concentrations of more than 200 mM NaCl (Souid et al., 2016; Mi et al., 2021). Besides excreting excess salt ions out of the leaves, some of the absorbed salt ions are regionalized; they accumulate in vacuoles and regulate the osmotic potential of leaf cells (González-Orenga et al., 2021). Therefore, more ornamental flowering plants that possess these leaf structures, and which also have high value, should be exploited further.

Some ornamental plants, such as Portulaca (Borsai et al., 2020), as well as Aloe vera (L.), exhibit leaf succulence when they grow in saline or drought environments (García-Caparrós et al., 2016). In response to salt stress, large amounts of ions were accumulated in the vacuoles of leaf cells in such plants, and the leaf succulence was subsequently displayed higher ability to cope with the salt stress. And the specific anatomical adaptation to salinity in halophytic ornamental flowering plants is summarized in Supplementary Figure S1.

To respond to saline conditions, ornamental plants have evolved many other adaptations; for example, altering leaf function, reducing chlorophyll content, and reducing stomatal size and aperture (García-Caparrós and Lao, 2018). In carnation (Dianthus caryophyllus), salt tolerance was mainly associated with the reduction of water loss by reducing stomatal conductance and increasing epicuticular wax (Kwon et al., 2019). Chrysanthemum morifolium treated with different levels of salinity displayed salt tolerance, with increased photosynthetic pigments, and a better seedling growth (Vanlalruati et al., 2019). Photosynthetic pigments are vital in photosynthesis. Under stress, inhibited photosynthetic efficiency in plants was related to reduce chlorophyll content and damaged photosynthetic systems (Wu et al., 2016). Some plants showed higher tolerance to salinity in photosynthetic processes. For example, low energy dissipation rates and high light harvesting efficiencies were detected in Aster tripolium L. plants exposed to even 250 mM NaCl, with increased density of reaction centers (RC), enhanced electron transport ability, and lower energy dissipation rates (Duarte et al., 2017). In the ornamental plant Eugenia myrtifolia L., when treated with salinity, the normal photosynthetic system was protected by limiting salt ion accumulation in leaves, as well as by increasing chlorophyll content (Acosta-Motos et al., 2017). The salt tolerance of Aloe vera associated with high efficiency of photosystem II and ROS scavenging was enhanced by exogenous application of proline (Nakhaie et al., 2020). With the application of exogenous GB or proline, higher chlorophyll and K+ content was detected in Viburnum lucidum L. and Callistemon citrinus Stapf (Cirillo et al., 2016), as well as calendula (Calendula officinalis L.) plants (Soroori et al., 2021). Proline content and the stability of the cellular membrane were increased by exogenous application of ascorbic acid on calendula plants under salinity stress (Azizi et al., 2021).

The salt tolerance of ornamental flowering plants could also be enhanced, and the salt content reduced, by shedding old leaves. For example, older leaves are shed to reduce Na+ content in Kalanchoe blossfeldiana Poelln. In Gazania splendens Lem sp., multiple strategies are employed, such as accumulating the majority of Na+ and Cl− in the roots, secreting salt ions out of leaves through salt glands, increasing the succulence index of living leaf tissue, and shedding old leaves (García-Caparrós et al., 2016). Thus, G. splendens is suitable for planting in saline environments. The adaptive strategies of shoots are summarized in Figure 1D.




MOLECULAR BREEDING FOR IMPROVEMENT OF SALT TOLERANCE IN ORNAMENTAL PLANTS

Salinity is one of the most important adverse factors limiting agricultural production. Cultivating salt-tolerant ornamental crops or flowers is considered to be an effective way of utilizing saline soils. Therefore, selecting and breeding salt-tolerant ornamental flowering crops is a first and important step for the sustainable development of saline land. Many salt-tolerant plants can survive in heavily saline soils, and current research demonstrates the benefit of selecting and breeding species that are both ornamental and highly salt tolerant. And new varieties with higher salt tolerance could be obtained through gene mutation, such as via gamma irradiation. Seedlings with enhanced salt tolerance, enhanced osmotic regulation ability, and greater ROS scavenging capacity were obtained via gamma irradiation in sweet osmanthus (Geng et al., 2019).

To survive in a saline environment, plants—on the one hand—reduce the translocation of toxic ions to aboveground parts of the plant by draining salt ions to the root extracellular spaces. On the other hand, they accumulate excess salt ions into the vacuoles. Thus, the cytoplasmic ion content is maintained in controlled levels, the osmotic potential of plant cells is reduced, and normal water uptake and physiological metabolism can occur (Chen et al., 2010; Song and Wang, 2015). In this process, many genes are upregulated to ensure recruitment of proteins that participate in ion uptake, translocation, and redistribution. This, in turn, ensures that salt ion concentrations in plant cells are reduced to a minimum (Yang et al., 2017). If plants can successfully redistribute ions, the plant will survive; if the plant cannot successfully redistribute salt ions well, then plant growth will be inhibited, or the plant might even die, once the salt content exceeds the plant’s level of tolerance. Therefore, the ability of a plant to retain K+ and balance Na+ in the cytoplasm is one of the most important indicators of salt tolerance in plants. Research finds that the ability to retain K+ is particularly critical (Reddy et al., 2004; Caverzan et al., 2016; Wang et al., 2019b,c). Maintenance of intracellular ionic homeostasis in Arabidopsis thaliana depends primarily on AtNHX1 (an Na+/H+ antiporter gene located in the tonoplast) and AtSOS1 (an Na+/H+ antiporter gene located in plasma membrane; Zhu, 2003). Furthermore, the mechanism responsible for regulating salt ions in most plants is the same as in A. thaliana. Interestingly, species with high salt tolerance, such as halophytes, can better adjust or compartmentalize ions than Arabidopsis (Song, 2009; Guo et al., 2018, 2019a). Perhaps, higher expressional levels of related genes are activated in such plants. As in Arabidopsis, increased Na+ efflux and reduced intracellular Na+ content was detected in transgenic plants overexpressing AtSOS1 and AtHKT1 genes (Wang et al., 2014, 2019a). In the important ornamental plant Chrysanthemum crissum, salt tolerance in CcSOS1 over-expressing plants was enhanced, with a significant reduction in Na+ content and a favorable K+/Na+ ratio. This plant could grow under 200 mM NaCl conditions (An et al., 2014). Overexpression of CmPIP1 and CmPIP2 genes from Chrysanthemum morifolium in transgenic chrysanthemum plants also resulted in salt tolerance (Zhang et al., 2019). And the salt tolerance was improved by overexpressing IlNHX from Iris lacteal (Guo et al., 2020). In the halophyte Aeluropus lagopoides, the promoter of the gene encoding the high-affinity potassium transporter AlHKT2;1 was involved in the response to salt stress in plants (Dave et al., 2021).

As well as the functional genes involved in ion transport during salt tolerance in ornamental plants, transcription factor genes are also involved in salt tolerance; this lays the foundation for further research into salt-tolerant mechanisms in ornamental plants. Novel varieties with high salt tolerance could be obtained using transgenic transcription factor genes. For example, the salt tolerance of transgenic chrysanthemum was enhanced by overexpressing the DgNAC1 or DgWRKY4 transcription factor genes from chrysanthemum (Dendronthema grandiform; Wang et al., 2017a,b). Salinity tolerance of Arabidopsis was conferred by overexpressing the PSK1 gene (a homologous gene of S-phase kinase-associated protein1-like) from Paeonia suffruticosa, indicating that this gene is important for salt tolerance, together with the function of flowering in peony (Hao et al., 2017). The salt tolerance of chrysanthemum (Dendronthema grandiform) transgenic plants was improved with overexpression of the transcription factor gene DgNAC1 (a salt responsive gene); higher activities of SOD, POD, and CAT were detected in the transgenic plants compared with wild type (Wang et al., 2017b). Thus, this could provide evidence for the molecular modification of salt tolerance in ornamental plants. Genes known to confer salt tolerance to ornamental flowering plants are summarized in Table 2.



TABLE 2. Genes involved in salt tolerance of salt-tolerant ornamental flowering plants.
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The ornamental flower Alternanthera bettzickiana (Regel) G. Nicholson grew under saline conditions, with less Na+ content in shoots than roots, even at 40 dS m−1, so was considered to be a potential halophyte (Ali et al., 2012). Plants with high salt tolerance, such as Portulaca grandiflora and Iris halophila (Pall.) plants, which exhibit high salt tolerance during the growth period (Borsai et al., 2020), could be used as greening species on saline soils. Selection and utilization of such species could enable further study of salt tolerance mechanisms at the molecular level (Liu et al., 2018). Systematic genomic analysis to identify salt tolerance-related genes or transcription factors will be of great significance in plant breeding (Wang et al., 2021). Many transcription factor genes and functional genes might serve as candidate genes for breeding salt-tolerant ornamental flowering plants.



ACQUISITION OF NOVEL VARIETIES BY GENETIC MODIFICATION

The advent of genome editing technology, especially the CRISPR editing system, has provided an efficient method to obtain improved flower varieties. The genome sequences of some ornamental crops are available, such as Nankingense, Chrysanthemum, Rosa chinensis, Ipomoea nil, Petunia hybrid, and Dendrobium officinale. These genomes will provide the basis for obtaining and developing new varieties of ornamental crops, such as early flowering varieties of orchid and chrysanthemum (Ahmad et al., 2021). Using CRISPR/Cas9 genome editing technology, more flower colors were obtained in Lilium (Yan et al., 2019). In Torenia fournieri L., CRISPR/Cas9 modification of a gene related to flavonoid synthesis resulted in flowers with a pale purple and almost white color (Nishihara et al., 2018). Flower longevity was extended in Petunia hybrida by knocking out the gene for 1-aminocyclopropane-1-carboxylate oxidase 1 (ACO), which reduced the production of ethylene (Xu et al., 2020). Altered flower color (influenced by biosynthesis of anthocyanin) was also obtained in Ipomoea nil (Japanese morning glory) using CRISPR/Cas9 (Watanabe et al., 2017).

Further work based on the genome sequencing of ornamental plants (Wani et al., 2020) will lay the foundation for subsequent gene editing to obtain highly salt-tolerant ornamental flowers for greening saline–alkaline areas. Transcriptome analysis of ornamental plants will also reveal previously unknown genes related to flower color or quality, and genes related to the response to a saline environment (Guo et al., 2019b). Current methods of obtaining novel varieties are shown in Figure 2.
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FIGURE 2. Summary of approaches for the acquisition of novel, salt-tolerant ornamental flowering plant varieties. CcSOS1, cytomembrane Na+/H+ antiporter gene from Chrysanthemum crissum; CmSOS1, cytomembrane Na+/H+ antiporter gene from Chrysanthemum morifolium; CrcSOS1, cytomembrane Na+/H+ antiporter gene from Crossostephium chinense; AjSOS1, cytomembrane Na+/H+ antiporter gene from Artemisia japonica; LfSOS1, cytomembrane Na+/H+ antiporter gene from Leptochloa fusca; LfNHX1, tonoplast Na+/H+ antiporter gene from Leptochloa fusca; IlNHX, tonoplast Na+/H+ antiporter gene from Iris lacteal; HtNHX1 and HtNHX2, tonoplast Na+/H+ antiporter gene from Helianthus tuberosus; AlHKT2:1, high-affinity K+ transporter gene from Aeluropus lagopoides; PsPSK1, a SKP1-like gene homologue from Paeonia suffruticosa; DgNAC1, NAC transcription factor gene from Dendronthema grandiform; DgWRKY4, WRKY transcription factor gene of from Dendronthema grandiform; CpbHLH13, bHLH transcription factor gene from Chimonanthus praecox; and CpMYC2, bHLH transcription factor gene from Chimonanthus praecox.




CONCLUSION AND PERSPECTIVES

Saline soils are widely distributed around the world, and these are considered to be a valuable land resource for development. Protection by vegetation and “greening” is the most effective and feasible biological methods for improving saline lands. Photos of some ornamental plants with beautiful flowers are shown in Figure 3. Planting salt-tolerant ornamental flowering crops is a feasible and sustainable greening strategy. Achieving this goal relies on selecting and breeding ornamental flowering crop varieties with both high salt stress tolerance and high value.
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FIGURE 3. Photos exhibition of some ornamental plants with beautiful flowers.


Like most plants in a salinized environment, the responses or adaptive strategies of ornamental flowering crops to salt aim to mitigate the effects of osmotic, ionic, and oxidative stresses, as well as nutritional imbalances induced by salinity. Under saline conditions, ornamental plants accumulate osmolytes like proline, redistribute ions, enhance their ROS scavenging ability, reduce the salt ion uptake by roots, and secrete salt ions from leaves.

With the help of genetic engineering approaches such as genetic modification and gene editing, future studies should focus on understanding the salt tolerance mechanisms of ornamental flowering crops at the molecular level, and on providing the basis for breeding ornamental flowering crops with high salt tolerance, more flower colors, and greater economic value. Other strategies include selection and acceptance of model ornamental flowering plants with high salt tolerance; genome sequencing of model plants; and establishment of highly efficient transgenic systems for model plants. These strategies would form the basis for deciphering the salt-tolerant mechanisms of ornamental plants at the molecular levels; for example, they could provide insight into the role of the apoplastic barrier in ornamental plant roots for saline tolerance. Novel ornamental plant cultivars with high salt tolerance and expanded usages will be obtained using modern biological techniques.
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Supplementary Figure S1 | Summarized structural adaptation to salinity of halophytic ornamental plants. Notes: (i) pumping Na+ back to the environment; (ii) depositing large amounts of salt ions in vacuoles of succulent tissues; (iii) secreting salt ions through salt bladder; (iv) secreting salt ions through salt glands. MC, mesophyll cell; EC, epidermal cell; OC, outer cup cell; IC, inner cup cell; AC, accessory cell; and SC, secretory cell.
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Soil salinity is a major environmental stress that restricts the growth and yield of crops. Mining the key genes involved in the balance of rice salt tolerance and yield will be extremely important for us to cultivate salt-tolerance rice varieties. In this study, we report a WUSCHEL-related homeobox (WOX) gene, quiescent-center-specific homeobox (OsQHB), positively regulates yield-related traits and negatively regulates salt tolerance in rice. Mutation in OsQHB led to a decrease in plant height, tiller number, panicle length, grain length and grain width, and an increase in salt tolerance. Transcriptome and qPCR analysis showed that reactive oxygen species (ROS) scavenging-related genes were regulated by OsQHB. Moreover, the osqhb mutants have higher ROS-scavenging enzymes activities and lower accumulation of ROS and malondialdehyde (MDA) under salt stress. Thus, our findings provide new insights into the role of rice WOX gene family in rice development and salt tolerance, and suggest that OsQHB is a valuable target for improving rice production in environments characterized by salt stress.
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INTRODUCTION

Soil salinity is one of the most widespread and significant soil problems worldwide, as salt hampers plant growth and development and hinders crop yield. As the primary source of food for more than half of the world population, rice is affected by salinity stress in varying degrees throughout all the developmental stages (Nam et al., 2015; Saini et al., 2018; He et al., 2019). Especially, rice is more sensitive to salinity during early seedling growth and flowering than other growth stages (Nam et al., 2015; Qin et al., 2019). Therefore, the growth ability of rice seedlings under salt stress conditions is considered an indicator of salt tolerance, and improving the salt tolerance of rice seedlings could increase the utilization of saline-alkali land and alleviate the world food crisis. Salt tolerance in rice is a polygenic trait controlled by quantitative trait loci (Ismail and Horie, 2017; Qin et al., 2020). Dissecting the key genes involved in rice salt tolerance and yield is an important objective to accelerating rice breeding.

Reactive oxygen species (ROS) is a versatile signal molecule that could be rapidly induced by a variety of environmental stresses (Miller et al., 2010; Lv et al., 2018). Generally, low concentrations of ROS function as signal molecules to regulate many biological processes, whereas high concentrations of ROS damage proteins, lipids, DNA, and carbohydrates (Miller et al., 2010; Xu et al., 2018; Yang and Guo, 2018). Therefore, maintaining an appropriate level of ROS is essential for plant growth and development. To avoid excessive accumulation of ROS and cause oxidative damage to cells, plants have evolved defense systems that include ROS-scavenging enzymes, such as superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase (GPX), and catalase (CAT) (Foyer and Noctor, 2005). Various studies have shown that salt stress leads to excessive accumulation of ROS, and enhancing the activity of ROS-scavenging enzymes can improve the salt tolerance of plants (Lu Z. et al., 2007; Saini et al., 2018). For example, overexpression of OsAPXa or OsAPXb in Arabidopsis enhances tolerance to salinity stress (Lu Z. et al., 2007). Knockdown GPX1 leads to enhanced photosynthesis impairment in response to salinity in rice (Lima-Melo et al., 2016). Transgenic rice plants overexpression APX exhibit reduced ROS accumulation and enhanced salt tolerance (Teixeira et al., 2006; Hong et al., 2007; Zhang et al., 2013).

The WUSCHEL related homeobox (WOX) gene family is one of plant homeobox (HB) transcription factor families (Yang et al., 2017). WOX genes have been shown to function in coordinate gene transcriptional related to shoot and root meristem establishment and organogenesis (Zhao et al., 2009; Hu and Xu, 2016; Cheng et al., 2018). In Arabidopsis, AtWOX5 is specifically expressed in the quiescent center (QC) and acts as a key regulator of the root stem cell population (Sarkar et al., 2007; Forzani et al., 2014; Savina et al., 2020). AtWOX9 is essential to maintaining cell division and preventing premature differentiation in vegetative shoot apical meristem and early embryogenesis (Wu et al., 2005, 2007; Skylar et al., 2010). In rice, OsWOX3A modulates lateral root development and root hair formation through regulating auxin-transport gene expression (Yoo et al., 2013; Cho et al., 2016). OsWOX4 is involved in meristem maintenance and acts as a key regulator in early leaf development and primary root elongation (Ohmori et al., 2013; Yasui et al., 2018; Chen et al., 2020). OsWOX11 promotes crown root and shoot development by modulating cell proliferation in crown root meristem and shoot apical meristem (Zhao et al., 2009; Zhou et al., 2017; Cheng et al., 2018). Quiescent-center-specific homeobox (OsQHB), a homolog of AtWOX5, is involved in specification and maintenance of QC cell in root apical meristem and controlling lateral root primordium size (Kamiya et al., 2003; Kawai et al., 2022). All these studies suggest that WOX genes play an important role in regulating plant development.

As sessile organisms, plants must cope with various stresses in their environment to ensure the optimal combination of proliferation and survival. Accumulating studies show that WOX genes are associated with plant abiotic stress responses (Cheng et al., 2016; Liu H. et al., 2021; Wang L. Q. et al., 2021). In poplar, PagWOX11/12a positively regulates drought and salt tolerance by enhancing ROS scavenging capacity (Liu R. et al., 2021; Wang L. Q. et al., 2021). Knock-down of GhWOX4 in cotton decreases the drought tolerance (Sajjad et al., 2021). In rice, overexpression of OsWOX11 enhances drought tolerance by promoting root hair growth and development (Cheng et al., 2016). In addition, several rice WOX genes are responsive to salt stress (Cheng et al., 2014), implying that WOX genes might involve in improving the salt tolerance of rice. In the present study, we demonstrate that OsQHB coordinately regulates salt tolerance and yield of rice. Transcriptome analysis and physiological and biochemical indices show that OsQHB negatively regulates salt tolerance by improving ROS scavenging capacity. Thus, our researches enrich the functions of WOX genes in rice, and precisely manipulation of OsQHB could be useful to improve rice yield under salt stress.



RESULTS


OsQHB Is a Nuclear Localization Protein and Mainly Expressed in Root and Shoot Apical Meristem

WOX transcription factors play important roles in key developmental processes and in response to different abiotic stresses (Cheng et al., 2016; Jha et al., 2020; Wang L. Q. et al., 2021). Rice genome contains at least 13 WOX genes (Zhang et al., 2010). Among them, OsQHB encodes 200 amino acids including a homeodomain (HD) with 66 amino acids at the N-terminal (Supplementary Figure 1A). Phylogenetic analysis of rice and Arabidopsis WOX families indicated that OsQHB showed the highest similarity to AtWOX5 (Supplementary Figure 1B and Supplementary Table 1), which is specifically expression in the QC cells and is essential for stem cell maintenance in different meristems (Sarkar et al., 2007; Pi et al., 2015). β-glucuronidase (GUS) staining analysis using transgenic rice plants harboring OsQHB promoter-GUS construct showed that the transcription of OsQHB was detected in QC and stele of the root apexes, stem base, and crown root primordium (Figures 1A–D). Subsequently, the subcellular localization of OsQHB was investigated by fusing the OsQHB coding sequence with GFP and transiently expressed in rice protoplasts. The fluorescent signals of OsQHB-GFP fusion protein were found in the nucleus, as revealed by co-localization with the nuclear marker DAPI (4′,6-diamidino-2-phenylidone) (Yu et al., 2013; Figure 1E). These results suggest that OsQHB might be involved in the maintenance of the QC cells through a mechanism similar to that of AtWOX5.
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FIGURE 1. OsQHB expression and protein subcellular localization. (A–D) The tissue-specific expression of OsQHB revealed by promoter-GUS analysis. 3-d-old OsQHBp-GUS transgenic seedlings was used for GUS staining. At least 10 samples were observed for each organ and representative ones are presented. (A) 3-d-old seedling, (B) Primary root, bar = 100 μm, (C) Stem base, Bar = 200 μm. (D) crown root primordium. Bar = 200 μm. (E) Subcellular localization of OsQHB in rice protoplasts. Protoplasts were derived from etiolated shoots. Fluorescence from GFP and DAPI was detected by confocal microscopy. Merged indicates co-localization of OsQHB with DAPI. Bar = 5 μm. DAPI, 4′,6-diamidino-2-phenylindole.




OsQHB Positively Regulates Yield-Related Traits

To study the function of OsQHB, we generated knockout mutants in the Nipponbare (NIP) background via CRISPR-Cas9 mediated genome editing and isolated three alleles for further investigation. The osqhb-1 and osqhb-2 mutant plants contained a 5-bp and 8-bp deletion, whereas the osqhb-3 mutant plants contained a 1-bp insertion, in the coding region of the target gene, correspondingly, leading to a frame shift in the open reading frame and the generation of a premature stop codon (Supplementary Figures 2A,B). We also generated overexpression (OE) lines containing the coding region of OsQHB under the control of the CaMV35S promoter, the increased expression of the target gene was confirmed by qPCR (Supplementary Figure 2C). Although the expression of OsQHB was significantly increased in OsQHB-OE plants, whereas the OsQHB protein was increased slightly in OsQHB-OE plants (Supplementary Figure 2D), suggesting that OsQHB may be rapidly degraded by the ubiquitin system or the proteasome. To verify this hypothesis, we treated OsQHB-OE plants with MG132 (an inhibitor of the ubiquitin proteasome system) and then detected the OsQHB protein levels. The results showed that MG132 treatment significantly increased the accumulation of OsQHB protein (Supplementary Figure 2D), indicating that OsQHB is rapidly degraded by the ubiquitin proteasome system, and implying that OsQHB is essential for plant development and plants must maintain low levels of OsQHB protein to ensure normal growth.

Next, we investigated the agronomic traits of OsQHB overexpressed plants and osqhb mutants. At maturation stage, the osqhb mutants were shorter and the OsQHB-OE plants were slightly taller than wild-type plants (Figures 2A,B). The number of effective tiller and panicle length in wild-type and OsQHB-OE plants were identical, whereas osqhb mutants produced less effective tiller and smaller panicle than the wild type (Figures 2C–E). The total number of grains per panicle was significantly reduced in osqhb mutants, whereas slightly increased in OsQHB-OE plants, compared to that of the wild type (Figure 2F). All these analyses indicate that modulation of OsQHB expression affects yield-related traits in rice.
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FIGURE 2. Mutation in OsQHB reduced plant height, tiller number, panicle length, and number of grains per panicle. (A) Phenotypic comparison of field-grown wild-type and OsQHB transgenic plants. Bar = 10 cm. (B,C) Plant height (B) and tiller number (C) of field-grown wild-type and OsQHB transgenic plants. Values are means ± SD (n ≥ 20). * and ** indicates significant difference compared to NIP at P < 0.05 and P < 0.01 by Student’s t-test. (D) Panicle phenotypes of wild-type and OsQHB transgenic plants. Bar = 2 cm. (E,F) Panicle length (E) and number of grains per panicle (F) of wild-type and OsQHB transgenic plants. Each value is average of 20 plants. Bars indicate SD. ** indicates significant difference compared to NIP or ZH11 at P < 0.01 by Student’s t-test.


The grain size was also examined in osqhb mutants and OsQHB-OE plants using well-filled grains. The grain length and grain width was significantly reduced in osqhb mutants, whereas increased in OsQHB-OE plants, compared with those in the wild type (Figures 3A–C). The thousand-grain weight of various plants was further measured. The results showed that osqhb mutants had significant reductions, whereas the OsQHB-OE plants had significant increases in this parameter (Figure 3D). These results indicate that OsQHB positively regulates the grain size and thousand-grain weight in rice, implying that manipulation of OsQHB could be useful to improve rice yield.
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FIGURE 3. OsQHB positively regulates grain size. (A) Phenotypic comparison of well-filled grains of wild-type and OsQHB transgenic plants. Bar = 1 cm. (B–D) Grain length (B), grain width (C) and 1,000-grain weight (D) from well-filled grains. Values are means ± SD of three replicates. * and ** indicates significant difference compared to NIP or ZH11 at P < 0.05 and P < 0.01 by Student’s t-test.




OsQHB Is Involved in Abiotic Stress and Hormone Response

The promoter sequence of OsQHB contains many putative hormone- and stress-response cis-elements, such as ABRE element (4 hits), AuxRR core (2 hits), P-box (1 hit), G-box (6 hits), and MYB recognition site (1 hit) (Figure 4A). ABRE element is associated with ABA response (Nakashima and Yamaguchi-Shinozaki, 2013), G-box and MYB recognition site with drought response (Ezer et al., 2017), AuxRR core with auxin response, and P-box with gibberellin response (Sakai et al., 1996; Hwang et al., 2010; Wang Y. et al., 2011; Ambawat et al., 2013; Wei et al., 2013; Zhang et al., 2020; Dutta et al., 2021). These elements are contained in the promoter of OsQHB suggests that OsQHB might be involved in modulating hormone response and stress tolerance.


[image: image]

FIGURE 4. Expression of OsQHB under stress and hormone treatments. (A) Distribution of major stress-related cis-elements in the promoter region of OsQHB. (B–E) GUS staining of 3-d-old transgenic lines contained OsQHBp-GUS treated with 100 mM NaCl (B), 10% PEG6000 (C), 10 μL/L Ethylene (D), or 1 μm ABA (E) treatment. Bar = 100 μm.


Furthermore, we examined the responses of OsQHB to various abiotic stresses and hormone treatments by β-glucuronidase (GUS) staining. Considering that OsQHB is mainly expressed in root tips, we selected root tips for GUS staining. Our results showed that the GUS staining was significantly repressed by NaCl and weakly induced by osmotic stress (PEG6000) and ethylene, but apparently not affected by abscisic acid (ABA) treatment, respectively (Figures 4B–E). Numerous studies have shown that ABA and ethylene play important roles in regulating salt and drought tolerance (Pan et al., 2012; Liang et al., 2019; Liu C. Y. et al., 2019; Luo et al., 2020). Collectively, these results indicate that OsQHB might be associated with ethylene- and ABA-related environmental stimuli in rice.



OsQHB Negatively Regulates Salt Tolerance Through Modulating ROS Scavenging

Salt stress is a major environmental problem globally by affecting plant growth and causing crop production. Increasing numbers of studies have shown that the WOX gene family plays a role in salt tolerance (Wang L. Q. et al., 2021). As salt represses OsQHB transcription, we hypothesized that OsQHB is involved in regulating salt tolerance in rice. To verify this, we treated wild type, osqhb, and OsQHB-OE seedlings with NaCl. After 10 days of treatment with 120 mM NaCl, osqhb seedlings were obviously less affected than NIP seedlings by salt stress, whereas OsQHB-OE seedlings were all wilted to death (Figure 5A). After recovery for 10 days in non-salt conditions, the survival rate of osqhb seedlings was significantly higher, and that of OsQHB-OE seedlings was significantly lower, than that of the wild-type seedlings (Figures 5B,C). These results indicate that OsQHB negatively regulates the response of rice to salt stress at seedling stage.
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FIGURE 5. OsQHB negatively regulates salt tolerance of rice. (A) Phenotypes of wild-type and OsQHB transgenic plants under salt stress. 3-week-old wild-type and OsQHB transgenic plants were treated with or without 120 mM NaCl for 10 days. (B,C) Survival rates of the plants shown in panel (A) after recovery for 10 days. Approximately 50–60 seedlings were used per experiment. Data are the mean ± SD of 3 biological replicates. ** indicates significant difference compared to NIP or ZH11 at P < 0.01 by Student’s t-test.


To elucidate the molecular mechanisms regulated by OsQHB, we compared the transcriptomes of wild type, osqhb, and OsQHB-OE seedlings using transcriptome deep sequencing (RNA-seq). Totally 1079 differential expressed genes (DEGs) were identified in osqhb mutants, including 525 up-regulated DEGs and 554 down-regulated DEGs (Figure 6A and Supplementary Table 2). Gene Ontology (GO) enrichment analysis showed that these OsQHB-regulated DEGs were involved in stress response, regulation of metabolic and cellular biosynthetic process, ion transport, and kinase activity (Figure 6B), indicating that OsQHB is involved in a variety of biological processes and molecular functions, including those associated with abiotic stress responses.
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FIGURE 6. Transcriptome analysis reveals differentially expressed genes (DEGs) in OsQHB transgenic plants. (A) Number of DEGs up- and down-regulated in osqhb mutants. (B) Gene ontology (GO) analysis of OsQHB-regulated genes. (C) Heat map of the microarray expression profiles of ROS scavenging genes in OsQHB transgenic plants. (D) Quantitative real-time PCR (qPCR) analysis of ROS scavenging genes in 3-d-old wild-type and OsQHB transgenic seedlings. OsActin1 was used as an internal control. Three biological replicates were performed with similar results, and a representative experiment is shown. Samples were collected from three independent experiments. Bars indicate ± SD. The asterisks indicate significant differences compared to NIP or ZH11 (**P < 0.01, Student’s t-test).


Previous studies have shown that salt stress leads to over-production of ROS, and enhanced ROS scavenging capacity can improve salt tolerance in plants (Steffens, 2014; Xu et al., 2018; Yang and Guo, 2018). Thus we analyzed the expression of ROS scavenging-related genes in transcriptome data and found that multiple peroxidase (PRX) genes were regulated by OsQHB (Figure 6C and Supplementary Table 2), this regulation was further confirmed by qPCR (Figure 6D). PRX genes play diverse roles in plant physiology by scavenging ROS (Liu R. et al., 2021). These results indicate that OsQHB regulates the expression of ROS scavenging-related genes, which could further affect ROS accumulation.

To investigate whether ROS levels were altered in wild type, osqhb, and OsQHB-OE seedlings under salt treatment, we measured ROS levels in wild type, osqhb, and OsQHB-OE seedling leaf. Nitro blue tetrazolium (NBT) staining showed that the osqhb mutants accumulated less O2– in the leaves compared with wild-type plants under salt stress (Figure 7A). On the contrary, the OsQHB-OE plants accumulated much more O2– in the leaves compared with wild-type plants under salt stress (Figure 7A). Further determination of H2O2 content showed that the H2O2 content of osqhb mutants was lower, while that of OsQHB-OE plants was higher, than that of wild type after salt treatment (Figure 7B). Malondialdehyde (MDA) is an important product of lipid peroxidation, which represents the degree of oxidative damage to the plant cell (Qin et al., 2016). Salt stress significantly increased the MDA content in wild-type (Figure 7C). This tendency was weakened in osqhb mutants, but enhanced in OsQHB-OE plants (Figure 7C). These results indicate that knocking out OsQHB leads to the reduction of ROS accumulation under salt stress, thereby improving the salt tolerance of rice seedlings.
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FIGURE 7. Loss of OsQHB function enhanced the ROS scavenging capability under salt stress. (A) NBT staining of 3-week-old wild-type and OsQHB transgenic plant leaves treated with or without 120 mM NaCl treatment for 3 days. (B,C) Hydrogen peroxide (H2O2) (B) and malondialdehyde (MDA) (C) contents in leaves of 3-week-old wild-type and OsQHB transgenic plants treated with or without 120 mM NaCl treatment for 3 days. (D,E) Ascorbate peroxidase (APX) (D) and Superoxide dismutase (SOD) (E) activities in leaves of 3-week-old wild-type and OsQHB transgenic plants treated with or without 120 mM NaCl treatment for 3 days. For (B) to panel (E), the data are shown as mean ± SD. n = 3 biological replicates. Statistically significant differences are indicated by different letters in panels (B–E) (P < 0.05, one-way ANOVA with Tukey’s test).


Salt tolerance is tightly related to the activities of ROS-scavenging enzymes. Therefore, we measured the activities of ROS-scavenging enzymes after exposed to NaCl. As shown in Figures 7D,E, after exposed to salinity stress, the activities of antioxidant enzymes in all the three genotypes were significantly increased, whereas the osqhb mutants showed a higher antioxidant enzymes activities and the OsQHB-OE lines showed a lower antioxidant enzymes activities, as compared with wild-type plants (Figures 7D,E), indicating that the OsQHB mutation leads to enhancement of salt tolerance in rice seedlings by enhancing the activities of antioxidant enzymes.




DISCUSSION

Maintaining stable, high yields under fluctuating environmental conditions is a long-standing goal of crop improvement. However, due to internal trade-off mechanisms in plants, high yields and high biotic/abiotic resistance are usually incompatible (Deng et al., 2017). Therefore, dissecting genes that simultaneously regulate grain size and salt resistance is a promising strategy for improving both grain yield and salt tolerance in crop. In the present study, we demonstrated that OsQHB positively regulates yield-related traits but negatively regulates salt tolerance in rice. Further investigations showed that OsQHB regulates salt tolerance by enhancing ROS scavenging capacity. Our findings deepen our understanding of the functions of rice WOX gene family in response to salt stress and provide useful genes for improving yield and salt tolerance in rice.

WOX is a transcription factor family that plays a critical role in plant growth and development (Zhao et al., 2009; Hu and Xu, 2016; Chen et al., 2020). Accumulating studies show that WOX genes are associated with plant abiotic stress responses (Cheng et al., 2016; Liu H. et al., 2021; Wang L. Q. et al., 2021). In poplar, PagWOX11/12a positively regulates drought resistance through modulating ROS scavenging (Liu R. et al., 2021). Here, we showed that mutation in OsQHB weakened the accumulation of ROS under salt stress. Correspondingly, the osqhb mutants exhibited higher ROS-scavenging enzyme activity after salt treatment. Transcriptome and qPCR analysis showed that ROS scavenging-related genes were regulated by OsQHB, indicating that OsQHB improves rice salt tolerance by enhancing ROS scavenging capability through possibly regulating ROS scavenging-related genes expression. These findings deepen our understanding of the role of WOX genes in salt resistance. Further investigations will be required to determine how ROS scavenging-related genes are regulated by OsQHB to enhance salt tolerance.

The root system architecture of crops can affect their production, particularly in abiotic stress conditions (Uga et al., 2013; Kitomi et al., 2020). Numerous studies have shown that WOX gene family improves crop resistance to abiotic stress by modulating root system architecture (Cheng et al., 2016; Wang L. Q. et al., 2020). In Arabidopsis, AtWOX5 is specifically expressed in QC and acts as a root stem cell organizer (Sarkar et al., 2007). Loss of AtWOX5 function in the root stem cell niche causes terminal differentiation of columella stem cells (Sarkar et al., 2007). OsQHB is a homolog of AtWOX5, suggesting that OsQHB and AtWOX5 may have similar functions. Previous studies have shown that OsQHB is involved in the specification and maintenance of QC cells in the root apical meristem, and overexpression of OsQHB leads to abnormal root formation (Kamiya et al., 2003). In this study, our results show that OsQHB is localized in the nuclear and specifically expressed in QC cells of the root and stem base, which is consistent with previous reports (Kamiya et al., 2003). Stem base is where the crown root initiates (Zhao et al., 2009), and our results show that OsQHB is also expressed at the crown root primordial, indicating the important role of OsQHB in rice root development. Moreover, OsQHB negatively regulates salt tolerance in rice seedlings by enhancing ROS scavenging capability, suggesting that OsQHB could be useful for the controlled breeding of root system architectures that are adapted to the salinity conditions. Subsequent studies should focus on dissecting the function and regulatory network of OsQHB in root development.

Rice is considered to be a salt-sensitive species and salt-activated inhibition of plant growth may represent a positive mechanism to help plants adapt to salinity stress (Chinnusamy et al., 2005; Achard et al., 2006; Wang J. et al., 2020), this means that the development of superior crop cultivars with both high yields and high abiotic stress resistance is a tremendous challenge for crop breeding. Identifying key genes involved in the balance of rice salt tolerance and yield and discovering favorable alleles for these genes could be used to enhance both yield and abiotic stress resistance in rice. In this study, our results showed that knocking out OsQHB enhances the salt tolerance of rice seedling by improving ROS scavenging capability. Moreover, mutation in OsQHB significantly reduced yield-related traits, whereas overexpression of OsQHB had no obvious effect, likely due to rapidly degradation of OsQHB protein by the ubiquitin proteasome system, as revealed by MG132 treatment. Therefore, precisely manipulation of OsQHB represents a promising strategy for improving both grain yield and stress tolerance in rice. Further study should focus on mining favorable alleles of OsQHB and elucidating the molecular mechanism by which OsQHB is degraded.

Taken together, our research presents new insights into the roles of OsQHB in improving yield and salt tolerance in rice, and dissecting the underlying mechanism and mining favorable alleles of OsQHB will facilitate the practical use of OsQHB in breeding superior crop cultivars with both high yields and high salt resistance.



MATERIALS AND METHODS


Plant Material and Growth Conditions

OsQHBp-GUS transgenic line was described previously (Ni et al., 2014). osqhb allelic mutants in the Nipponbare (NIP) background were generated by using CRISPR/Cas9 (Xu et al., 2017). Briefly, the target region 5′-GGAGCAGGTGAAGGTCCTGA-3′ was introduced into the pHUN4c12 vector backbone, and the recombinant vector was transformed into Agrobacterium strain EHA105-pSOUP for rice transformation. To generate the overexpression transgenic plants, the coding sequence of OsQHB was amplified by PCR and cloned in-frame with a Flag-tag into pCAMBIA1307 under the control of the CaMV 35S promoter (Wang J. et al., 2013). The recombinant plasmids were introduced separately into NIP or Zhonghua 11 (ZH11) via Agrobacterium-mediated transformation.

Rice seeds were imbibed in Petri dishes with sterile distill water at 37°C for 48 h. The germinated seeds were sown in a bottomless 96-well plate in a container of Yoshida’s culture solution (Cui et al., 2015) or in growing trays filled with soil. The plants were grown in a growth chamber under a 14 h light (30°C)/10 h dark (25°C) photoperiod, with a light intensity of ∼150 μmol m–2s–1 (white light) and 60% relative humidity. To assess salt-tolerance of rice seedlings, 3-week-old seedlings were treated with 120 mM NaCl solution for 10 days, and then transferred to water without NaCl for an additional 10 days. Subsequently, the survival rate of rice seedlings was counted (surviving seedlings indicated plants with green leaves).

For propagation and investigation of agronomic traits, the plants were cultivated at the Experimental Station of the Chinese Academy of Agricultural Sciences in Beijing during the natural growing seasons.



Phylogenetic and Promotor Analysis

Arabidopsis WOX proteins sequences were available at the Arabidopsis genome sequence database1 and rice WOX proteins sequences were downloaded from the National Center for Biotechnology Information (NCBI) database2. Full-length protein sequences of all WOX proteins were aligned by multiple sequence alignment program of the Clustal X, and then phylogenetic tree was constructed by MEGA 6 software according to the following parameters: neighbor-joining method, 500 bootstraps (Tamura et al., 2007).

For promoter analysis, the promotor sequence (2,000 bp upstream of ATG) of OsQHB was uploaded to the PlantCARE database3 to identify stress related cis-elements as previously reported (Yang and Guo, 2018).



Quantitative Real-Time PCR and β-Glucuronidase Staining

Total RNA was extracted from leaf tissues using an Ultrapure RNA Kit (CWBIO, China) according to the manufacturer’s instructions. ∼2 μg total RNA was reverse transcribed using HiScript II Q RT SuperMix (Vazyme, China) according to the manufacturer’s instructions. qPCR was performed on an optical 96-well plate with Bio-Rad iQ5 system using SYBR Green Real-time PCR Master Mix reagent (Vazyme, China) as previously described (Zhang et al., 2012). The rice Actin1 gene was used as an internal standard to normalize gene expression. The primers used for qPCR are listed in Supplementary Table 3.

For GUS staining, 3-d-old OsQHBp-GUS seedlings were immersed in GUS staining buffer (50 mM sodium phosphate, pH 7.0; 10 mM EDTA; 0.5 mM K3[Fe (CN)6]; 0.5 mM K4[Fe (CN)6]; 0.1% [v/v] Triton X-100; and 1 mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid). The samples were vacuumed in a vacuum pump for 30 min, and then stained in 37°C for 2 d. After dehydrated in 75% (v/v) ethanol to remove the chlorophyll, the root tip was sectioned and photographed under a stereoscopic microscope.



Subcellular Location

To determine the subcellular localization of OsQHB, the full coding sequence of OsQHB was cloned into the pAN580-GFP vector under the control of the CaMV 35S promoter. Rice protoplasts prepared from etiolated shoots were transfected with OsQHB-GFP (Jiang et al., 2018). After incubated at 28°C for 16–20 h, equal volumes of DAPI (4′,6-diamidino-2-phenylidone) staining solution and protoplast suspension were mixed, and the fluorescence signal was observed with a confocal laser scanning microscope.



Nitro Blue Tetrazolium Assay for the Superoxide Anion

The leaves of 3-week-old seedlings were immersed in 20 mM phosphate buffer (pH 6.1) containing 2 mM NBT. After vacuumed in pump for 1 h, the samples were stained in 37°C for 12 h and then transferred to 75% (v/v) ethanol to stop the reaction. The material was photographed under a light stereomicroscope.



Superoxide Dismutase and Ascorbate Peroxidase Activity Measurement

Ascorbate peroxidase and SOD activities were determined according to the instruction of the superoxide dismutase assays kits (Solarbio, China) and the ascorbate peroxidase assays kits (Solarbio, China). In brief, 0.1 g of normal or salt-stressed rice leaves from 3-week-old seedlings were harvested, ground in liquid nitrogen, and extracted by extraction buffer. After centrifuged at 8,000 g (SOD) for 10 min or 13,000 g (APX) for 20 min, the supernatant was used for SOD and APX activity measurement. The absorbance values were measured at 560 and 290 nm, respectively. SOD and APX activities were calculated from the formula provided with the SOD and APX assay kit (Solarbio, China).



Measurement of Hydrogen Peroxide and Malondialdehyde Contents

H2O2 content was determined using the method described previously (Wang Y. et al., 2019). Briefly, 0.1 g rice leaves from 3-week-old seedlings with or without salt treatment were harvested and homogenized in 1 ml cold acetone. Then, H2O2 content was determined using a hydrogen peroxide assay kit (Solarbio, China) according to the manufacturer’s instructions.

To measure MDA, 0.1 g of normal or salt-stressed rice leaves were homogenized in 1 ml 0.1% (w/v) trichloroacetic acid (TCA) followed by centrifugation at 8,000 g for 10 min at 4°C. Four volumes of 0.5% (w/v) thiobarbituric acid (TBA) in 20% (w/v) TCA were added to one volume of supernatant; the mixture was incubated at 100°C for 1 h. The reaction was terminated by incubating the mixture on ice for 15 min, and the absorbance was measured by spectrophotometry at 450 nm, 532 and 600 nm. The content of MDA was calculated according to the formula provided in the MDA assay kit (Solarbio, China).



Transcriptome Analysis

The primary roots of 3-d-old OsQHB overexpression line, osqhb mutant, and wild-type seedlings were collected and extracted using the TRIzol method (TIANGEN BIOTECH, China) and treated with RNase-free DNase I (TaKaRa, Japan). mRNA was purified from total RNA using poly-T oligo-attached magnetic beads and then subjected to RNA-seq library construction for the transcriptome experiments using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, United States). Multiplex paired-end adapters were used for multiplex libraries. The library quality was assessed on the Agilent Bioanalyzer 2100 system. The library preparations were sequenced on an Illumina Hiseq 4000 platform by the Beijing Allwegene Technology Company Limited (Beijing, China) and paired-end 150 bp reads were generated. After removing adaptor and low-quality reads, clean reads were mapped to rice genome MSU7.0 using TopHat, and analyzed using Cufflinks according to Trapnell et al. (2012). Poisson-dispersion model of fragment was used to conduct statistical analysis (FDR < 0.05) and responsive genes were identified by fragments per kilobase per million reads (FPKM) requiring more than twofold change between two samples. Three biological replicates were used, and their repeatability and correlation were evaluated by the Pearson’s Correlation Coefficient (Schulze et al., 2012). The transcriptome data from this study can be found in the National Center for Biotechnology Information Sequence Read Archive (NCBI SRA) under the accession number PRJNA801123.



Primer Sequences

The primers used in this study are shown in Supplementary Table 3.
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Label-Free Quantitative Proteomics Unravel the Impacts of Salt Stress on Dendrobium huoshanense
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Salt stress is a constraint on crop growth and productivity. When exposed to high salt stress, metabolic abnormalities that disrupt reactive oxygen species (ROS) homeostasis result in massive oxygen radical deposition. Dendrobium huoshanense is a perennial orchid herb that thrives in semi-shade conditions. Although lots of studies have been undertaken on abiotic stresses (high temperature, chilling, drought, etc.) of model plants, few studies were reported on the mechanism of salt stress in D. huoshanense. Using a label-free protein quantification method, a total of 2,002 differential expressed proteins were identified in D. huoshanense. The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment indicated that proteins involved in vitamin B6 metabolism, photosynthesis, spliceosome, arginine biosynthesis, oxidative phosphorylation, and MAPK signaling were considerably enriched. Remarkably, six malate dehydrogenases (MDHs) were identified from deferentially expressed proteins. (NAD+)-dependent MDH may directly participate in the biosynthesis of malate in the nocturnal crassulacean acid metabolism (CAM) pathway. Additionally, peroxidases such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), as well as antioxidant enzymes involved in glutathione biosynthesis and some vitamins biosynthesis were also identified. Taken together, these results provide a solid foundation for the investigation of the mechanism of salt stress in Dendrobium spp.

Keywords: salt stress, reactive oxygen species, carbon dioxide fixation, label-free quantitative proteomics, Dendrobium


INTRODUCTION

Salt is a major factor impacting plants growth and output, among which sodium salt is the most frequently encountered hazard (Shrivastava and Kumar, 2015). Insufficient water and mineral nutrients cause plants to be somehow malnourished, which reduces the amount of chlorophyll and hence affects photosynthesis (Van Zelm et al., 2020). The effects of salt stress on photosynthesis often manifested in the chloroplasts (Yang Z. et al., 2020; Hameed et al., 2021). Through inhibiting the activities of phosphoenolpyruvate (PEP) and ribulose-1,5-bisphosphate carboxylase (Rubisco), heavy salt destabilized the chloroplast structure, which resulted in preventing the biosynthesis of chlorophyll and carotenoids, sealing the stomata, and reducing the photosynthetic rate (Hnilickova et al., 2021). Additionally, salt stress decreased chlorophyll biosynthesis and photosynthetic rate, and increased respiration rate and concentration of CO2 compensation point (Lei et al., 2018). Some studies suggested that salt stress even suppressed the overall electron transport chain (Lu and Vonshak, 2002; Sudhir et al., 2005).

Salt stress also impaired membrane permeability, malfunctioned several membrane-binding enzymes, and caused a range of metabolic abnormalities (Mansour, 2013; Yang W. et al., 2020; Hasanuzzaman et al., 2021; Ren et al., 2021). Ion and osmotic stress induced by salt stress result in a metabolic imbalance and the harmful deposition of ROS (Guo et al., 2019; Zhao et al., 2021). Antioxidant enzymes, such as superoxide Dismutase (SOD), catalase (CAT) and peroxidase (POD), as well as diverse antioxidants such as ascorbic acid (Vitamin C), glutathione (GSH), and carotenoids, etc., are reinforced under salt stress in plants (Akram et al., 2017; Sarker and Oba, 2018; Hasanuzzaman et al., 2020; Kumar et al., 2021). Numerous studies have reported that salt stress stimulates the activity of ROS scavenging enzymes and antioxidants (Choudhury et al., 2017; Huang et al., 2020). Salt stress induces ascorbic acid peroxidase and CAT, which improve tolerance to salinity and oxidative stress (Sofo et al., 2015). Overexpression of OsAPXa/APXb increased salt tolerance in rice, which shared a similar function with OsGSTU4 (Lu et al., 2007; Sharma et al., 2014).

Dendrobium huoshanense is a semi-shade plant of the Dendrobium genus in the Orchidaceae family. Throughout the field cultivation, it is exposed to abiotic stresses such as high temperature, high salinity, and drought, all of which have a detrimental effect on its growth and biosynthesis of active components. Dendrobium orchids have adapted to high salinity situations by minimizing Na+ and Cl– outflow to the shoot and maintaining a steady K+ afux level in their leaves. Heavy NaCl caused leaf water and osmotic potential (Abdullakasim et al., 2018). Non-phosphorus glycerolipid synthase (NGLS) genes are required for the homeostasis of membrane lipids under conditions of salt stress. It was indicated that monogalactosyldiacylglycerol synthase 1 (MGD1) and (sulfoquinovosyldiacylglycerol synthases) SQDs were greatly induced by salt stress in D. catenatum leaves, while digalactosyldiacylglycerol synthases (DGDs) were primarily induced by salt stress in roots (Zhan et al., 2021). As a vital part of the antioxidant system, superoxide dismutase (SOD) is critical for protecting plants from oxidative stress. In D. catenatum, NaCl treatment greatly stimulated the expression of Cu/ZnSODs but reduced the expression of FeSODs (Huang et al., 2020).

To adapt to severe environment, plants holding the CAM pathway typically sealed their stomata during the day and open them at night (Töpfer et al., 2020). Some halophytes like Peperomia, Portulaca, and Agropyron, etc., altered their carbon assimilation involved in photosynthetic pathways from the C4 pathway to the CAM pathway (Bose et al., 2014; D’Andrea et al., 2014). Dendrobium species mostly feature CAM, which enables them to adapt to harsh environments. The expression profiles of phosphoenolpyruvate carboxylase (PEPC) and phosphoenolpyruvate carboxylase kinase (PPCK) in Phalaenopsis indicated that PaPPCK exhibits day/night fluctuation, implying that it may be involved in the regulation of CAM pathway (Ping et al., 2018). Some transcription factors, such as HD-Zip genes, are involved in the facultative CAM of D. catenatum under salt stress (Huang et al., 2021). In D. nobile, the WD40 repeat protein MS1 was downregulated by salt stress. Overexpression of DnMSI1 in Arabidopsis resulted in decreased tolerance to salt stress (Cui et al., 2022). Polysaccharides have been shown to enhance plant resistance (Liu et al., 2019). GDP-mannose pyrophosphorylase (GMP) is involved in the biosynthesis of water-soluble polysaccharides in D. officinale. The DoGMP1 transgenic A. thaliana showed better resistance to salt stress than the wild type (He et al., 2017). UDP glucose 4-epimerase (UGE) is also known for its role in the accumulation of water-soluble polysaccharide. Under salt stress, the DoUGE transgenic A. thaliana exhibited increased root length and fresh weight, as well as decreased proline and malondialdehyde production (Yu et al., 2017).

Although many studies have demonstrated the salt resistance of Dendrobium species, few have addressed the development of protein interaction networks and the systematic identification of antioxidant enzymes. To get a better understanding of the regulatory mechanism and salt-resistance mechanism of D. huoshanense under salt stress, total protein was isolated from high-sodium salt-treated and normally cultured D. huoshanense seedlings, respectively. A total of 2,002 proteins were identified, of which 1,088 were up-regulated and 418 were down-regulated. These deferential expressed proteins are mostly involved in photosynthesis, secondary metabolism, carbon assimilation, carbohydrate metabolism, and protein synthesis. Some differential expressed proteins were mainly involved in VB6 metabolism, photosynthesis, and antioxidant enzyme biosynthesis. These findings give us a scientific reference for the regulatory mechanism of salt tolerance in Dendrobium species.



MATERIALS AND METHODS


Tissue Culture and NaCl Treatment Conditions

The tissue culture seedlings of D. huoshanense were obtained from Anhui Plant Cell Engineering Center in West Anhui University (Lu’an, China). The seeds were inoculated in December 2020, and subcultures were undertaken every 40 days. Murashige and Skoog medium (including 1.5% agar and 30 g/L sucrose) was used as the culture medium, with no hormones added. The grown conditions were set at a 25 ± 2°C temperature, and a 12-h light/dark cycle. The air humidity in the tissue culture room is about 60%. For salt stress experiment, tissue culture seedlings from more than five generations were chosen. The samples in the control group were sprayed with the same amount of water daily, and the samples in the NaCl group were first sprayed with a solution containing 50 mM of NaCl. An increase of 50 mM NaCl was made every other day in the experimental group, and the concentration was eventually brought up to and maintained at 250 mM for 7 days. Then, the second and third leaves of annual leaves were selected for three biological replicates.



Preparation and Determination of Total Protein

The stored samples were taken from the −80°C refrigerator, then transferred to a pre-cooled tube mixed with SDT protein lysis buffer (4% SDS, 10 mM DTT, 100 mM TEAB). The lysate was reacted to at 95°C for 8 min, then centrifuged at 12,000 g for 15 min. The supernatant was collected and mixed with 10 mM DTT to react at 56°C for 1 h, followed by IAM to react at room temperature for 1 h in the dark. The solution was precipitated at −20°C for at least 2 h, then centrifuged at 12,000 g for 15 min. To resuspend the supernatant, 1 mL of −20°C pre-cooled acetone was added, and the pellet was centrifuged at 12,000 g for 15 min. A sufficient amount of protein solubilizer (8 M urea, 100 mM TEAB, pH = 8.5) was supplied to dissolve the protein precipitation (Wiśniewski et al., 2009; Wu et al., 2014).

Using the Bradford protein quantification kit, BSA standard protein solutions with different concentration and test sample solutions with various dilution ratios were added to the 96-well plate. Each gradient was repeated three times. As soon as the 180 L of G250 staining solution has been added, the absorbance should be measured at 595 nm. The protein concentration of the sample to be tested was calculated based on the standard curve and the absorbance of the standard protein solution.



Protein Proteolysis and Liquid Chromatography/Mass Spectrometry Analysis

Protein samples were treated with 100 μL of denaturing solution (8 M urea, 100 mM TEAB, pH = 8.5). Trypsin and 100 mM of TEAB buffer were put into the samples and digested for 4 h at 37°C. The digestion solution was continuously mixed with trypsin and CaCl2 solution overnight. The reaction solution was adjusted to a pH of less than 3 with formic acid and centrifuged at 12,000 g for 5 min. Desalting protein was obtained by slowly passing through a C18 column. After that, the supernatant was rinsed three times with the washing solution (containing 0.1% formic acid, 3.0% acetonitrile). The filtrate was collected and lyophilized after the supernatant was diluted with an appropriate amount of eluent (70% acetonitrile, containing 0.1% formic acid). Mobile phase solutions A (100% water, containing 0.1% formic acid) and B (80% acetonitrile, containing 0.1% formic acid) were prepared. To dissolve the lyophilized powder, 10 μL of solution A was mixed and centrifuged at 14,000 g for 20 min at 4°C.

For LC/MS analysis, the EASY-nLC 1,200 nanoscale ultrahigh performance liquid chromatography equipment was used for the chromatographic analysis. The guard column (4.5 cm × 75 m, 3 μm) and analytical column (15 cm × 150 μm, 1.9 μm) were constructed, respectively. A Q Exactive HF-X mass spectrometer equipped with a Nanospray FlexTM (ESI) ion source was used for mass spectrometry. The voltage of the ion spray was set to 2.1 kV, and the temperature of ion transfer tube was set to 320°C. The mass spectrum was obtained in a data-dependent mode, using a full scan range of m/z 350–1,500. The resolution of the main mass spectrometer was set at 60,000. The injection time was a maximum of 20 ms. Precursor ions with an ionic strength of TOP 40 were selected and fragmented for MS2 detection in a high energy induced dissociation (HCD) mode. The secondary mass spectrometry resolution was set at 15,000 and the maximum injection time was 45 ms. The peptide fragmentation collision energy was 27%, and the dynamic exclusion period was 20 s.



Qualitative and Quantitative Analysis of Differential Proteins

The quantification of proteins was carried out using Proteome Discoverer 2.2 (Thermo Fisher Scientific, United States). The protein sequence of D. huoshanense was retrieved through a reference genome and acquired from the NCBI (Bioproject Number: PRJNA597621). The library search parameters were set as follows: a mass tolerance of 10 ppm was used for precursor ions, and a mass tolerance of 0.02 Da was used for fragment ions. To further narrow down the search results, we used the following options: peptide spectrum matched with a reliability of more than 99% are trusted PSMs. Proteins containing at least one unique peptide (unique peptide) are trusted proteins, and only trusted spectrum peptides and proteins are retained. Additionally, false discovery rate (FDR) was performed to eliminate peptides and proteins, which was greater than 1%. Statistical analysis was performed on the protein quantification results by the T-test test, and the differential expressed proteins between the experimental group and the control group were screened. The raw proteomics data have been deposited to the ProteomeXchange Consortium1 via the iProX partner repository with the dataset identifier PXD031654 (Ma et al., 2019). Proteins with an fold change ≥ 4.0 and a P-value ≤ 0.05 were defined as up-regulated, while proteins with an fold change ≤ 0.25 and a P-value ≤ 0.05 were defined as down-regulated. InterProScan software was used for GO and IPR functional annotation, while COG and KEGG databases were used for functional protein family and pathway analysis (Jones et al., 2014). The STRING software was used to predict potential protein-protein interactions (Franceschini et al., 2013). The visualized results from volcano plots, heatmaps, PCA, GO, KEGG, etc., were obtained using the R script.




RESULTS


Identification and Functional Annotation of Proteins

Over 63,000 matched spectra were acquired in this experiment, along with 12,402 peptides and 2,325 proteins. Among them, the control group identified an average of 1,695 proteins, while the high sodium salt treatment group identified an average of 2,182 proteins (Supplementary Figure 1A). The length of the peptide segment is primarily between 7 and 25 amino acids (Supplementary Figure 1B). The peptide coverage of 81.38% of proteins covered less than 30% of the detected proteins, indicating that the depth of protein identification still needs to be improved (Supplementary Figure 1C). The molecular weight distribution of the identified proteins suggested that they were mostly in the range of 10–60 kDa (Supplementary Figure 1D). By calculating the mass error distribution of the precursor ions, it was indicated that over 90% of proteins had mass errors of less than 0.00392 Da (Supplementary Figure 1E). Principal component analysis suggested that the control and NaCl treatment groups had significant differences in the expression levels (Supplementary Figure 1F).

GO, KEGG, COG, and other databases were used to annotate the functions of all the identified proteins (Supplementary Table 1). InterProScan was used to analyze the gene family and structure of all detected proteins by using Pfam, PRINTS, ProDom, SMART, ProSite, and PANTHER. A total of 1,170 proteins were annotated by the GO, KEGG, COG, and IPR (Figure 1A). Based on the GO functional annotation, the proteins were mainly involved in redox, metabolism, proteolysis, translation, and carbohydrate metabolism. Some proteins provide various biological functions, including protein binding, ATP binding, nucleic acid binding, oxidoreductase activity, and structural components of the ribosome (Figure 1B). The COG annotation indicated that the highest number of homologous genes were found in translation, ribosomal structure and biogenesis, posttranslational modification, protein turnover, chaperones, glucose transport and metabolism (Figure 1C). The KEGG pathway annotation indicated that the major metabolic pathways were glucose metabolism, energy metabolism, amino acid metabolism, protein transport and catabolism, and translation activities (Figure 1D). IPR annotation indicated that all identified proteins contained a huge number of RNA recognition motif domains, protein kinase domains, and ATPase domains (Figure 1E). Subcellular localization analysis showed that 20.8% of proteins were located in the cytoplasm, 19.2% in the chloroplast, 13.9% in the mitochondria, and 12.6% in the nucleus (Figure 1F).
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FIGURE 1. Functional annotation of the proteins based on database searches. (A) Venn diagram of proteins annotated in different databases. (B) GO functional annotation. (C) COG functional classification. (D) KEGG pathway annotation. (E) IPR protein domain annotation. (F) Analysis of protein subcellular localization.




Quantification and Expression Profiles of Differential Protein

A total of 663 differentially expressed proteins were identified, 541 of which were significantly differentially up-regulated proteins (fold-change > 4, p < 0.05). There were 122 proteins that were significantly down-regulated (fold-change < 0.25, p < 0.05). The volcano plot displays the distribution of differential proteins between the two groups (Figure 2A). Hierarchical clustering analysis indicated that salt stress increased the expression of most differential proteins (Figure 2B). These proteins were mostly involved in the organization or biogenesis of cellular components, the biosynthesis of cofactors, the activity of oxidoreductases, and the activity of electron carriers (Figure 2C). Vitamin B6 metabolism, photosynthesis, spliceosome, arginine biosynthesis, oxidative phosphorylation, and MAPK signaling pathways were highly enriched (Figure 2D). We investigated the major pathways enriched in KEGG and discovered that salt stress affected D. huoshanense primarily by altering photosynthesis intensity, oxidative phosphorylation, and carbon fixation processes. A total of 41 proteins were identified involved in photosynthesis, thirteen of which were up-regulated under salt stress, including plastocyanin, photosystem II, and the cytochrome b6-f complex. Thirty-four proteins participated in oxidative phosphorylation, thirteen of which were upregulated. These proteins mainly included V-type ATPase, F-type ATPase, NADH dehydrogenase 1, cytochrome c reductase, and succinate dehydrogenase (Table 1). Through oxidative phosphorylation, salt stress elevates the expression of photosystem II and critical electron transport chain regulators, as well as the production of ATP for energy supply and carbon assimilation.
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FIGURE 2. Differential analysis and functional enrichment of the proteins under salt treatment. (A) Differential protein volcano plot. (B) Differential protein cluster analysis plot. (C) GO enrichment analysis of differential proteins. (D) KEGG enrichment analysis of differential proteins.



TABLE 1. Differentially expressed proteins involved in photosynthesis and oxidative phosphorylation.
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Carbon assimilation is a process of converting CO2 into carbohydrates. Thirty-one proteins were involved in the carbon fixation pathway, including those involved in the Calvin cycle, the CAM pathway, and the C4 cycle (Figure 3). Salt stress increased the expression of ribose 5-phosphate isomerase and decreased the expression of transketolase. There were two phosphoenolpyruvate carboxylases (PEPC) identified. We hypothesize that they are involved in the formation of oxaloacetate in the C4 cycle and the CAM pathway, respectively. Malate dehydrogenases (MDHs) catalyze the conversion of malate to oxaloacetate or pyruvate by taking NAD(H) or NADP(H) as cofactors. Six malate dehydrogenase family proteins were identified in this study, three of which were (NAD+)-dependent MDH, one of which was (NADP+)-dependent MDH (oxaloacetate-decarboxylating), and two of which were (NAD+)-dependent MDH (decarboxylating).
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FIGURE 3. The key genes involved in carbon fixation based on KEGG enriched pathways.


Besides the photosystem proteins, many antioxidant enzymes that scavenge oxygen free radicals were identified, which included SOD, POD, and CAT (Table 2). Three SODs, eleven PODs and two CATs were identified. Except for one peroxidase, one L-ascorbate peroxidase, one glutathione peroxidase, and one CAT, all of the SODs were significantly upregulated. Salt stress also stimulated the biosynthesis of antioxidants such as vitamin B6/B1, vitamin C, and glutathione in D. huoshanense. Salt stress increased the expression of pyridoxal 5′-phosphate synthase (PDX1) and directly increased the content of pyridoxal 5-phosphate (PLP). However, it decreased the expression of pyridoxine 4-dehydrogenase (PLR1), thereby impairing pyridoxal biosynthesis. Vitamin C is a powerful natural antioxidant, and salinity (mostly NaCl) could promote the production of root apoplastic ascorbyl radicals (Makavitskaya et al., 2018). Here, fifteen ascorbate-related metabolic enzymes were identified, three of which were upregulated and one of which was downregulated. Under salt stress, the expression of the dehydroascorbic reductase rose approximately 12-fold. A total of 21 key enzymes in glutathione biosynthesis were identified, including 6-phosphogluconate dehydrogenase, glutathione S-transferase, glutathione peroxidase, pyruvate/2-oxoglutarate dehydrogenase, glutathione synthase, NADP-dependent isocitrate dehydrogenase, ascorbate peroxidase, and leucyl aminopeptidase. Among them, four glutathione S-transferases could be induced by ROS and one glutathione peroxidase was upregulated. Eight ubiquinone biosynthetic genes were identified in the study, three of which were NAD/NADP-dependent quinone dehydrogenases, and one of which was ubiquinone monooxygenase. Additionally, three genes involved in NAD biosynthesis were identified, among which phosphodiesterase was upregulated, while NAD synthetase was downregulated under salt stress.


TABLE 2. Peroxidase and key enzyme of antioxidant biosynthesis involved in ROS scavenging.
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The Primary and Secondary Metabolic Enzymes of Dendrobium huoshanense Under Salt Stress

Salt stress affects a number of enzymes involved in amino acid biosynthesis and sugar metabolism. A total of 14 proteins were involved in amino acid biosynthesis, of which cystine synthase A, argininosuccinate lyase, glutamate decarboxylase, and aminoacylase were up-regulated under salt stress. The expressions of asparagine synthase, argininosuccinate synthase, acetylornithine aminotransferase, and nitric-oxide synthase were reduced (Figure 4A). Fifteen enzymes involved in the metabolism of amino sugars and nucleoside sugars were identified. The expressions of chitinases, fructokinases, UDP-xylose synthase, GDP-D-mannose dehydratase, and mannose-6-phosphate isomerase were significantly up-regulated, while the expression of hexokinase was significantly downregulated (Figure 4B). The results suggested that salt stress exacerbated polysaccharide degradation and monosaccharide conversion. Salt stress suppressed the expression of chalcone isomerase but enhanced the expression of chalcone synthase.
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FIGURE 4. Analysis of differential expression patterns of amino acid and glucose metabolism under salt stress. (A) Expression profile of amino acid metabolism related genes. (B) Expression profile of glucose metabolism related genes.


Terpenoids are a broad class of natural compounds composed of isoprene units. Twelve terpene backbone biosynthesis genes were identified in this study. Indoleglycerol phosphate is the precursor of indole diterpene alkaloid. The additional eleven genes were mainly involved in monoterpene, sesquiterpene, diterpene, and polyterpene biosynthesis (Figure 5). Under salt stress, 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MES) and hydroxymethylglutaryl-CoA reductase (HMGR) were significantly enhanced, whereas MVK (mevalonate kinase) and SPS (solanesyl diphosphate synthase) were dramatically decreased. The expression of NADP-dependent farnesol dehydrogenase (SDR) dropped under salt stress. HDS catalyzes the conversion of 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MEP) to 4-hydroxy-3-methyl-but-2-enyl diphosphate (HMBPP) in the MEP pathway. HDR promoted the transformation of HMBPP into IPP and DMAPP, respectively. The expression of HDR was induced under salt stress, whereas the expression of HDS was reduced. GPPS and GGPPS are responsible for the biosynthesis of monoterpenes and diterpenoids. There was no significant difference in the expression level of GPPS under salt stress, while the expression level of GGPPS fluctuated somewhat across samples.
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FIGURE 5. Expression profiles of key genes in the terpenoid biosynthesis pathway under salt stress. Red modules denote upregulation, while green modules denote downregulation. Genes with a red background have significantly higher expression, while genes with an indigo background have significantly lower expression.




The Differential Protein Interaction Network

The differential expressed proteins were screened out from 2,002 proteins to construct a protein-protein interaction network. Totally, 281 pairs of differential proteins with a score greater than 600 were present (Figure 6). Dhu000016068 (SOD) had a strong interaction with Dhu000020666 (copper chaperone for superoxide dismutase). Dhu000008599 (CTP synthase) exhibited a strong interaction with Dhu000008563 (nucleoside-diphosphate kinase). Dhu000018717 (F-type ATPase subunit δ) strongly interacted with Dhu000006846 (F-type ATPase subunit d). Dhu000015455 (3-hydroxyacyl-CoA dehydrogenase) interacted with Dhu000018551 (carnitine racemase) and Dhu000014175 (Electron transfer flavoprotein subunit β), respectively. Among the differential downregulated proteins, Dhu000002663 (transketolase) interacted strongly with the up-regulated protein Dhu000022049 (transaldolase). Dhu000017049 (NAD + synthetase) had a significant interaction with Dhu000025116 (agmatine deiminase).


[image: image]

FIGURE 6. The differential protein interaction network. Node size indicates the number of the interacting proteins. The red color represents significantly positive expression.





DISCUSSION

Salt stress has a detrimental effect on almost essential life processes of plants, such as photosynthesis, protein synthesis, energy metabolism, and material metabolism (Zhang et al., 2021). To combat daytime water loss, some C3 plants evolved the CAM pathway. Dendrobium is a perennial semi-shade herb, and some varieties are facultative CAM plants (Cheng et al., 2019; Li et al., 2019). In nocturnal cells, phosphoenolpyruvate (PEP) works as a CO2 acceptor, which is catalyzed by PEP carboxylase to generate oxaloacetate. Malate is carried from the vacuole to the chloroplast for decarboxylation at the daytime, resulting in the release of CO2. The CAM pathway allows Dendrobium plants to survive and flourish in hostile environments. A dozen genes involved in photosynthesis were screened out in the study. Ferredoxin and the iron-sulfur subunit of the cytochrome b6-f complex showed the highest levels of expression after salt treatment, which were 30-fold and 27-fold greater than those in the control group, respectively. Additionally, salt stress greatly enhanced the expression of proteins involved in photosystem II and F-type ATPases.

Malate metabolism is altered when exposed to high salinity. To maintain plant growth and stress tolerance, malate dehydrogenases (MDHs) catalyze the reversible reaction between malate and oxaloacetic acid (Tomaz et al., 2010; Zhao et al., 2020). NAD-dependent MDH negatively regulated salt stress-mediated vitamin B6 biosynthesis (Nan et al., 2020). Compared with wild-type rice, the content of pyridoxine was significantly reduced in OsMDH1-overexpressed plants. In the chloroplast, NAD-dependent MDH is responsible for the conversion of oxaloacetate to malate, while NADP-dependent MDH is responsible for the conversion of malate to pyruvate and the release of a portion of carbon dioxide (Schreier et al., 2018; Rao and Dixon, 2019). (NADP+)-specific MDH decarboxylates delivered malate into chloroplasts, and the released CO2 enters the Calvin cycle for fixation. In this study, the expression of the (NAD+)-dependent MDHs were 2.1, 2.3, and 1.9 fold higher than those in the control group, respectively. However, salt stress had no effect on the expression of the NADP-dependent MDH (oxaloacetate-decarboxylating), and the underlying explanation and molecular control mechanism remain unresolved.

Several MAPK signaling proteins were identified in this study, such as serine/threonine protein kinase SRK2 (SnRK2), NDPK2, MKK4/5, etc. Enormous H2O2 further cascades MAPK signaling, thereby intensifying the transduction of downstream signals and the production of peroxidase (Schieber and Chandel, 2014). Salt treatment also induced the biosynthesis of antioxidants such as glutathione, VB6, VB1, and VC. Massive free radicals (especially hydrogen peroxide) and MAPK signal transduction may be the reasons for the formation of free radical scavenging enzymes and antioxidants in D. huoshanense. SOS4 encodes a pyridoxine kinase that catalyzes the conversion of vitamin B6 to pyridoxal phosphate (Rueschhoff et al., 2013; Mangel et al., 2019). The sos4 mutant accumulated more sodium ions and fewer potassium ions than the wild type under salt stress. Our results showed that salt stress caused a significant decrease in the expression of DhPLR1, but a significant increase in the expression of DhPDX1. The expression of pyridoxamine 5′-phosphate oxidase (PDX3) was not significantly increased. Glutathione peroxidase is responsible for the conversion between glutathione disulfide (GSSH) and glutathione (GSH) (Kerksick and Willoughby, 2005; Hasanuzzaman et al., 2019). The expression of glutathione peroxidase increased 12-fold after salt treatment.

Salt stress not only inhibits plant development but also stimulates the expression of relevant genes of secondary metabolic pathways (Yang and Guo, 2018; Chen et al., 2019; Valifard et al., 2019; Patel et al., 2020; Xu et al., 2020). Eleven terpenoid biosynthetic genes were identified, the bulk of which were involved in monoterpene, sesquiterpene, and diterpene biosynthesis. Salt stress significantly induced the expression of HMGR. Taking HMAPP as substrate, HDR produced DMAPP and IPP, respectively. The expression of HDR was induced by salt stress, while the expression of HDS was suppressed. GPPS and GGPPS are responsible for the biosynthesis of monoterpenoids and diterpenoids. There was no significant difference in the expression of GPPS under salt stress, while the expression of GGPPS was greatly affected by salt stress.



CONCLUSION

In this study, we employed a label-free protein quantification approach to analyze the differentially expressed proteins under salt stress. A total of 663 differential genes were screened, 541 of which were significantly up-regulated and 122 of which were down-regulated. Carbohydrate metabolism, energy metabolism, amino acid metabolism, protein transport and catabolism, and translation processes were susceptible to salt stress. Salt stress also affected photosynthesis, oxidative phosphorylation, and carbon fixation processes to adjust for salt stress. A total of 31 proteins involved in carbon fixation were identified, including those participated in Calvin cycle, CAM pathway, and the C4 cycle. The MDHs was demonstrated to be involved in the carbon assimilation in C4 and CAM pathway. A series of peroxidases involved in scavenging oxygen free radicals were identified. Salt stress enhanced the formulation of antioxidants such as vitamins and glutathione in D. huoshanense. Study on the regulation mechanism of salt stress in D. huoshanense is lacking, our results provide a scientific basis for the screening of salt tolerance genes and the improvement of Dendrobium species.
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Zinc finger proteins (ZFPs) are widely involved in plant growth and abiotic stress responses, however, few of these proteins have been functionally characterized in tree species. In this study, we cloned and characterized the BpSZA1 gene encoding a C2H2-type ZFP from Betula platyphylla. BpSZA1 is a transcription factor localized in the nucleus, with a transcription activation domain located at the N-terminus. BpSZA1 was predominantly expressed in stems and was induced by salt. We generated transgenic birch lines displaying overexpression (OE) or RNAi silencing (Ri) of BpSZA1 and exposed these along with wild-type birch seedlings to salinity. Phenotypic and physiological parameters such as superoxide dismutase, peroxisome, H2O2 content, proline content, water loss rate, and malondialdehyde content were examined. Overexpression of BpSZA1 in birch conferred increased salt tolerance. Chromatin immunoprecipitation-qPCR and RNA-seq showed that BpSZA1 binds to the GAGA-motif in the promoter of downstream target genes including BpAPX1, BpAPX2, BpCAT, and Bp6PGDH to activate their transcription. BpSZA1 also participates in abscisic acid (ABA) biosynthesis, proline biosynthesis, and the ABA/jasmonic acid pathway to enhance the salt stress of B. platyphylla.

Keywords: Betula platyphylla, BpSZA1, salt stress, ChIP, ROS scavenging


INTRODUCTION

Plants typically suffer multiple abiotic stresses during their life cycle, which limit their growth and development. Climate extremes and modern agricultural practices are leading to continuous increases in soil salinity, making this a major abiotic stress (Abe et al., 2003; Franco-Zorrilla et al., 2014; Shrivastava and Kumar, 2015; Zhu, 2016). High salinity causes osmotic salt stress by reducing water uptake; it also accelerates the production of active oxygen radicals, leading to oxidative bursts that can damage or even kill plants (Munns and Tester, 2008; Franco-Zorrilla et al., 2014). To cope with salt stress, plants have evolved various defense mechanisms. Organic solutes including sucrose, proline, and glycinebetaine, accumulate in the cytosol and organelles to balance the osmotic potential of vacuolar Na+ (Hasegawa et al., 2000; Seki et al., 2003). In addition, antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), and catalase (CAT) and non-enzymatic compounds (ascorbate and reduced glutathione) are essential for reactive oxygen species (ROS) homeostasis, detoxifying ROS and increasing ROS scavenging ability (Franco-Zorrilla et al., 2014; Gupta and Huang, 2014). Those defense mechanisms are known to be regulated by specific transcription factors (TFs) including APETALA2/ethylene-responsive factor (AP2/ERF), v-myb avian myeloblastosis viral oncogene homolog (MYB), WRKY, basic region-leucine zipper (bZIP), and zinc finger proteins (ZFPs) (Riechmann et al., 2000; Seki et al., 2003; Guo et al., 2005; Iida et al., 2005; Wang et al., 2019). Thus, TFs serve as important participants in plant responses to salt stress by combining with various cis-elements in the promoter regions of downstream genes to modify their expression (Abe et al., 2003; Franco-Zorrilla et al., 2014).

Zinc finger proteins are found widely in animals, plants, and microorganisms (Miller et al., 1985). Plant ZFPs are divided into nine subfamilies, C2H2, C2HC, C4, C6, C8, C2HC5, C3HC4, C4HC3, and CCCH depending on the number and position of cysteine (Cys) and histidine (His) residues (Berg and Shi, 1996). Plant C2H2 type ZFPs from one of the largest subfamilies of ZFPs and play a crucial role in plant development (Englbrecht et al., 2004; Takatsuji, 1998). STAMENLESS 1, a C2H2 ZFP from rice, positively modulated floral organ identity by participating in transcriptional regulation of SPW1/OsMADS16 (Xiao et al., 2009). Also in rice, NON-STOP GLUMES1 regulated Spikelet development by inhibiting the expression of DROOPING LEAF (DL), LONGSTERILELEMMAS 1 (G1), and MOSAIC FLORAL ORGANS 1 (MFO1) (Zhuang et al., 2020). In wheat, Tipped1, containing an EAR motif, acts as a transcriptional repressor to regulate awn development; lines with a high expression level of Tipped1 displayed awn inhibition (Huang et al., 2020). Several studies also suggest that plant C2H2 ZFPs are involved in responses to salt stresses (Kiełbowicz-Matuk, 2012; Wang et al., 2019). For example, the heterologous expression of ZjZFN1 enhances the salt tolerance of transgenic Arabidopsis plants (Teng et al., 2018). Tomato SlZF3 interacts with CSN5B to confer greater tolerance to salt treatment in lines overexpressing SlZF3 (Li et al., 2018). OsZFP213, a C2H2 ZFP from wheat, confers salt tolerance by interacting with OsMAPK3 (Zhang et al., 2018). In a recent study, overexpression of GhZAT34 and GhZAT79 in cotton enhanced salt tolerance (Rehman et al., 2021). Taken together, these studies demonstrate that C2H2 ZFPs play an important role in plant development and the response of plants to salt stress.

To screen differentially expressed genes (DEGs) at the transcription level, RNA-seq can be used and requires neither genome annotation nor pre-synthesized nucleotides as probes. More and more studies have identified genes differentially expressed under abiotic stress using RNA-seq. Evidence suggests that there are 97 putative WRKY proteins in pearl millet, with PgWRKY33, PgWRKY62, and PgWRKY65 responding to dehydration and salinity stress (Chanwala et al., 2020). Similarly, 132 NAC proteins were identified in peanuts using RNA-seq; these were classified into eight subgroups, where the members of groups IV, VII, and VIII are induced by drought and abscisic acid (ABA) stresses (Li et al., 2021). In addition, genes encoding 197 bHLH proteins have been identified in pear, and PbrbHLH7, PbrbHLH8, PbrbHLH128, PbrbHLH160, PbrbHLH161, and PbrbHLH195 are up-regulated under cold and drought stress (Dong et al., 2021). RNA-seq is thus a useful tool for identifying TFs that respond to abiotic stress.

Chromatin immunoprecipitation (ChIP) is used to detect interactions between TFs and DNA in vivo and can also identify downstream genes regulated by TFs (Nelson et al., 2006). Recent work established that, in abiotic stress, WRKY33 and WRKY12 can form a complex under abiotic stress increasing the expression of RAP2.2 to enhance hypoxia tolerance in Arabidopsis (Tang et al., 2021). Similarly, the ChIP-seq assay combined with RNA-seq revealed that SlGRAS4 forms a homodimer to activate its transcription as well as bind directly to the SlCBF promoter to enhance cold tolerance (Liu et al., 2020). ZmNST3, a member of the NAC TF family, directly combines with the promoter of GST/GlnRS to activate its transcription and increase ROS scavenging, thereby enhancing drought tolerance in maize (Ren et al., 2020). Currently, however, there are limited reports on the application of ChIP technology to forests species.

Birch (Betula platyphylla Suk.) is widely distributed in cool-temperate and boreal forests in the northern hemisphere (Kazuhiko, 2007) and is widely used in building and wooden furniture (Li et al., 2002). However, birch is more sensitive to salt than Ulmus pumila and Fraxinus mandshurica. So it is important to study the salt-tolerance mechanisms of B. platyphylla for cultivating salt-tolerant birch varieties. In this study, we cloned a gene encoding a C1-2i subfamily member of the C2H2 ZFPs from B. platyphylla that is induced by salt. The gene was named BpSZA1, and we generated lines overexpressing (OE) or showing RNAi silencing (Ri) lines of BpSZA1 for gain- and loss- of function analysis. BpSZA1 conferred increased tolerance to salt stress in OE lines compared with wild-type (WT) and Ri lines by participating in ROS scavenging, ABA biosynthesis, proline biosynthesis, and jasmonic acid (JA) responses. Our results provide useful information on the function of C2H2 ZFPs in response to abiotic stress.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Birch (B. platyphylla Suk.) plantlets were cultured in vitro on solid Lloyd and McCown’s Woody Plant Basal Salts (WPM) medium as previously described (Wang et al., 2016). After regeneration, plantlets were transplanted into individual pots containing a mixture of perlite/soil/vermiculite (1:4:1, by vol) for cultivation for 8 weeks in a greenhouse under controlled conditions (16/8 h light/dark, 25 ± 1°C, and 70–75% relative humidity) for tissue-specific expression and salt stress. For tissue-specific expression, the following tissues were harvested: including YL: young leaves, leaves from the first to second internodes; AL: adult leaves, leaves from the third to fourth internodes, OL: old leaves, leaves from the fifth to sixth internodes; AS: adult stems, stems with the third to fourth internodes; OS: old stems, stems with the fifth to sixth internodes. For salt stress, the root of 8-week-old birch plants prepared as described above was watered directly with 200 mM NaCl solution, and samples were harvested after treatment for 0, 6, 12, 24, 48, and 72 h. Three independent biological replicates were performed. Leaves from the birch seedlings were harvested for RNA isolation.



RNA Isolation and cDNA Synthesis, qRT-PCR

Total RNA was isolated from each sample using a Universal Plant Total RNA Extraction Kit according to the manufacturer’s instructions (BioTeke Corporation, China). qRT-PCR analysis, assays were performed using an SYBR Premix Ex Taq II (TaKaRa, Dalian, China) kit according to the manufacturer’s specifications. Quantification was performed using the 2–ΔΔt method, where the birch Tubulin gene BpTubulin is a housekeeping gene for normalization (Regier and Frey, 2010). All primers used in this study are detailed in Supplementary Table 1.



Bioinformatics Analysis of BpSZA1

A previously released dataset of B. platyphylla (Wang et al., 2018) was analyzed to identify C2H2 ZFP genes exhibiting induced by salt stress. Birch_GENE_10017081 was selected for further analysis because its expression was upregulated at all-time points. Protein information was obtained from the amino acid sequence encoded by the gene and was analyzed using ExPASY.1 The ZFP sequences in Arabidopsis, Populus pilosa, and Betula pendula subsp. were obtained from TAIR,2 the phytozome database,3 and the CoGe database,4 respectively. A phylogenetic tree was reconstructed in MEGA7 using the maximum likelihood method with 1,000 bootstraps replicates. Conserved motifs in BpSZA1 were predicted using Multiple Expectation maximizations for Motif Elicitation (MEME5).



Binary Vector Generation and Plant Transformation

Overexpression and RNAi constructs were generated using the BP and LR Gateway cloning system following the manufacturer’s instructions (Thermo Fisher Scientific, United States). The full-length of BpSZA1 CDS (open reading frame) without termination codon was amplified using gene-specific primers for the overexpression construct. To generate the RNAi (silencing) vector, a pair of primers flanking the CDS sequence from position 532–741 bp was used. Amplified fragments were first cloned into the pENTR™/SD/D-TOPO™ vector using BP-cloning and then into the binary vectors pGWB5 (overexpression) or pB7GWIWG2 (I) through LR reactions (Karimi et al., 2002). After sequence verification, the binary plasmids were transformed into Agrobacterium tumefaciens strain EHA105 using the freeze/thaw method. Agrobacterium-mediated transformation was performed as previously described (Holsters et al., 1978). Transgene presence was verified using the PCR primers LR-35S-F(CCTCGGATTCCATTGCCCAGCTA) and LR-GFP R(GTCGATGCCCTTCAGCTCGAT). Sequences of all primers used for the cloning are shown in Supplementary Table 2.



Subcellular Localization Assay

The full-length BpSZA1 coding sequence (without the stop codon) was amplified and cloned into a pBI121-eGFP vector upstream of the eGFP sequence and behind the CaMV 35S promoter, according to the reading frame, to generate 35S:BpSZA1-GFP. The method of tobacco subcellular localization is based on the method published by Sparkes et al. (2006). The 35S:BpSZA1-GFP plasmid was transferred to A. tumefaciens GV3101 competent cells and transformed into Nicotiana benthamiana; 35S-GFP was used as a control. After 2–3 days, fluorescence in the tobacco cells was observed at 488 nm under a confocal laser scanning microscope LSM700 (Zeiss, Jena, Germany). Sequences of all primers used for the cloning are shown in Supplementary Table 3.



Transactivation Assay

To examine the transactivation activity of BpSZA1 and determine the minimal domain required for activation, the complete BpSZA1 CDS along with seven truncated BpSZA1 fragments were individually fused to the GAL4 DNA binding domain in the pGBKT7 vector using the In-Fusion HD Cloning System CE (TaKaRa, Dalian, China). The recombinant plasmids and the pGBKT7 vector (negative control) were individually transformed into yeast strain Y2HGold. Transformants were successfully dropped onto SD/-Trp and SD/-Trp/-His/-Ade/X-α-gal selective medium and incubated at 30°C for 3–5 days. The transactivation activity was evaluated according to the growth status of colonies and the blue color manifested by X-α-gal activity. Sequences of all primers used for cloning are shown in Supplementary Table 4.



Salt Stress Treatments

For salt stress treatments, 8-week-old WT and transgenic B. platyphylla seedlings, three OE lines (OE2, OE6, and OE9) and three Ri lines (Ri5, Ri7, and Ri8), were treated with 200 mM NaCl for 7 days and the phenotypes were photographed.

For plant height, fresh weight, and root length measurements, 7-day-old birch seedlings (WT, OE2, OE6, OE9, Ri5, Ri7, and Ri8) were cultured in half MS minimal medium containing 40 mM NaCl. After 4 weeks of growth, plant height, fresh weight, and root length were measured. Birch seedlings grown in half MS minimal medium were used as a control.



Analysis of Physiological Parameters

Similar-sized birch seedlings were treated with 200 mM NaCl for 3 days, and adult leaves (WT, OE6, OE9, Ri5, and Ri7) were harvested. SOD activity was measured using a SOD test kit (Nanjing Jiancheng Bioengineering Institute, A001-1), POD activity was measured using a POD test kit (Nanjing Jiancheng Bioengineering Institute, A084-3), malondialdehyde (MDA) content was measured as described previously (Heath and Packer, 1968), proline content was determined according to a previously published protocol (Bates, 1973), and total chlorophyll content was assayed using a method previously published (Minotti et al., 1994). For electrolyte leakage analysis, leaf samples of B. platyphylla were collected using a 1-cm punch with 10 pieces for each sample, as previously described (Ben-Amor et al., 1999). Leaves of B. platyphylla were treated with 200 mM NaCl for 6 h, and leaves were then detached and stained with 3,3-diaminobenzidine (DAB) or nitro blue tetrazolium (NBT) solution to detect H2O2 or O22–, respectively, according to a previously published method (Fryer et al., 2002).



Transcriptome Determination and Analysis

Leaves of 8-week-old B. platyphylla OE5, Ri7, and WT seedlings treated with 200 mM NaCl were rapidly collected after 3 days of treatment. Six samples with three repeats were used for RNA sequence analysis—Ri before/OE before, Ri before/WT before, WT before/OE before, Ri after/OE after, Ri after/WT after, and WT after/OE after—where “before” indicates samples collected before salt stress and “after” indicates samples collected after salt stress. A total of 1 μg RNA per sample was used as input material for RNA sample preparations. Sequencing libraries were generated using a NEBNext Ultra™ RNA Library Prep Kit for Illumina (NEB, United States) following the manufacturer’s recommendations. Clustering of index-coded samples was performed on a cBot Cluster Generation System using a TruSeq PE Cluster Kit v4-cBot-HS (Illumina) according to the manufacturer’s instructions. After cluster generation, library preparations were sequenced on an Illumina platform and paired-end reads were generated. Adaptor sequences and low-quality sequence reads were removed from the data sets. Raw sequences were transformed into clean reads after data processing. Hisat26 tools software was used to map reads to the reference birch genome.7 Transcripts were assembled using StringTie.8 Differential expression analysis of pairs of samples was performed using EBseq.9 The false discover rate (FDR) < 0.01 and |log2(fold change)| ≥ 2 were set as the threshold for significantly differential expression. Gene Ontology (GO) enrichment analysis of DEGs was implemented using the GOseq R packages based on Wallenius non-central hypergeometric distribution (Young et al., 2010), which can adjust for gene length bias in DEGs.



Chromatin Immunoprecipitation-PCR and Chromatin Immunoprecipitation-qPCR Analysis

To identify putative target genes of BpSZA1, ChIP-PCR, and ChIP-qPCR were used. Sonication conditions of the samples were optimized according to a previously described method (Li et al., 2014). Briefly, approximately 2 g pGWB5-BpSZA1-OE birch seedlings were immersed in 1% (w/v) formaldehyde for protein cross-linking and protein binding to DNA. Next, ChIP was followed by extraction and shearing of the chromatin precipitated using a ChIP analysis kit (P2078, Beyotime) according to the manufacturer’s instructions. An anti-GFP antibody (AG281, Beyotime) (ChIP+) was then used and chromatin was immunoprecipitated; an anti-IgG2a antibody was used as a negative control (Mock). Chromatin without immunoprecipitation was used as the input control (Input). Three biological replicates were carried out. All primers used for ChIP-PCR and ChIP-qPCR analysis are detailed in Supplementary Table 6.



Statistical Analysis

All experiments were conducted with at least three biological replicates unless otherwise mentioned, and the standard error of the mean was computed in each case. The Student’s t-test was performed for the estimation of statistical significances (SPSS 18; IBM Corp., Armonk, NY, United States). Data points representing statistically significant differences between WT and transgenic lines or between control and stress conditions are indicated.




RESULTS


Identification and Structural Analysis of BpSZA1

To identify valuable salt-induced genes from B. platyphylla and to cultivate salt-tolerant birch varieties, we used a next-generation sequencing technique were used to construct a cDNA library of B. platyphylla (200 mmol L–1 NaCl) (Wang et al., 2018). Analysis of RNA-seq data revealed 30 DEGs annotated as C2H2 ZFPs, of which 12 were down-regulated and 20 were up-regulated by salt, respectively. Among these salt-induced C2H2 ZFPs, birch_GENE_10017081, named BpSZA1 (GenBank ID: MZ544846), was steadily up-regulated at all-time points under salt stress compared with the control condition (Figure 2A). We used PCR to amplify the cDNA of BpSZA1, and sequencing results indicated that the full-length BpSZA1 is 744 bp without introns, encoding a 247 aa protein with a predicted mass of 26.24 kDa and a theoretical pI of 8.66. A phylogenetic tree was reconstructed using nucleotide sequences of 20 members of the ZFPs family from Arabidopsis thaliana and 13 from Populus trichocarpa available in the Phytozome database and 12 genes from B. pendula subsp. available in the CoGe database. BpSZA1 was found to cluster with AtAZF2 (AT3G19580), AtAZF3 (AT5G43170), AtZAT6 (AT5G04340), AtZAT10 (AT1G27730), and AtZAT13 (AT3G49930) from Arabidopsis (Figure 1A). Furthermore, we used these six sequences to predict conserved motifs using MEME, identifying the presence of five conserved motifs (Figure 1B). There were two zinc finger domains of QALGGH among the five motifs (motif 1 and motif 3). Specific motif sequences are shown in Supplementary Table 7.
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FIGURE 1. Phylogenetic and bioinformatics analyses of BpSZA1 from Betula platyphylla. (A) Phylogenetic analysis of BpSZA1 and 45 members of the C2H2-type transcription factor from Arabidopsis thaliana (20 members, prefixed with At), Populus trichocarpa (13 members, prefixed with Potri), and Betula pendula Roth (12 members, prefixed with Bpev) by using the maximum likelihood method. (B) Conserved protein motifs of BpSZA1 and five C2H2-type transcription factor C1-2i subfamily members in Arabidopsis thaliana.
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FIGURE 2. Expression of genes encoding zinc finger proteins in B. platyphylla under 200 mM NaCl salt stress, and BpSZA1 expression patterns in different tissues and under different treatments. (A) Bioinformatic analysis of the transcriptome data set showing expression levels for 30 genes encoding zinc finger proteins that were upregulated and downregulated after exposure of birch to 200 mM NaCl for 6, 12, 24, and 48 h. The color scale represents change. (B) Transcript levels of BpSZA1 in different tissues of B. platyphylla. YL, young leaf; AL, adult leaf; OL, old leaf; AS, adult stem; OS, old stem; R, root. (C) Relative expression levels of BpSZA1 were measured by RT-qPCR in response to NaCl. Values are mean ± SE (n = 15). Asterisks denote significant differences: *P ≤ 0.05; **P ≤ 0.01. Error bars represent standard error for three replicates.




Expression Analysis of BpSZA1

To verify the accuracy of RNA-seq, we treated birch seedlings with NaCl and examined BpSZA1 transcript levels. Under salt treatment (NaCl) (Figure 2C), BpSZA1 expression increased over the first 6 h, showing a 3.48-fold increase compared with expression at 0 h, and then gradually declined. This result verified the accuracy of RNA-seq and indicated that the expression of BpSZA1 is responsive to salt stress.

To investigate the spatial expression of BpSZA1, we used RT-PCR in different tissues (Figure 2B). BpSZA1 was ubiquitously expressed in all tissues, with the highest expression levels in adult stems, followed by old stems, roots, old leaves, and adult leaves. Expression levels of BpSZA1 were lowest among all sampled tissues in young leaves, which were used as a control. These results indicated that BpSZA1 is expressed specifically in different tissues.



Subcellular Localization of BpSZA1 Protein

To determine whether the C2H2 TF BpSZA1, is localized to the nucleus, we constructed the fusion vector 35s:BpSZA1: GFP and transfected this into tobacco epidermal cells, with the 35: GFP vector used as a control. Fluorescence signals in tobacco epidermal cells were observed under an LSM700 confocal laser microscope. The 35s:BpSZA1: GFP fusion protein was mainly visible in the nucleus, while the control (35s: GFP) was observed throughout the cells (Figure 3A). Hence, BpSZA1 is localized to the nucleus.
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FIGURE 3. Subcellular localization and transactivation of BpSZA1. (A) Subcellular localization of BpSZA1 in transiently expressed tobacco leaves shows BpSZA1 is targeted to the nucleus. Bars = 50 μm. (B) Truncated sequences of the CDS of BpSZA1 were fused in-frame, respectively, to the GAL4 DNA-binding domain in pGBKT7 and transformed into Y2H yeast cells. The transformed cells were plated onto SD/-Trp (growth control) or SD/-Trp/-His/-Ade/X-a-Gal medium. pGBKT7 empty vector was used as a control.




Transcriptional Activity of BpSZA1

Transactivation activity of BpSZA1 was examined using a series of deletions of the BpSZA1 CDS fused with the GAL4 DNA-binding domain sequence in the pGBKT7 vector and transformed into Y2H Gold cells. Cells containing the full-length CDS of BpSZA1 grew equally well in both SD/-Trp (control) and SD/-Trp/-Leu/-Ade/X-a-Gal medium but transformed yeast cells containing the full-length BpSZA1 CDS turned blue in SD/-Trp/-Leu/-Ade/X-a-Gal medium, indicating the BpSZA1 is a TF. Meanwhile, assays using the deletion mutants showed that the transcription activation domain of the BpSZA1 protein is located between amino acids 212aa and 247aa at the C-terminus of the protein (Figure 3B).



Overexpression of BpSZA1 Enhanced Salt Tolerance

To compare their respective stress tolerance, 8-week-old WT and OE2, OE6, OE9, Ri5, Ri7, and Ri8 transgenic birch plants grown in soil, were exposed to 200 mM NaCl. Under control conditions, there were no significant differences in the appearance of OE lines, Ri lines, and WT plants (Figure 4A). However, after 7 days of salt stress, leaves of the Ri lines showed obvious withering and yellowing compared with their appearance before stress. Obvious leaf curling and wilting also appeared in the WT seedlings, but the leaves were greener and more stretched than those of the Ri lines. By contrast, the OE lines showed only a slight curl of the leaves under salt stress, and the leaves became pale (Figure 4A). Meanwhile, there were no significant differences in plant height, fresh weight, or root length in the different lines under control conditions (Figures 4B–D), indicating that BpSZA1 does not affect plant growth or development. Under salt stress, the plant height, fresh weight, and root length of Ri lines decreased by an average of 59, 56, and 63%, respectively, compared with measurement before stress with 48, 50, and 49% average decrease, respectively, in the WT. The reduction in plant height, fresh weight, and root length of OE lines were minimal under salt stress, being 28, 26, and 29%, respectively (Figures 4B–D). To compare growth under salt stress, we analyzed chlorophyll contents among all salt-treated lines. Under control conditions, all salt-treated lines had approximately equal chlorophyll contents (Figure 4E). However, after salt treatment, OE lines had higher chlorophyll contents compared with WT plants, but Ri lines had lower chlorophyll contents (Figure 4E). Therefore, overexpression of BpSZA1 improved the tolerance of birch to salt stress, while inhibition of BpSZA1 expression reduced the tolerance of birch to salt stress.
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FIGURE 4. BpSZA1 confers salt stress tolerance. (A) Phenotypic differences following salt treatment. (B) Plant height. (C) Fresh weight. (D) Relative root length. (E) Chlorophyll content. Asterisks denote significant differences: *P ≤ 0.05. Error bars represent standard error for three replicates.




BpSZA1 Decreases Membrane Lipid Peroxidation and Increases Proline Content Under Salt Stress Conditions

To further determine differences in salt tolerance among the WT and OE2, OE6, OE9, Ri5, Ri7, and Ri9 transgenic birch plants, we measured electrolyte leakage, MDA content, and proline content. Under control conditions, there was no significant difference in electrolyte leakage rates among WT and transgenic lines. Nonetheless, after salt stress, however, electrolyte leakage rates were increased in all salt-treated lines. Electrolyte leakage rates of WT plants were significantly lower than those of Ri lines but were significantly higher than those of OE lines (Figure 5B). Meanwhile, there was no difference in MDA content among birch lines under control conditions. When exposed to salt stress conditions, MDA contents were increased in all lines; however, OE lines had the lowest MDA contents, followed by WT, with Ri lines having the highest MDA contents (Figure 5D). Similarly, the proline content of OE lines was greater than that of WT plants under salt stress conditions; however, the proline content of Ri lines was less than that of WT plants (Figure 5C). These results suggested that compared with WT plants, OE lines showed increased salt tolerance, and Ri lines demonstrated decreased salt tolerance.
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FIGURE 5. Determination of malondialdehyde (MDA) content, electrolyte leakage, proline content, MDA content, ROS accumulation (Histochemical staining and H2O2 content), superoxide dismutase (SOD) activity, peroxidase (POD) activity. Birch plantlets were treated with 200 mM NaCl for 0 h (control) and 6 h, and then their leaves were detached and stained with NBT (A) and DAB (B) to detect H2O2 and O2–. (B) Electrolyte leakage, (C) proline content, (D) MDA content, (E) H2O2 content, (F) SOD activity, and (G) POD activity in the leaves of WT, BpSZA1 OE, and Ri plants under normal, salt stress. Asterisks denote significant differences: *P ≤ 0.05. Error bars represent standard error for three replicates.




BpSZA1 Increases Reactive Oxygen Species Scavenging and Proline Content Under Salt Stress

We used DAB and NBT in situ staining to measure the accumulation of H2O2 and O22–. Staining results revealed that under control conditions, OE, WT, and Ri lines had similar H2O2 and O22– levels (Figure 5A). However, when exposed to salt stress conditions, we visualized stronger staining by NBT (for O2–) or DAB (for H2O2) in Ri lines compared with WT, whereas OE lines showed less accumulation of H2O2 and O22– than WT plants (Figure 5A). To further clarify whether the histochemical staining differences were caused by ROS scavenging ability, we compared H2O2 content and the activities of some ROS scavenging enzymes, including POD and SOD, among the WT, OE, and Ri lines. After salt treatment, Ri lines showed higher H2O2 accumulation compared with WT plants, while OE lines had lower H2O2 accumulation (Figure 5E). However, there was no remarkable difference in H2O2 accumulation among OE lines, Ri lines, or the WT under control conditions (Figure 5E). At the same time, under control conditions, there was no difference in SOD or POD activities among any of the lines. However, when OE, Ri, and WT plants were treated with 200 mM NaCl, both SOD and POD activities were significantly lower in Ri lines compared with the WT but were significantly higher in the OE lines (Figures 5F,G). Taken together, these results indicated that overexpression of BpSZA1 increases ROS scavenging capability under salt stress.



Determination of the Genes Regulated by BpSZA1 on the Genome Level

To identify genes regulated by BpSZA1, we performed global transcriptomic profiling by RNA-seq on OE6, WT, and Ri7 lines. Plants were untreated plants (0 day) or salt-treated for 3 days (ST 3 days). The complete list of DEGs identified by pairwise comparison is given in Supplementary Table 8. Under normal growth conditions, 884 genes were up-regulated and 716 genes were down-regulated by BpSZA1 expression (with a P-value < 0.01 adjusted by the FDR) (Supplementary Figure 1A), whereas 1,119 genes were up-regulated and 1,841 genes were down-regulated by BpSZA1 expression under salt stress condition (with a P-value < 0.01 adjusted by the FDR) (Supplementary Figure 1B).

Gene Ontology term analysis revealed that, before salt stress, oxidation-reduction process, protein phosphorylation, and metabolic process were enriched among biological process GO terms. Among cellular components GO terms, integral components of membrane, nucleus, and plasma membrane terms were enriched. Among molecular function GO terms, ATP binding, metal ion binding, and protein serine/threonine kinase activity were enriched. After salt stress, oxidation-reduction process, protein phosphorylation, and metabolic process were also mainly enriched among biological process GO terms. Meanwhile, response to oxidative stress and salt stress terms were also enriched among biological process GO terms. Among cellular components GO terms, integral components of membrane, plasma membrane, and membrane terms were enriched. For molecular function GO terms, ATP binding and heme binding, and metal ion binding terms were enriched, meanwhile, oxidoreductase activity and peroxidase activity were also showed genes enrichment (Supplementary Figure 2). These results indicated that genes associated with these GO terms might be regulated by BpSZA1 in response to salt stress.

To identify the genes modulated by BpSZA1, we analyzed the expression levels of putative downstream genes in OE5, Ri7, and WT using RT-PCR. We selected the following genes according to physiological parameters and analysis of transcriptome data: BpSOD2, BpAPX1, BpAPX2, pyrroline-5-carboxylate synthase (BpP5CS), delta-1-pyrroline-5-carboxylate dehydrogenase (BpP5CDH) and 6-phosphogluconate dehydrogenase (Bp6PGDH), BpTIFY5A, Zeaxanthin epoxidase gene1 (BpZEP1), and BpCAT. All genes were up-regulated in the OE line except for TIFY5A and P5CDH, which were up-regulated in the Ri line (Figure 6). Genes related to ROS scavenging BpSOD2, BpAPX1, BpAPX2, BpCAT, and Bp6PGDH were significantly up-regulated after salt treatment, with the expression level of BpSOD2 after salt stress reaching as much as 58-fold of that under control conditions in the OE line (Figures 6A–E). Bp6PGDH expression in the OE lines was up-regulated by 41.4-fold under salt treatment (Figure 6C), while the expression of BpAPX1, BpAPX2, and BpCAT was up-regulated by 4.32-, 13.02-, and 7.05-fold, receptively, under salt treatment in the OE line (Figures 6A,B,D). Similarly, BpP5CS, which participated in proline biosynthesis was up-regulated by 34.18-fold under salt conditions in the OE line (Figure 6H), whereas expression of BpP5CDH, a participant in proline degradation, was up-regulated by 3.7-fold in the Ri line and remarkably down-regulated in OE the line after salt treatment (Figure 6G). Meanwhile, expression of BpTIFY5A, a suppressor of JA responses, was also up-regulated in the Ri line, reaching as much as 9.95-fold that under control conditions after salt treatment (Figure 6I). Notably, BpZEP1 is an important participant in ABA biosynthesis and was significantly down-regulated in the Ri line after salt stress, however, expression of BpZEP1 showed no difference under control or salt-treated conditions in the OE line and the WT (Figure 6F). These results showed that BpSZA1 has a positive function in response to salt stress. All primers used for RT-PCR analysis are detailed in Supplementary Table 5.
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FIGURE 6. RT-PCR analysis of the expression levels of salt-responsive genes in Ri lines, WT, and OE lines before and after salt stress. (A) BpAPX1, (B) BpAPX2, (C) Bp6PGDH, (D) BpCAT, (E) BpSOD2, (F) BpZEP1, (G) BpP5CDH, (H) BpP5CS, and (I) BpTIFY5A. Asterisks denote significant differences: **P ≤ 0.01. Error bars represent standard error for three replicates.




Identification of Target Genes Directly Regulated by BpSZA1

To identify the motif that binds BpSZA1 for activating gene transcription following exposure to abiotic stress, we applied the MEME motif discovery tool (see text footnote 5). The promoters of 20 genes based on the qRT-PCR and RNA-seq data, that were up-regulated by BpSZA1 were used for further study. MEME results revealed that there was an 11-base conserved sequence present in most of the promoters studied (Figure 7B). The fourth to seventh bases of the conserved sequences appeared with the highest frequency and might be the core sequences of this motif; therefore, they were used for further experiments (Figure 7A). The 11-base conserved sequences were named the GAGA-motif (AGAGAGAGGGA, occupy the highest proportio). ChIP-PCR and ChIP-qPCR demonstrated that BpSZA1 protein bound to the GAGA-motif in the promoters of BpAPX1, BpAPX2, BpCAT, and Bp6PGDH (Figures 7C,D), indicating that the GAGA-motif combines with BpSZA1 to regulate the expression of BpAPX1, BpAPX2, BpCAT, and Bp6PGDH under salt stress. In addition, ChIP results indicated that genes associated with ROS scavenging ability, such as BpAPX1, BpAPX2, BpCAT, and Bp6PGDH, were predominantly regulated directly by BpSZA1.
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FIGURE 7. (A) Multiple Expectation maximizations for Motif Elicitation (MEME) analysis of the conserved sequence GAGA-box present in the promoters of genes regulated by BpSZA1. (B) The schematic diagram shows the positions of the GAGA-box in the promoters. (C) Enrichment of the promoters of genes containing GAGA-box. (D) ChIP-qPCR analysis shows enrichment of the promoter sequences of genes after ChIP. ChIP+: the sonicated chromatin was immunoprecipitated with GFP antibody; mock: the sonicated chromatin was immunoprecipitated with IgG2a; input: the sonicated chromatin was used as a positive control. Three biological replicates were performed. Asterisks denote significant differences: **P ≤ 0.01. Error bars represent standard error for three replicates.





DISCUSSION


BpSZA1 Belongs to C2H2 Zinc Finger Proteins and Confers Salt Tolerance

Multiple sequence alignment revealed that BpSZA1 clustered with AtAZF2, AtAZF3, AtZAT6, AtZAT10, and AtZAT13 from Arabidopsis (Figure 1B). Many studies have shown that important information on these genes plays an important role in the response to abiotic stress. According to reports in 2011, AZF1-OE and AZF2-OE lines in Arabidopsis show significant growth inhibition and sensitivity to abiotic stress (Kodaira et al., 2011). AtZAT6 not only participates in root development but also increases tolerance to cadmium in transgenic Arabidopsis (Chen et al., 2016). Among poplars, ZAT10 OE lines display increased cold and salt tolerance compared with WT plants (He et al., 2019, 2020). In the current study, we found that BpSZA1 is induced by salt. In addition, BpSZA1 plays a positive role in the response of birch plants to salt stress. Many physiological parameters, including POD activity (Figure 5F), SOD activity (Figure 5G), and proline content (Figure 4C), are modulated through the expression of BpSZA1. Overall, these results indicate that BpSZA1 belongs to C2H2 ZFPs and positively modulates salt stress in birch.



BpSZA1 Binds to GAGA-Motif to Regulate Gene Expression

Transcription factors usually regulate downstream gene expression by combining with cis-acting elements, so it is important to identify which cis-element combines with each TF when studying the function of TFs. Utilizing MEME, we found that BpAPX1, BpAPX2, BpCAT, and Bp6PGDH all contain the GAGA-rich motif sequence (Figure 7A). Further, ChIP-PCR and ChIP-qPCR analysis showed that BpSZA1 can directly regulate the expression of these genes by binding to GAGA-rich motifs in their promoters (Figures 7C,D). This result is consistent with those of previous studies. In Drosophila, the Tr1 gene encodes a protein with a C2H2 domain that can bind to a GAGA element to regulate the expression of downstream genes (Pedone et al., 1996). A similar mechanism may exist in plants. RAMOSA1, with a single C2H2 ZFP domain, can bind to the GAGA element to regulate the inflorescence structure of maize (Eveland et al., 2014). Furthermore, it was recently predicted that MaC2H2-4 and MaC2H2-5 in bananas can regulate the ripening of banana fruits by combining with different TF binding sites, including two GA-rich motifs (Kuang et al., 2021). In summary, these results show that BpSZA1 may regulate downstream gene expression by binding to the GAGA-repeat sequence.



BpSZA1 Enhanced Salt Tolerance by Directly Regulating Genes Related to Reactive Oxygen Species Scavenging

Abiotic stress including high salt and drought, causes apoplast oxidative stress in plants, accelerating the production of ROS including H2O2, ⋅O2–, 1O2, and ⋅OH–, which can damage and kill plants (Mittler et al., 2004; Suzuki et al., 2012; Baxter et al., 2014). However, the ROS generated can be scavenged by numerous enzymes. Major ROS-scavenging enzymes include SOD, APX, CAT, glutathione peroxidase (GPX), and peroxiredoxin (PrxR) in plants (Nakano and Asada, 1981; Rizhsky et al., 2004; Yang and Guo, 2018). In previous studies, ZAT10 OE lines displayed enhanced salt tolerance by directly regulating the expression of APX2 (Mittler et al., 2006; He et al., 2019). This result is consistent with our findings. BpSZA1 bound to BpAPX1 and BpAPX2 promoter regions containing the GAGA-motif, and expression of BpAPX1, BpAPX2 in the OE line was significantly increased after salt stress compared with that in WT and Ri line (Figures 6A,B), which may improve the salt tolerance of plants. Another important finding was that BpSZA1 could directly bind to the GAGA-motif of the BpCAT promoter region (Figures 7C,D). At the same time, expression levels of BpCAT in OE lines and the WT were highly up-regulated after salt treatment compared with those under control conditions, but the expression level in the Ri lines was lower (Figure 6D). This is also in accordance with earlier observations, which showed that NtERF172, a TF of the AP2 family, also binds to the NtCAT promoter region to activate NtCAT transcription, and overexpression lines of NtERF172 displayed greater ROS scavenging and better drought tolerance (Zhao et al., 2020). Furthermore, we found no significant difference in the expression of BpSOD2 among WT, OE, and Ri lines. However, after salt treatment, expression levels were 1.5-fold higher than that in the WT and 58-fold than in the Ri line (Figure 6E). This indicates that BpSZA1 could enhance salt tolerance by regulating the expression of BpSOD2.

Besides ROS-scavenging enzymes, the antioxidants ascorbic acid and glutathione can scavenge ROS produced in the stroma (Yang and Guo, 2018). The reduced coenzyme NADPH is an electron donor in the ascorbate-glutathione biosynthesis phase and is important for maintaining ascorbic acid and glutathione in a reduced state (Corpas et al., 1998). 6PGDH, G6DPH, malic enzyme, and isocitrate dehydrogenases are the main cellular sources of NADPH (Mittler et al., 2004; Marino et al., 2012; Suzuki et al., 2012; Baxter et al., 2014). We found that BpSZA1 could bind to the Bp6PGDH promoter region containing a GAGA-motif. The expression level of Bp6PGDH in OE lines after salt stress was 40-fold higher than that without salt stress. However, there was no significant difference in Bp6PGDH expression in WT or Ri lines between salt treatment and control conditions (Figure 6C). This finding has also been reported in previous research. Salinity-tolerant lines of barley have a higher expression level of 6PGDH (Witzel et al., 2010). Overexpression of BpSZA1 conferring tolerance to salt might increase the expression of Bp6PGDH. BpSZA1 might therefore enhance salt tolerance by regulating genes related to ROS scavenging, including BpAPX1, BpAPX2, BpCAT, BpSOD2, and Bp6PGDH.



BpSZA1 Improves Salt Tolerance by Participating in Abscisic Acid Synthesis, Proline Synthesis, and Activating the Abscisic Acid/Jasmonic Acid Pathways

The gene ZEP1 is a key gene for plant biosynthesis of ABA (Zhu, 2002). In 1998, the ZEP gene was reported to be involved in the biosynthesis of ABA precursors (Audran et al., 1998). Meanwhile, in a recent study, a ZEP gene MsZEP from alfalfa (Medicago sativa), overexpression of MsZEP enhances drought and salt tolerance by increasing ABA biosynthesis (Zhang et al., 2016). This is consistent with our study. After salt stress, the expression level of ZEP1 in the Ri lines was lower than that in WT plants; however, the expression level of ZEP1 in the OE lines and WT plants did not vary significantly before and after the stress. This shows that the absence of BpSZA1 might inhibit the activity of the BpZEP1 enzyme and affect the ABA-dependent pathway response of plants to salt stress (Figure 6F).

Proline is a component of plant proteins and has a critical role in regulating cell redox potential (Kavi Kishor et al., 1995; Zhu, 2002). In this study, expression levels of some genes related to proline biosyntheses, such as BpP5CS (Figure 6H) and BpP5CDH (Figure 6G), were significantly increased in OE lines after salt stress. At the same time, proline content was also increased after salt stress in OE lines, balancing the osmotic pressure inside and outside the cell and protecting the cell from damage. This indicates that BpSZA1 positively regulates proline biosynthesis to improve the salt tolerance of plants.

It is well documented that because ZFPs contain an EAR motif, they may act as transcriptional repressors in regulating the tolerance of plants to abiotic stress (Ciftci-Yilmaz et al., 2007; Xie et al., 2019; Wang et al., 2020). We found that only the expression level of TIFY5A/JAZ8 in Ri lines increased instantaneously after salt stress, indicating that BpSZA1 might inhibit the expression of TIFY5A/JAZ8. TIFY5A belongs to the JAZ subfamily of the TIFY TF family and is also known as JAZ8 (Shyu et al., 2012). It has previously been observed that ZAT10 can regulate the expression of TIFY10a/JAZ1 in the JA signaling cascade (Pauwels et al., 2008). When not responding to the JA signal, JAZ proteins combine with and inhibit downstream TFs expression to suppress JA responses. After being induced by JA signals, JAZ proteins are ubiquitinated and degraded through the 26S proteasome, thereby activating downstream TF transcription and JA responses (Fernandez-Calvo et al., 2011; Ruan et al., 2019; Yang et al., 2019). JA participates in plant salt responses. Extensive research has shown that the exogenous application of JA enhances salt tolerance by maintaining ROS or ion homeostasis (Qiu et al., 2014; Jiang et al., 2016; Farhangi-Abriz and Ghassemi-Golezani, 2018; Tavallali and Karimi, 2019). Overall, this indicates that inhibiting BpSZA1 expression may increase the expression level of BpTIFY5A and further suppress JA responses, thereby destroying ROS homeostasis and ion homeostasis and resulting in Ri lines showing more sensitivity to salt treatment (Figure 6I). Consequently, BpSZA1 may enhance the salt tolerance of plants by participating in JA responses. However, how BpSZA1 responds to salt stress through involvement in the JA signaling pathway requires further study.




CONCLUSION

In summary, we identified a novel C2H2 ZFP, BpSZA1, which plays a positive role in the plant salt stress response. We analyzed the function of BpSZA1 by generating OE and Ri in transgenic birch plants. We further showed that BpSZA1 can bind directly to the GAGA-motif in the promoter regions of various genes related to ROS scavenging to regulate their expression and maintain ROS homeostasis (Figure 8). Thus, our findings provide new insights into the function of C2H2 ZFPs in abiotic stress and further efforts to cultivate salt-tolerant birch varieties.


[image: image]

FIGURE 8. The model of BpSZA1 regulation network in response to Salt stress. Salt stress signals activate the expression of upstream genes of BpSZA1, which in turn activates BpSZA1. BpSZA1 binds to the GAGA-box in the promoter region, thereby activating the expression of downstream genes such as BpAPX1, BpAPX2, BpCAT, and Bp6PGDH to increase ROS scavenging. The result is tolerance to salt stress is increased in the plants.
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The cultivation of lemongrass (Cymbopogon flexuosus) crop is dominated by its medicinal, food preservative, and cosmetic demands. The growing economy of the lemongrass market suggests the immense commercial potential of lemongrass and its essential oil. Nevertheless, the continuous increase of the saline regime threatens the growth and productivity of most of the plant life worldwide. In this regard, the present experiment explores the salt sensitiveness of the lemongrass crop against five different levels of salt stress. Metabolomic analyses suggest that lemongrass plants can effectively tolerate a salt concentration of up to 80 mM and retain most of their growth and productivity. However, extreme NaCl concentrations (≥160 mM) inflicted significant (α = 0.05) damage to the plant physiology and exhausted the lemongrass antioxidative defence system. Therefore, the highest NaCl concentration (240 mM) minimised plant height, chlorophyll fluorescence, and essential oil production by up to 50, 27, and 45%. The overall data along with the salt implications on photosynthetic machinery and ROS metabolism suggest that lemongrass can be considered a moderately sensitive crop to salt stress. The study, sensu lato, can be used in reclaiming moderately saline lands with lemongrass cultivation converting such lands from economic liability to economic asset.
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INTRODUCTION

Lemongrass (Cymbopogon flexuosus) is a C4 perennial cash crop belonging to the Poaceae family and is commonly known as East Indian or Malabar grass. The major share of lemongrass cultivation is based on its essential oil production. The lemongrass essential oil (LEO) has enormous medicinal and commercial potential. The pharmacological benefits of LEO are derived from its antimicrobial, anticancer, insect-repellent, and antioxidant properties (Mukarram et al., 2021a,b). These bioactivities are further exploited in cosmetics and food packaging and safety. Lemongrass comprises a rich source of vitamins (A, C, E, folate, niacin, and riboflavin), protein, and mineral nutrients (Fe, Mn, Zn, Ca, N, P, K) making it an excellent nutritional source (Aftab et al., 2011; Gaba et al., 2020). The high cellulosic (cellulose, 39.5%; hemicellulose, 22.6%) structure of lemongrass along with lignin (28.5%) abundance make it a suitable candidate for the synthesis of vitamin A, β- and methyl-ionones, paper, pulp, silica, and composites (Haque et al., 2018). Few recent studies suggested that lemongrass can also be used to produce biofuel (Dhinesh et al., 2016; Sathiyamoorthi and Sankaranarayanan, 2016; Venkatesan et al., 2019). The perspective research into these lesser developed sectors can further augment the importance of lemongrass plants. The immense benefits of lemongrass and its essential oil are nudging crop scientists to develop new sustainable methods of enhancing lemongrass growth and productivity (Mukarram et al., 2021c,d).

On a global scale, the lemongrass is harvested over 16,000 ha of land which corresponds to an annual production of 1000 t of LEO (Haque et al., 2018). Mukarram et al. (2021b) reviewed the lemongrass economics and suggested a rapid growing pattern in India and globally as well. It was suggested that the estimated LEO market in 2019 was 247 million US$ which will be approximately doubled by 2027. Moreover, the Indian export of lemongrass was escalated with more than 1250% growth in the past two decades (2001–2020). Nevertheless, considering the soaring pattern, the demand for lemongrass and its essential oil is expected to be intensified in the upcoming years.

Massive population growth and urbanisation are discouraging agricultural lands and degrading the soil. Soil salinity is one of the leading threats to agricultural production worldwide. More than 800 million hectares are said to be salt-affected, which accounts for about 27 billion US$ global economic loss each year (Qadir et al., 2014). Soil is called saline when its electrical conductivity exceeds or equals 4 dS m–1 which is equivalent to 40 mM of NaCl (USSL, 2005). While primary salinity is naturally occurring, secondary salinity is largely contributed by anthropogenic activities including improper soil clearing and irrigational practices (Pitman and Läuchli, 2002; Munns, 2005). Most crops are glycophytes and cannot grow well in high salt concentrations. Thus, depending on the severity, salinity can regulate seed germination, cell expansion, stomatal conductance, photosynthesis, and other metabolic and developmental pathways (Shabala and Cuin, 2008; Machado and Serralheiro, 2017). In such crops, salinity can inflict moderate to acute harm depending on certain factors such as salt concentration and plant resilience (Munns and Tester, 2008). The modus operandi of salinity stress occurs in two phases: The first phase imposes osmotic stress on plants by restricting the water uptake that mimics drought-like situations (Munns, 2002). The osmotic phase distorts the ion homoeostasis and builds ion excess in the plant (ionic stress phase) in a salt-specific effect (van Zelm et al., 2020). These primary implications endorse a more comprehensive range of secondary effects induced by the saline regime such as oxidative stress and nutritional imbalance (Negrão et al., 2017). The ion-excess effect arises when salt concentration hits toxic levels inside the leaves. Therefore, the plants first try to minimise the salt uptake through roots and later separate the remaining at the cellular and tissue level to evade excessive salt accumulation in the cytoplasm of photosynthetic leaves (Munns, 2005; Flowers and Colmer, 2008). The osmotic stress and ionic stress support the overproduction of various reactive species that contributes to oxidative stress. Although reactive oxygen species (ROS) are produced as a by-product of many physiological processes including photosynthesis and respiration under the normal environment that can facilitate plant signalling, their overproduction during abiotic stress poses greater oxidative stress that damages proteins, lipids, and nucleic acids and limits crop growth and yield (Ashraf, 2009; Mukarram et al., 2021e). Similar salt-induced restrictions on plant development and productivity were observed in many crops of economic importance including rice, wheat, barley, and maize (Zeng and Shannon, 2000; Munns et al., 2006; Widodo et al., 2009; Zörb et al., 2019; Mukarram et al., 2021f).

Keeping in the mind the decreasing agricultural landholdings and the growing demand for lemongrass and its oil, we conducted the present experiment to assess the salt-sensitivity of the lemongrass crop. We hypothesised that the lemongrass, being a member of the grass family, would withstand the low (40 mM NaCl) to moderate (80 mM NaCl) salinity. The present experiment is an attempt to suggest to the wider audience the cultivation of lemongrass crops in lands deemed unsuitable for traditional cereal crops due to soil salinity. Furthermore, though lemongrass has a well-defined defence system comprising enzymatic and non-enzymatic antioxidants (Aziz et al., 2014) that might counter salinity-induced oxidative stress, it would be interesting to observe the potential of this defence system against severe salinity (≥160 mM).



MATERIALS AND METHODS


Plant Material and Growth Conditions

The present study was performed at the net house of the Department of Botany, Aligarh Muslim University, Aligarh, India (27°52′ N, 78°51′ E, 187 m a.s.l.). The lemongrass [Cymbopogon flexuosus (Steud.) Wats var. Nima] was propagated from healthy slips brought from Central Institute for Medicinal and Aromatic Plants, Lucknow, India. The slips of the plants were sterilised with 0.2% HgCl2 and washed afterward repetitively. The plant slips were transferred to the 7 L capacity earthen pots (25 cm × 25 cm) mixed with sand, clay, and peat in a 7/2/1 ratio of their weights. Plants were irrigated with 250 mL of double-distilled water (DDW) daily. The average temperature and humidity were recorded as 17–25°C (±4°C), and 68% (±5%) during the experimental timeline. Soil evaluation at the Soil Testing Laboratory of Indian Agriculture Research Institute (IARI), New Delhi, India, described the soil physical texture as sandy loam while chemical variables were as follows: pH, 7.6; electrical conductivity, 0.52 dS m–1; N, 94.8 mg kg–1 of soil; P, 8.9 mg kg–1 of soil; K, 136.5 mg kg–1 of soil.

Plants were cultivated after 30 days from the final salt treatment for all the morpho-physiological assessments. The experimental setup was arranged in a complete random block design. Three lemongrass plants were grown in each pot, and each pot was considered as one replicate. Each treatment was replicated three times.



Induction of Salinity Stress

Five different salt regimes (0, 40, 80, 160, and 240 mM) were created for the present study (Table 1). A salt concentration of 40 mM NaCl was provided to the lemongrass plants on alternate days to induce these saline regimes. Thus, it took 1 day to attain required salt concentration for Treatment 2 (40 mM NaCl), 3 days for Treatment 3 (80 mM NaCl), 7 days for Treatment 4 (160 mM NaCl), and 11 days for Treatment 5 (240 mM NaCl). To maintain uniform salinity the above salt concentration was given in the form of an aqueous solution (40 mL). If the salt stress is added in one go, the plant might not grow at all and could take considerable time to recover, depending on the level of osmotic stress it caused. Therefore, salt treatments in the present study were added gradually to attain the required NaCl level and prevent the plant from having osmotic shock.


TABLE 1. Different salt regimes generated during the present experiment for assessing salt tolerance in lemongrass.

[image: Table 1]
The salt conditions were devised based on the classification provided by the US Salinity Laboratory (Richard, 1954) to gauge the salinity tolerance level of lemongrass. Therefore, the present study consisted following salt regimes.

Figure 1 illustrates all the major and significant events in the experimental timeline, from the growing of the lemongrass plants to their harvesting.
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FIGURE 1. The experimental timeline for the present study.




Quantification of Photosynthetic Fitness

The chlorophyll content was determined from the completely expanded lemongrass leaves by using the Minolta chlorophyll metre (SPAD-502, Konica Minolta Sensing Inc., Osaka, Japan).

Chlorophyll fluorescence (Fv/Fm) was expressed as the quantum efficiency of open photosystem II (PSII) centres, which were dark-adapted for 30 min before measurement. Fv/Fm was determined in the daytime on the adaxial surface of the first fully developed leaf by a chlorophyll fluorometer, PAM-2000 (Walz, Effeltrich, Germany).



Gas Exchange

The gas exchange between the plant and the external environment was determined in terms of net photosynthetic rate (PN), stomatal conductance (gs), and transpiration rate (E). All the variables were quantified in the first expanded plant leaf through an Infra-red Gas Analyser (LI-COR 6200, Portable Photosynthesis System, NA, United States). The leaf area for the assessment was 6 cm2. The gas exchange was analysed at light-saturating intensity (PAR: 780–800 μmol m–2 s–1) with an air temperature of 25°C, relative humidity 65–85%, and 370 ± 5 μmol mol–1 atmospheric CO2 concentration.



Markers for Oxidative Damage Assessment


Thiobarbituric Acid Reactive Substances Content

The TBARS concentration was assessed to determine the lipid peroxidation in lemongrass leaves according to Cakmak and Horst (1991). Fresh lemongrass leaves (0.5 g) were ground in trichloroacetic acid (TCA, 5 ml, 0.1% w/v) followed by centrifugation (12,000 × g, 5 min). The supernatant (1 mL) along with tetrabutylammonium (4 mL, 0.5% w/v) was mixed with TCA (20% w/v) and incubated (90°C, 30 min) followed by ice bath treatment and a second round of centrifugation (10,000 × g, 5 min). The TBARS content was calculated as malondialdehyde equivalents by noting the absorbance of the mixture spectrophotometrically (Shimadzu UV-1700, Tokyo, Japan) at 532 nm followed by the subtraction of the absorbance recorded at 600 nm for further correction of non-specific turbidity.



Hydrogen Peroxide Content

The H2O2 content was calculated through a peroxidase-dependent essay as developed by Okuda et al. (1991) to estimate the oxidative imbalance in the salt-stressed lemongrass. The plant leaves were sampled and ground in perchloric acid. The subsequent solution was centrifuged and blended with peroxidase to commence the reaction. The optical density of the reaction mixture was noted for 3 min at 590 nm.




Lemongrass Defence System


Preparation of Enzyme Extract

The lemongrass leaves were cut and frozen with liquid nitrogen. The frozen leaves were crushed using a mortar and pestle into a powder which was mixed with an extraction solution (5 mL w/v) comprising potassium phosphate buffer (100 mM, pH 7.8), polyvinylpyrrolidone (1% w/v), and triton-X-100 (0.5% v/v). Afterward, the mixture was centrifuged (15,000 × g, 5 min, 4°C) and the supernatant was utilised to distinguish various antioxidants activities (Kuo et al., 1982).


Superoxide Dismutase Activity

The methods as developed by Beauchamp and Fridovich (1971) were followed to mark SOD (E.C. 1.15.1.1) activity. A reaction mixture (4 mL) of enzyme extract (0.1 mL) with riboflavin (1 mM), methionine (9.9 mM), triton-X-100 (0.02%), nitro blue tetrazolium (NBT, 55 mM), and EDTA (2 mM) was illuminated and sustained (30°C, 1 h). Later, the absorbance was noted at 560 nm and SOD activity was expressed as the amount needed to half inhibit the NBT reaction.



Catalase Activity

The CAT (E.C. 1.11.1.6) activity was assessed following a similar procedure as explained in our previous report (Mukarram et al., 2021d). A reaction mixture with enzyme extract (0.04 mL), potassium phosphate buffer (2.6 mL, 50 mM, pH 7), and H2O2 (0.4 mL, 15 mM) was prepared and centrifuged (12,500 × g, 20 min, 4°C). Later, CAT activity was calculated from H2O2 disappearance at 240 nm.



Peroxidase Activity

The activity of the POX (E.C. 1.11.1.7) enzyme was detected according to Kumar and Khan (1982). The enzymatic activity for POX was expressed as the conversion rate of pyrogallol to purpurogallin at 420 nm.




Proline Content

The osmolyte proline was quantified in lemongrass leaves using an earlier protocol (Bates et al., 1973). Fresh leaves (0.25 g) were chopped in sulfosalicylic acid (2.5 mL, 3%) and centrifuged (10,000 × g, 10 min), followed by water-bath boiling (100°C, 1 h) with a mixture of sulfosalicylic acid (2.5 mL), glacial acetic acid (1 mL), and acid ninhydrin solution (1 mL). The addition of toluene (3 mL) initiated chromophore generation whose absorbance was noted at 520 nm for proline estimation.




Determination of Growth Variables

The plant growth was assessed on three variables, i.e., plant height, dry weight, and leaf area. The dry weight was determined after drying the plant for 24 h in a hot-air oven at 80°C. The dried plants were then weighed using an electric balance.



Essential Oil Machinery


Geraniol Dehydrogenase Activity

Geraniol dehydrogenase (E.C. 1.1.1.183) is a key enzyme in essential oil biosynthesis in lemongrass plants. To address the impact of salinity on lemongrass oil biosynthesis machinery, GeDH activity was determined as described in our earlier experiment (Mukarram et al., 2021c). A reaction mixture (pH 7.5) was prepared by grounding lemongrass leaf tissue in tricine-NaOH, Polyclar AT, glycerol, and β-mercaptoethanol, thiourea. The geraniol dependent-NADP+ conversion was used as a marker for GeDH activity and was expressed in n katal mg–1 protein.



Essential Oil Productivity

The essential oil production was determined by the gravimetrical method developed by Guenther (1972). Fresh lemongrass leaves (100 g) were cut into tiny pieces and transferred to a flask attached to the Clevenger’s apparatus (Borosil, India). The cut leaves were boiled in DDW in the flask for 3 h using a heating mantle. The vapour formed contained the essential oil mixed with DDW. This vapour was cooled down using a condenser and captured into the receiver.




Statistical Analyses and Graphical Presentations

The normal distribution of the data was first tested for each treatment by the Shapiro–Wilk test. The homogeneity of variance among treatments was tested with Bartlett’s test. One-way analysis of variance (ANOVA) was used to test the salt effect on lemongrass growth, development, and productivity. Duncan’s multiple range post hoc test was used to determine the significance of differences among the treatments. Correlation analysis was used to analyse relationships between all parameters observed for control and four stress treatments. Principal component analysis was applied to measured parameters to explore the overall relationship between them and examine the positioning of the treatments within this system. All statistical analyses were conducted at the replicate level and α = 0.05 in SPSS-25.0 for Windows (SPSS, Inc., Chicago, IL, United States). Figure 2 was created with BioRender.com.
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FIGURE 2. Dissimilar response model of a lemongrass plant at low (A) and high (B) salt concentration. The upward arrows indicate upregulation while green downward arrows signify downregulation in the process. O2–, superoxide ion; H2O2, hydrogen peroxide content; CAT, catalase activity; POX, peroxidase activity; SOD, superoxide dismutase activity; GeDH, geraniol dehydrogenase activity; LEO, lemongrass essential oil.





EXPERIMENTAL RESULTS


Lemongrass Growth and Development Under Salt Stress

Lemongrass growth and development were compromised during all the salt concentrations. However, under slightly to moderate salinity (≤80 mM), lemongrass plants retained most of their height, biomass, and leaf area as compared to control plants (Figures 3A–C). The lemongrass retained about 89% of its height under moderate salinity whereas this percentage was observed to be about 90 and 88 for dry weight and leaf area measurements, respectively. Nevertheless, at the advent of the highly saline regime, plant height was reduced by 21% over the control. Similarly, dry weight and leaf area were restricted by 22 and 20% over the control under NaCl 160 mM. The maximised reduction in all the studied variables was observed with NaCl 240 mM including plant height (50%), dry weight (47%), and leaf area (43%) when compared with the control.


[image: image]

FIGURE 3. Growth parameters of lemongrass plant under the different salt regimes (0, 40, 80, 160, and 240 mM NaCl) depicting plant height (A), dry weight (B), and leaf area (C). Each bar represents mean ± SE (n = 3). Means followed by the same letter(s) do not differ by LSD test at 5% probability level (α = 0.05). The colors are just visual ques for readers to quickly distinguish between control and most stressed treatment.




Photosynthetic Machinery During Salinity

The chlorophyll content and chlorophyll fluorescence are important markers for the photosynthetic health of a plant. In the present study, the retarded growth traits were underpinned by collapsed photosynthesis in lemongrass leaves. The result showed significant downregulation in photosynthetic pigment and fluorescence with each salt concentration (Figures 4A,B). Nevertheless, chlorophyll content was diminished by about 43% over the control by NaCl 240 mM. The same treatment caused the maximised distortion of 27% in chlorophyll fluorescence over the control plants.


[image: image]

FIGURE 4. Impact of NaCl concentrations (0, 40, 80, 160, and 240 mM) on chlorophyll content (A) and maximum quantum efficiency of PSII photochemistry (B) of lemongrass plants. Each bar represents mean ± SE (n = 3). Means followed by the same letter(s) do not differ by LSD test at 5% probability level (α = 0.05). The colors are just visual ques for readers to quickly distinguish between control and most stressed treatment.




Lemongrass Gas Exchange and Salt Stress

Lemongrass gas exchange was determined in terms of net photosynthetic rate, stomatal conductance, and transpiration rate. Although a slightly saline regime (NaCl 40 mM) did not bring any significant (α = 0.05) changes in the net photosynthetic and transpiration rate, higher salt content restricted stomatal behaviour to a minimum (Figures 5A–C). The extremely saline regime, i.e., NaCl 240 mM limited PN by about 43% over the control while gs was reduced by about 45%. Similarly, the values for E were reduced by 27 and 56% with 160 mM and 240 mM of NaCl, respectively.
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FIGURE 5. The gas exchange response of lemongrass to NaCl concentrations (0, 40, 80, 160, and 240 mM) with the focus on net photosynthetic rate (A), stomatal conductance (B), and transpiration rate (C). Each bar represents mean ± SE (n = 3). Means followed by the same letter(s) do not differ by LSD test at 5% probability level (α = 0.05). The colors are just visual ques for readers to quickly distinguish between control and most stressed treatment.




Salt-Induced Oxidative Damage

The H2O2 and TBARS contents are the known marker for oxidative stress and lipid peroxidation and thus, in turn, cellular damage. Both H2O2 and TBARS contents were positively correlated with increasing salt concentrations allowing aggravated oxidative stress and lipid peroxidation with higher doses, e.g., 160 mM and 240 mM (Figures 6A,B). The highest accumulation of H2O2 and TBARS contents was caused by NaCl 240 mM application loosely followed by NaCl 160 mM.


[image: image]

FIGURE 6. Oxidative stress markers for assessing the salt-sensitivity in lemongrass plants. H2O2 content (A) and TBARS content (B) are depicted here. Each bar represents mean ± SE (n = 3). Means followed by the same letter(s) do not differ by LSD test at 5% probability level (α = 0.05). The colors are just visual ques for readers to quickly distinguish between control and most stressed treatment.




Lemongrass Defence System for Salt Tolerance

The innate defence system of lemongrass exhibited pronounced antioxidative activities to resist salt-induced oxidative shock. However, it is apparent from Figures 7A–C that the lemongrass antioxidative system was not enough to tolerate higher salinity levels (particularly 160 and 240 mM). Thus, plants suffered the severest and had the lowest growth and development during these treatments. The antioxidant system was most intensified during NaCl 240 mM with an increase of about 47, 43, and 47% in CAT, POX, and SOD activities, respectively, over the control.
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FIGURE 7. Lemongrass defence system and salinity stress. The activities of enzymatic antioxidants such as catalase (A), peroxidase (B), and superoxide dismutase (C), and the content of osmolyte proline (D) are depicted here. Each bar represents mean ± SE (n = 3). Means followed by the same letter(s) do not differ by LSD test at 5% probability level (α = 0.05). The colors are just visual ques for readers to quickly distinguish between control and most stressed treatment.


Parallel to enzymatic antioxidants, the osmolyte content rose with increasing salt severity. PRO, a key osmolyte, was quantified to appraise osmoprotection during salinity stress in the present experiment. Although each NaCl treatment produced magnified PRO content, the highest upgradation was brought by NaCl 240 mM application with an increase of about 122% in PRO content over the control (Figure 7D).



Essential Oil Machinery Under Salinity

The activity of GeDH, a key enzyme of the essential oil biosynthetic pathway in lemongrass, exhibited a differential response to saline treatments in comparison to earlier mentioned parameters. The salt concentrations of 40 and 80 mM slightly upregulated the enzyme activity by about 3 and 7%, respectively (Figure 8A). The upregulated enzyme increased essential oil content by about 8 and 17% (Figure 8B). Nevertheless, the higher salt concentrations (160 and 240 mM) reduced the enzyme activity by about 22 and 40%, respectively. The heavy restriction of NaCl 240 mM over the enzymatic profile pointed to the salt severity on the essential oil biosynthesis in lemongrass plants (Figures 8A,B).
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FIGURE 8. Lemongrass essential oil machinery under salinity stress. The impact of different salt concentrations (0, 40, 80, 160, and 240 mM) was observed on geraniol dehydrogenase (GeDH) activity (A) and essential oil content (B) of lemongrass plants. Each bar represents mean ± SE (n = 3). Means followed by the same letter(s) do not differ by LSD test at 5% probability level (α = 0.05). The colors are just visual ques for readers to quickly distinguish between control and most stressed treatment.


This was evident with the drop in essential oil content with salt severity. The reduced photosynthesis, development, and enzymatic activity compromised oil productivity in lemongrass. Therefore, the bottom values were obtained with NaCl 240 mM when it perished oil content by about 45% over the control.

Moreover, a strong correlation was observed among the studied parameters pertaining to the growth, development, and yield of lemongrass plants during all the five salt regimes. A heatmap (Figure 9) was drawn based on Pearson correlation values. All correlation pairings were significant (α = 0.05) except transpiration with geraniol dehydrogenase activity and transpiration with essential oil content. The correlation matrix revealed a strong dependency of lemongrass photosynthetic machinery upon the innate defence system (CAT, POX, SOD, and PRO) of the plant. Moreover, geraniol dehydrogenase activity and essential oil content correlate positively with photosynthetic machinery and negatively with the antioxidant defence system. Furthermore, principal component analysis (PCA) for the various parameters of growth, development, and productivity was carried out. The first two principal components captured 92% of total variability, thus further principal components were dismissed. PCA results showed similar covariance between the traits as shown in correlation analysis (Figure 10). The 95% confidence ellipses within the PCA scatterplot showed that there was no overlap between the treatments based on their overall performance (Figure 11). The treatment exposed to 80 mM (T2) is the only treatment entirely located in the third quadrant of the scatter plot (Figure 11). This position is driven by the high activity of GeDH, and high essential oil content coupled with high photosynthetic performance and growth (Figure 10).
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FIGURE 9. Pearson correlation index heatmap of all tested parameters under different saline regimes (0, 40, 80, 160, and 240 mM of NaCl). The positive correlation is shown with blue colour while the red colour represents a negative correlation. Non-significant correlations at α = 0.05 are excluded from the heatmap. DW, dry weight; PH, plant height; LA, leaf area; CHL, chlorophyll content; GS, stomatal conductance; E, transpiration rate; Pn, net photosynthetic rate; Fv/Fm, quantum yield; H2O2, hydrogen peroxide content; TBARS, thiobarbituric acid reactive substances content; CAT, catalase activity; POX, peroxidase activity; SOD, superoxide dismutase activity; PRO, proline content; GEDH, geraniol dehydrogenase activity; EO, essential oil content.



[image: image]

FIGURE 10. PCA variables factor map of all tested parameters and all five treatments. DW, dry weight; PH, plant height; LA, leaf area; CHL, chlorophyll content; GS, stomatal conductance; E, transpiration rate; Pn, net photosynthetic rate; Fv/Fm, quantum yield; H2O2, hydrogen peroxide content; TBARS, thiobarbituric acid reactive substances content; CAT, catalase activity; POX, peroxidase activity; SOD, superoxide dismutase activity; PRO, proline content; GEDH, geraniol dehydrogenase activity; EO, essential oil content.
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FIGURE 11. PCA scatter plot with centroids and 95% confidence ellipses. Principal components were derived from all tested parameters and treatments. C, 0 mM NaCl; T1, 40 mM NaCl; T2, 80 mM NaCl; T3, 160 mM NaCl; T4, 240 mM NaCl.





DISCUSSION

Soil salinity is an acute threat that is continuously claiming irrigable lands around the globe (Qadir et al., 2014). Nevertheless, the damaging effects of salinity can vary depending on its concentration and plant adaptability (Munns and Tester, 2008). Considering a growing market for lemongrass and its essential oil (Haque et al., 2018; Mukarram et al., 2021a,b), the present experiment traces the salt-sensitivity of lemongrass and the efficacy of its defence system against salinity.


Lemongrass Growth and Salinity

Lemongrass growth was determined in terms of plant height, dry weight, and leaf area. All the salt treatments (40, 80, 160, and 240 mM of NaCl) reduced plant height, dry weight, and leaf area in a dose-dependent manner where the highest salt concentration posed the severest damage. Although the damage occurred in the height and dry weight of the plant at slightly and moderate salinity, the reduction was below 20%. Moderate resistance of lemongrass under salinity stress reflected in stable biomass production was also observed by Ullah et al. (2020). However, with the advent of high and extreme salinity, the height and dry weight of the plant was restricted up to 50%. Similar implications of salinity were observed in many other crops including rice (Kibria et al., 2017), wheat (Saddiq et al., 2021), barley (Zeeshan et al., 2020), maize (Hessini et al., 2019), tomato (Diouf et al., 2018), and potato (Chourasia et al., 2021).



Salt Implications on Lemongrass Physiology and Its Feedback Mechanism

Salt stress can restrict photosynthesis and associated phenomena that stunts growth and plant development. Photosynthetic retardation is supported by multiple stomatal and non-stomatal restrictions (Kiani-Pouya et al., 2020; Pan et al., 2020). It was noticed that lemongrass, like many other glycophytes, closed their stomata during high (NaCl 160 mM) and extreme (NaCl 240 mM) salinity as a feedback mechanism to minimise the transpiration loss. Nevertheless, it seems pertinent that extended stomatal closure would reduce carbon dioxide intake and, subsequently, carbon assimilation. Similar implications were observed in the present experiment where growing salinity menaced PN and E in lemongrass plants. Furthermore, salt-affected lemongrass plants might have higher chlorophyllase activity inhibiting chlorophyll biosynthesis and altering chloroplast ultrastructure through oxidative peroxidation (Flexas et al., 2004; Chaves et al., 2009; Gupta and Pandey, 2020). Further, higher ROS content could also have detrimental effects on lemongrass photosynthetic machinery through an intricate signalling pathway (Foyer, 2018). This might have resulted in reduced chlorophyll content and chlorophyll fluorescence as was observed during different salt regimes.

Increasing salt concentrations in the rhizosphere can limit water and mineral uptake and create an osmotic imbalance. The plant chooses its survival over the growth during inefficient water and nutrient uptake. To achieve osmotic balance, plants direct the energy acquired (from nutrients, water, and photosynthates) to accelerate the production of osmolytes including proline, soluble sugars, polyamines, etc.

Additionally, a general trend of elicitation was noticed in CAT, POX, and SOD activities along with PRO content. The upregulated antioxidant profile and osmolyte during stress is a common defence mechanism in many plants to render enhanced protection against stress-induced oxidative and osmotic damage (Das and Roychoudhury, 2014; Foyer, 2018; Noctor et al., 2018). In addition to salinity stress, higher CAT activity in Lemongrass was also observed during drought (Mirzaei et al., 2020), heavy metal stress (Patra et al., 2019), and seasonal heat (Aziz et al., 2014). Moreover, lemongrass exposed to soil salinity stress increased its SOD activity (Rehman et al., 2022). Similarly, an increase in PRO content in lemongrass was observed under heavy metal stress and drought (Patra et al., 2019; Mirzaei et al., 2020).



Salinity and Essential Oil Biosynthesis

Since lemongrass oil has antioxidant and antibiological activities, its oil concentration usually rises as a defence mechanism at the onset of a stressful environment (Singh and Anwar, 1985; Mirzaei et al., 2020; Mukarram et al., 2021b). A similar trend was observed during slightly (40 mM) and moderately (NaCl 80 mM) saline treatments even though the differences were not significant. However, at higher salt concentrations (NaCl 160 and 240 mM), LEO machinery might have been exhausted, as evident by the noticeable decrease in lemongrass oil over the control. Similarly, exposure of lemongrass to 150 mM NaCl led to a significant reduction of essential oil content in two cultivars (Idrees et al., 2011). The transcripts related to LEO biosynthesis such as CfADH1, CfADH2a-b, CfAAT3, and CfALDH, are responsible for GeDH activity (Meena et al., 2016). Since the GeDH enzyme influences the essential oil biosynthesis in lemongrass, it is feasible to assume these transcripts were downregulated under increased salinity resulting in reduced GeDH activity as we observed with 160 and 240 mM of NaCl. The downgraded enzyme activity can relate to the decreased essential oil content obtained in the present study during the extreme salt regime. However, the essential oil productivity during moderate salinity suggests a viable LEO machinery.

Figure 2 presents the comprehensive understanding of the salt-sensitivity of lemongrass plants devised during the present study. The salt concentration of 80 mM or below imposes photosynthetic restrictions in the plant, however, the closing of stomata, antioxidant activity, and essential oil production are elicited. Lower NaCl concentrations (≤80 mM) induce oxidative stress through ROS accumulation, however, lemongrass antioxidants are also overexpressed at this point for ROS scavenging. This discourages further stress build-up and aids cellular homoeostasis (Figure 2A). On the other hand, higher salinity (≥NaCl 160 mM) compromises photosynthetic assembly and essential oil biosynthesis which result in reduced photosynthates and oil production. Furthermore, extremely low transpiration rate and stomatal conductance seem to have active participation in the salt-induced productivity loss. Although antioxidants were highly active at higher salt concentrations, the accumulated H2O2 and TBARS content suggest an inefficient defence system in lemongrass during higher salt concentrations (Figure 2B).




CONCLUSION

The acute threat of salinity stress is ever-present. Depending on the severity, it poses a reduction in crop growth, development, and productivity, or plant death. Further, different crops respond to salinity differently as a product of their susceptibility. Given the commercial importance of lemongrass, the present experiment was conducted to explore the susceptibility level of lemongrass plants to different salt severities. The result of the study suggests that the lemongrass is a “moderately salt-sensitive” crop. Metabolomic approaches revealed that it can maintain growth and essential oil synthesis under moderate salinity stress (NaCl 80 mM) via upregulation in ROS and antioxidants metabolism. Nevertheless, higher salinity stress (≥NaCl 160 mM) inhibits photosynthesis due to PSII retardation and lowers chlorophyll regeneration in addition to restricting stomatal conductance. Furthermore, the innate defence system of the plant comprising CAT, POX, and SOD antioxidants and osmolyte PRO also struggles to render an efficient antioxidative defence and osmoprotection amidst ROS overaccumulation. This leads to significantly lower growth and essential oil accumulation. Further, the authors suggest the lemongrass for reclamation of saline lands considering that the other members of the Poaceae family are more sensitive to salinity and cannot grow well in such areas. The salinity tolerance threshold of major crops such as rice (30 mM), wheat (60 mM), barley (60 mM), sorghum (65–70 mM), sugarcane (15–20 mM), and maize (15–20 mM) is significantly lower than the lemongrass (80 mM) (Maas and Grattan, 1999). Additionally, the lemongrass holds a special reference to the Indian economy given the exponential growth in lemongrass export (>1250%) within the past two decades (Mukarram et al., 2021b). Therefore, further studies could be relevant in extending the cultivation of lemongrass crops in reclaiming the salt-affected lands (≤80 mM).



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

MK: conceptualisation, validation, supervision, and project administration. MM and MK: methodology. MM and PP: software and formal analysis. MM and AZ: investigation. DK and MK: resources, writing – review and editing, visualisation, and funding acquisition. MM, AZ, and PP: data curation and writing – original draft preparation. All authors have read and agreed to the published version of the manuscript.



FUNDING

MM was supported by the Slovak Research and Development Agency number APVV-19-0035. DK was supported from the Slovak Grant Agency for Science, No. VEGA 1/0535/20.



ACKNOWLEDGMENTS

We acknowledge Farheen Anjum (Department of English, AMU, Aligarh) for her kind help with the visual representation of the data and Saif Ali Khan (Department of Statistics and Operations Research, AMU, Aligarh) for his kind assistance with the data analyses in the earlier version of the manuscript. MM thanks NSP (SAIA), Slovakia for financing his research stay in Slovakia.



REFERENCES

Aftab, K., Ali, M., Aijaz, P., Beena, N., Gulzar, H. J., Sheikh, K., et al. (2011). Determination of different trace and essential element in lemon grass samples by x-ray fluorescence spectroscopy technique. Int. Food Res. J. 18, 265–270.

Ashraf, M. (2009). Biotechnological approach of improving plant salt tolerance using antioxidants as markers. Biotechnol. Adv. 27, 84–93. doi: 10.1016/j.biotechadv.2008.09.003

Aziz, A., Wahid, A., and Farooq, M. (2014). Leaf age and seasonality determines the extent of oxidative stress and induction of antioxidants in lemongrass. Pak. J. of Agric. Sci. 51, 657–664.

Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1007/BF00018060

Beauchamp, C., and Fridovich, I. (1971). Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem. 44, 276–287. doi: 10.1016/0003-2697(71)90370-8

Cakmak, I., and Horst, W. J. (1991). Effect of aluminium on lipid peroxidation, superoxide dismutase, catalase, and peroxidase activities in root tips of soybean (Glycine max). Physiol. Plant. 83, 463–468. doi: 10.1111/j.1399-3054.1991.tb00121.x

Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551–560. doi: 10.1093/aob/mcn125

Chourasia, K. N., Lal, M. K., Tiwari, R. K., Dev, D., Kardile, H. B., Patil, V. U., et al. (2021). Salinity stress in potato: understanding physiological, biochemical and molecular responses. Life 11:545. doi: 10.3390/LIFE11060545

Das, K., and Roychoudhury, A. (2014). Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers during environmental stress in plants. Front. Environ. Sci. 2:53. doi: 10.3389/fenvs.2014.00053

Dhinesh, B., Lalvani, J. I. J., Parthasarathya, M., and Annamalaia, K. (2016). An assessment on performance, emission and combustion characteristics of single cylinder diesel engine powered by Cymbopogon flexuosus biofuel. Energy Convers. Manag. 117, 466–474. doi: 10.1016/j.enconman.2016.03.049

Diouf, I. A., Derivot, L., Bitton, F., Pascual, L., and Causse, M. (2018). Water deficit and salinity stress reveal many specific QTL for plant growth and fruit quality traits in tomato. Front. Plant Sci. 9:279. doi: 10.3389/FPLS.2018.00279

Flexas, J., Bota, J., Loreto, F., Cornic, G., and Sharkey, T. D. (2004). Diffusive and metabolic limitations to photosynthesis under drought and salinity in C3 plants. Plant Biol. 6, 269–279. doi: 10.1055/S-2004-820867/ID/90

Flowers, T. J., and Colmer, T. D. (2008). Salinity tolerance in halophytes. New Phytol. 179, 945–963. doi: 10.1111/j.1469-8137.2008.02531.x

Foyer, C. H. (2018). Reactive oxygen species, oxidative signaling and the regulation of photosynthesis. Environ. Exp. Bot. 154, 134–142. doi: 10.1016/j.envexpbot.2018.05.003

Gaba, J., Bhardwaj, G., and Sharma, A. (2020). “Lemongrass,” in Antioxidants in Vegetables and Nuts - Properties and Health Benefits, eds G. S. Nayik and A. Gull (Singapore: Springer).

Guenther, E. (1972). The essential oils: history, origin in plants, production. Analysis 1, 147–151.

Gupta, S., and Pandey, S. (2020). Enhanced salinity tolerance in the common bean (Phaseolus vulgaris) plants using twin ACC deaminase producing rhizobacterial inoculation. Rhizosphere 16:100241. doi: 10.1016/J.RHISPH.2020.100241

Haque, A. N. M. A., Remadevi, R., and Naebe, M. (2018). Lemongrass (Cymbopogon): a review on its structure, properties, applications and recent developments. Cellulose 25, 5455–5477. doi: 10.1007/s10570-018-1965-2

Hessini, K., Issaoui, K., Ferchichi, S., Saif, T., Abdelly, C., Siddique, K. H., et al. (2019). Interactive effects of salinity and nitrogen forms on plant growth, photosynthesis and osmotic adjustment in maize. Plant Physiol. Biochem. 139, 171–178. doi: 10.1016/J.PLAPHY.2019.03.005

Idrees, M., Naeem, M., Aftab, T., and Khan, M. (2011). Salicylic acid mitigates salinity stress by improving antioxidant defence system and enhances vincristine and vinblastine alkaloids production in periwinkle [Catharanthus roseus (L.) G. Don]. Acta Physiol. Plant. 33, 987–999.

Kiani-Pouya, A., Rasouli, F., Rabbi, B., Falakboland, Z., Yong, M., Chen, Z. H., et al. (2020). Stomatal traits as a determinant of superior salinity tolerance in wild barley. J. Plant Physiol. 245:153108. doi: 10.1016/J.JPLPH.2019.153108

Kibria, M. G., Hossain, M., Murata, Y., and Hoque, M. A. (2017). Antioxidant defense mechanisms of salinity tolerance in rice genotypes. Rice Sci. 24, 155–162. doi: 10.1016/J.RSCI.2017.05.001

Kumar, K. B., and Khan, P. (1982). Peroxidase and polyphenol oxidase in excised ragi (Eleusine corocana cv PR 202) leaves during senescence. Indian J. Exp. Biol. 20, 412–416.

Kuo, T. M., Warner, R. L., and Kleinhofs, A. (1982). In vitro stability of nitrate reductase from barley leaves. Phytochemistry 21, 531–533. doi: 10.1016/0031-9422(82)83134-8

Maas, E. V., and Grattan, S. R. (1999). Crop yields as affected by salinity. Agricultural Drainage 38, 55–108.

Machado, R., and Serralheiro, R. (2017). Soil salinity: effect on vegetable crop growth. management practices to prevent and mitigate soil salinization. Horticulturae 3:30. doi: 10.3390/horticulturae3020030

Meena, S., Kumar, S. R., Venkata Rao, D. K., Dwivedi, V., Shilpashree, H. B., Rastogi, S., et al. (2016). De novo sequencing and analysis of lemongrass transcriptome provide first insights into the essential oil biosynthesis of aromatic grasses. Front. Plant Sci. 7:1129. doi: 10.3389/fpls.2016.01129

Mirzaei, M., Moghadam, L. A., Hakimi, L., and Danaee, E. (2020). Plant growth promoting rhizobacteria (PGPR) improve plant growth, antioxidant capacity, and essential oil properties of lemongrass (Cymbopogon citratus) under water stress. Iran. J. Plant Physiol. 10, 3155–3166.

Mukarram, M., Khan, M. M. A., Zehra, A., Choudhary, S., Naeem, M., and Aftab, T. (2021a). “Biosynthesis of lemongrass essential oil and the underlying mechanism for its insecticidal activity,” in Medicinal and Aromatic Plants, eds T. Aftab and K. R. Hakeem (Cham: Springer).

Mukarram, M., Choudhary, S., Khan, M. A., Poltronieri, P., Khan, M. M. A., Ali, J., et al. (2021b). Lemongrass essential oil components with antimicrobial and anticancer activities. Antioxidants 11:20. doi: 10.3390/antiox11010020

Mukarram, M., Khan, M., Uddin, M., and Corpas, F. J. (2021c). Irradiated chitosan (ICH): an alternative tool to increase essential oil content in lemongrass (Cymbopogon flexuosus). Acta Physiol. Plant. 44, 1–15. doi: 10.1007/S11738-021-03335-W

Mukarram, M., Khan, M. M. A., and Corpas, F. J. (2021d). Silicon nanoparticles elicit an increase in lemongrass (Cymbopogon flexuosus (Steud.) Wats) agronomic parameters with a higher essential oil yield. J. Hazard. Mater. 412:125254. doi: 10.1016/j.jhazmat.2021.125254

Mukarram, M., Choudhary, S., Kurjak, D., Petek, A., and Khan, M. M. A. (2021e). Drought: sensing, signalling, effects and tolerance in higher plants. Physiol. Plant. 172, 1291–1300. doi: 10.1111/ppl.13423

Mukarram, M., Mohammad, F., Naeem, M., and Khan, M. (2021f). “Exogenous gibberellic acid supplementation renders growth and yield protection against salinity induced oxidative damage through upregulating antioxidant metabolism in fenugreek (Trigonella foenum-graecum L.),” in Fenugreek, (Singapore: Springer).

Munns, R. (2002). Comparative physiology of salt and water stress. Plant Cell Environ. 25, 239–250. doi: 10.1046/j.0016-8025.2001.00808.x

Munns, R. (2005). Genes and salt tolerance: bringing them together. New Phytol. 167, 645–663. doi: 10.1111/j.1469-8137.2005.01487.x

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681.

Munns, R., James, R. A., and Läuchli, A. (2006). Approaches to increasing the salt tolerance of wheat and other cereals. J. Exp. Bot. 57, 1025–1043. doi: 10.1093/jxb/erj100

Negrão, S., Schmöckel, S. M., and Tester, M. (2017). Evaluating physiological responses of plants to salinity stress. Ann. Bot. 119, 1–11. doi: 10.1093/aob/mcw191

Noctor, G., Reichheld, J. P., and Foyer, C. H. (2018). ROS-related redox regulation and signaling in plants. Semin. Cell Dev. Biol. 80, 3–12. doi: 10.1016/J.SEMCDB.2017.07.013

Okuda, T., Matsuda, Y., Yamanaka, 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

Pan, T., Liu, M., Kreslavski, V. D., Zharmukhamedov, S. K., Nie, C., Yu, M., et al. (2020). Non-stomatal limitation of photosynthesis by soil salinity. Crit. Rev. Environ. Sci. Technol. 51, 791–825. doi: 10.1080/10643389.2020.1735231

Patra, D. K., Pradhan, C., and Patra, H. K. (2019). Chromium bioaccumulation, oxidative stress metabolism and oil content in lemon grass Cymbopogon flexuosus (Nees ex Steud.) W. Watson grown in chromium rich over burden soil of Sukinda chromite mine, India. Chemosphere 218, 1082–1088.

Pitman, M. G., and Läuchli, A. (2002). “Global impact of salinity and agricultural ecosystems,” in Salinity: Environment - Plants - Molecules, eds A. Läuchli and U. Lüttge (Dordrecht: Kluwer Academic Publishers).

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R., et al. (2014). Economics of salt-induced land degradation and restoration. Nat. Resour. Forum 38, 282–295. doi: 10.1111/1477-8947.12054

Rehman, Z., Hussain, A., Saleem, S., Khilji, S. A., and Sajid, Z. A. (2022). Exogenous application of salicylic acid enhances salt stress tolerance in lemongrass (Cymbopogon flexuosus Steud. Wats)’, Pak. J. Bot. 54, 371–378.

Richard, L. A. (1954). Diagnosis and Improvement of Saline and Alkali Soils. Agriculture Handbook No. 60. Washington StateDC: United States Department of Agriculture.

Saddiq, M. S., Iqbal, S., Hafeez, M. B., Ibrahim, A. M., Raza, A., Fatima, E. M., et al. (2021). Effect of salinity stress on physiological changes in winter and spring wheat. Agronomy 11:1193. doi: 10.3390/AGRONOMY11061193

Sathiyamoorthi, R., and Sankaranarayanan, G. (2016). Effect of antioxidant additives on the performance and emission characteristics of a DICI engine using neat lemongrass oil–diesel blend. Fuel 174, 89–96. doi: 10.1016/j.fuel.2016.01.076

Shabala, S., and Cuin, T. A. (2008). Potassium transport and plant salt tolerance. Physiol. Plant. 133, 651–669. doi: 10.1111/j.1399-3054.2007.01008.x

Singh, D. V., and Anwar, M. (1985). Effect of soil salinity on herb and oil yield and quality of some Cymbopogon species-Indian Journals. J. Indian Soc. Soil Sci. 33, 362–365. doi: 10.1002/ldr.853

Ullah, M. A., Rasheed, M., and Ishtiaq Hyder, S. (2020). Medicinal plant lemon grass (Cymbopogon citratus) growth under salinity and sodicity. KJFHC 6, 9–15. doi: 10.13106/kjfhc.2020.vol6.no1.9

USSL (2005). George E. Brown, Jr Salinity Laboratory’. Riverside, StateCA: USSL.

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

Venkatesan, E. P., Kandhasamy, A., Subramani, L., Sivalingam, A., and Kumar, A. S. (2019). Experimental investigation on lemongrass oil water emulsion in low heat rejection direct ignition diesel engine. J. Test. Eval. 47, 238–255. doi: 10.1520/JTE20170357

Widodo, Patterson, J. H., Newbigin, E., Tester, M., Bacic, A., and Roessner, U. (2009). Metabolic responses to salt stress of barley (Hordeum vulgare L.) cultivars, Sahara and Clipper, which differ in salinity tolerance. J. Exp. Bot. 60, 4089–4103. doi: 10.1093/jxb/erp243

Zeeshan, M., Lu, M., Sehar, S., Holford, P., and Wu, F. (2020). Comparison of biochemical, anatomical, morphological, and physiological responses to salinity stress in wheat and barley genotypes deferring in salinity tolerance. Agronomy 10:127.

Zeng, L., and Shannon, M. C. (2000). Salinity effects on seedling growth and yield components of rice. Crop Sci. 40, 996–1003.

Zörb, C., Geilfus, C. M., and Dietz, K. J. (2019). Salinity and crop yield. Plant Biol. 21, 31–38. doi: 10.1111/plb.12884


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

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.

Copyright © 2022 Mukarram, Khan, Zehra, Petrik and Kurjak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 16 June 2022
doi: 10.3389/fpls.2022.863069





[image: image]

Evaluating Variation in Germination and Growth of Landraces of Barley (Hordeum vulgare L.) Under Salinity Stress

Jonathan E. Cope1,2*, Gareth J. Norton3, Timothy S. George1* and Adrian C. Newton1

1The James Hutton Institute, Dundee, United Kingdom

2Department of Crop Production Ecology, Swedish University of Agricultural Sciences, Uppsala, Sweden

3School of Biological Sciences, University of Aberdeen, Aberdeen, United Kingdom

Edited by:
Loredana F. Ciarmiello, University of Campania Luigi Vanvitelli, Italy

Reviewed by:
Mohamed Magdy F. Mansour, Ain Shams University, Egypt
Edith Taleisnik, Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina

*Correspondence: Jonathan E. Cope, jonathan.cope@slu.se; Timothy S. George, tim.george@hutton.ac.uk

Specialty section: This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science

Received: 26 January 2022
Accepted: 30 May 2022
Published: 16 June 2022

Citation: Cope JE, Norton GJ, George TS and Newton AC (2022) Evaluating Variation in Germination and Growth of Landraces of Barley (Hordeum vulgare L.) Under Salinity Stress. Front. Plant Sci. 13:863069. doi: 10.3389/fpls.2022.863069

Ongoing climate change is resulting in increasing areas of salinity affected soils, rising saline groundwater and droughts resulting in irrigation with brackish water. This leads to increased salinity stress in crops that are already grown on marginal agricultural lands, such as barley. Tolerance to salinity stress is limited in the elite barley cultivar pools, but landraces of barley hold potential sources of tolerance due to their continuous selection on marginal lands. This study analyzed 140 heritage cultivars and landrace lines of barley, including 37 Scottish Bere lines that were selected from coastal regions, to screen for tolerance to salinity stress. Tolerance to salinity stress was screened by looking at the germination speed and the early root growth during germination, and the pre-maturity biomass accumulation during early growth stages. Results showed that most lines increased germination time, and decreased shoot biomass and early root growth with greater salinity stress. Elite cultivars showed increased response to the salinity, compared to the landrace lines. Individual Bere and landrace lines showed little to no effect of increased salinity in one or more experiments, one line showed high salinity tolerance in all experiments—Bere 49 A 27 Shetland. A Genome Wide Association Screening identified a number of genomic regions associated with increased tolerance to salinity stress. Two chromosomal regions were found, one associated with shoot biomass on 5HL, and another associated with early root growth, in each of the salinities, on 3HS. Within these regions a number of promising candidate genes were identified. Further analysis of these new regions and candidate genes should be undertaken, along with field trials, to identify targets for future breeding for salinity tolerance.

Keywords: barley landraces, Hordeum vulgare, Bere barley, genetic diversity, salinity tolerance


INTRODUCTION

Saline soils are soils that have accumulated salt beyond a critical level, while sodic soils are soils with high levels of exchangeable sodium ions and can be accompanied with excess salt (Osman, 2018). The FAO (2015) estimate that 6.5% of land around the world are salt-affected, of which over half are sodic soils. One cause of salinity in soil is the practice of irrigation with brackish waters, causing a steady build-up of salt through evaporation (Ayars et al., 1993; Umali, 1993; Wei et al., 2018). Salt build-up in non-irrigated soils is called dryland salinity, occurring through wind dispersal or rising saline groundwater tables leaving deposits of salt that cannot be washed away by leaching and runoff. Dryland salinity can be due to natural fluctuations (primary salinity), or man-made through vegetation clearing (secondary salinity); (Pannell and Ewing, 2006; McFarlane et al., 2016; Akter, 2017). Coastal incursion of saline water into groundwater is also a problem, particularly in areas prone to sea-level rise. All these causes of salinity are likely to increase with man-made climate change due to the increase in need for irrigation, impacts on natural vegetation and rising sea levels, respectively (Paranychianakis and Chartzoulakis, 2005; Rengasamy, 2006; Barbieri et al., 2020) particularly in arid regions (Corwin, 2021).

High levels of soil salinity have a dual negative effect in plants, like most elements there is an ionic effect, but in addition there is an osmotic effect in soils that decreases the ability for roots to take up water, simulating aspects of osmotic stresses found due to drought (Munns and Tester, 2008). The osmotic stress is rapid, occurring within minutes, and results in the decreased growth of new shoots, along with slower emergence of leaves and lateral buds. Ionic toxicity is caused when salt accumulates in the plant tissue to toxic levels. This is a slower effect, occurring over multiple days, and causes an increased rate of senescence in the older leaves (Munns, 2002; Munns and Tester, 2008; Roy et al., 2014). Ionic toxicity plays a role in the interaction with other nutrients due to specific ion toxicity. This is where increased levels of ions, such as Na+, compete with essential nutrients for uptake and metabolism in the plant, potentially causing a deficiency in nutrients such as P, N, Ca, and K (Parihar et al., 2015). Saline and sodic soils are also associated with limited micronutrient solubility, resulting in an interaction that increases the deficiency of micronutrients such as Cu, Fe, Zn, Mo, and Mn (Grattan and Grieve, 1998), with the application of these micronutrients helping alleviate some of the salinity stress (Pandya et al., 2005; Pérez-Labrada et al., 2019; Noreen et al., 2021). As a result of the different types of stresses produced by saline conditions, there are different mechanisms of resistance. The three broad categories of resistance are: the exclusion of Na ions from the leaf tissue to prevent ionic stress, the tolerance to osmotic stress, and the tolerance to ionic stress, such as Na ions build-up in the leaf tissue, through methods such as compartmentalization into the vacuole (Munns and Tester, 2008).

Due to lack of economically practical screening methods, and the fact that salinity tolerance is a highly complex trait composed of resistance to both ionic and osmotic stress, conventional breeding for salinity tolerance in barley is limited. Additional problems arise in the differential result, and possibly mechanism, of resistance between salinity tolerance in seedling and germination, and between hydroponic and soil systems.

The continuous growth of landraces on marginal soils, can potentially be a valuable source of genetic material for tolerances against abiotic stresses. One of the most common abiotic constraints is drought, affecting large regions of low rainfall areas that depend on rain-fed water application, in both more and less economically developed countries. Landraces have been a large source of drought tolerance in arid regions such as Ethiopia (Abera, 2009), Namibia (Ben Naceur et al., 2012), Tunisia (Dbira et al., 2018), and particularly in the region of the fertile crescent such as Syria (Grando et al., 2001), Iran (Pour Aboughadareh et al., 2013), and Jordan (Haddadin, 2015). Prolonged drought stress events in otherwise water adequate environments is an alternative, but related, water deficient stress; landraces from the Mediterranean region have shown a tolerance that could be utilized (Comadran et al., 2007). Like drought, salinity stress can manifest as an osmotic stress, and thus likely has overlapping mechanisms of tolerance. Similarly, landraces that express tolerance to salinity stress have been specifically identified in populations from Morocco (El Madidi et al., 2004), Oman (Jaradat et al., 2004), Egypt (Elsawy et al., 2018), and Syria (Kalaji et al., 2011), along with an Algerian landrace (Karakousis et al., 2003; Hayes and Reid, 2004; Widodo et al., 2009).

The Scottish landrace ‘Bere’ has been grown on predominately marginal lands for, at least, the last half millennia, and currently is grown on the highlands and islands of Scotland (Jarman, 1996), mainly in soils in coastal zones. Bere barley is generally referred to as a single variety and is often shown to have different, sometimes conflicting, phenotypes (Wright et al., 2002; Scholten et al., 2004; Newman and Newman, 2006; Martin et al., 2008). Though it has been shown by Southworth (2007) that Bere barley contains large diversity. In that study, 29 microsatellite markers showed that there is significant genetic variance between the three island groups of the Shetland, Orkney, and Western Isles and this genetic variance was further validated using a 50 K SNP array (Schmidt et al., 2019). It was suggested that this clustering is due to the lack of historical seed trade between the island groups, but also suggested that it could be due to adaptation to the differing environments between the islands. This diversity manifests as differing phenotypic traits with regards to both biotic and abiotic stresses, potentially differing due to unique nutrient deficiencies and toxicities found in the different environments of the islands farming area. This collection had not previously been screened for salt tolerance and thus the potential of this genetic material remained undiscovered.

Recent advancements in genotyping have allowed for the identification of quantitative trait loci (QTLs) and the use of marker assisted breeding (Mano and Takeda, 1997; Tavakkoli et al., 2010; Zhou et al., 2012; Ashraf and Foolad, 2013). These tools have the potential to identify regions associated with salinity tolerance from sources such as tolerant landraces (Newton et al., 2010; Allel et al., 2016; Dwivedi et al., 2016). For example, QTLs were found in a Chinese landrace by Xu et al. (2012), as well as the potential loci found in wild varieties of barley (Nevo and Chen, 2010), both showing associations with increased salinity tolerance in barley. To date (Kumar et al., 2020), the major QTLs for salinity tolerance have been found on 1HL (Rivandi et al., 2011), 2HS (Xu et al., 2012; Gill et al., 2019), 7HS (Shavrukov et al., 2013). Despite this, very few genes have been incorporated into commercial breeding lines, and salinity stress still remains a global problem (Asif et al., 2019). This, together with the complexities of salinity stress, highlights the need to identify a number of different tolerance mechanisms that can be used in breeding salinity tolerant lines for climate resistant crops. Additionally, tolerances at different stages do not necessarily correlate, with temperate cereal crops showing higher sensitivity to salinity during emergence and early seedling growth (Maas and Hoffman, 1977).

The aims of this study were to identify Bere and other landrace lines that are able to maintain germination and biomass when grown in saline growth media. This data was used along with the genotypic data to identify genomic regions associated with this trait using genome-wide association study (GWAS). These regions were then searched for encoded candidate genes that have a putative function associated with salinity tolerance. The goal of this project was to identify candidate genes for future characterization and possible incorporation into commercial breeding programs to breed for barley crops that are better able to tolerate increasing saline conditions as a result of climate change.



MATERIALS AND METHODS


Barley Material Preparation

A total of 140 lines (Supplementary Table 1) from The James Hutton Institute (Dundee, United Kingdom) Heritage Spring Barley Landrace Collection (JHI-SBLC) were selected, with original seed selections predominantly originating from the JIC-GRU (John Innes Centre Germplasm Resources Unit) or SASA (Science and Advice for Scottish Agriculture) collections. This contained landraces, including 37 Bere lines, and other heritage cultivars. The lines were multiplied in glasshouse conditions as outlined in Cope et al. (2021). The lines were also categorized into two sub-categories of; Bere lines consisting of all the lines labeled as Beres, and “other landraces” consisting of the other landrace lines and the old varieties included in the collection. These categories were used to compare against each other and against the elite cultivars that were grouped into a third sub-category.



Shoot Biomass Growth Screen

For practical reasons due to the scale of this experiment the four replicates of the 140 landrace lines in three composts with differing NaCl levels were split into eight individual trials. Each trial was comprised of one replicate of half the landrace lines, a total of 70, along with the five elite cultivars (Concerto, Optic, Propino, Wagon, and Westminster), grown in all three compost concentrations (0, 50, and 100 mmol/kg NaCl). Each line was used in a total of four trials, the elite cultivars were used in all eight. The trials were designed so that each line occurs in the same trial with most other lines, with nearly 60% of all line pairs occurring.

For each experimental trial the 70 lines and the five elite cultivars, 10 seeds were germinated on water agar, for 3 days at room temperature. Nine batches of universal compost—made as outlined in Cope et al. (2020)—were weighed out to 15 kg each and amended with three salt concentrations of 0, 50, and 100 mmol/kg NaCl (0, 43.8, and 87.7 g per batch, respectively). The 45 kg of each compost concentration was then distributed into 75 12.7 cm × 12.7 cm pots (1,200 cc). One seedling from each line/cultivar was then transplanted to one pot of each of the three salt concentrations of compost, randomized and arranged into five blocks of 45 pots.

Trials were grown in a climate-controlled glasshouse with a day/night temperature of 15/18°C and supplementary lighting (at 200 μmol quanta m–2 s–1) provided when light intensity was less than 200 W m–2 and shading when above 450 Wm–2 to give a day length of 16 h [as outlined in Cope et al. (2021)]. Relative humidity was not controlled. Plants were grown between Aug-Nov 2016, approximately 2 weeks apart in trial number order. After approximately 70 days of growth the individual plants were harvested by cutting the shoots at the surface of the soil. Each plant had measurements taken of its longest tiller for length, number of tillers, the number of ears (if heading), and then was weighed and dried in a drying oven at 50°C for 4 days.



Germination and Early Root Growth Screen

Water agar with NaCl concentrations of 0, 100, and 200 mmol/l was made by mixing 0, 5.8, and 11.6 g of NaCl to one liter, respectively. This was then spread over fifteen 140 mm Petri dishes and allowed to cool.

A selection of 135 lines (listed in Supplementary Table 1) were arranged over the 15 plates for each of the three salt concentrations, using one seed per line. The seeds were arranged near the edge of the dish 36° apart, with nine lines per dish. One of the five elite cultivars was placed remaining space in each, resulting in three times as many reps of the elite cultivars than the other lines. These were kept in a growth cabinet at 17°C, covered to exclude light, for 7 days. The germination and coleoptile emergence status was recorded every 12 h. Pictures of the root growth were taken every 24 h from day 2, and measured using ImageJ software. This was repeated five times to get replication of the lines.



Genotypic Data

Germination, DNA isolation, genotyping, and analysis were carried out as previously to obtain the genotypic data (Cope et al., 2020). The genotypic data was processed by removing the markers that had a low call rate (< 80%) or low minor allele frequency (< 10%), along with the genotypic lines that had a low rate of marker return (< 80%) or large heterozygosity (False Discovery Rate < 10%). The statistical program R (R Core Team, 2013), with the GenABEL package (Aulchenko et al., 2007), was used to perform GWAS using a Mixed Linear Model (MLM) approach or EIGENSTRAT approach controlling for population structure and relatedness, as outlined in Yu et al. (2006) and Zhang et al. (2010), with the dry weight data from the biomass growth screen, as well as the radicle emergence and root growth data from the germination and early root growth screen. Quality controls for the GWAS were performed using quantile-quantile (QQ) plots. The region of the QTL was identified by a LOD drop of greater than two, or the range between the first and last marker in the peak ± 0.5 Mbp, taking whichever was the greater range. This region was then searched using the Barlex database (with the Morex v2 Gene Models) for genes contained within (Colmsee et al., 2015).



Statistical Analysis

The raw data from the biomass measurements was fitted to a slope, using the three salt concentrations from each replicate for each line/cultivar to create four replicate slope scores, with the 0 mmol/kg data points being used as y intercepts. This was done for each of the measurements; dry weight, wet weight, height, tiller number, and head number. This was repeated to get a slope as a percentage of the control. An unbalanced ANOVA was performed in the statistical program Genstat 18th edition (VSN International, United Kingdom), using line/cultivar (or sub-category) as the treatment and replicate as the blocking factor.

The radicle and coleoptile emergence times from the germination and early root growth screen were adjusted to account for the difference in set up time. These variates were used in an ANOVA in the statistical program Genstat; using line/cultivar (or sub-category), and salt concentration as treatments, with replicate as the blocking factor.

Root growth progression was analyzed using root length transformed by (+ 1)log10 as the variate. This was analyzed with a repeated measurement ANOVA in Genstat, using line/cultivar (or sub-category) and salt concentration as treatments, individual SeedID as the blocking factor, and day as the time point. A line was fitted to the averages of each of the lines/cultivars over the days to get the root growth rate for each salt concentration.




RESULTS


Shoot Biomass Growth

Using the slope integer from the fitted linear equation there was a significant difference between the three sub-categories (Bere, other landraces, and elite lines) for dry weight (p = 0.028; Supplementary Table 2) and tiller number (p = 0.007; Supplementary Table 3), but not for fresh weight and height (Supplementary Tables 4, 5, respectively). The rate of dry biomass weight loss with salt increase (Figure 1), was approximately double in the elite cultivars, at 0.07 g per mmol/kg of NaCl (or 0.39% of the control per mmol/kg), than that of the Bere lines at 0.04 g per mmol/kg of NaCl (or 0.17% per mmol/kg).
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FIGURE 1. The salinity tolerance as measured by the average change in dry weight with increasing salt concentration for 146 lines/cultivars of barley divided into three groups, Bere, Other landraces, and elites (n = 37, n = 104, and n = 5, respectively). Complete resistance is represented as 0, with negative measurements showing susceptibility. Error bars represent the standard errors in positive and negative directions.


When the data with the slope integer fitted was analyzed for, a significant difference was found between the individual lines/cultivars for both the dry weight (p < 0.001; Supplementary Table 6) and fresh weight (p = 0.011; Supplementary Table 7) data, and this significance was maintained when looking at the slope data calculated as a percentage of the control (p = 0.040 and 0.010, respectively, Supplementary Tables 8, 9). No significant difference were found within either the Height nor tiller number data. Three lines showed a significant increase in dry weight with increased salt levels: Prize Prolific-196, Bere-118, and Bere 49 A 27 Shetland (Figure 2), with increases of 0.043, 0.040, and 0.032 g per mmol/kg, respectively (and increases of 0.35, 0.45, and 0.4% per mmol/kg, respectively). Fifteen lines had large weight reductions of 0.1 g per mmol/kg (and over 0.5% per mmol/kg), including elite cultivar Wagon, and Bere 39 A 16 Berneray.
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FIGURE 2. The salinity tolerance measured by the average change in dry weight with increasing salt concentration for 140 lines and 5 elite cultivars of barley grown for approximately 70 days in universal compost. Complete resistance is represented as 0, with negative measurements showing susceptibility, and positive measurements showing salinity preference. Error bars represent the standard errors in positive and negative directions.



Genome-Wide Association Study Analysis

From the 37,242 markers used, 10,593 were removed as having low (< 10%) minor allele frequency and 30 due to a low call rate. Of the 140 lines used, 13 were excluded because their heterozygosity was too high and nine due to being identical by state (IBS).

The QQ plots (Supplementary Figure 1) showed that the MLM approach had the smallest deviation from the expected null distribution when looking at dry weight. Both the slope integer datasets [Figure 3; weight (a) and percentage (b)] identified one region of significance on the distal end of chromosome 5HL. Only five markers with p-values of < 0.0001 in both analyses were identified (others were identified in only one analysis), found in the distal end of 5HL; three at 651.49–651.52 Mb and two at 651.20 Mb. The five markers identified in 5HL were amongst the largest negative effects, with decreases of 0.023–0.028 g per mmol/kg (0.155–0.185% per mmol/kg).
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FIGURE 3. A Manhattan plot of a Genome-Wide Association Study undertaken using a Mixed Linear Model on the average change in dry weight with increasing salt concentration as (A) weight, (B) percentage of the average control weight; data generated using an ANOVA. Depressions in marker significance observed in the center of each chromosome are due to reduced marker density around the centromere of the physical map.


Within the region 651.10–651.60 Mb of 5HL there were a total of 29 associated genes, of which four were identified as candidate genes (listed in Table 1) that encode for: a Lysine-specific demethylase REF6, an Actin 7, a Ferredoxin 3, and an Acyl-CoA-binding domain-containing protein 4, the latter of which contained the two most significant markers for data sets, while the former of which is a low confidence gene.


TABLE 1. Candidate genes identified in relation to salinity tolerance in regards to biomass growth, with the chromosome and position on the physical map listed.
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Of these, actin was the most common annotation representing 0.23% of the 73,586 genes listed in BARLEX the barley genome explorer (Colmsee et al., 2015), at 172 genes genome-wide. The remaining annotations—Lysine-specific demethylases, ferredoxins, and Acyl-CoA-binding proteins—are less common representing ≤ 0.08% of the genome each, at 59, 30, and 23 genes, respectively.




Germination and Early Root Growth


Emergence Speed Analysis

Comparison of the sub-categories showed a significant difference among the: concentration (p < 0.001), sub-category (p = 0.002), and interaction (p = 0.002) for the radicle emergence time (Supplementary Table 10). Coleoptile emergence time was only significantly different among the concentrations (p < 0.001) and sub-categories (p = 0.005), but not for the interaction (p = 0.106; Supplementary Table 11). The elite cultivars had the quickest radicle emergence for both salt concentrations, with an increased germination time of 10 and 41% for the 100 and 200 mmol/l salt concentrations, respectively. The Bere lines had an average increase in germination time of 22 and 64%, respectively (Supplementary Figure 2).

The ungrouped data similarly showed significant differences (p-values < 0.001) between the: lines/cultivars, salt concentrations, and interaction, seen for both the radicle (Supplementary Table 12) and coleoptile emergence time (Supplementary Table 13). Lines/cultivars with longer radicle emergence time in control conditions were less effected by the increase in salt concentration (Figure 4). This allowed for identification of lines that are both fast germinators and maintain this speed in increasing salt concentrations, this includes the landrace lines Lawina, HSX07-26, and Nepal 92 BN-1 that were amongst the fastest emerging lines in the highest salt concentration, germinating in 21–28 h in the control and 28–33 h in the highest salt levels. Comparatively, the fastest elite cultivar was Concerto with a germination time of 42 h in the highest salt concentration and an increase of 0.16% per mmol/l.
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FIGURE 4. Correlation between the delay in germination due to salinity (measure by percentage increase in radicle emergence time with increased salt concentrations) and the control germination rate of the experiment (measured as the radicle emergence time in control conditions). The line of best fit along with the coefficient of determination (R2) value is given; p < 0.001. Circled in red are Lawina, HSX07-26, and Nepal 92 BN-1, lines identified as both fast to germinate and able to maintain most of this speed with increasing salt concentrations.




Root Growth Analysis

Sub-category data of the transformed root growth showed a significant difference among sub-categories (p < 0.001), and salt concentrations (p < 0.001), but not the interaction of these two treatments (p = 0.210), until the time factor was included (p = 0.031; Supplementary Table 14). Bere lines showed an increased root elongation rate for all salt concentrations compared to the elite cultivars (Supplementary Figure 3).

Individual lines/cultivars similarly showed a significant difference among: sub-categories, salt concentrations, and the interaction of these two treatments, including when the time factor was accounted for (p-values < 0.001; Supplementary Table 15).

Floye and Bere 49 A 27 Shetland had amongst the highest growth rate in both salt concentrations, the latter of which had amongst the lowest growth rates in the control (Supplementary Figure 4). The growth rates of these lines were 4.1–4.4 and 2.6—.8 mm/day in 100 and mmol/l NaCl, respectively, compared to the fastest growing elite cultivar, Optic, that had growth rates of 1.8 and 1.1, respectively.



Genome-Wide Association Study Analysis

From the 37,242 markers used, 10,795 were removed as having low minor allele frequency and a further 32 because of a low call rate. Of the 135 lines used 13 were excluded because their heterozygosity was too high, and a further nine due to being identical by state (IBS).

The QQ plots for the radicle emergence data showed that for all three salt concentrations (Supplementary Figure 5) the EIGENSTRAT approach had the lowest deviation from the expected null distribution. The Manhattan plots (Supplementary Figure 6) show no significant association peaks. Analysis of the percentage change in radicle emergence time was displayed in a MLM Manhattan plot (Supplementary Figure 7), selected based on the QQ plot as above (Supplementary Figure 8), similarly this plot showed no significance. What was indicated was a peak toward the center of chromosome 5HL, this was in the same position as that found in the GWAS of the salinity tolerance.

The QQ plots for the early root growth data (Supplementary Figure 9) showed that, for the 0 mmol/l data, the EIGENSTRAT approach had the lowest deviation from the expected null distribution, whilst for the two salt concentrations the MLM approach did. The plots of the control data and the 100 mmol/l data (Supplementary Figure 10) showed no significance. The only significant marker found was in the 200 mmol/l plot (Figure 5) at the distal end of chromosome 3HS at 13.63 Mb (JHI_Hv50k_2016_154888), which had a high negative effect on the growth rate of −0.229 mm/day. Around this marker there were a total of ten E3 ubiquitin-protein ligases (Table 2), as well as: an AP2-containing protein, a calcium-transporting ATPase, a Pentatricopeptide repeat-containing protein, a phenylalanine ammonia-lyase 2, and an S-type anion channel (SLAH2).
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FIGURE 5. A Manhattan plot of a Genome-Wide Association Study undertaken using a Mixed Linear Model approach on the average early root growth rate data from lines/cultivars grown on water agar with salt concentration of 200 mmol/l; data generated using an ANOVA. Depressions in marker significance observed in the center of each chromosome are due to reduced marker density around the centromere of the physical map.



TABLE 2. The name of the candidate genes identified in relation to salinity tolerance in regards to early root growth, with the chromosome and position on the physical map listed.
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Of these, the E3 ubiquitin-protein ligases were reasonably common comprising of 0.21% of the 73,586 genes listed in BARLEX the barley genome explorer (Colmsee et al., 2015), at 152 genes genome-wide. However, this region accounts for 6.6% of all E3 ubiquitin-protein ligases, and a third of the SINA-like genes. The Pentatricopeptide repeat-containing proteins are very common accounting for 0.7% of the genome, at 515 genes genome-wide. The remaining genes—encoding for AP2 proteins, calcium-transporting ATPases, S-type anion channels, and phenylalanine ammonia-lyases—comprises of between 0.05–0.01% of genes, at 39, 21, 19, and 9 genes, respectively.




Comparisons

No correlations were found between the dry matter produced, germination speed, and early root growth rate, when comparing the values of the fitted slopes and the values in high salt concentrations. Lines identified in individual experiments as potential salt tolerant lines were then assessed on how they performed in the other screens undertaken (Table 3) and discussed below.


TABLE 3. Ten lines were selected as they displayed salinity tolerance in one or more of the experiments performed in this study.
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The line Bere 49 A 27 Shetland was identified in both the shoot biomass and root growth rate assessments for good performance in high salt conditions. It also showed no significant change in germination speed with increased salinity, however, it was slow to germinate even with no salinity at 40 h germination. The other line identified with a fast root growth rate in saline conditions was Floye, but this line performed below average when looking at the biomass growth and germination speed.

Other lines identified in the shoot biomass assessment were Prize Prolific-196 and Bere-118, both of which perform below average in the germination test, with rates of 54–72 h, but performed reasonably well in the root growth assay, comparable to the best performing elite line. When comparing between the salt levels Prize Prolific-196 showed root growth similar to the fastest growing lines at the 100 mmol/l salt concentration.

Of the lines identified with fast germination rates in salt conditions—Lawina, HSX07-26, and Nepal 92 BN-1—none showed tolerance in all measurements. Lawina had a fast root growth in salt conditions, but still diminished biomass compared to the control, and Nepal 92 BN-1 showed limited reductions in shoot biomass with increased salt, but the remainder showed average or below average performance in the other measurements.

Other lines that were not singled out in any experiment, but performed well throughout the study—maintaining high germination speeds, early root growth rates, and levels of biomass in both salt conditions—included Scotch Common-M08, Craigs Triumph (SSRPB)-135, and Bere 55C 33.




DISCUSSION

The problem of salt toxicity is limited to localized regions, though affects a large proportion (6.5%) of land worldwide (FAO, 2015), and is becoming an increasing problem with the irrigation of land with brackish water (Ayars et al., 1993; Umali, 1993; Wei et al., 2018), the onset of dryland salinity due to climate change (Rengasamy, 2006; Tomaz et al., 2020), and deforestation in temperate zones (Sahagian, 2000; Barbieri et al., 2020). There is a need to increase production on these increasingly marginal land areas that are being degraded by increasing salinities, where there are already problems in preserving yields. One method of elevating yield on these lands would be to increase the tolerance of the crops to salinity through breeding (Munns et al., 2006; Wu, 2018). For this to be successful salinity tolerance genes need to be identified, and a viable source of these genes could be from landraces that grow in marginal soils that can contain elevated salinity. This study has assessed landrace lines, focusing on the Scottish Bere, for their ability to maintain biomass, germination, early root growth, and other indicators, in saline conditions. This allowed for the identification of differences between lines—which follow overarching differences between the Bere, other landrace lines, and elite cultivars—as well as genomic regions associated with the maintenance of biomass in saline conditions, along with a number of genes with putative functions associated with salinity tolerance. However, it should be noted that only two-row elite cultivars were used, as opposed to six-row barley, such as Bere, that has been shown to be generally more tolerant (Kumar et al., 2020).


Effect on Growth

A screening of the landrace collection showed that there were no differences in the way the genotypes interacted with the different salinities. However, when this data was fitted to a linear model to see how the different weights, height, and tiller number changed with increasing salinity it was seen that there was a significant difference between the dry weight when comparing both sub-categories and individual lines/cultivars. This revealed that in the elite cultivars the reduction in biomass was twice that of landrace lines with increasing salinity, with a loss of 0.39% per mmol/kg, suggesting that the elite cultivars are less tolerant to saline compost. This is comparable to the effect of salinity on dry weight from Long et al. (2013) that showed an average (of 192 genotypes) decrease in shoot dry weight of 67% from 0–200 mM NaCl (equivalent to 0–200 mmol/kg) in a hydroponic system, or 0.34% per mM. In this study the most salinity tolerant elite genotype lost 48% over the same range, or 0.24% per mM, which is more than the average of the Bere lines at 0.17%. However, it is possible that there were decreased levels of salinity in the compost of this study due to leaching. A similar experiment using gravel with nutrient solution with increasing salinity from Rawson et al. (1988) showed similar levels of decrease, with the most tolerant barley line having a 38% average loss in saline conditions (averaged 175–250 mM), or 0.18% per mM (Munns et al., 1995). When these results are shown individually it can be seen that the spread of the landrace lines, both Bere and non-Bere, is large, with the elite cultivars all above average. From these it was possible to identify a number of Bere and non-Bere landraces that have no, or positive, changes in dry weight with increasing salinity, suggesting that they are very salinity tolerant, similar result to those found by Rajeswari et al. (2019) who tested different barley accessions. This positive change in dry weight could be due to the effect of salinity on the availability of nutrients (Grattan and Grieve, 1992), providing a nutrient profile to which the lines are more adapted to. It is also possible to find Bere and non-Bere landraces that have very large negative changes, equal to the elite cultivars most affected by salinity, showing that the salinity tolerance is not a uniform trait across all landraces.



Effects on Germination and Early Root Growth

When the lines/cultivars are looked at individually in terms of change in radicle emergence time with increasing salinity, results suggested that there some landrace lines are more tolerant to increased salinity than the elite cultivars. It is also seen that there is a correlation to the change in radicle emergence time with increased salinity and the radicle emergence time in the control. This suggests that lines that are faster germinating in control conditions have greater increases in germination time with increasing salinity, becoming more equivalent to the lines that were slower to germinate in the control. This correlation allowed for identification of lines that were both quick germinating in the control conditions and had a reduced rate of increase in radicle emergence time with increased salinity: Lawina, HSX07-26, Nepal 92 BN-1, and Tiree six row 12 A. This suggests that these lines have an increased resistance, at the germination stage, to elevated salinity without a reduction in germination speed that would be detrimental. Whilst it has been shown that the genes involved in resistance at the germination stage are different from those at the seedling and later stages (Mano and Takeda, 1997), it can be seen in a screen of Algerian landraces that the lines that were identified as salinity tolerant at seedling growth also had high germination speeds in saline conditions, though not all with high germination speeds showed salinity tolerance at seedling growth (Adjel et al., 2013). However, few studies have identified barley QTLs linked to salinity tolerance during germination (Thabet et al., 2021).

Landrace screen results for the early root growth show clear differences between the sub-categories, with the Bere lines on average growing quicker and larger with all salinities and the elite cultivars showing the opposite. This suggests that the Bere lines have, on average, quicker growing roots that are not as affected by salinity as the elite and other landraces. Individual lines/cultivars showed significant differences between the lines/cultivars and how they reacted to saline conditions, but it was shown that there was no correlation between root growth rates in any of the media. However, it was possible to identify lines that showed high rates of root growth in both medium and high salinities, some due to having high levels of root growth in control conditions, such as Floye, and others despite not, such as Bere 49 A 27 Shetland. The latter of these are of most interesting as it has been shown that the maintenance of root elongation, in saline conditions that inhibit the normal shoot growth of the seedling, is indicative of an adaptive method to safeguard uptake of nutrients and water (Shelden et al., 2020), with other experiments showing salinity tolerant lines having shorter roots in control conditions but maintaining them in saline conditions (Adjel et al., 2013; Nefissi Ouertani et al., 2021).



Genome Associations With Salinity Tolerance

The GWAS undertaken on the shoot biomass identified one significant QTL of interest at 5HL. Within the region at 5HL there are a number of genes encoding for proteins of interest such as a) Lysine-specific demethylase REF6—selected as it has a histone demethylase domain and over expression of a histone demethylase gene in Arabidopsis has been shown to improve salinity tolerance (Shen et al., 2014) as well as associations of a histone demethylase family with salinity tolerance in cotton (Sun et al., 2021); b) Actin 7—selected as salinity stress has been shown to affect actin filament assembly and has shown to be necessary in salinity tolerance in Arabidopsis (Wang et al., 2011); c) Ferredoxin 3—selected as an overexpression of plant ferredoxin-like protein has been seen to promote salinity tolerance in rice (Huang et al., 2020), and salinity stress has been associated with ferredoxin associated proteins (Berteli et al., 1995; Zhou et al., 2009); and d) Acyl-CoA-binding domain-containing protein 4—selected as Acyl-CoA-binding proteins have been shown to interact with other proteins in response to abiotic stresses (Raboanatahiry et al., 2015), with overexpression in Arabidopsis shown to improve drought tolerance (Du et al., 2016) and expression of maize Acyl-CoA-binding proteins in Arabidopsis increasing resistance to salinity and drought stress (Zhu et al., 2021).

The GWAS performed on the early root growth in each of the salinities, compared with the control to identify the peaks that are connected with root growth in general, reveal only one significant marker positioned on chromosome 3HS. Xu et al. (2012) also found minor QTLs on 3H, but not in the same position. Around this marker there were ten genes encoding for E3 ubiquitin-protein ligases, selected due to both the positive and negative association with salinity stress, drought stress, or general abiotic stress in Arabidopsis in multiple different ways (Qin et al., 2008; Seo et al., 2012; Li et al., 2013; Cho et al., 2017; Zhang et al., 2017; Liu et al., 2020). Other candidates include genes encoding for: (a) AP2-containing protein—as AP2-containing proteins have been found to be expressed in Arabidopsis root tissue during high salinity stress (Sakuma et al., 2002) and found to be released under salinity and drought stress and bind to Dehydration-Responsive Element that regulate stress response in rice (Tian et al., 2005; Todaka et al., 2015); (b) calcium-transporting ATPase—as these have been shown to be key to adaptation of plants to biotic and abiotic stresses including salinity stress (Kabała and Kłobus, 2005; Bose et al., 2011) due to the regulation of calcium signaling (Kumar et al., 2021). Arabidopsis calcium-transporting ATPase have been shown to convey salinity resistance to yeast when transferred (Anil et al., 2008). It has also been highlighted as a candidate gene for salinity tolerance in wheat landraces (Borjigin et al., 2021); (c) Pentatricopeptide repeat (PPR)-containing protein—as PPR containing proteins have been shown to be involved in the response to biotic and abiotic stresses in Arabidopsis (Laluk et al., 2011), specifically improving salinity tolerance in Arabidopsis (Zsigmond et al., 2012), as well as in other plants (Hajrah et al., 2017; Xing et al., 2018); (d) phenylalanine ammonia-lyase (PAL) 2—as PAL activity has been influenced by abiotic and biotic stress, including salinity stress, in a number of different plants (MacDonald and D’Cunha, 2007; Gao et al., 2008; Dehghan et al., 2014; Nag and Kumaria, 2018) including maize (Gholizadeh and Kohnehrouz, 2010), though a study by Cass et al. (2015) has also shown no effect on the related drought stress when knocked-out in the temperate cereal crop model Brachypodium distachyon; and (e) S-type anion channel SLAH2—as SLAH1 have been shown to regulate Cl– accumulation under salinity stress in Arabidopsis (Roy et al., 2016) and confer salinity tolerance by shoot Cl– accumulation (Cubero-Font et al., 2016; Colmenero-Flores et al., 2019).

HKT genes are the most recognized genes for salinity tolerance (Hamamoto et al., 2015; Hazzouri et al., 2018), with associated salinity tolerance in barley (Mian et al., 2011; Han et al., 2018; Van Bezouw et al., 2019), possibly due to negative regulation (Huang et al., 2019). However, none were identified in the QTL regions identified in this study, indicating different mechanisms like those listed above through either tissue tolerance or different methods of exclusion (Munns, 2009).



Potential of Landraces as a Source of Salinity Tolerance

Further testing of the identified lines should be undertaken to gain a greater understanding into the nature and extent of the salinity tolerance. This could include assessing the root growth in compost or soil of differing salinities, assessing the Na concentrations within the leaves grown in these concentrations, and assessing the yield when grown in these concentrations. Full cropping lifecycle assessments will be crucial in understanding the importance of individual traits tested here to salinity tolerant crops. The lines identified, particularly Bere 49 A 27 Shetland, could be used directly for soils that are highly salinity affected such as coastal soils and areas irrigated with poor quality water. Additionally, further testing on these lines with ratios of differing salts is necessary as whilst sodium salts are the most common other salts are also found in soils. These salts are predominantly chlorides and sulfates of minerals such as calcium, potassium, and magnesium, but also include carbonates, bicarbonates, and nitrates of these minerals (Abrol et al., 1988; Chaurasia et al., 2018). This is particularly necessary as the ratio of sodium salt to other salts is much lower in costal saline soils that are sea influenced (Mugai, 2004), such as some Scottish islands where Bere barley is grown (Dry and Robertson, 1982; Dry, 2016).

Once a more detailed understanding of the salinity tolerance has been attained, the regions that have been identified in this study can then be introgressed into elite cultivars. Introgressed lines would help further isolate the gene(s) associated with the identified resistance, which could then be bred into an elite background. These lines would be able to alleviate both salinity and drought stress. They would be of particular importance in geographical regions without adequate water supplies as the most common reason for the necessity of watering with brackish water is the prevalence of drought (Hillel, 2000; Ismail and Horie, 2017; Wei et al., 2022), and will further allow for the use of saline waters to alleviate drought stress from source such as the Mediterranean (Hamdy et al., 2005; Munns et al., 2020). This is of increased importance as areas of salinity and drought are expected to increase over the upcoming years (Wang et al., 2003), exacerbated by climate change causing unpredictable weather and rising water tables (Munns and Gilliham, 2015; Corwin, 2021). Salinity stress is also highly related to drought stress, both having similar or identical effect on water deficiency and osmotic effect (Hu and Schmidhalter, 2005; Katerji et al., 2009; Manna et al., 2021), thus the identified mechanisms that offer an increase in salinity tolerance should be assessed for drought stress tolerance, particularly those lines found in the germination trials.




CONCLUSION

This study set out to show the potential of landraces in adapting to high salinities, with a focus on European landraces and Scottish Bere, which had no prior salinity tolerance associated (Kumar et al., 2020), compared to the European elite cultivars used that showed less tolerance than most of the landraces used.

Differences in the type of salinity stress between experiments could explain the how some lines identified as salinity tolerant in one experiment were not identified in others. Evidence of this has been found by Rahnama et al. (2011) and Shelden et al. (2013) who showed that salinity effected root growth rate at the seedling stage, but this did not correlate with the ion concentration in the shoot and root tissue, indicating that the tolerance is to osmotic stress. By combining different mechanisms used to tolerate the different types of salinity stress it is possible to improve the salinity tolerance of a crop further (Roy et al., 2014). The different lines and regions identified in this study can be further studied to help identify different mechanisms to salinity tolerance, and could then be used to build a more robust resistance by combining multiple mechanisms within a crop. Bere 49 A 27 Shetland showed salinity tolerance in all experiment (and Bere 55C 33 with lower salinity stress) and thus shows strong potential for finding different tolerance mechanisms.

These tolerance mechanisms to salinity will be crucial in future years due to the increase in salinity expected due to the continued effects of man-made climate change; such as rising salinity in the ground water due to sea level rises, and increase use of brackish water for irrigation due to drought caused by shifting weather patterns.
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Supplementary Figure 1 | Quantile-quantile (QQ) plots of the expected vs the observed degrees of freedom for the Genome-Wide Association Study undertaken using a Mixed Linear Model approach (A,C) or EIGENSTRAT (B,D); for the datasets of average slope fitted to saline compost raw data (A,B), and as a percentage of the control (C,D). The expected null distribution is represented by the black line, with a line of best fit for the plotted data represented in red.

Supplementary Figure 2 | Average time for radicle to emerge in Petri dishes 140 lines/cultivars of barley divided into three, unequal, sub-divisions (36, 99, and 5 for the Bere, other landraces, and elites, respectively) over three differing salt concentrations. Error bars represent the standard errors in positive and negative directions.

Supplementary Figure 3 | Average early root length in Petri dishes for 140 lines/cultivars of barley divided into three, unequal, sub-divisions (36, 99, and 5 for the Bere, other landraces, and elites, respectively) over three differing salt concentrations. Error bars represent the standard errors in positive and negative directions.

Supplementary Figure 4 | Early root growth rate of lines/cultivars grown water agar with salt concentration of 200 mmol/l. Lines identified are referred to in the text. Error bars represent the standard errors in positive and negative directions.

Supplementary Figure 5 | Quantile-quantile (QQ) plots of the expected vs the observed degrees of freedom for the Genome-Wide Association Study undertaken using a Mixed Linear Model approach (A,C,E) or EIGENSTRAT (B,D,F); for the datasets of average radicle emergence time for samples grown in 0 (A,B), 100 (C,D), and 200 mmol/l (E,F). The expected null distribution is represented by the black line, with a line of best fit for the plotted data represented in red.

Supplementary Figure 6 | A Manhattan plot of a Genome-Wide Association Study undertaken using an EIGENSTRAT approach on the average time for radicle emergence data from lines/cultivars grown on water agar with salt concentration of (A) 0, (B) 100, and (C) 200 mmol/l; data generated using an ANOVA. Depressions in marker significance observed in the center of each chromosome are due to reduced marker density around the centromere of the physical map.

Supplementary Figure 7 | A Manhattan plot of a Genome-Wide Association Study undertaken using a Mixed Linear Model approach on the average increase in radicle emergence time with increased salt concentration; data generated using an ANOVA. Depressions in marker significance observed in the center of each chromosome are due to reduced marker density around the centromere of the physical map.

Supplementary Figure 8 | Quantile-quantile (QQ) plots of the expected vs the observed degrees of freedom for the Genome-Wide Association Study undertaken using a Mixed Linear Model approach (A) or EIGENSTRAT (B); for the datasets of average increase in radicle emergence time with increase salt concentrations. The expected null distribution is represented by the black line, with a line of best fit for the plotted data represented in red.

Supplementary Figure 9 | Quantile-quantile (QQ) plots of the expected vs the observed degrees of freedom for the Genome-Wide Association Study undertaken using a Mixed Linear Model approach (A,C,E) or EIGENSTRAT (B,D,F); for the datasets of average early root growth rate for samples grown in 0 (A,B), 100 (C,D), and 200 mmol/l (E,F). The expected null distribution is represented by the black line, with a line of best fit for the plotted data represented in red.

Supplementary Figure 10 | A Manhattan plot of a Genome-Wide Association Study undertaken using an EIGENSTRAT (A) or Mixed Linear Model (B) approach on the average early root growth rate data from lines/cultivars grown on water agar with salt concentration of (A) 0, and (B) 100 mmol/l; data generated using an ANOVA. Depressions in marker significance observed in the center of each chromosome are due to reduced marker density around the centromere of the physical map.


ABBREVIATIONS

ANOVA, Analysis of variance; ATP, Adenosine triphosphate; FAO, Food and Agriculture Organization of the United Nations; GWAS, Genome-wide association study; HKT, High-affinity Potassium; IBS, Identical by state; JHI, James Hutton Institute; JHI-SBLC, JHI Heritage Spring Barley Landrace Collection; JIC-GRU, John Innes Centre Germplasm Resources Unit; LOD, Logarithm of odds; PAL, Phenylalanine ammonia-lyase; PPR, Pentatricopeptide repeat; QQ, Quantile-quantile; QTL, Quantitative trait loci; SASA, Science and Advice for Scottish Agriculture; SNP, Single-nucleotide polymorphism.


REFERENCES

Abera, K. T. (2009). Agronomic Evaluation of Ethiopian Barley (Hordeum vulgare L.) landrace Populations Under Drought Stress Conditions in Low-Rainfall Areas of Ethiopia. [MSc]. Uppsala, Sweden: Swedish University of Agricultural Sciences.

Abrol, I. P., Yadav, J. S. P., and Massoud, F. I. (1988). Salt-Affected Soils and Their Management. Rome, Italy: Food and Agriculture Organization.

Adjel, F., Bouzerzour, H., and Benmahammed, A. (2013). Salt stress effects on seed germination and seedling growth of barley (Hordeum vulgare L.) genotypes. J. Agric. Sustain. 3, 223–237.

Akter, F. (2017). Groundwater Salinity and Interaction with Surface Water Near Cootamundra, Australia. Ph.D thesis. Sydney, Australia: University of Sydney

Allel, D., Ben-Amar, A., Badri, M., and Abdelly, C. (2016). Salt tolerance in barley originating from harsh environment of North Africa. Aust. J. Crop. Sci. 10, 438–451. doi: 10.21475/ajcs.2016.10.04.p6663x

Anil, V. S., Rajkumar, P., Kumar, P., and Mathew, M. K. (2008). A plant Ca2+ pump, ACA2, relieves salt hypersensitivity in yeast: modulation of cytosolic calcium signature and activation of adaptive Na+ homeostasis. J. Biol. Chem. 283, 3497–3506. doi: 10.1074/jbc.M700766200

Ashraf, M., and Foolad, M. R. (2013). Crop breeding for salt tolerance in the era of molecular markers and marker-assisted selection. Plant Breeding 132, 10–20. doi: 10.1111/pbr.12000

Asif, M., Pearson, A., Schilling, R., and Roy, S. (2019). Opportunities for Developing Salt-tolerant Wheat and Barley Varieties. Annu. Plant Rev. Online 2, 131–140. doi: 10.1002/9781119312994.apr0681

Aulchenko, Y. S., Ripke, S., Isaacs, A., and Van Duijn, C. M. (2007). GenABEL: an R library for genome-wide association analysis. Bioinformatics 23, 1294–1296. doi: 10.1093/bioinformatics/btm108

Ayars, J. E., Hutmacher, R. B., Schoneman, R. A., Vail, S. S., and Pflaum, T. (1993). Long term use of saline water for irrigation. Irrigation Sci. 14, 27–34. doi: 10.1007/bf00195003

Barbieri, R., Texier, G., Keller, C., and Drancourt, M. (2020). Soil salinity and aridity specify plague foci in the United States of America. Sci. Rep. 10:6186. doi: 10.1038/s41598-020-63211-4

Ben Naceur, A., Chaabane, R., El-Faleh, M., Abdelly, C., Ramla, D., Nada, A., et al. (2012). Genetic diversity analysis of North Africa’s barley using SSR markers. J. Gene. Eng. Biotechnol. 10, 13–21. doi: 10.1016/j.jgeb.2011.12.003

Berteli, F., Corrales, E., Guerrero, C., Ariza, M. J., Pliego, F., and Valpuesta, V. (1995). Salt stress increases ferredoxin-dependent glutamate synthase activity and protein level in the leaves of tomato. Physiol. Plantarum 93, 259–264. doi: 10.1111/j.1399-3054.1995.tb02226.x

Borjigin, C., Schilling, R. K., Jewell, N., Brien, C., Sanchez-Ferrero, J. C., Eckermann, P. J., et al. (2021). Identifying the genetic control of salinity tolerance in the bread wheat landrace Mocho de Espiga Branca. Functional Plant Biol. 48, 1148–1160. doi: 10.1071/FP21140

Bose, J., Pottosin, I. I., Shabala, S. S., Palmgren, M. G., and Shabala, S. (2011). Calcium efflux systems in stress signaling and adaptation in plants. Front. plant sci. 2:85. doi: 10.3389/fpls.2011.00085

Cass, C. L., Willhoit, M. E., Phutane, M., Sedbrook, J. C., Moskvin, O. V., and Karlen, S. D. (2015). Effects of Phenylalanine Ammonia Lyase (PAL) knockdown on cell wall composition, biomass digestibility, and biotic and abiotic stress responses in Brachypodium. J. Exp.Bot. 66, 4317–4335. doi: 10.1093/jxb/erv269

Chaurasia, A. K., Pandey, H. K., Tiwari, S. K., Prakash, R., Pandey, P., and Ram, A. (2018). Groundwater Quality assessment using Water Quality Index (WQI) in parts of Varanasi District, Uttar Pradesh, India. J.Geol. Soc. India 92, 76–82. doi: 10.1007/s12594-018-0955-1

Cho, S. K., Ryu, M. Y., Kim, J. H., Hong, J. S., Oh, T. R., Kim, W. T., et al. (2017). RING E3 ligases: key regulatory elements are involved in abiotic stress responses in plants. BMB Rep. 50, 393–400. doi: 10.5483/BMBRep.2017.50.8.128

Colmenero-Flores, J. M., Franco-Navarro, J. D., Cubero-Font, P., Peinado-Torrubia, P., and Rosales, M. A. (2019). Chloride as a Beneficial Macronutrient in Higher Plants: new Roles and Regulation. Int. J. Mole. Sci. 20:4686. doi: 10.3390/ijms20194686

Colmsee, C., Beier, S., Himmelbach, A., Schmutzer, T., Stein, N., Scholz, U., et al. (2015). BARLEX – the barley draft genome explorer. Mole. Plant 8, 964–966. doi: 10.1016/j.molp.2015.03.009

Comadran, J., Romagosa, I., Van Eeuwijk, F. Á, Hackett, C. A., Russell, J. R., and Thomas, W. T. B. (2007). Drought Tolerance in Mediterranean Barley: An Association Genetics Approach [Report]. SCRI Annual Report. Dundee, Scotland, UK: Scottish Crop Research Institute.

Cope, J. E., Norton, G. J., George, T. S., and Newton, A. C. (2021). Identifying potential novel resistance to the foliar disease ‘Scald’ (Rhynchosporium commune) in a population of Scottish Bere barley landrace (Hordeum vulgare L.). J. Plant Diseases Protection 128, 999–1012. doi: 10.1007/s41348-021-00470-x

Cope, J. E., Russell, J., Norton, G. J., George, T. S., and Newton, A. C. (2020). Assessing the variation in Manganese Use Efficiency Traits in Scottish Barley Landrace Bere (Hordeum vulgare L.). Ann. Bot. 126, 289–300. doi: 10.1093/aob/mcaa079

Corwin, D. L. (2021). Climate change impacts on soil salinity in agricultural areas. Euro. J. Soil Sci. 72, 842–862. doi: 10.1111/ejss.13010

Cubero-Font, P., Maierhofer, T., Jaslan, J., Rosales, M. A., Espartero, J., Díaz-Rueda, P., et al. (2016). Silent S-Type Anion Channel Subunit SLAH1 Gates SLAH3 Open for Chloride Root-to-Shoot Translocation. Curr. Biol. 26, 2213–2220. doi: 10.1016/j.cub.2016.06.045

Dbira, S., Al Hassan, M., Gramazio, P., Ferchichi, A., Vicente, O., Prohens, J., et al. (2018). Variable Levels of Tolerance to Water Stress (Drought) and Associated Biochemical Markers in Tunisian Barley Landraces. Molecules 23:613. doi: 10.3390/molecules23030613

Dehghan, S., Sadeghi, M., Pöppel, A., Fischer, R., Lakes-Harlan, R., Kavousi, H. R., et al. (2014). Differential inductions of phenylalanine ammonia-lyase and chalcone synthase during wounding, salicylic acid treatment, and salinity stress in safflower. Carthamus tinctorius. Biosci Rep. 34, 273–282. doi: 10.1042/BSR20140026

Dry, F. T. (2016). The Soils of Orkney. Aberdeen, Scotland, UK: The James Hutton Institute.

Dry, F. T., and Robertson, J. S. (1982). Soil and land Capability for Agriculture Orkney and Shetland. Aberdeen, Scotland, UK: The Macaulay Institute for Soil Research.

Du, Z.-Y., Arias, T., Meng, W., and Chye, M.-L. (2016). Plant acyl-CoA-binding proteins: an emerging family involved in plant development and stress responses. Progress Lipid Res. 63, 165–181. doi: 10.1016/j.plipres.2016.06.002

Dwivedi, S. L., Ceccarelli, S., Blair, M. W., Upadhyaya, H. D., Are, A. K., and Ortiz, R. (2016). Landrace germplasm for improving yield and abiotic stress adaptation. Trends Plant Sci. 21, 31–42. doi: 10.1016/j.tplants.2015.10.012

El Madidi, S., El Baroudi, B., and Aameur, F. B. (2004). Effects of salinity on germination and early growth of barley (Hordeum vulgare L.) cultivars. Int. J. Agric. Biol. 6, 767–770.

Elsawy, H. I. A., Mekawy, A. M. M., Elhity, M. A., Abdel-Dayem, S. M., Abdelaziz, M. N., Assaha, D. V. M., et al. (2018). Differential responses of two Egyptian barley (Hordeum vulgare L.) cultivars to salt stress. Plant Physiol. Biochem. 127, 425–435. doi: 10.1016/j.plaphy.2018.04.012

FAO. (2015). Salt-Affected Soils. Available Online at: http://www.fao.org/soils-portal/soil-management/management-of-some-problem-soils/salt-affected-soils/more-information-on-salt-affected-soils/en/ (accessed 08 October 2018).

Gao, S., Ouyang, C., Wang, S., Xu, Y., Tang, L., and Chen, F. (2008). Effects of salt stress on growth, antioxidant enzyme and phenylalanine ammonia-lyase activities in Jatropha curcas L. seedlings. Plant Soil Environ. 54, 374–381. doi: 10.17221/410-PSE

Gholizadeh, A., and Kohnehrouz, B. B. (2010). Activation of phenylalanine ammonia lyase as a key component of the antioxidative system of salt-challenged maize leaves. Braz. J. Plant Physiol. 22, 217–223. doi: 10.1590/S1677-04202010000400001

Gill, M. B., Zeng, F., Shabala, L., Zhang, G., Yu, M., Demidchik, V., et al. (2019). Identification of QTL Related to ROS Formation under Hypoxia and Their Association with Waterlogging and Salt Tolerance in Barley. Int. J. Mole. Sci. 20:699. doi: 10.3390/ijms20030699

Grando, S., Von Bothmer, R., and Ceccarelli, S. (2001). “Genetic diversity of barley: Use of locally adapted germplasm to enhance yield and yield stability of barley in dry areas,” in Broadening the Genetic Base of Crop Production, eds H. D. Cooper, C. Spillane, and T. Hodgkin (Wallingford, UK: CABI Publishing), 351–371.

Grattan, S. R., and Grieve, C. M. (1992). Mineral element acquisition and growth response of plants grown in saline environments. Agric., Ecosyst. Environ. 38, 275–300. doi: 10.1016/0167-8809(92)90151-Z

Grattan, S. R., and Grieve, C. M. (1998). Salinity–mineral nutrient relations in horticultural crops. Sci. Hortic. 78, 127–157. doi: 10.1016/S0304-4238(98)00192-7

Haddadin, M. A. F. (2015). Assessment of drought tolerant barley varieties under water stress. Int. J. Agric. For. 5, 131–137. doi: 10.5923/j.ijaf.20150502.06

Hajrah, N. H., Obaid, A. Y., Atef, A., Ramadan, A. M., Arasappan, D., Nelson, C. A., et al. (2017). Transcriptomic analysis of salt stress responsive genes in Rhazya stricta. PLoS One 12:5. doi: 10.1371/journal.pone.0177589

Hamamoto, S., Horie, T., Hauser, F., Deinlein, U., Schroeder, J. I., and Uozumi, N. (2015). HKT transporters mediate salt stress resistance in plants: from structure and function to the field. Curr. Opin. Biotechnol. 32, 113–120. doi: 10.1016/j.copbio.2014.11.025

Hamdy, A., Sardo, V., and Ghanem, K. A. F. (2005). Saline water in supplemental irrigation of wheat and barley under rainfed agriculture. Agric. Water Manag. 78, 122–127. doi: 10.1016/j.agwat.2005.04.017

Han, Y., Yin, S., Huang, L., Wu, X., Zeng, J., Liu, X., et al. (2018). A Sodium Transporter HvHKT1;1 Confers Salt Tolerance in Barley via Regulating Tissue and Cell Ion Homeostasis. Plant Cell Physiol. 59, 1976–1989. doi: 10.1093/pcp/pcy116

Hayes, J. E., and Reid, R. J. (2004). Boron tolerance in barley is mediated by efflux of boron from the roots. Plant Physiol. 136, 3376–3382. doi: 10.1104/pp.103.037028

Hazzouri, K. M., Khraiwesh, B., Amiri, K. M. A., Pauli, D., Blake, T., Shahid, M., et al. (2018). Mapping of HKT1;5 gene in barley using GWAS approach and its implication in salt tolerance mechanism. Front. Plant Sci. 9:156. doi: 10.3389/fpls.2018.00156

Hillel, D. (2000). Salinity Management for Sustainable Irrigation: Integrating Science, Environment, and Economics. Washington DC, USA: World Bank Publications.

Hu, Y., and Schmidhalter, U. (2005). Drought and salinity: a comparison of their effects on mineral nutrition of plants. J. Plant Nutri. Soil Sci. 168, 541–549. doi: 10.1002/jpln.200420516

Huang, H.-E., Ho, M.-H., Chang, H., Chao, H.-Y., and Ger, M.-J. (2020). Overexpression of plant ferredoxin-like protein promotes salinity tolerance in rice (Oryza sativa). Plant Physiol. Biochem. 155, 136–146. doi: 10.1016/j.plaphy.2020.07.025

Huang, L., Kuang, L., Wu, L., Shen, Q., Han, Y., Jiang, L., et al. (2019). The HKT Transporter HvHKT1;5 Negatively Regulates Salt Tolerance1. Plant Physiol. 182, 584–596. doi: 10.1104/pp.19.00882

Ismail, A. M., and Horie, T. (2017). Genomics, physiology, and molecular Breeding approaches for improving salt tolerance. Annu. Rev. Plant Biol. 68, 405–434. doi: 10.1146/annurev-arplant-042916-040936

Jaradat, A. A., Shahid, M., and Al-Maskri, A. (2004). Genetic diversity in the Batini barley landrace from Oman: II Response to salinity stress. Crop. Sci. 44, 997–1007. doi: 10.2135/cropsci2004.0997

Jarman, R. J. (1996). Bere barley: a living link with the 8th century. Plant Varieties Seeds 9, 191–196.

Kabała, K., and Kłobus, G. Y. (2005). Plant Ca2+-ATPases. Acta Physiol. Plantarum 27, 559–574. doi: 10.1007/s11738-005-0062-y

Kalaji, H. M., Govindjee Bosa, K., Kościelniak, J., and Żuk-Gołaszewska, K. (2011). Effects of salt stress on photosystem II efficiency and CO2 assimilation of two Syrian barley landraces. Environ. Exp. Bot. 73, 64–72. doi: 10.1016/j.envexpbot.2010.10.009

Karakousis, A., Barr, A. R., Kretschmer, J. M., Manning, S., Jefferies, S. P., Chalmers, K. J., et al. (2003). Mapping and QTL analysis of the barley population Clipper × Sahara. Aust. J. Agric. Res. 54, 1137–1140. doi: 10.1071/ar02180

Katerji, N., Mastrorilli, M., Van Hoorn, J. W., Lahmer, F. Z., Hamdy, A., and Oweis, T. (2009). Durum wheat and barley productivity in saline–drought environments. Euro. J. Agronomy 31, 1–9. doi: 10.1016/j.eja.2009.01.003

Kumar, A., Verma, R. P. S., Singh, A., Kumar Sharma, H., and Devi, G. (2020). Barley landraces: ecological heritage for edaphic stress adaptations and sustainable production. Environ. Sustainability Indicators 6:100035. doi: 10.1016/j.indic.2020.100035

Kumar, N., Soren, K. R., Bharadwaj, C., Sneha Priya, S. P., Shrivastava, A. K., Pal, M., et al. (2021). Genome-wide transcriptome analysis and physiological variation modulates gene regulatory networks acclimating salinity tolerance in chickpea. Environ. Exp. Bot. 187:104478. doi: 10.1016/j.envexpbot.2021.104478

Laluk, K., Abuqamar, S., and Mengiste, T. (2011). The Arabidopsis Mitochondria-localized Pentatricopeptide Repeat Protein PGN functions in defense against necrotrophic fungi and abiotic stress tolerance. Plant Physiol. 156, 2053–2068. doi: 10.1104/pp.111.177501

Li, J., Han, Y., Zhao, Q., Li, C., Xie, Q., Chong, K., et al. (2013). The E3 Ligase AtRDUF1 positively regulates salt stress responses in Arabidopsis thaliana. PLoS One 8:8. doi: 10.1371/journal.pone.0071078

Liu, J., Jiang, C., Kang, L., Zhang, H., Song, Y., Zou, Z., et al. (2020). Over-Expression of a 14-3-3 Protein From Foxtail Millet Improves Plant Tolerance to Salinity Stress in Arabidopsis thaliana. Front. Plant Sci. 11:449. doi: 10.3389/fpls.2020.00449

Long, N. V., Dolstra, O., Malosetti, M., Kilian, B., Graner, A., Visser, R. G. F., et al. (2013). Association mapping of salt tolerance in barley (Hordeum vulgare L.). Theoretical Appl. Gene. 126, 2335–2351. doi: 10.1007/s00122-013-2139-0

Maas, E. V., and Hoffman, G. J. (1977). Crop Salt Tolerance - Current Assessment. J. Irrigation Drainage Div. 103, 115–134. doi: 10.1061/JRCEA4.0001137

MacDonald, M. J., and D’Cunha, G. B. (2007). A modern view of phenylalanine ammonia lyase. Biochem. Cell Biol. 85, 273–282. doi: 10.1139/O07-018

Manna, M., Thakur, T., Chirom, O., Mandlik, R., Deshmukh, R., and Salvi, P. (2021). Transcription factors as key molecular target to strengthen the drought stress tolerance in plants. Physiol. Plantarum 172, 847–868. doi: 10.1111/ppl.13268

Mano, Y., and Takeda, K. (1997). Mapping quantitative trait loci for salt tolerance at germination and the seedling stage in barley (Hordeum vulgare L.). Euphytica 94, 263–272. doi: 10.1023/a:1002968207362

Martin, P., Wishart, J., Cromarty, A., and Chang, X. (2008). “Orkney Bere - developing new markets for an old crop,” in New Crops and Uses: Their Role in a Rapidly Changing World, eds J. Smartt and N. Haq (Southampton, UK: Centre for Underutilised Crops), 359–372.

McFarlane, D. J., George, R. J., Barrett-Lennard, E. G., and Gilfedder, M. (2016). “Salinity in dryland agricultural systems: Challenges and opportunities,” in Innovations in Dryland Agriculture, eds M. Farooq and K. H. M. Siddique (Cham, Switzerland: Springer International Publishing), 521–547.

Mian, A., Oomen, R. J. F. J., Isayenkov, S., Sentenac, H., Maathuis, F. J. M., and Véry, A.-A. (2011). Over-expression of an Na+- and K+-permeable HKT transporter in barley improves salt tolerance. Plant J. 68, 468–479. doi: 10.1111/j.1365-313X.2011.04701.x

Mugai, E. N. (2004). Salinity characterization of the Kenyan saline soils. Soil Sci. Plant Nutri. 50, 181–188. doi: 10.1080/00380768.2004.10408467

Munns, R. (2002). Comparative physiology of salt and water stress. Plant Cell Environ. 25, 239–250. doi: 10.1046/j.0016-8025.2001.00808.x

Munns, R. (2009). “Strategies for crop improvement in saline soils,” in Salinity and Water Stress: Improving Crop Efficiency, eds M. Ashraf, M. Ozturk, and H. R. Athar (Dordrecht, Netherlands: Springer Netherlands), 99–110.

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

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

Munns, R., Day, D. A., Fricke, W., Watt, M., Arsova, B., Barkla, B. J., et al. (2020). Energy costs of salt tolerance in crop plants. New Phytologist 225, 1072–1090. doi: 10.1111/nph.15864

Munns, R., James, R. A., and Läuchli, A. (2006). Approaches to increasing the salt tolerance of wheat and other cereals. J. Exp. Bot. 57, 1025–1043. doi: 10.1093/jxb/erj100

Munns, R., Schachtman, D. P., and Condon, A. G. (1995). The significance of a two-phase growth response to salinity in wheat and barley. Aust. J. Plant Physiol. 22, 561–569. doi: 10.1071/PP9950561

Nag, S., and Kumaria, S. (2018). In silico characterization and transcriptional modulation of phenylalanine ammonia lyase (PAL) by abiotic stresses in the medicinal orchid Vanda coerulea Griff. ex Lindl. Phytochemistry 156, 176–183. doi: 10.1016/j.phytochem.2018.09.012

Nefissi Ouertani, R., Abid, G., Karmous, C., Ben Chikha, M., Boudaya, O., Mahmoudi, H., et al. (2021). Evaluating the contribution of osmotic and oxidative stress components on barley growth under salt stress. AoB PLANTS 13:4. doi: 10.1093/aobpla/plab034

Nevo, E., and Chen, G. (2010). Drought and salt tolerances in wild relatives for wheat and barley improvement. Plant Cell Environ. 33, 670–685. doi: 10.1111/j.1365-3040.2009.02107.x

Newman, C. W., and Newman, R. K. (2006). A Brief History of Barley Foods. Cereal Foods World 51, 4–7. doi: 10.1094/cfw-51-0004

Newton, A. C., Akar, T., Baresel, J. P., Bebeli, P. J., Bettencourt, E., Bladenopoulos, K. V., et al. (2010). Cereal landraces for sustainable agriculture, a review. Agron. Sustain. Dev. 30, 237–269. doi: 10.1051/agro/2009032

Noreen, S., Sultan, M., Akhter, M. S., Shah, K. H., Ummara, U., Manzoor, H., et al. (2021). Foliar fertigation of ascorbic acid and zinc improves growth, antioxidant enzyme activity and harvest index in barley (Hordeum vulgare L.) grown under salt stress. Plant Physiol. Biochem. 158, 244–254. doi: 10.1016/j.plaphy.2020.11.007

Osman, K. T. (2018). “Saline and sodic soils,” in Management of Soil Problems, ed. K. T. Osman (Cham, Switzerland: Springer International Publishing), 255–298.

Pandya, D. H., Mer, R. K., Prajith, P. K., and Pandey, A. N. (2005). Effect of salt stress and manganese supply on growth of barley seedlings. J. Plant Nutri. 27, 1361–1379. doi: 10.1081/PLN-200025835

Pannell, D. J., and Ewing, M. A. (2006). Managing secondary dryland salinity: options and challenges. Agric. Water Manag. 80, 41–56.

Paranychianakis, N. V., and Chartzoulakis, K. S. (2005). Irrigation of Mediterranean crops with saline water: from physiology to management practices. Agric. Ecosyst. Environ. 106, 171–187. doi: 10.1016/j.agee.2004.10.006

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. Pollution Res. 22, 4056–4075. doi: 10.1007/s11356-014-3739-1

Pérez-Labrada, F., López-Vargas, E. R., Ortega-Ortiz, H., Cadenas-Pliego, G., Benavides-Mendoza, A., and Juárez-Maldonado, A. (2019). Responses of Tomato Plants under Saline Stress to Foliar Application of Copper Nanoparticles. Plants 8:151. doi: 10.3390/plants8060151

Pour Aboughadareh, A., Naghavi, M. R., and Khalili, M. (2013). Water deficit stress tolerance in some of barley genotypes and landraces under field conditions. Notulae Sci. Biol. 5, 249–255. doi: 10.15835/nsb.5.2.9066

Qin, F., Sakuma, Y., Tran, L.-S. P., Maruyama, K., Kidokoro, S., Fujita, Y., et al. (2008). Arabidopsis DREB2A-Interacting proteins function as RING E3 Ligases and negatively regulate plant drought stress–responsive gene expression. Plant Cell 20, 1693–1707. doi: 10.1105/tpc.107.057380

R Core Team. (2013). R: A Language and Environment for Statistical Computing [Computer Program]. Vienna, Austria: R Foundation for Statistical Computing.

Raboanatahiry, N. H., Lu, G., and Li, M. (2015). Computational prediction of acyl-coA binding proteins structure in Brassica napus. PloS One 10:6. doi: 10.1371/journal.pone.0129650

Rahnama, A., Munns, R., Poustini, K., and Watt, M. (2011). A screening method to identify genetic variation in root growth response to a salinity gradient. J. Exp. Bot. 62, 69–77. doi: 10.1093/jxb/erq359

Rajeswari, S., Sood, N., Swarup, T. G., Subramanian, R., and Salcedo-Reyes, J. C. (2019). Assessing salt-stress tolerance in barley. Univer. Sci. 24, 91–109.

Rawson, H. M., Richards, R. A., and Munns, R. (1988). An examination of selection criteria for salt tolerance in wheat, barley and triticale genotypes. Aust. J. Agric. Res. 39, 759–772. doi: 10.1071/AR9880759

Rengasamy, P. (2006). World salinization with emphasis on Australia. J. Exp.Bot. 57, 1017–1023. doi: 10.1093/jxb/erj108

Rivandi, J., Miyazaki, J., Hrmova, M., Pallotta, M., Tester, M., and Collins, N. C. (2011). A SOS3 homologue maps to HvNax4, a barley locus controlling an environmentally sensitive Na+ exclusion trait. J. Exp. Bot. 62, 1201–1216. doi: 10.1093/jxb/erq346

Roy, S. J., Negrão, S., and Tester, M. (2014). Salt resistant crop plants. Curr. Opin. Biotechnol. 26, 115–124. doi: 10.1016/j.copbio.2013.12.004

Roy, S. J., Qiu, J., Henderson, S. W., Gilliham, M., and Tester, M. (2016). SLAH1, a homologue of the slow type anion channel SLAC1, modulates shoot Cl– accumulation and salt tolerance in Arabidopsis thaliana. J. Exp. Bot. 67, 4495–4505. doi: 10.1093/jxb/erw237

Sahagian, D. (2000). Global physical effects of anthropogenic hydrological alterations: sea level and water redistribution. Global Planetary Change 25, 39–48. doi: 10.1016/S0921-8181(00)00020-5

Sakuma, Y., Liu, Q., Dubouzet, J. G., Abe, H., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2002). DNA-Binding Specificity of the ERF/AP2 Domain of Arabidopsis DREBs, Transcription Factors Involved in Dehydration- and Cold-Inducible Gene Expression. Biochem. Biophysical Res. Commun. 290, 998–1009. doi: 10.1006/bbrc.2001.6299

Schmidt, S. B., George, T. S., Brown, L. K., Booth, A., Wishart, J., Hedley, P. E., et al. (2019). Ancient barley landraces adapted to marginal soils demonstrate exceptional tolerance to manganese limitation. Ann. Bot. 123, 831–843. doi: 10.1093/aob/mcy215

Scholten, M., Maxted, N., and Ford-Lloyd, B. (2004). UK National Inventory of Plant Genetic Resources for Food and Agriculture [Report]. Birmingham, UK.: University of Birmingham.

Seo, D. H., Ryu, M. Y., Jammes, F., Hwang, J. H., Turek, M., Kang, B. G., et al. (2012). Roles of four Arabidopsis U-Box E3 Ubiquitin Ligases in negative regulation of Abscisic Acid-mediated drought stress responses. Plant Physiol. 160, 556–568. doi: 10.1104/pp.112.202143

Shavrukov, Y., Bovill, J., Afzal, I., Hayes, J. E., Roy, S. J., Tester, M., et al. (2013). HVP10 encoding V-PPase is a prime candidate for the barley HvNax3 sodium exclusion gene: evidence from fine mapping and expression analysis. Planta 237, 1111–1122. doi: 10.1007/s00425-012-1827-3

Shelden, M. C., Gilbert, S. E., and Tyerman, S. D. (2020). A laser ablation technique maps differences in elemental composition in roots of two barley cultivars subjected to salinity stress. Plant J. 101, 1462–1473. doi: 10.1111/tpj.14599

Shelden, M. C., Roessner, U., Sharp, R. E., Tester, M., and Bacic, A. (2013). Genetic variation in the root growth response of barley genotypes to salinity stress. Functional Plant Biol. 40, 516–530. doi: 10.1071/FP12290

Shen, Y., Conde, E., Silva, N., Audonnet, L., Servet, C., Wei, W., et al. (2014). Over-expression of histone H3K4 demethylase gene JMJ15 enhances salt tolerance in Arabidopsis. Front. Plant Sci. 5:290. doi: 10.3389/fpls.2014.00290

Southworth, C. L. (2007). The use of microsatellite markers to differentiate UK barley (Hordeum vulgare) varieties and in the population genetic analysis of bere barley from the Scottish islands. Edinburgh, Scotland, UK: Heriot Watt University. Ph.D thesis.

Sun, Z., Wang, X., Qiao, K., Fan, S., and Ma, Q. (2021). Genome-wide analysis of JMJ-C histone demethylase family involved in salt-tolerance in Gossypium hirsutum L. Plant Physiol. Biochem. 158, 420–433. doi: 10.1016/j.plaphy.2020.11.029

Tavakkoli, E., Rengasamy, P., and Mcdonald, G. K. (2010). The response of barley to salinity stress differs between hydroponic and soil systems. Functional Plant Biol. 37, 621–633. doi: 10.1071/FP09202

Thabet, S. G., Moursi, Y. S., Sallam, A., Karam, M. A., and Alqudah, A. M. (2021). Genetic associations uncover candidate SNP markers and genes associated with salt tolerance during seedling developmental phase in barley. Environ. Exp. Bot. 188:104499. doi: 10.1016/j.envexpbot.2021.104499

Tian, X.-H., Li, X.-P., Zhou, H.-L., Zhang, J.-S., Gong, Z.-Z., and Chen, S.-Y. (2005). OsDREB4 Genes in Rice Encode AP2-Containing Proteins that Bind Specifically to the Dehydration-Responsive Element. J. Int. Plant Biol. 47, 467–476. doi: 10.1111/j.1744-7909.2005.00028.x

Todaka, D., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2015). Recent advances in the dissection of drought-stress regulatory networks and strategies for development of drought-tolerant transgenic rice plants. Front. Plant Sci. 6:84. doi: 10.3389/fpls.2015.00084

Tomaz, A., Palma, P., Alvarenga, P., and Gonçalves, M. C. (2020). “Chapter 13 - Soil salinity risk in a climate change scenario and its effect on crop yield,” in Climate Change and Soil Interactions, eds M. N. V. Prasad and M. Pietrzykowski (Amsterdam: Elsevier), 351–396.

Umali, D. L. (1993). Irrigation Induced Salinity: A Growing Problem for Development and the Environment [Report]. World Bank Technical Paper no. WTP 215. Washington, DC, USA: TheWorld Bank.

Van Bezouw, R. F. H. M., Janssen, E. M., Ashrafuzzaman, M., Ghahramanzadeh, R., Kilian, B., Graner, A., et al. (2019). Shoot sodium exclusion in salt stressed barley (Hordeum vulgare L.) is determined by allele specific increased expression of HKT1;5. J. Plant Physiol. 241:153029. doi: 10.1016/j.jplph.2019.153029

Wang, C., Zhang, L.-J., and Huang, R.-D. (2011). Cytoskeleton and plant salt stress tolerance. Plant Signaling Behav. 6, 29–31. doi: 10.4161/psb.6.1.14202

Wang, W., Vinocur, B., and Altman, A. (2003). Plant responses to drought, salinity and extreme temperatures: Towards genetic engineering for stress tolerance. Planta 218, 1–14. doi: 10.1007/s00425-003-1105-5

Wei, K., Zhang, J., Wang, Q., Guo, Y., and Mu, W. (2022). Irrigation with ionized brackish water affects cotton yield and water use efficiency. Industrial Crops Products 175:114244. doi: 10.1016/j.indcrop.2021.114244

Wei, Q., Xu, J., Liao, L., Li, Y., Wang, H., and Rahim, S. F. (2018). Water salinity should be reduced for irrigation to minimize its risk of increased soil N2O emissions. Int. J. Environ. Res. Public Health 15:10. doi: 10.3390/ijerph15102114

Widodo, E., Patterson, J. H., Newbigin, E., Tester, M., Bacic, A., and Roessner, U. (2009). Metabolic responses to salt stress of barley (Hordeum vulgare L.) cultivars, Sahara and Clipper, which differ in salinity tolerance. J. Exp. Bot. 60, 4089–4103. doi: 10.1093/jxb/erp243

Wright, I. A., Dalziel, A. J. I., Ellis, R. P., and Hall, S. J. G. (2002). The Status of Traditional Scottish Animal Breeds and Plant Varieties and the Implications for Biodiversity. Edinburgh, UK: Scottish Executive Environment and Rural Affairs Department.

Wu, H. (2018). Plant salt tolerance and Na+ sensing and transport. Crop J. 6, 215–225. doi: 10.1016/j.cj.2018.01.003

Xing, H., Fu, X., Yang, C., Tang, X., Guo, L., Li, C., et al. (2018). Genome-wide investigation of pentatricopeptide repeat gene family in poplar and their expression analysis in response to biotic and abiotic stresses. Sci. Rep. 8:2817. doi: 10.1038/s41598-018-21269-1

Xu, R., Wang, J., Li, C., Johnson, P., Lu, C., and Zhou, M. (2012). A single locus is responsible for salinity tolerance in a Chinese landrace barley (Hordeum vulgare L.). PLoS One 7:8. doi: 10.1371/journal.pone.0043079

Yu, J., Pressoir, G., Briggs, W. H., Vroh Bi, I., Yamasaki, M., Doebley, J. F., et al. (2006). A unified mixed-model method for association mapping that accounts for multiple levels of relatedness. Nat. Gene. 38, 203–208. doi: 10.1038/ng1702

Zhang, M., Zhao, J., Li, L., Gao, Y., Zhao, L., Patil, S. B., et al. (2017). The Arabidopsis U-box E3 ubiquitin ligase PUB30 negatively regulates salt tolerance by facilitating BRI1 kinase inhibitor 1 (BKI1) degradation. Plant Cell Environ. 40, 2831–2843. doi: 10.1111/pce.13064

Zhang, Z., Ersoz, E., Lai, C.-Q., Todhunter, R. J., Tiwari, H. K., Gore, M. A., et al. (2010). Mixed linear model approach adapted for genome-wide association studies. Nat. Gen. 42, 355–360. doi: 10.1038/ng.546

Zhou, G., Johnson, P., Ryan, P. R., Delhaize, E., and Zhou, M. (2012). Quantitative trait loci for salinity tolerance in barley (Hordeum vulgare L.). Mole. Breeding 29, 427–436. doi: 10.1007/s11032-011-9559-9

Zhou, S., Sauve, R., Fish, T., and Thannhauser, T. W. (2009). Salt-induced and salt-suppressed proteins in tomato leaves. J. Am. Soc. Horticultural Sci. 134, 289–294. doi: 10.21273/JASHS.134.2.289

Zhu, J., Li, W., Zhou, Y., Pei, L., Liu, J., Xia, X., et al. (2021). Molecular characterization, expression and functional analysis of acyl-CoA-binding protein gene family in maize (Zea mays). BMC Plant Biol. 21:94. doi: 10.1186/s12870-021-02863-4

Zsigmond, L., Szepesi, Á, Tari, I., Rigó, G., Király, A., and Szabados, L. (2012). Overexpression of the mitochondrial PPR40 gene improves salt tolerance in Arabidopsis. Plant Sci. 182, 87–93. doi: 10.1016/j.plantsci.2011.07.008


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

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.

Copyright © 2022 Cope, Norton, George and Newton. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 16 June 2022
doi: 10.3389/fpls.2022.912637





[image: image]
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Soil salinity poses a serious threat to the sustainable production of rice (Oryza sativa L.) throughout the world. Thus, the detection of loci and alleles responsible for salt tolerance is fundamental to accelerating the improvement of rice and producing the resilient varieties that will ensure future harvests. In this study, we collected a set of 191 mini-core rice populations from around the world, evaluated their salt tolerance based on plant growth and development phenotypes at the seedling stage, and divided a standard evaluation score (SES) of visual salt injury into five different grades. We used ∼3.82 million single nucleotide polymorphisms (SNPs) to identify 155 significant SNPs and 275 genes associated with salt sensitivity based on a genome-wide association study (GWAS) of SES. In particular, two candidate genes, ZFP179 and OsDSR2, were associated with salt tolerance, and OsHKT1;1 was co-detected in the entire GWAS of all the panels and indica. Additionally, we investigated the transcriptional changes in cultivars 93-11 and PA64s under normal and salinity stress conditions and found 517 co-upregulated and 223 co-downregulated genes. These differentially expressed genes (DEGs) were highly enriched in “response to chemical” and “stress” based on the gene ontology enrichment analysis. Notably, 30 candidate genes that were associated with the salt tolerance analysis were obtained by integrating GWAS and transcriptomic DEG analyses, including 13 cloned genes that had no reports of tolerance to salt and 17 candidate genes whose functions were unknown. To further explore these genes and their alleles, we performed haplotype analysis, genome-wide domestication detection, and transcriptome analysis to breed improved varieties. This data and the genetic resources provided will be valuable for the development of salt tolerant rice varieties.
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INTRODUCTION

The levels of salinization in the soil are increasing significantly owing to improper irrigation and limited freshwater supplies. Soil salinity inhibits plant growth and development, metabolic changes, and ion sequestration and exclusion (Chen et al., 2018; Van Zelm et al., 2020). Consequently, salinization of the soil represents a considerable abiotic stress for agricultural production and the ecological environment, limits the utilization of arable land, and thus constitutes a global problem that represents the primary source of agricultural crisis in the world (Bailey-Serres et al., 2019; Hassani et al., 2020). In light of this, the utilization of naturally evolved traits and population genetics to accelerate crop improvement and develop resilient production systems is necessary to ensure the viability of future harvests.

Rice (Oryza sativa L.) is one of three major food crops and the main source of nutrients for the global human population; it plays a significant role in facilitating economic development and maintaining national security (Chen et al., 2022). In addition, rice is the first choice to improve and utilize coastal areas and saline-alkali land (Yeo and Flowers, 1986). Despite the prominent increase in the production of rice, we currently face an enormous challenge to enhance the salt tolerance of rice and increase the yield of this crop on salinized agricultural land (Bhatt et al., 2020). Thus, the study of the molecular mechanisms behind salinity resistance is crucial for cultivating new varieties of rice.

Plants have evolved complex and interconnected regulatory networks that enable them to respond and adapt to different environments to withstand salinity stress. For example, sodium (Na+) transport and accumulation in plant cells are important for enhancing salt tolerance. This is accomplished by transporters that are responsible for Na+ uptake, export and compartmentation. Previous studies demonstrated that the Salt Overly Sensitive (SOS) signaling pathway mediates Na+ exclusion (Zhu, 2001). The High affinity K+ transporter (HKT)-type transporters are involved in Na+ transport (Berthomieu et al., 2003; Hamamoto et al., 2015), and the NHX (Na+/H+ antiporter)-type transporters facilitate the compartmentation of Na+ (Blumwald and Poole, 1985). Studies in Arabidopsis have resulted in significant progress toward understanding the function of SOSs (Quintero et al., 2011; Gong et al., 2020). The SOS functional module is conserved and comprises the SOS1, SOS2, and SOS3 proteins that operate in cereals and possess a high degree of structural conservation between dicots and monocots (Quintero et al., 2002; Martínez-Atienza et al., 2007). In a similar fashion to AtSOS1, the OsSOS1 plasma membrane Na+/H+ exchanger also plays a substantial role in controlling Na+ uptake and root-shoot partitioning to confer higher salt tolerance to rice plants (El Mahi et al., 2019). Members of the NHX family are equally conserved and important for transporting intercellular potassium (K+) and maintaining the pH of endomembrane during salt stress (Van Zelm et al., 2020). In Arabidopsis, plants that overexpress NHX1 display increased tolerance to salt and accumulate Na+ in their shoots under conditions of high salinity (Apse et al., 1999). NHXs also transport K+ and Na+ in crop plants, which has demonstrated relevance for salt tolerance (Almeida et al., 2017). However, the associated haplotypes within these genes remain unknown.

Unlike SOSs and NHXs, Arabidopsis encodes only one HKT gene (AtHKT1;1). This contrasts with the multiple copies of HKT-type transporters found in monocot species, such as rice, wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) (Hamamoto et al., 2015). In particular, seven functional HKT-type transporters are present in rice, and they encompass two classes (I and II) based on their respective transport activity (Platten et al., 2006). Previous studies reported that rice plants require OsHKT1;1, a member of class I, to adapt to salinity stress by reducing the accumulation of Na+ in the shoots (Wang et al., 2015). Additionally, a cross between Nona Bokra, a salt tolerant indica variety, and Koshihikari, a susceptible japonica variety, made it possible to map an essential QTL designated SKC1 (Shoot K+ Content) that encodes another member of the HKT family and showed that OsHKT1;5 mediates the accumulation of K+ and Na+ in the shoots and xylem sap of rice plants (Ren et al., 2005). Among the HKT gene family, OsHKT1;5 is an ortholog of AtHKT1;1, which primarily detoxifies elevated Na+ levels to confer salt tolerance to both Arabidopsis and rice (Garciadeblás et al., 2003). Unlike class I HKT transporters, such as OsHKT1;1 and OsHKT1;5, there is little evidence on the physiological functions of class II genes in plants except for the OsHKT2;1-mediated influx of Na+ (Horie et al., 2007; Park et al., 2019; Wei et al., 2021a). Additionally, Takagi et al. (2015) used the MutMap method to identify OsRR22, a gene responsible for salt tolerance in rice, which allowed the researchers to develop a salt tolerant variety. These data showed that OsRR22 regulates the transcription of many salt response genes, such as OsHKT1;1 (Takagi et al., 2015). Although it is well established that HKT proteins play a major role in the salt tolerance of cereal crops, the distinct evolutionary pathways between varieties and the optimal haplotypes remain unknown.

Various transcription factor families, such as MYB, WRKY, and NAC, are also involved in responses to salt stress. In particular, NAC transcription factors are among the largest transcription regulatory gene families in plants, and their members play a vital role in response to abiotic stress (Jeong et al., 2013). Previous studies (Wang et al., 2012b; Yuan et al., 2020) showed that OMTN proteins have characteristics that are typical of NAC transcriptional factors, including the overexpression of OMTN2, OMTN3, OMTN4, and OMTN6, which leads to drought sensitivity at the reproductive stage, and changes in the expression of several genes related to stress responses (Fang et al., 2014).

The advent of genome-wide association studies (GWAS) emerged as a powerful strategy to uncover the molecular basis of salt tolerance in rice. GWAS studies can identify more historical recombination, alleles, and wider genetic variation than traditional linkage analysis (Min et al., 2021). With respect to the analysis of genetic variation in different rice accessions, previous studies suggested that wild rice represents an important model for studying salinity resistance, which was preserved by natural selection, and has the potential to improve cultivated rice (Yuan et al., 2020). Using high density SNPs of the rice population to perform GWAS is an available way to identify salt-tolerance genes. Seven genes were identified under salinity stress conditions through GWAS analysis (Liu et al., 2019). Similarly, 295 rice accessions were used to perform GWAS of salt tolerance analysis during the germination stage, and 17 salt-tolerance-related genes were characterized (Yu et al., 2018). Therefore, it is critical to study the extensive genetic diversity of wild rice to identify valuable genes that are involved in salt stress tolerance. Additionally, rice domestication could provide a reliable basis to identify favorable variants for modern breeding (Meyer et al., 2016). In our previous studies, we analyzed the phenotype of 225 rice variety population under normal and low nitrogen conditions and conducted GWAS analysis to obtain four candidate genes (Lv et al., 2021). In this study, we analyzed the salt resistance of 191 rice varieties, performed a GWAS analysis, and combined this information with evaluation scoring results for salt tolerance, genetic differentiation and transcriptomic analysis to identify the genetic underlying basis for salt resistance in rice. Notably, we isolated 275 candidate genes associated with salt tolerance, including the known salt genes OsHKT1;1 and SLR1, which highlighted the reliability and accuracy of our methods. Simultaneously, we conducted haplotype and genetic diversity analyses to explore the predicted salt tolerant genes and the dominant haplotypes to improve rice varieties. The data and genetic resources of this study are highly valuable for correctly characterizing the molecular basis of salt tolerance in rice.



MATERIALS AND METHODS


Plant Materials

The mini-core population used in this study consisted of 184 Oryza sativa accessions obtained from the 3,010 Rice Genomes Project (Wang et al., 2018). Seven Oryza sativa accessions were provided by Wang et al. (2020). These germplasms originated from 27 different countries (Supplementary Table 1).



NaCl Treatment and Phenotypic Analysis

Hydroponic experiments were performed at the greenhouse of the China National Rice Research Institute in Hangzhou, China, during the summer of 2021. The grains were germinated in water at 37°C in the dark for 3 days. We examined the effects of salt stress in rice at the seedling stage and set different levels of NaCl concentration (50 mM NaCl, 100 mM NaCl, 200 mM NaCl) for pre-experiments. Descriptive statistics of the phenotypes related to salt tolerance at the seedling stage of 191 rice accessions are presented in Supplementary Table 2. A wide range of phenotype values were observed under 100 mM NaCl solution in the salt traits evaluation, which resulted in the most diverse phenotypic distribution and facilitated discrimination of accessions with different salt tolerance levels. The seedlings were cultured in a nutrient solution (pH 5.5–5.8) with the following composition (Peethambaran et al., 2018): 1.425 NH4NO3, 0.42 NaH2PO4, 0.510 K2SO4, 0.998 CaCl2, 1.643 MgSO4, 0.168 Na2SiO3, 0.125 Fe-EDTA, 0.019 H3BO3, 0.009 MnCl2, 0.155 CuSO4, 0.152 ZnSO4, and 0.075 Na2MoO4. The solutions were changed every 2 days. After 2 weeks of hydroponic culture, 48 plants per line of the 14-day-old seedlings with uniform growth were exposed to a 100 mM solution of NaCl as the salt stress treatment, while the remaining 48 plants per line with uniform growth were cultured in a normal solution for an additional 14 days as the control (Jahan et al., 2020, 2021). The whole experiment was conducted in a randomized complete block design with two biological replications, and all of the tested samples were efficient.

Ten seedlings of each accession were evaluated for salt tolerance grades, and five salt tolerance indices (1, 3, 5, 7, and 9) were divided based on plant growth and development phenotypes after salt treatment (Gregorio et al., 1997). This scoring discriminated the susceptible from the tolerant and moderately tolerant genotypes. Plants with lower salt tolerance scores displayed visual symptoms that manifested as brown leaf tips, yellowing leaves, dry leaves, reduced shoot growth, and stunted height. These phenotypes increased with the time of stress.



Genome-Wide Association Study

The sequence data rice accessions used for GWAS were obtained from the 3,000 Rice Genomes Project (Wang et al., 2018). The SNP data were filtered with the following criteria: minor allele frequency (MAF) >0.05 (Visscher et al., 2012) and missing rate ≤30% (Yu et al., 2021). The linkage disequilibrium (LD) parameter r2 between pairwise SNPs was calculated using PopLDdecay. The physical LD decay distance was estimated as the position where r2 dropped to half of its maximum value. We estimated an LD decay distance of 86.8 kb. The efficient mixed model analysis feature of the EMMA eXpedited (EMMAX) software was utilized for GWAS analysis. The significance threshold was calculated using the formula “−log10 (1/the effective number of independent SNPs).” The threshold was set at −log P = 5 to identify significant association signals (Gao et al., 2020; Lv et al., 2021), and the candidate genes were detected as those within 200 kb of the significant association signals (Yu et al., 2017) using a mixed linear model (MLM) model (Kang et al., 2010). Plots that represented the GWAS results (Manhattan and Quantile-Quantile plots) were generated using the package qqman in R 3.4.2 (Turner, 2014). Annotations were added to the filtered VCF files using SnpEff software, and missense variant sites were selected for haplotype analysis of the target gene as the result.



Data Samples and Single Nucleotide Polymorphism Calling for Genetic Differentiation

A total of 159 indica, 146 temperate japonica, and 41 tropical japonica varieties, as well as 53 Oryza rufipogon, 163 Oryza glaberrima, and 83 Oryza barthii samples, were obtained from previous studies (Huang et al., 2012b; Cubry et al., 2018; Wang et al., 2018). The raw Illumina short reads were filtered using Trimmomatic 0.36 (Bolger et al., 2014). The clean reads were mapped to the Nipponbare reference genome (MSUv7) (Kawahara et al., 2013) using BOWTIE2 v2.2.1 (Langmead and Salzberg, 2012) with default parameters. SAMtools v1.8 was used for SNP calling, and the SNPs were filtered using VCFtools (Danecek et al., 2021) with the following parameters: “–maf 0.001 –max-missing 0.9 –remove-indels –min-alleles 2 –max-alleles 2.”



Population Differentiation Statistics

The population differentiation statistics (FST) between wild and indica, wild and japonica, and O. glaberrima and O. barthii were estimated separately for each window using VCFtools (Danecek et al., 2011). FST was calculated with the following parameters: “–fst-window-size 100,000 –fst-window-step 10,000.” Sliding windows with the top 5% of FST values were identified as divergent windows. Genes that overlapped the FST divergent windows were annotated based on the MSUv7 annotation (Kawahara et al., 2013).



RNA-Seq

The cultivars 93-11 and PA64s, as well as their salt tolerant plants (based on phenotyping results), were selected for RNA-Seq analysis (Accession: PRJNA831421)1. Total RNA was extracted with TRIzol, and the RNA-Seq libraries were prepared using two biological replicates for each species. After filtering out non-conforming sequences with Trimmomatic (0.36) (Bolger et al., 2014), TopHat2 (v2.0.12) (Trapnell et al., 2012) was used to align the cleaned data to the reference genome (Kawahara et al., 2013). The default parameters in the Cufflinks (v2.2.1) were used to obtain the gene expression level (Fragments per kilobase per million, FPKM) of each gene (Trapnell et al., 2012). Meanwhile, genes with P-value < 0.05, Q-value < 0.05 and FPKM difference greater than 1.5 times between the control group and the treatment group obtained by Cuffdiff (v2.2.1) were regarded as differentially expressed genes (DEGs). TBtools (v1.098723) (Chen et al., 2020) was applied to map the DEGs of the GO database2, and it was also be used to calculate the number of genes in each term to obtain a list of genes with a certain GO function and the statistics of the number of genes. The differential genes of GO item species with significantly enriched differential genes and P-value < 0.05 will be retained for analysis.




RESULTS


Geographic Distribution and Population Structure

The different accessions used in this study are shown in Figure 1. A total of 191 O. sativa accessions were collected from 27 different regions of the world (Figure 1A), which represents a large variation of geographical origins and genetic diversity for the accessions of cultivated rice. A principal component analysis (PCA) was performed with the high-quality SNPs/indels to mine the population structure in the rice accessions. Clear subpopulation structures were observed, which resulted in three subpopulations designated indica and japonica with the admixture accessions located between the two groups (Figure 1B). The resulting neighbor-joining tree showed consistency with the PCA analysis and identified 129 indica, 57 japonica, and five intermediate type accessions, which largely supported the classification of the 191 accessions (Figure 1C). There were five intermediate accessions, which could have resulted from occasional historical hybrids between indica and japonica that experienced partial reproductive isolation.
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FIGURE 1. The geographic distribution and population genetic structure across the 191 rice cultivated accessions. (A) Geographic distribution. (B) Principal component analysis. (C) Neighbor-joining tree of the 191 cultivated rice accessions.




Evaluation of Salt Tolerance Among the Accessions

We examined the effects of salt stress in rice at the seedling stage and established different levels of NaCl concentrations for pre-experiments. A wide range of phenotypic values was observed when the accessions were treated with a 100 mM solution of NaCl to evaluate the salt traits. This resulted in the most diverse phenotypic distribution and facilitated the discrimination of accessions with different levels of salt tolerance. We treated 14-day-old seedlings from the 191 rice cultivated accessions with control (0 mM–1) and high NaCl/stress (100 mM–1) solutions. The plants displayed distinct salt tolerance variation across these populations that were analyzed. We then evaluated salt tolerance based on plant growth and development phenotypes. The evaluation of salt tolerance scores was divided into five grades (1, 3, 5, 7, and 9) using a modified standard evaluating score (Table 1) based on the visual symptoms of salt toxicity. This evaluation score distinguishes susceptible from tolerant and moderately tolerant phenotypes (Figure 2). We found no significant differences in plant growth and development between these accessions, and all the plants, such as Qiuqianbai (NS47) and Hongainuo (NS112), displayed a high SES under both normal and high salt stress conditions. We classified the accessions with a score of being highly tolerant to salt. Compared with normal conditions, the low SES accessions, particularly Heibiao (NS1) and Vietnam Zaodao (NS6), grew and developed poorly. In fact, almost all the plants died or were severely damaged under high salt stress conditions, and these accessions appear to be highly susceptible to salt stress. There was also a clear distinction between visual symptoms among the tolerant, moderate, and susceptible plants. The mean, standard deviation (SD), and coefficient of variation values for the SES are shown in Supplementary Table 2. This indicates the 191 cultivated rice accessions in the GWAS panel exhibited considerable natural variation in their degree of salt tolerance and had a very high level of genetic diversity.


TABLE 1. The standard evaluation score (SES) salt-tolerance.
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FIGURE 2. Classification and frequency histogram of the salt tolerance evolution score (SES) in the entire population. (A) Morphological responses of ten different rice varieties under 100 mM NaCl stress based on the salt tolerance evolution score (SES). Scale bar: 5 cm. Phenotypic characterization of five SES [9 (B), 7 (C), 5 (D), 3 (E), 1 (F)] of the visual symptoms in leaves. Scale bar: 2 cm. (G) Frequency histogram of the SES in the entire population.




Genome-Wide Association Study and Candidate Genes for Salt Tolerance

A GWAS was performed to identify candidate genes based on ∼3.82 million SNPs, with missing rates ≤30% and MAF >0.05. These polymorphisms covered the whole rice genome, and we used MLM to calculate associations. In particular, we established a threshold of −log P = 5 as a significant association standard. Overall, we identified 155 SNPs associated with salt tolerance, including 24 that were found across the entire panel, 37 in the indica panel and 94 in the japonica panel (Figure 3).
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FIGURE 3. Genome-wide association studies of salt tolerance evolution scores (SES). (A) Manhattan plots of the entire accessions panel, (B) the indica accessions panel, (C) the japonica accessions panel. The known candidate genes responsible for salt sensitivity are indicated with red arrows, the numbers correspond to the genes presented in Table 2.



We searched for candidate genes within the genomic intervals of significant SNPs using the Rice Genome Annotation Project3 and published research on salt tolerance as references. We found 275 candidate genes in total (Supplementary Tables 3–5), including 27 genes that had been previously associated with salt sensitivity (Table 2). In the entire GWAS panel, we found 74 candidate genes in the intervals that corresponded to the 24 significant SNPs. We identified two candidate genes, ZFP179 and OsDSR2, in the SNP peak Chr1_36063662 that were associated with salt tolerance and located at 61.6 kb and 58.6 kb, respectively. Additionally, OsHKT1;1 (LOC_Os04g51820) was co-detected in the entire GWAS and indica panels. This gene is a member of the HKT family and plays a significant role in preventing sodium toxicity in leaf blades by reducing the accumulation of Na+ in shoots under conditions of high salinity. At the transcription level, OsHKT1;1 is activated by the OsMYBc transcription factor. We further studied the role of OsHKT1;1 by conducting haplotype analyses on the 191 rice varieties to identify elite haplotypes using all non-synonymous SNPs within their open reading frames (ORFs; Figure 4). We identified four distinct haplotypes based on four SNPs, which were responsible for the genetic differences observed between indica and japonica. Hap.1 was solely present in indica; Hap.2 was present in both indica and japonica, and Hap.3 and Hap.4 were predominantly present in japonica. Significant differences in salt tolerance indices were detected between Hap.2 and Hap.3. Moreover, the accessions that harbored the Hap.2 genotype displayed a higher SES than the other accessions, particularly Haobayong1 (NS153) and Menjiading (NS154). This indicates that Hap.2 confers salt tolerance to seedlings. These results further validate the role played by OsHKT1;1 in the regulation of variation in salt tolerance at the seedling stage.


TABLE 2. Summary of known candidate genes for salt sensitivity.
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FIGURE 4. Haplotype analyses of OsHKT1;1 (LOC_Os04g51820). Gene structure (A) and SES (B) of different haplotypes of OsHKT1;1. T-test, *P < 0.05.


Among the remaining 24 candidate genes, OsPUP4, OsNBL3, MHZ6, OsIDS1, and OsJAZ8 were associated with salt tolerance. Additionally, 19 genes, including OsCLC1, OsCBL8, OsVPE3, OsDHODH1, OsLEA3-2, SLR1, ZFP182, OsAKT2, OsLEA5, OsSIDP366, OsSIK2, OsMsr9, OsDSG1, OsRPK1, OsMPK6, OsMSRA4.1, CYP94C2b, OsHSP23.7, and OsMYB91, were identified as salt sensitivity genes.



Genetic Differentiation of Candidate Genes Between Different Subpopulations

To examine the genetic basis behind the differences in salt tolerance observed among subpopulations at the seedling stage, we assessed 159 indica (ind), 146 temperate japonica and 41 tropical japonica (jap), as well as 53 wild O. rufipogon (Or), 163 O. glaberrima (Og) and 83 O. barthii (Ob) samples. We performed an FST analysis (Figure 5) and haplotype analysis (Supplementary Figure 1) separately, while the combined analysis was performed using the significant differentiated regions and the candidate genes as obtained by GWAS. We observed seven candidate genes in the domestication region of Asian and African rice, namely LOC_Os02g21810, LOC_Os05g35170 (IDEF2), LOC_Os10g41130, LOC_Os10g41200 (MYBS3), LOC_Os10g41260, LOC_Os10g41330, and LOC_Os12g41680 (OMTN3). These genes could have been selected simultaneously during the domestication of Asian and African rice varieties (Supplementary Table 6). Additionally, among the 27 genes previously associated with salt sensitivity, OsVPE3 (LOC_Os02g43010) was observed in the domestication region between the Ob and Og subpopulations; MHZ6 (LOC_Os03g20790) was found in the domestication region between the Or and indica subpopulations, and OsCBL8 (LOC_Os02g18930), OsDHODH1 (LOC_Os02g50350), SLR1 (LOC_Os03g49990), OsRPK1 (LOC_Os09g37949) were identified in the domestication region between the Or and japonica subpopulations. These results suggest that these candidate genes reside in selective sweep regions and could act as targets for the molecular improvement of rice salt tolerance.
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FIGURE 5. Genomic differentiation statistics. (A–C) Genomic differentiation between O. rufipogon and indica (ind) (A); O. rufipogon (Or) and japonica (jap) (B); and O. barthii (Ob) and O. glaberrima (Og) (C). Red arrows indicate the divergent regions overlapping with reported salt tolerance genes. (D) Genetic differentiation of several important genes. Green, orange, and blue lines represent the FST between O. rufipogon and indica, O. rufipogon and japonica, and O. barthii and O. glaberrima, respectively. Horizontal dashed lines correspond to the top 5% threshold. Red vertical lines represent the location of the reported genes.




Differentially Expressed Rice Genes From RNA-Seq Data in Response to Salt Stress

A transcriptome analysis is an effective strategy to identify the genes associated with a particular trait. To investigate transcriptional changes in rice under salinity stress, we selected two varieties of plants from the 191 accessions panel, specifically 93-11 and PA64s. These plants exhibited significant phenotypic differences under 0 mM (93-11ST0; PA64sST0) and 100 mM (93-11ST100; PA64sST100) NaCl conditions and were used for further RNA-Seq analysis. Clearly observable symptoms of salt injury were apparent in the 93-11ST100 seedlings after treatment with NaCl. The visual symptoms consisted of leaves that were mostly dried, the complete cessation of plant growth, and death of the plants. These effects were exacerbated by the amount of time under stress. We found similar but milder symptoms in PA64sST100.

To evaluate the potential molecular mechanisms that underlie salt tolerance, we combined the 93-11 and PA64s cultivars with their corresponding salt tolerant treatment plants and screened the DEGs of the two salt-tolerant control groups. A total of 2,821 and 1,249 DEGs that corresponded to two salt-stress pairwise comparisons were identified in ST1 (93-11ST0 vs. 93-11ST100) and ST2 (PA64sST0 vs. PA64sST100), respectively. We also noted that a higher number of DEGs were identified in ST1 (1,452 upregulated and 1,368 downregulated) than ST2 (843 upregulated and 406 downregulated).

The GO enrichment analysis indicated that the upregulated DEGs in ST1 and ST2 were highly enriched in the GO terms “response to chemical” and “stress.” The DEGs in ST1 that were enriched in the GO terms related to “membrane process” and “plasma membrane” were downregulated, while the genes enriched in “response to stress” and “membrane” were downregulated in ST2 (Supplementary Tables 7,8). There was a total of 517 co-upregulated and 223 co-downregulated genes in ST1 and ST2 (Figure 6).
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FIGURE 6. The transcriptome analysis of salt stress between 93 and 11 and PA64s. Venn diagrams showing the common (A) upregulated and (B) downregulated DEGs among ST1 (93-11ST0 vs. 93-11ST100) and ST2 (PA64sST0 vs. PA64sST100). GO classification at (C) ST1 and (D) ST2.


The DEGs investigated by RNA-Seq provide important clues to identify potential candidate genes responsible for rice growth and development under salt stress. A total of 30 candidate genes associated with salt tolerance were obtained by integrating GWAS and transcriptomic DEGs analyses. These cloned genes included 13 with no known association with salt tolerance and 17 candidate genes whose functions were unknown. Using the previously reported genes and published research on salt sensitivity as references, we found LOC_Os12g41680 (OMTN3) to be associated with the response to endogenous stimulus process on the candidate interval Chr12_25666325. This gene encodes the no apical meristem protein. Interestingly, OMTN3 was a DEG in ST2 and upregulated in PA64s under salt stress. Simultaneously, previous studies indicated that the OMTN genes were responsive to abiotic stresses, showed diverse spatiotemporal patterns of expression in rice and regulated numerous stress response genes; in particular, development and metabolism were altered in plants that overexpressed OMTN3. The candidate gene LOC_Os10g41260 encodes a MYB family transcription factor and was detected in the candidate interval Chr10_22142925. The gene was significantly enriched for GO biological processes related to chemical and endogenous stimulus response. In addition, LOC_Os12g41680 and LOC_Os10g41260 were selected during the diversification of the Or and japonica subspecies and the Ob and Og subspecies. We further performed haplotype analysis on the candidate gene LOC_Os12g41680 and LOC_Os10g41260 on 159 indica (ind), 146 temperate japonica (Tej), 41 tropical japonica (Trj), and 53 O. rufipogon (Or) to investigated different haplotypes under selection during domestication. LOC_Os10g41260 was classified into two haplotypes, which Hap.1 only distributed in cultivated rice (mainly in temperate japonica) and Hap.2 mainly distributed in indica varieties (Supplementary Figure 1A). For the candidate gene LOC_Os12g41680 haplotype analysis, we identified three types that Hap.1 mainly distributed in japonica subspecies, Hap.2 mainly distributed in indica and Hap.3 mainly distributed in wild rice (Or) (Supplementary Figure 1B). The haplotype analysis showed consistency with the Fst analysis, suggested that there are different haplotypes emerged during the domestication between the different subpopulations. Based on the evaluation scores for salt tolerance, GWAS, genetic differentiation and transcriptome analysis, LOC_Os12g41680 and LOC_Os10g41260 can be used as candidate genes for salt tolerance in rice.




DISCUSSION

The growth and development of rice are inhibited under salt stress, and rice varieties were required to rapidly adapt to high salinity environments and grow well under salt stress over the course of evolution (Yamaguchi and Blumwald, 2005). To date, despite previous research that focused on the molecular mechanisms behind salt tolerance in rice, study of the adaptive mechanisms that integrate various pathways and molecular components remains challenging (Flowers and Flowers, 2005). Over the past few decades, several genes and QTLs associated with different traits for salt tolerance have been identified. However, only SalTol/SKC1 has been utilized in rice breeding (Thomson et al., 2010; Wang et al., 2015). There is a critical current challenge to enhance the tolerance to salt in rice to increase yields on salinized agricultural land (Ponce et al., 2021). Accordingly, the detection and mapping of genes and QTLs is crucial to identify new salt tolerance genes in the rice seedling stages.

Unraveling the genetic factors for salt tolerance in plants is a challenging endeavor. Association mapping emerged as a useful tool to identify alleles and QTLs associated with agronomically important traits (Thomson et al., 2010; Lv et al., 2021; Wei et al., 2021b). The collection of a wide range of germplasm resources with different genetic backgrounds is an essential step in association analysis. In this study, we collected a set of mini-core populations from different regions around the world, primarily from the 3,000 Rice Genomes Project (Fang et al., 2014). However, Wang et al. (2018) also provided seven accessions. Controlling for population structure has considerable implications for GWAS analysis, and population stratification can either introduce or remove spurious associations between genotypes and phenotypes (Stich et al., 2006). The population analyzed consisted of 191 rice genotypes that originated from 27 countries, corresponding to a sample with sufficient genetic variation for feasible association analysis to be conducted with the ultimate goal of discovering beneficial candidate genes that improve salt tolerance in rice. An ideal germplasm resource population should contain rich genotypic and phenotypic data (Pace et al., 2015; Valdisser et al., 2020). The data shown here consist of genotypic data for ∼3.82 million SNP markers from 191 germplasms, with the phenotypic variation used to conduct a GWAS analysis for salt tolerance. We considered the salt tolerance evaluation score to be a reliable measure to evaluate salt tolerance with phenotypic variation.

We identified 275 candidate genes within the candidate intervals. These genes were detected using the Rice Genome Annotation Project and published research on salt tolerance as references. Among these genes, there were 27 that had been previously identified as related to salt sensitivity, including five salt tolerant and 22 salt sensitivity genes. Surprisingly, OsHKT1;1 was identified as a candidate gene in our association analysis. This gene is located in the candidate interval chr4_30893016, and previous studies reported that this member of the HKT family plays an important role in reducing the accumulation of Na+ in shoots to circumvent salt stress (Platten et al., 2006). Sodium transporters mediate Na+-specific transport or Na+-K+ co-transport and are known to play key roles in plant tolerance to salt stress, particularly in HKT transporter-dependent fashion (Ren et al., 2005; Wang et al., 2012a). Association analysis enables the evaluation of a large number of alleles in different populations (Krill et al., 2010). To further explore allelic differences, we performed haplotype analysis on the candidate gene OsHKT1;1 and identified four distinct haplotypes based on four SNPs that differentiated the indica and japonica varieties. Accessions that harbored the Hap.2 genotype displayed a higher SES than those that harbored other haplotypes, particularly Haobayong1 and Menjiading. This indicates that salt tolerance is present in seedlings. Elite Hap.2 alleles of OsHKT1;1 was studied and will serve as potential candidates to genetically improve salt tolerant rice.

Salt tolerance diverged during the domestication of cultivated rice and enabled the plants to adapt to changing ecological habitats. To clarify the genetic basis of differences in salt tolerance among subgroups, we assessed African and Asian wild and cultivated rice by separately performing an FST analysis. The combined analysis was conducted using the significantly differentiated sites, and the candidate genes were obtained using a GWAS analysis. We found that seven genes were simultaneously selected during the domestication of Asian and African rice, namely OsVPE3 (LOC_Os02g43010), MHZ6 (LOC_Os03g20790), OsCBL8 (LOC_Os02g18930), OsDHODH1 (LOC_Os02g50350), OsSIK2 (LOC_Os07g08860), SLR1 (LOC_Os03g49990), and OsRPK1 (LOC_Os09g37949). The genes for salt tolerance that were identified can be differentiated and applied at the seedling stage to provide important information for the identification and pyramid breeding of salt tolerance genes in rice plants.

In addition to performing a GWAS analysis on salt tolerance across 191 rice cultivars, we combined RNA-Seq data of a susceptible indica cultivar (93-11) and a salt tolerant japonica cultivar (PA64s) to identify the genetic loci that confers salt resistance in rice. By integrating GWAS and transcriptomic analyses, 30 genes from both DEGs and GWAS candidate genes were identified. Among these genes, OMTN3 (LOC_Os12g41680) is a NAC transcription factor (Jeong et al., 2013), a family of genes that are widely distributed in plant species. For example, the OsNAC6 gene is one of the many NAC genes in rice that are associated with cold, salt, drought and abscisic acid (ABA) responses (Nakashima et al., 2007). In addition, the overexpression of another gene NAC transcription factor, SNAC1, significantly improves drought and salt tolerance in rice and regulates the expression of many stress-related genes (Redillas et al., 2012). OMTN3 is a DEG that was identified in the PA64s test group and is upregulated under salt stress in these plants. Moreover, it has been previously reported that OMTN3 negatively regulates drought tolerance in rice. Combining annotation and metabolic function information enabled the initial prediction that OMTN3 was a candidate gene associated with salt tolerance. Furthermore, we also focused on another candidate gene, LOC_Os10g41260, which encodes a MYB family transcription factor. LOC_Os10g41260 was significantly enriched for GO biological processes related to the chemical and endogenous stimulus responses. Interestingly, LOC_Os12g41680 and LOC_Os10g41260 were selected simultaneously during the domestication of Asian and African rice, that the results of haplotype analysis showed consistency with the Fst analysis. The salt tolerance evaluation scores, GWAS, genetic differentiation and transcriptome analysis led us to propose that the genes LOC_Os12g41680 and LOC_Os10g41260 can be used as candidate genes to affect the regulation of rice salt tolerance, even though further molecular functional verification needs to be conducted.

Overall, our study provides a theoretical basis to select and breed salt tolerant rice varieties. In particular, enhanced knowledge on the genetic information behind the complex mechanisms associated with this trait in rice will help to facilitate this endeavor.
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Climate change leads to soil salinization, and the dynamic scarcity of freshwater has negatively affected crop production worldwide, especially Oryza sativa. The association among ion uptake, gene expression, antioxidant, biomass, and root and shoot development under different salt stress are not fully understood. Many studies are related to the effect of NaCl only. This study used two salts (CaCl2 and MgCl2) along with NaCl and analyzed their effects on mineral uptake (macronutrients and micronutrients), gene expression, seed germination, antioxidants, plant growth, and biomass in different rice genotypes. CaCl2 (up to 200 mM) slightly increased the germination percentage and seedling growth, whereas, 150 mM MgCl2 in the soil increased the root, shoot length, and fresh and dry weight in cultivars IR 28 and Cheongcheong. All agronomic traits among rice genotypes were drastically reduced by NaCl stress compared to other salts. Different salt stress differentially regulated ion uptake in the roots and shoots among different rice genotypes. Under different salt stress, a consistent decrease in Ca2+, Mn2+, and Fe2+ ions was observed in the roots of Cheongcheong, Nagdong, and IR 28. Similarly, under different salts, the stress in the shoots of Cheongcheong (Ca2+, Na+, and Zn2+) and Nagdong (Ca2+, Mg2+, Na+, and Zn2+) and the shoots of IR 28 (Ca2+ and Mg2+) consistently increased. Under different salts, a salt stress-related gene was expressed differentially in the roots of rice genotypes. However, after 6 and 12 h, there was consistent OsHKT1, OsNHX1, and OsSOS1 gene upregulation in the shoots of Nagdong and roots and shoots of the salt-tolerant cultivar Pokkali. Under different salt stress, glutathione (GSH) content increased in the shoot of IR 28 and Nagdong by NaCl, and MgCl2 salt, whereas, POD activity increased significantly by CaCl2 and MgCl2 in cultivar Cheongcheong and IR 28 shoot. Therefore, this study suggested that Pokkali responded well to NaCl stress only, whereas, the plant molecular breeding lab cultivar Nagdong showed more salt tolerance to different salts (NaCl, CaCl2, and MgCl2). This can potentially be used by agriculturists to develop the new salt-tolerant cultivar “Nagdong”-like Pokkali.

Keywords: OsHKT1, OsNHX1, OsSOS1, macronutrients, micronutrients, CaCl2, MgCl2


INTRODUCTION

Rice (Oryza sativa L.) is the main cereal crop worldwide with respect to cultivated area and total production. It provides almost 20% of the world’s dietary energy supply. Salinity is a crucial abiotic ecological factor that decreases rice and other plant growth and productivity worldwide. Soil salinity affects agriculture productivity in several regions globally, including Australia, Argentina, China, Egypt, Iran, Iraq, Pakistan, Thailand, and the United States [i.e., an area of >800 million ha; Rengasamy (2010)]. An estimated 5% or 3.85 million hectares of the total cultivated area in the world is affected by salinity (Sheng et al., 2008). By 2050, salt-affected soil is predicted to be increased up to 16.2 million ha, resulting in food insecurity for the world’s population (Yadav et al., 2017).

Soil is considered saline when it exhibits an apparent electrical conductivity of >4 ds m–1 (Daliakopoulos et al., 2016). Naturally, soil contains various kinds of soluble salts. Increasing salt concentration imposes ionic and osmotic stress on plants, causing several morphological and physiological changes. High salt content, particularly Cl– and Na+ sulfates, alters plant growth by modifying their anatomical, morphological, and physiological traits (Muscolo et al., 2003). Many studies reported that salt stress leads to a decrease in xylem development (Hilal et al., 1998). Some studies suggested that salt stress negatively decreases the root and shoot system’s fresh and dry weight by changing their concentration (Taffouo et al., 2010). The major cations found from soluble salts in saline soils consist of Na+, Ca2+, and Mg2+, whereas the most common anions are chloride, sulfates, and carbonates (including bicarbonates). Among various salts, sodium chloride (NaCl) is the most familiar worldwide. Most research studying plant physiological responses to salinity depends on experiments on NaCl stress only (Chinnusamy et al., 2005).

Salt stress activates the expression of various osmoresponsive genes and proteins in rice tissue (Chourey et al., 2003). The response of rice to salinity varies with their growth phases. Therefore, most regularly cultivated rice cultivar seedlings are very sensitive to salinity (Lutts et al., 1995; Zeng and Shannon, 2000). Thus, it can cause reductions in final germination percentage, germination energy percentage, and germination speed and lead to reduced root/shoot growth and dry matter (Ologundudu et al., 2014). Rice is considered the most sensitive crop for salinity stress at various growth stages. Salinity stress significantly damages the root surface area. Normal root growth needs essential elements, including Ca2+, Mg2+, Fe2+, and Zn2+, which are affected during salt stress. Thus, the reduction in root growth might influence Ca2+, Mg2+, Fe2+, and Zn2+ uptake (Robin et al., 2016). Quinoa seeds demonstrated decreased Ca2+, Mg2+, Zn2+, and Mn2+ contents in response to saline-sodic soil [e.g., in Larissa, Greece croplands; Karyotis et al. (2003)]. Some studies reported that salinity stress decreases Mn levels in the shoots of corn (Rahman et al., 1993). In contrast, some studies suggested that salt stress had no effect (Al-Harbi, 1995) or increased Mn content in the shoot or leaf tissue (Niazi and Ahmed, 1984). Most studies reported that salinity stress enhances Zn2+ concentrations in the shoots of maize (Rahman et al., 1993), citrus (Ruiz et al., 1997), and tomato (Knight et al., 1992). However, it was decreased in cucumber leaves (Al-Harbi, 1995). Some studies showed that salinity stress has an antagonistic effect on Ca2+, K2+, Fe2+, Mn2+, P, and Zn2+ but has a synergistic effect on Mg and N in rice (Jung et al., 2009; García et al., 2010).

After the salt overly sensitive (SOS) pathway proteins, another high-affinity K+ transporter (HKT) family of monovalent ion transporters is known as a relevant component in the plant defense against increased salinity levels (Rus et al., 2001, 2006). However, the main function of plant ion transporters in the HKT family remains unspecific. HKT1 was first confined and described in wheat (Triticum aestivum) as an HKT with Na+/K+ content carrier (Rubio et al., 1995). However, in Arabidopsis thaliana, the HKT1 functions as selective Na+ transporter (Uozumi et al., 2000). Salinity stress-induced cellular Ca2+ is considered a starting point in the SOS pathway for Na+ efflux facilitation. Furthermore, it forms a complex between a calcium-binding protein, SOS3 (CBL4), and a protein kinase, SOS2. Phosphorylation can occur between the SOS3/SOS2 complex and thus activate the Na+/H+ antiporter SOS1, which enhances Na+ export from cells. The Na+ export is not restricted only to the root surface, but their redistribution is more important to the whole body of the plant (Shi et al., 2000, 2003; Qiu et al., 2002; Oh et al., 2009). The Na+/H+ antiporter AtNHX family is present in A. thaliana, which plays a positive role in Na+ compartmentation (Blumwald, 2000). The Na+/H+ antiporter genes OsNHX1 to OsNHX5 have also been identified in rice (O. sativa L.; Fukuda et al., 2011). Across cell membranes, these genes play a pivotal role in catalysis to exchange Na+ for H+ that regulates cell volume, internal pH, and Na+ levels in the cytoplasm. Antiporter genes are also found in bacteria, yeast, animals, and plants with localization mainly in the cell membrane (Orlowski and Grinstein, 1997) and other organelles along with the perivacuolar compartment (Nass and Rao, 1998).

Salt stress, increases the formation of ROS within plant cells, and its high accumulation leads in oxidative damage of membrane lipids, protein, and nucleic acids (Ali et al., 2017; Sahin et al., 2018). There are some Enzymatic and non-enzymatic antioxidant which play a crucial role to minimize high ROS levels, an efficient plant system (Karuppanapandian et al., 2011; Chawla et al., 2013). Glutathione (GSH; c-glutamyl-cysteinyl-glycine) is a small intracellular thiol molecule which is considered as a strong non-enzymatic whereas peroxidase (POD) is enzymatic antioxidant (Foyer and Noctor, 2011; Hasanuzzaman et al., 2017). Higher GSH levels retain osmotic balance by induction of osmoprotectants and they prevent damage to, amino acids, lipids, and polysaccharides, thereby preventing damage to membranes, mitochondria, photosynthetic pigments, and other organelles which ultimately show tolerance to abiotic stresses (Nahar et al., 2015a,b,c). PODs function not only concern in scavenging H2O2 but also in plant growth, development, lignification, suberization, and cross-linking of cell wall compounds (Passardi et al., 2005). Higher activity of POD and some other antioxidants has been observed in salt tolerant cultivars of Calendula, Jatropha, pea, and tomato (Hernandez et al., 2000; Chaparzadeh et al., 2004; Mittova et al., 2004; Gao et al., 2008).

The O. sativa cultivar Nipponbare genome consists of nine HKT, five OsNHX1, and three genes of the SOS1 family. These genes play a crucial role in ion balance during salinity stress. Therefore, one gene from each family was selected in this study, and their relative gene expression was checked at different time points under different salt stress. However, different species varieties or cultivars have different salinity tolerance mechanisms. This study tested the two-parent cultivars, Cheongcheong and Nagdong of Cheongcheong/Nagdong Doubled haploid population (CNDH), with salt-sensitive cultivar IR 28 and salt-tolerant cultivar Pokkali. Most studies focused only on NaCl stress to check the plant physiological response against NaCl. However, this study investigated the effect of different salts, such as NaCl, CaCl2, and MgCl2, on the uptake of macronutrients and micronutrients, growth index, and gene expression in relation to salinity in four different rice cultivars at the early vegetative stage. The findings could help determine which salt most seriously affected growth attributes, ion uptake, and gene expression among different rice cultivars. Furthermore, the findings could help develop new salt-tolerant or salt-sensitive cultivars in the future for plant molecular breeding in the laboratory using genome editing techniques.



MATERIALS AND METHODS


Plant Material and Preparation of Brine Solution

Seeds of four different rice cultivars, Cheongcheong, Nagdong, IR 28, and Pokkali, were used in the experiment. IR 28 is a salt-sensitive cultivar, and Pokkali is a salt-tolerant cultivar used worldwide, whereas cultivars Cheongcheong and Nagdong are two famous cultivars of plant molecular breeding laboratories in South Korea. Three different salts NaCl, CaCl2, and MgCl2 with concentrations of 100, 150, 200, and 250 mM were used for seed germination and seedling analysis of four different rice genotypes.



Seed Germination and Seedling Analysis

Before germination, seeds of four rice genotypes were surface sterilized with 70% ethanol for 1 min, followed by 5% sodium hypochlorite for 20 min. Afterward, seeds were washed five times with double-distilled water and dried for 40 min using autoclaved filter paper inside a clean bench. Small Petri dishes (∼9 cm in diameter) containing autoclaved filter paper were used for germination tests; 45 seeds were placed in a single Petri dish to give three replicates for each cultivar and treatment. Different salt treatments (NaCl, CaCl2, and MgCl2) were made at concentrations of 100, 150, 200, and 250 mM. The seeds were kept for a 14 h light/10 h dark photoperiod at 28°C in the light and dark. Relative humidity was maintained at 60% inside the growth room. The different salt stress treatments lasted for 2 weeks. Seeds were considered to have germinated when the radical was protruding from the seed coat. Germinated seeds were counted after each week. Finally, after 14 days, germination rate and seedling growth were recorded phenotypically.



Seedling Analysis in Soil Using Different Salt Treatments

Four rice genotypes were pregerminated and grown in small water cups of 500 mL (Σ100 mm in diameter and 120 mm in height) containing soil for 4 weeks in the greenhouse. Before salinity stress, the pH and EC of the soil were measured (4.5–5.5 and 2.0, respectively). Each water cup contains 10–12 germinated seedlings and makes three replicates of each salt treatment for four rice cultivars. Therefore, when rice seedlings reach the four- or five-leaf stage, 150-mM NaCl, CaCl2, and MgCl2 salts (200 mL) were applied twice daily for 7 days. Afterward, phenotypic differences were observed among rice cultivars, and the root and shoot length of the rice seedlings were measured.



Measurement of Fresh and Dry Weights

After salinity stress with 150-mM NaCl, CaCl2, and MgCl2, roots, and shoots from rice cultivars were collected, and the fresh weight was measured. Furthermore, the samples were dried at 65°C for 5 days, and the root and shoot dry weight was determined.



Ion Determination

Roots and shoots of four rice cultivars were used for ion analysis, as described by Rus et al. (2001) with slight modification. Briefly, the samples were dried at 65°C for 7 days and ground immediately in liquid nitrogen. Furthermore, 100-mg powder was extracted with 10 mL of 0.1 N HNO3 for 30 min. Furthermore, the samples were diluted with 2% HNO3, and macronutrients and micronutrients were analyzed using an ICP spectrometer (I) (Optima 7300DV & Avio500; Perkin-Elmer).



Quantitative Real-Time Polymerase Chain Reaction Analysis

Pregerminating seeds of each rice genotype were grown for 3 weeks in a water cup containing soil up to the three- to four-leaf stage. These plants were treated with 150 mM (NaCl, CaCl2, and MgCl2), and RNA was extracted from their roots and shoots after 0, 6, and 12 h using a RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. A NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, United States) was used to measure RNA concentrations. For first-strand cDNA synthesis, the qPCRBIO cDNA Synthesis Kit and 600 ng total RNA were used. For quantitative real-time polymerase chain reaction (qRT-PCR), this study used the StepOnePlus™ Real-Time PCR System, Life Technologies Holdings Pte Ltd. (Singapore), BioFACT™ 2X Real-Time PCR Master Mix (including SYBR® Green I; www.bio-ft.com; South Korea), and primers specific to the selected genes (Table 1). OsActin1 (accession no. AB047313) was used as an internal reference gene for normalization.


TABLE 1. Primer list for polymerase chain reaction analysis.
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Glutathione and Peroxidase

Rice genotypes were grown for 3 weeks in a water cup containing soil up to the three- to four-leaf stage. To determine the activity of GSH and POD these plants were treated with 150 mM (NaCl, CaCl2, and MgCl2), and the leaf samples were collected after 24 h. Two hundred milligrams (FW) of frozen tissues were ground immediately in liquid nitrogen. Briefly, 200 mg samples were homogenized in 2 mL of 10% trichloroacetic acid (TCA), followed by centrifugation at 10,000 × g for 15 min. The 0.1 mL supernatant was transferred to 3 mL of 150 mM monosodium phosphate buffer, and 0.5 mL Ellman’s reagent, followed by incubation at 30oC for 5 min. Afterward, the absorbance was measured spectrophotometrically at 420 nm. The POD value was measured according to the method described by Khan et al. (2019). Briefly, 500 mg plant samples were ground immediately in liquid nitrogen. Afterward, 0.1 M potassium phosphate buffer with (6.8 pH) was added to the samples and centrifuged at 4oC for 15 min at 5,000 r.p.m. A reaction mixture contained 0.1 M potassium phosphate buffer (pH 6.8), 50 μl pyrogallol (50 μM), and 50 μl H2O2 (50 μM), were mixed with 100 μl of the sample crude extract, and the reaction mixture was incubated at 25°C for 5 min. After incubation 5% H2SO4 (v/v) was added to stop the enzymatic reaction. The resulting absorbance was measured spectrophotometrically at 420 nm. One unit of POD was directly measured by an increase of 0.1 units of absorbance.



Statistical Analyses

Statistical analysis was performed for three replicates, where each replication was considered a block and arranged in different Petri dishes or pots in the control growth room conditions. The experiment was repeated three times. Differences among treatment means were evaluated using Duncan’s multiple range test with the significance set at p < 0.05. Data analysis was conducted in SPSS (IBM SPSS Statistics version 22). Figures were produced using GraphPad Prism version 9.0 (Graph Pad Software, Inc., San Diego, CA, United States).




RESULTS


Effects of Different Salts on Seed Germination and Seedling Growth

The germination rate of four rice genotypes was observed after 7 and 14 days under three different salt stresses (NaCl, CaCl2, and MgCl2) at concentrations of 100, 150, 200, and 250 mM (Figure 1). After 7 days of different salt stresses, a uniform nature of seeds germination was observed for cultivar Pokkali and IR 28 up to 150- and 200-mM, whereas Nagdong showed a high germination rate compared to other cultivars (Figures 1A–C). In contrast, the Cheongcheong germination rate was lower than other cultivars. Under CaCl2 stress, their germination was slightly higher than that of NaCl and MgCl2 stresses (Figure 1B). Finally, after 14 days, up to 250 mM NaCl and CaCl2 stress seeds of Pokkali showed >60 and >20% germination rates, respectively. However, Pokkali seeds can germinate only up to 150 mM MgCl2 stress (Figures 1D–F). IR 28 seeds up to 250 mM germinated 40% in CaCl2 (Figure 1E) stress and <40% in NaCl stress; similarly, up to 150 mM, it can germinate to <40% in MgCl2 (Figures 1D,F). Under different salt stress, the highest germination rate was recorded in Nagdong compared to other cultivars and lowest in Cheongcheong. Nagdong seeds germinated 60 and 40% up to 250 mM NaCl and CaCl2 stress, respectively, whereas, >30% of Nagdong seeds germinated up to 200 mM MgCl2 stress (Figures 1D–F). Maximum seedling growth up to 200 mM under different salt stress was observed in Nagdong compared to other cultivars. MgCl2 stress from 150 to 250 mM significantly inhibited seed germination and seedling growth in all cultivars, except Nagdong (Figure 1H). Similarly, under 200 mM CaCl2, Cheongcheong, and salt-sensitive IR 28 seedlings responded well-compared to NaCl and MgCl2 (Figures 1C,G,I). In contrast, among different salt stress, Pokkali seedlings responded well to NaCl only (Figure 1J).
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FIGURE 1. Seed germination test among rice genotypes under different salt stress. Different concentrations of different salts (NaCl, CaCl2, and MgCl2) were used to evaluate the seed germination and seedling growth (A–J).




Growth Determination in Soil Under Different Salt Stress

Seedling growth of four rice cultivars was determined after 7 days of 150-mM continuous stress of different salts (NaCl, CaCl2, and MgCl2). A phenotypical difference was observed among rice genotypes after 0, 3, 5, and 7 days (Figure 2A). After 3 days of stress, the most growth reduction in Cheongcheong and IR 28 was examined. After 5 days of continuous salt stress, the leaf apex and base of the tillers started burning and became dry. Finally, at 7 days, the growth rate was drastically reduced in all rice genotypes compared to control. However, Cheongcheong and IR 28 responded well to MgCl2 stress in soil compared to NaCl and CaCl2 stress. In contrast, Nagdong and Pokkali seedlings showed more vigor under NaCl and CaCl2 stress than MgCl2 (Figure 2A). Similarly, the root and shoot length was measured after 7 days of salt stress. Shoot length significantly decreased in all rice genotypes compared to their respective control. However, under different salt stress, Cheoncheong and IR 28 shoots were reduced in the same way as to control plants. The shoot length in MgCl2 was higher in Cheoncheong and IR 28 than NaCl and CaCl2 stress (Figure 2C). In contrast, Nagdong and Pokkali shoot length significantly decreased under MgCl2 stress compared to NaCl and CaCl2 stress. However, the shoot length of Nagdong and Pokkali was higher than that of Cheongcheong and IR 28 (Figure 2C). Under different salt stress, the root length of IR 28 significantly decreased compared to their respective control (Figure 2D). Similarly, NaCl stress significantly decreased the root length in cultivar Cheongcheong, whereas, the root length of Cheongcheong was non-significant on CaCl2 and MgCl2 stress compared to control plants (Figure 2D). In contrast, under different salt stress, there was no significant difference in the root length of Nagdong and Pokkali compared to control plants (Figure 2D).


[image: image]

FIGURE 2. Phenotypic evaluation of rice genotypes under 150 mM of different salts (NaCl, CaCl2, and MgCl2) in a greenhouse. (A) Effects of different salts after 0, 3, 5, and 7 days. (B) Measurement of the growth index of each rice cultivar. (C,D) Shoot and root length determination. Statistical analysis was calculated by the Bonferroni posttest two-way repeated-measures analysis of variance. Asterisks in the vertical bar indicate a significant difference at *p < 0.05, **p < 0.01, ***p < 0.00, compared to control.




Effects of Salt Stress on the Fresh and Dry Weight of Rice

In soil, salinity stress significantly reduced the fresh and dry weight of the tested genotypes compared to control plants. However, Pokkali and Nagdong exhibited the highest root/shoot fresh and dry weight when exposed to different salt stress compared to the rest of the cultivars. Nagdong and Pokkali responded well under NaCl and CaCl2, whereas, MgCl2 stress significantly reduced the root/shoot fresh and dry weight (Figures 3A,B). However, under MgCl2 stress, Cheongcheong and IR 28 responded well and showed the highest root/shoot fresh and dry weight compared to NaCl and CaCl2 stress (Figures 3A,B).
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FIGURE 3. Effect of 150 mM of different salts on the shoot and root fresh and dry weight. (A) Fresh weight of shoots and roots. (B) Shoot and root dry weight. Statistical analysis was calculated by the Bonferroni posttest two-way repeated-measures analysis of variance. Asterisks in the vertical bar indicate a significant difference at ***p < 0.00, compared to control.




Effect of Different Salts on Nutrients Uptake

Under different salt stress, eight elements (namely K+, P, Ca2+, Mg2+, Na+, Zn2+, Mn2+, and Fe2+) were determined in the roots and shoots of control and treated rice plants (Tables 2, 3). Different salts stress differentially regulated the nutrients and their uptake in all rice genotypes. After 7 days of 150 mM of different salt stress, there was a high uptake of K+ and P ions was observed in the roots of Nagdong and Cheongcheong; however, P uptake in the roots of Cheongcheong under MgCl2 stress significantly decreased by 45.9-fold compared to control plants. The K+ and P uptake levels in the shoots of Cheongcheong, IR 28, and Nagdong significantly decreased when subjected to different salt stress. Under different salts stress, roots of IR 28 show significantly a high uptake of K+, but P uptake decreased significantly under CaCl2 and MgCl2 salts. However, significantly a high uptake of P was observed in the roots of Pokkali under three different salt stress compared to control plants. Similarly, under CaCl2 and MgCl2 stress, a maximum uptake of K+ and P was observed in the roots of Pokkali. Although CaCl2 and MgCl2 stress decreased significantly the uptake of K+ and P in the shoot of Pokkali, whereas in the shoot region NaCl stress significantly increased the uptake of K+ and P. Interestingly among all rice cultivars roots and shoots we observed that both CaCl2 and MgCl2 stress, significantly increased their respective ions compared to control plants e.g., CaCl2 salt increase Ca2+ ion and MgCl2 increase Mg2+ ion. However, different salt stresses significantly increase the uptake of Ca2+ and Mg2+ ions in the shoot of Cheongcheong, IR 28, and Nagdong except for the cultivar Pokkali (Tables 2, 3).


TABLE 2. Effects of different salt stress on nutrients uptake in soil among rice cultivar roots.
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TABLE 3. Effects of different salt stress on nutrients uptake in soil among rice cultivar shoots.
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Tables 2, 3 show that the micronutrient Na+ significantly increased by NaCl stress in the roots and shoots of all rice genotypes compared to control plants under different salt stress. Both NaCl and CaCl2 salts significantly increase the Zn2+ uptake in the roots of Cheongcheong and shoot of IR 28. However, among all rice cultivars under NaCl stress, a remarkable uptake of Zn2+ was observed in the roots of Nagdong (Table 2). Under different salt stress, a maximum uptake of Mn2+ was observed in the shoots of Nagdong, Pokkali, and IR 28, whereas in the root of Cheongcheong MgCl2 significantly increased the uptake of Mn2+. However, under different salt stress, Mn2+ uptake significantly decreases in the roots of all rice cultivars. Different salt stress significantly decreased the uptake of total Fe2+ content in the roots and shoots of all rice genotypes, but Fe2+ content significantly increased under MgCl2 and NaCl stress in the roots and shoots of Cheongcheong and Pokkali (Tables 2, 3).



Ion Transport-Related Gene Expression Under Different Salt Stress Among Rice Cultivars

Under different salt stress at different time points, the expression of three very important ion transport-related genes, namely OsHKT1, OsNHX1, and OsSOS1, was examined (Figure 4). Gene regulation under different salt stress differed in roots and shoots among rice genotypes according to StepOnePlus™ Real-Time PCR System. After 6 h of different salt stress, NaCl and CaCl2 upregulated OsHKT1 and OsSOS1 in the roots of Cheongcheong, whereas these genes were downregulated after 12 h; OsSOS1 was 40% upregulated by MgCl2 in the roots of Cheongcheong (Figure 4A). In contrast, after 6 h of different salt stress, OsNHX1 and OsSOS1 were upregulated by CaCl2 and MgCl2 in the shoots of Cheongcheong. In addition, after 12 h of salt stress, CaCl2 and MgCl2 highly expressed OsHKT1, whereas OsNHX1 and OsSOS1 were upregulated by NaCl stress (Figure 4B). Similarly, IR 28 roots exhibited absolute expression of genes OsHKT1 and OsSOS1 after 6 h exposure to 150 mM salt concentrations of NaCl, CaCl2, and MgCl2, whereas after 12 h of stress, these genes were almost 90% upregulated by NaCl and MgCl2 (Figure 4C). Similarly, after 6 h of stress, NaCl and MgCl2 upregulated OsHKT1 and OsNHX1 in the shoots; however, these genes were significantly downregulated after 12 h of stress, except for OsSOS1, which was almost 40% upregulated by MgCl2 (Figure 4D). After 6 and 12 h of stress, NaCl and CaCl2 showed the most OsNHX1 and OsHKT1 upregulation in the roots of Nagdong, although MgCl2 up to 80% also induced OsNHX1. In contrast, NaCl, CaCl2, and MgCl2 downregulated OsSOS1 in the roots of Nagdong (Figure 4E). After 6 h of stress, NaCl, CalCl2, and MgCl2 upregulated OsHKT1 and OsNHX1 in Nagdong shoots; however, after 12 h of stress, NaCl, CaCl2, and MgCl2 upregulated OsHKT1 and OsSOS1 (Figure 4F). Pokkali roots after 6 h of stress showed very unique results; all ion transport-related genes, such as OsHKT1, OsNHX1, and OsSOS1, were 100% upregulated by NaCl, CaCl2, and MgCl2, except for OsHKT1, which was downregulated by NaCl (Figure 4G). In addition, after 12 h of stress, the maximum OsHKT1 upregulation was under NaCl and MgCl2 stress in the roots. Similarly, in the shoots of Pokkali after 6 h of stress, NaCl, CaCl2, and MgCl2 upregulated OsHKT1 and OsSOS1, whereas NaCl and CaCl2 100% upregulated OsNHX1 and OsSOS1 after 12 h of stress (Figure 4H). In contrast, after 6 and 12 h of stress, MgCl2 upregulated OsNHX1 in the shoots of Pokkali (Figure 4H).
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FIGURE 4. Under 150 mM of different salt stress, quantitative real-time polymerase chain reaction expression analysis of OsHKT1, OsNHX1, and OsSOS1 relative to salinity in the roots and shoots of rice genotypes. The expression pattern in the heatmap (A–H) was determined in normalized gene expression (%) after 0, 6, and 12 h of salt stress.




Glutathione and Peroxidase Activity

After 24 h of different sat stress, GSH content was increased significantly in the leaves of IR 28 with 150 mM NaCl and MgCl2, and the highest GSH content was observed at MgCl2 salt compared to their respective control. Similarly, at 150 mM NaCl stress a higher GSH content was observed in the leaves of Nagdong. However, both CaCl2 and MgCl2 salts significantly decrease the GSH content in cultivar Pokkali whereas, in cultivar Cheongcheong CaCl2 significantly decreases the GSH content compared to the control group (Figure 5A). The second enzyme responsible for the deactivation of H2O2 is a peroxidase. POD activity increased significantly in both cultivar Cheongcheong and IR 28 at 150 mM MgCl2 and CaCl2 compared to Nagdong and Pokkali. However, under NaCl and CaCl2 salts the POD activity was found significantly higher in cultivar Cheongcheong compared to their respective control. In contrast, POD activity in IR 28 decreased significantly by NaCl and MgCl2 salts compared to the control. In the case of Cultivar Nagdong and Pokkali POD activity increased significantly under NaCl and MgCl2 salts however, MgCl2 salt decreased POD activity in cultivar Nagdong compared to the control group (Figure 5B).
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FIGURE 5. Effect of 150 mM of different salts on GSH and POD contents in the leaves of different rice genotypes. The GSH (A) and POD (B) activity was determined after 24 h of salt stress. Statistical analysis was calculated by the Bonferroni posttest one-way repeated-measures analysis of variance. Asterisks in the vertical bar indicate a significant difference at *p < 0.05, ***p < 0.00, compared to control.





DISCUSSION

The response and adaptation of rice to salt stress is a very complex mechanism. Salt stress causes leaf rolling, root growth inhibition, and reduced plant height, tiller number, and spikelet sterility, leading to yield reduction (Ali et al., 2014; Razzaq et al., 2020). A previous study reported that salinity stress up to 20 ds m–1 dynamically inhibited rice seed germination, root and shoot length growth reduction, dry matter, and ultimately yield reduction (Hakim et al., 2010). However, another study demonstrated that rice seeds have a salt-tolerant ability up to some extent at germination and, in some cases, are not seriously affected by salts up to 16.3 ds m–1 (Khan et al., 1997). A previous study suggested that NaCl and its mixtures (MgSO4 + NaCl and Na2SO4 + CaCl2) significantly inhibited seed germination and root length in sugar beet cultivars with EC up to 8 and 4 ds/m, respectively (Jafarzadeh and Aliasgharzad, 2007). This study showed a higher reduction in seed germination and shoot and root length of rice cultivars by NaCl, along with CaCl2 and MgCl2, similar to findings for NaCl and Na2SO4 (Stewart, 1898). Bonilla et al. (2004) demonstrated high Ca content in moderate salinity levels up to 75 mM NaCl increased the proportion of germinated pea seeds and recovered the delay in germination. This study found a high germination percentage on Cheongcheong and IR 28; thus, this might be the role of Ca in CaCl2 (Figure 1E). A previous study reported that the germination percentage of sugar beet and cotton is significantly affected by NaCl, CaCl2, and Na2SO4, with a high extent or equal to 200 mM (Shonjani, 2002). In this study, under different salt stress, Cheongcheong and IR 28 significantly inhibited seed germination to ≥200 mm, contrary to Nagdong and Pokkali (Figures 1D–F). In current work under different salts stress cultivar Nagdong show significantly higher germination percentage and good seedlings growth compared to other cultivars. However, salt-sensitive cultivar IR 28, and Cheongcheong show high seeds germination under CaCl2 salt compared to the other two salts NaCl, and MgCl2. Thus, based on current work we believe that cultivar Nagdong has more salt-tolerant ability, and it should be used as a salt-tolerant cultivar for future studies.

Salinity stress reduced rice plant height, roots, and shoot dry matter at various growth phases (Puvanitha and Mahendran, 2017). NaCl treatment most prominently decreased the shoot growth in rice, sugar beet, and cotton compared to root growth (Shonjani, 2002). Another study demonstrated that salinity stress drastically reduced plant height, root and shoot dry weight, and yield of rice cultivars (Puvanitha and Mahendran, 2017). Many studies showed that the fresh and dry weights of the shoot and root system are affected negatively by changes in salinity concentration, depends on type of plant species, or type of salt present (Taffouo et al., 2010). In this study, different salt stress significantly affected rice plant height, root, and shoot dry matter compared to control. It might be due to the osmotic effect because in saline soil roots exclude all Na+ and Cl– ions while taking up water; the high concentration of these ions may lead to the reduction or death of the plant (Figures 2A–D). These findings agreed with Jamil et al. (2007). Growth reduction may be due to the toxic effects of NaCl or unbalanced nutrient uptake by the seedlings (Datta et al., 2009).

During salinity stress, a high concentration of Na+ and a higher Na+/K+ ratio disrupt ion homeostasis and decrease other nutrients (Simaei et al., 2012; Bose et al., 2014; Rahman et al., 2016b). Salt stress more seriously affects the ion balance of Na+, K+, and Cl– in old rice leaves compared to young leaves (Wang et al., 2012). In this study, the high accumulation of Na+/K+ ions among rice cultivars altered other macronutrients and micronutrients. Some studies reported that, as salinity level increases, Mn content increased in sunflower shoots compared to roots (Achakzai et al., 2010). The availability of most nutrients depends on the pH of the soil as well the nature of binding sites on organic and inorganic particle surfaces. In saline soils, the solubility of micronutrients such as Fe2+, Mn2+, Zn2+, and Cl– is particularly low, and plants grown in these soils often experience a deficiency in these elements (Pessarakli, 2019). Although the micronutrient concentration in plant shoots may increase, decrease, or have no effect depending on salinity, the salt tolerance of plant species, type of plant tissue, micronutrient concentration, environmental conditions, or sudden changes in the permeability of the plant cell membranes. Previous studies reported that salt-stress conditions decreased Mn content due to disrupted ion imbalance (Tunçturk et al., 2008; Wu and Wang, 2012). However our results indicated a high Mn content in the shoots of Nagdong and Pokkali, whereas varietal response was inconsistent; therefore, under different salt stress, cultivar Cheongcheong and IR 28 showed low Mn content in roots and shoots (Tables 2, 3). Thus it might be possible that the salt-tolerant ability of both cultivars Nagdong and Pokkali links with high Mn content instead of cultivar Cheongcheong and IR 28. Another study reported that exogenous application of Mn induced salt stress tolerance in rice seedlings (Rahman et al., 2016a). In present study under different salt stress, both cultivar Nagdong and Pokkali show high Mn content that might be induced salt stress tolerance in these cultivars compared to cultivars Cheongcheong and IR 28. A previous study reported that a high Na+ concentration has a contrasting effect on K+ ion, an essential plant nutrient for plant growth and development (Jung et al., 2009).

High Na+ in plant cells seriously damages membrane systems and organelles, resulting in abnormal plant growth and development and plant death (Quintero et al., 2007; Siringam et al., 2011). This study revealed the inconsistent uptake of Na+/K+ in the roots among rice cultivars under different salt stress but consistent increase and decrease between Na+/K+ ions in the shoots; thus, this unbalanced regulation of ions might be the cause of lower plant growth and fresh and dry matter. These findings agreed with Eker et al. (2006). Another study also reported the high uptake of Na+ over K+ ions in plant tissue of Butea monosperma (Hirpara et al., 2005). A previous study suggested that in a higher Na+/K+ ratio the K+ efflux activates non-selective cation channels (NSCCs) and guard cell outward rectifying potassium (GORK) channels, and K+ leakage also leads to a higher reactive oxygen species production that might decrease Mg2+, Mn2+, and Zn2+ contents (Demidchik et al., 2002). In this study, among different rice cultivars, NaCl and CaCl2 stress decreased Mg and Mn contents in the roots, whereas Zn and these elements differentially increased or decreased in the shoots of different genotypes (Tables 2, 3).

The phenomenon of increasing Ca2+ ions under mixed salt was also observed in New Zealand spinach (Tetragonia tetragonioides, Pall) and red orach (Atriplex hortensis L.) (Wilson et al., 2000). Another study demonstrate that an initial Ca2+ signal after salt stress was formed close to the root apex and then appeared to disperse to basal parts of this organ (Moore et al., 2002). In this study, CaCl2 stress mainly increased the Ca2+ level in the roots of different rice cultivars and the shoots of Pokkali. Several studies observed that the salt-induced Ca2+ rise originated within the roots (Kiegle et al., 2000; Tracy et al., 2008). However, under different salt stress, a high accumulation of Ca2+ ions was found in the shoots of Cheongcheong, Nagdong, and IR 28 compared to control (Table 3). Thus, these findings agreed with the above-mentioned statements that Ca2+ ions might be alleviate the toxic effects of Na+ ions because the Ca2+ ion concentration significantly decreased under NaCl and MgCl2 stress in Pokkali. A high salt level in rice decrease the Na-Ca selectivity (Zeng et al., 2003). Thus Na-Ca selectivity might be one salt tolerance component and effective selection criterion in screening for salt tolerance (Tables 2, 3). However, the exact phenomenon that Ca2+ ion alleviate the toxic effect of Na+ unknown, but recent findings put forward that the function of this second messenger in salt stress responses may be even more adaptable than so far appreciated. Indeed, accumulating evidence points to the involvement of a diverse array of Ca2+ sensor proteins in the various aspects of salinity tolerance. For example, CML9 [a member of the calmodulinlike (CML) gene family] was found to be up-regulated during salt stress, and cml9 loss-of-function mutants displayed hypersensitivity in germination assays on medium containing either NaCl or ABA, whereas adult cml9 plants show enhanced tolerance toward irrigation with salt water (Magnan et al., 2008).Thus, salinity stress either increases or decreases the uptake of micronutrients. High NaCl concentration generally increases Cu, Fe, and Zn contents (Alam, 1999; Víllora et al., 2000). Differences can be evaluated to plant species, plant tissue, environmental conditions, and salinity level. Another study reported that high salt stress decreases Ca2+, K+, Mg2+, P, Mn, and N contents (Talei et al., 2012). In saline soil micronutrients availability to plants is relatively low, and plants grown in such soil show nutrient deficiency in the plant body (Page, 1996). In this study, NaCl stress decreases the concentrations of all micronutrients (Fe2+, K+ Mn2+, Mg2+, P, Zn) in the roots and shoots of different rice cultivars. However, in the roots and shoots of different genotypes, these elements are differentially regulated by CaCl2 and MgCl2 (Tables 2, 3).

This study focused on OsHKT1, SOS1, and NHX1, three very important genes, and studied their expression pattern in the roots and shoots of rice cultivars with different time points. These genes are currently the most extensively studied mechanisms in controlling the salt stress response in plants. Thellungiella salsuginea comprised at least two HKT genes. TsHKT1;1 is expressed at very low levels, whereas TsHKT1;2 is transcriptionally mainly upregulated by salt stress (Ali et al., 2012). Another study demonstrated that, under NaCl stress, the OsHKT1 transcript was significantly downregulated in salt-tolerant cultivar. Pokkali but upregulated in salt-sensitive cv. BRRI Dhan29 shoot after 6 h intervals (Kader et al., 2006). However, in this study, NaCl stress after 6 and 12 h upregulated OsHKT1 in the roots and shoots of Pokkali and IR 28 (Figures 4C,D,G,H). Under NaCl stress, OsHKT1 was upregulated conversely in the roots of Cheongcheong and shoots of Nagdong at 6 and 12 h intervals (Figures 4A,F). In the same way, NaCl stress downregulated OsHKT1 in the roots of Nagdong and shoots of Cheongcheong (Figures 4B,E). We believe that under salt stress, OsHKT1 up-regulation might be closely link with Na+ concentration because in root the of Cheongcheong we observed high level of Na+ ion than that of cultivar Nagdong root. Conversely, in the shoot of Nagdong have a high Na+ ion compared to cheongcheong. Thus, it might possible that high accumulation of Na+ leads a high induction of OsHKT1. A previous study reported that, under high NaCl stress, high Na+ leads to K+ deficiency that might cause the induction of OsHKT1 (Maathuis and Amtmann, 1999). In the current study under NaCl stress, the Na+ concentration is relatively higher than K+ in the roots of different rice genotypes. However, K+ ions mainly higher in the shoot of different rice genotypes accept salt-sensitive cultivar IR 28 (Tables 2, 3). Thus, the high Na+ level in the root or shoot and high accumulation of K+ in the shoot might be the reason for OsHKT1 up-regulation. In this study, NaCl stress, along with other salts, such as CaCl2 and MgCl2, regulate OsHKT1 differentially among rice cultivars. After 6 and 12 h of stress, OsHKT1 was mostly upregulated by CaCl2 and MgCl2 in the roots and shoots of IR 28, Pokkali, Nagdong, and Cheongcheong; however, after 6 h of stress, CaCl2 upregulated OsHKT1 in the shoots of Nagdong, IR 28, and Pokkali. In the present study both CaCl2 and MgCl2 salt increase, K+ content compared to Na+ in the root and shoot of different rice genotypes. Thus, it might be the reason for OsHKT1 upregulation in the root and shoot region of rice genotypes. The previous study showed that, with an extended stress period, the salt-tolerant cultivar Pokkali starts to downregulate OsHKT1 expression in roots and shoots of rice (Kader et al., 2006). Our study demonstrated that NaCl stress downregulated OsHKT1 in the roots and shoots of cv. Pokkali after 6 and 12 h but in the roots of Pokkali after 12 h of NaCl stress it induced the expression of OsHKT1. Cultivar Pokkali is a salt-tolerant ability thus under salt stress initially it maintain internal Na+ ion in the root system. Therefore, it might show OsHKT1 downregulation in the root and shoot of Pokkali. On the other, hand prolong NaCl stress, increase the internal Na+ in the root of Pokkali that might cause a high induction of OsHKT1.

A previous study reported high expression of SOS1 and NHX under NaCl stress in the leaves and roots of Kochia scoparia after 48 h of stress (Fahmideh and Fooladvand, 2018). This study indicated that the expression pattern of OsNHX1 and OsSOS1 under different salt stress is different among rice genotypes. However, after 6 and 12 h of different salt stress, OsNHX1 and OsSOS1 were upregulated in the roots of cv. Pokkali and shoots of cv. Cheongcheong (Figures 4B,G). Thus, these findings agreed with Fahmideh and Fooladvand (2018). In the current study, under different salt stress, we observed that Na+ and K+ ions regulated inversely in the root and shoot of rice genotypes. The higher the Na+ level lower will be K+, and vice versa. Thus, in the root of Pokkali and shoot of Cheongcheong K+ ion higher over Na+ ion. Therefore, it might be the possible reason for OsNHX1 and OsSOS1 up-regulation. A previous study suggested that overexpression of AtNHX1 enhanced the salt tolerance ability of A. thaliana (Apse et al., 1999). In this study, there was a high expression of OsNHX1 in the roots and shoots of cv. Nagdong and Pokkali under NaCl stress (Figures 4E,H). Thus, the salt tolerance ability of Nogdong and Pokkali might be due to OsNHX1 upregulation. Another study reported that the Na+/H+ antiporter NHX is an important membrane protein that helps pump Na+ into the vacuoles to minimize Na+ toxicity and alleviate the serious effects of salt stress (Wu et al., 2004). In the SOS pathway, SOS1, in particular, leads to high sensitivity to NaCl in glycophytes and halophytes (Liu et al., 2000; Oh et al., 2009). Under salt stress, high gene expression of SOS1 was noted in the SOS3 or SOS2 mutant plant (Shi et al., 2000). In this study, under different salt stress, there was a high expression of OsSOS1 in the roots of IR 28, Pokkali, and Cheongcheong (Figures 4A,C,G). Similarly, after 6 and 12 h of salt stress, OsSOS1 upregulation was observed in the shoots of Cheongcheong, Nagdong, and Pokkali (Figures 4B,F,H). The ion homeostasis of the Na+/K+ ratio is a key factor see (Table 3) in the shoot of above mention cultivars that have high K+, compared to Na+. Thus, the upregulation of OsSOS1 might be linked to high K+ content. In the present study under different salt stress, cultivar Nagdong root shows high Na+ ion over K+, Thus, decreased K+ level in the root might be Consequences of down-regulate OsSOS1 gene. Conversely, high K+ ion the shoot of Nagdong show high induction of OsSOS1 gene.

Glutathione is a strong antioxidant; hence, it has a very important role in antioxidant defense. Under adverse environmental conditions, such as drought, salinity, etc., excessive amounts of ROS are formed, which leads to oxidative stress. Further, GHS helps to maintain the reduced state of constituents of the AsA-GSH pathway and thus detoxifies ROS. The DHAR enzyme uses GSH to convert oxidized ascorbic acid (DHA) to AsA (Foyer and Noctor, 2011). Another study suggested the function of GSH as an antioxidant that confers abiotic stress tolerance is well-established, but the mechanism underlying this defense response is unknown. Cross-communication of GSH with other signaling molecules helps in adaptation to abiotic stress (Ghanta and Chattopadhyay, 2011). Plants under stress conditions, strongly control the production, and elimination of ROSs by many enzymatic and non-enzymatic processes to the alleviate their damages (Jalali et al., 2020). In the experiments presented here, after 24 h of 150 mM NaCl, and MgCl2 salt we observed the high GSH content in the leaves of Nagdong and salt-sensitive cultivar IR 28. In the present work at 150 mM NaCl stress, cultivar Pokkali, and Cheongcheong did not affect GSH content (Figure 5A). Under NaCl stress, GSH contents in the chloroplasts of the cultivars Pokkali and Peta decrease significantly (Wang et al., 2014). However, a significant reduction was observed here under CaCl2 and MgCl2 in cultivars Pokkali, and Cheongcheong seedlings (Figure 5A). Therefore, it might be possible that a high GSH content in cultivars Nagdong under NaCl stress, and a high GSH content in IR 28 under MgCl2 stress help to maintain plant vigor under salinity stress (Figures 2A–C). Another study reported that POD activity during the seedling stage increased greatly in IR 28 and AT 353 grown at 4 and 6 dS/m compared to Pokkali (Safeena and Bandara, 2006). A previous study suggested that the POD activity of plants was shown to be up-regulated to reduce oxidative stress, cell membrane damage, and altered Ca2 + concentrations caused by ROS generated by salinity treatment (Sergio et al., 2012). In our study, CaCl2, and MgCl2 salt show the highest increase in POD activity in cultivars IR 28 and Cheongcheong. This increase is 2-fold higher than NaCl, as well as from their respective control. Therefore, it might be the possible reason that high POD activity under CaCl2 and MgCl2 stress reduces oxidative stress and ROS accumulation in cultivar Cheongcheong and IR 28 compared to NaCl treatment. Here we suggest that a high POD value might be involved to increase shoot growth, fresh and dry weight in cultivar Cheongcheong and IR 28 (Figures 2A–C, 3A,B).



CONCLUSION

The high worldwide population and industrialization lead to climate change that causes soil salinization and ultimately affects crop production, especially rice. This study tested four rice genotypes with three different salts (NaCl, CaCl2, and MgCl2). However, each cultivar responded differently to different salts, but NaCl stress most drastically reduced the agronomic traits among all rice cultivars. Cheongcheong and IR 28 had a mostly similar response to different salts. Nagdong and Pokkali had a similar response to different salts, but Pokkali showed more resistance to NaCl stress in the soil, whereas Nagdong showed more resistance to all salt. OsHKT1, OsNHX1, and OsSOS1 were upregulated in Nagdong and Pokkali. Under different sat stress a high induction of GSH was observed in cultivar Nagdong, and IR 28, whereas, higher POD activity was recorded in cultivar Cheoncheong and IR 28. Therefore, there is a need to develop a new overexpresser of Cheongcheong and a knockout of Nagdong in the near future using the CRISPR/Cas9 technique for plant molecular breeding laboratories in Korea.
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As one of the most important vegetable crops in the world, the production of tomatoes was restricted by salt stress. Therefore, it is of great interest to analyze the salt stress tolerance genes. As the non-coding RNAs (ncRNAs) with a length of more than 200 nucleotides, long non-coding RNAs (lncRNAs) lack the ability of protein-coding, but they can play crucial roles in plant development and response to abiotic stresses by regulating gene expression. Nevertheless, there are few studies on the roles of salt-induced lncRNAs in tomatoes. Therefore, we selected wild tomato Solanum pennellii (S. pennellii) and cultivated tomato M82 to be materials. By high-throughput sequencing, 1,044 putative lncRNAs were identified here. Among them, 154 and 137 lncRNAs were differentially expressed in M82 and S. pennellii, respectively. Through functional analysis of target genes of differentially expressed lncRNAs (DE-lncRNAs), some genes were found to respond positively to salt stress by participating in abscisic acid (ABA) signaling pathway, brassinosteroid (BR) signaling pathway, ethylene (ETH) signaling pathway, and anti-oxidation process. We also construct a salt-induced lncRNA-mRNA co-expression network to dissect the putative mechanisms of high salt tolerance in S. pennellii. We analyze the function of salt-induced lncRNAs in tomato roots at the genome-wide levels for the first time. These results will contribute to understanding the molecular mechanisms of salt tolerance in tomatoes from the perspective of lncRNAs.
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INTRODUCTION

As the second-largest vegetable in the world, there is a growing demand for tomatoes. However, the area of the world’s saline-alkali land has increased annually, soil salinization has become a major impediment to affect the growth and development of tomatoes and reduce tomato production seriously (Munns, 2002). Previous studies have demonstrated that salt stress usually causes ion stress, osmotic stress, and secondary damage to plants, especially oxidative stress damage (Hamouda et al., 2016; Manishankar et al., 2018; Rady et al., 2019; Zhao et al., 2019). Therefore, in order to adapt to salt stress, plants need to rebuild the homeostasis of cell ions, osmosis, and redox balance (Yang and Guo, 2018). Research on important signaling pathways for salt tolerance have been the subject of many classic studies. So far, scientists have revealed many important signaling pathways of salt tolerance in plants. Such as the Salt Overly Sensitive (SOS) signal pathway, mitogen-activated protein kinase (MAPK) cascade signal pathway, CDPK cascade reaction pathway, ABA signal pathway, and so forth.

The transcription factor is mainly responsible for sensing and transducing early responses to salt stress in plants, such as DREB (dehydration responsive element binding factors), bZIP (basic leucine zipper), MYB (v-myb avian myeloblastosis viral oncogene homolog), and so forth. As one of the most important transcription factor families in plants, MYB transcription factors are widely involved in abiotic stress resistance, such as salt stress, drought stress and so on (Yu et al., 2017; Yao et al., 2022). Some studies have confirmed that overexpression of MYB gene can improve the salt tolerance of transgenic plants (Shen et al., 2018; Liu et al., 2020). In apple, MdMYB46 can directly bind to the promoters of lignin biosynthesis-related genes and activate the secondary cell wall biosynthesis pathway to enhance the salt tolerance and osmotic stress ability of apple (Chen et al., 2019). In tomato, SlMYB55 can regulate drought and salinity response by affecting the ABA-mediated signal transduction pathway, and directly or indirectly affect the expression of genes related to drought and salinity response (Chen et al., 2021b).

Salt stress can also result in an imbalance of intracellular ion homeostasis. The excessive accumulation of Na+ in plants will increase the Na+/K+ ratio in the cell solute, which lead to metabolic disorders (Wang et al., 2018a). Many kinds of Na+ transporters have been shown to maintain this homeostasis by mediating the uptake of Na+. For instance, AtHKT1 can encode a plasma membrane Na+ transporter. Loss of function mutant of hkt1 can inhibit salt hypersensitivity (Rus et al., 2004; Khaleda et al., 2017). In tomato and maize, the salt tolerance-related quantitative trait loci (QTL) which contained HKT genes had been located (Asins et al., 2013; Zhang et al., 2017). In Solanum cheesmaniae, gene silencing of ScHKT1;2 could result in an increasing Na+/K+ ratio and a salt-sensitive phenotype, while the function loss of ScHKT1;1 in rootstock could significantly reduce the ratio of Na+/K+ in leaf and flower tissues (Ra et al., 2021). Besides, OsHKT1;5 is also a key determinant of salt tolerance in rice (Nayef et al., 2020).

In addition to these, plant hormones play key roles in cellular signal transduction and crosstalk under salt stress, such as salicylic acid (SA), jasmonic acid (JA), ethylene (ET), gibberellin (GA) and abscisic acid (ABA) (Singhal et al., 2021). SA can not only enhance the antioxidant system of plants but also promote photosynthesis under salt stress (Khan et al., 2014; Li et al., 2014b). The foliar application of SA on maize could minimize the detrimental effects of salinity (Tahjib-Ul-Arif et al., 2018). SA-mediated beneficial effects were particularly evident in the enhancement of photosynthesis-related parameters, including photosynthetic rate, carboxylation efficiency, water use efficiency, and chlorophyll content (Xue et al., 2013; Nazar et al., 2015). In Arabidopsis thaliana (A. thaliana), excessive application of SA inhibited seed germination, while an appropriate amount of SA treatment could alleviate this inhibition. As an antioxidant, melatonin can also scavenge the accumulation of ROS induced by various biotic and abiotic stresses effectively (Manchester et al., 2015). A low concentration of melatonin can improve the salt tolerance of cotton seedlings while inhibiting the expression of genes related to melatonin biosynthesis (Zhang et al., 2021). It shows that exogenous melatonin can improve the activity of the antioxidant defense system which leads to improved stress resistance in plants.

Salt stress can increase endogenous abscisic acid (ABA) levels and induce ABA-dependent and ABA-independent transcriptional regulatory networks (Roychoudhury et al., 2013). The Ca2+ and ABA signals can also cooperate to regulate the response to salt stress in plants (Zhu et al., 2007). Some GA-related genes, such as AtGA2ox7 and OsGA2ox5 have also been reported to enhance plant salt tolerance by delaying growth (Shan et al., 2014; Lange and Lange, 2015). The growth and reproduction of plants in saline-alkali soil are based on seed germination, which is closely related to ABA and GA (Yuan et al., 2011). The concentration of GA in plants changed significantly under salt stress and drought stress, indicating that GA is closely related to plant abiotic stress response (Shi et al., 2019). These results demonstrate that the molecular mechanisms resulting from salt stress tolerance are very complex in plants. Therefore, a thorough understanding of the salt tolerance mechanism is crucial.

In recent years, the role of non-coding RNA (ncRNA) in plants has attracted more and more attention. Quite a few studies have shown that ncRNA plays a crucial role in different biological processes of plants, such as cell development, regulation of epigenetics, transcription, translation, and so forth (Willmann and Poethig, 2007; Heo et al., 2013; Fonouni-Farde et al., 2021). Numerous studies show that ncRNAs have critical roles in diverse biological processes from plants to animals, such as sponging by microRNAs, cell development, acting as modular scaffolds and regulating epigenetic inheritance. The ncRNAs include rRNA, tRNA, snRNA, snoRNA, miRNA, lncRNA, and other RNAs with known functions. Long non-coding RNA (lncRNA) is a large class of transcripts from the non-coding region of the genome that contains more than 200 nucleotides but lack the protein-coding ability, and do not contain or contain a short open reading frame (ORF), usually exert a regulatory role in the response of plants to abiotic stress (Liu et al., 2015). According to the genomic positioning of its coding genes to adjacent protein-coding genes, lncRNAs can be further divided into long intergenic non-coding RNAs (lincRNAs), natural antisense transcripts (NATs), and intronic RNAs (incRNAs). With the development of technology, many lncRNAs transcripts have been identified in different plant species by tiling array and transcriptome reassembly, like Arabidopsis, rice, soybean and cotton, and so forth (Liu et al., 2012; Di et al., 2014; Zhang et al., 2014; Zou et al., 2016; Golicz et al., 2018; Hamid et al., 2020; Lin et al., 2020). Considering the complexity of lncRNA regulation, there are merely a few functional characteristics of lncRNAs in plants so far, but in recent years, researches on the specific role of lncRNA in plants have become more and more attractive.

Recent evidence suggests that lncRNAs play essential roles in tomatoes during flowering, resistance to Phytophthora infestans, fruit ripening, resistance to drought, and are also studied in A. thaliana, Camellia sinensis, and Gossypium hirsutum (Qin et al., 2017; Zhao et al., 2017; Deng et al., 2018; Wang et al., 2018b; Eom et al., 2019; Jiang et al., 2019b; Yang et al., 2019b; Cui et al., 2020). In recent years, competitive endogenous RNA (ceRNA) has provided an innovative way to study the molecular mechanisms of stress in plants. Among the drought stress-related lncRNAs of Populus tomentosa, some lncRNAs are identified as competitive endogenous RNAs, which can combine with known poplar miRNAs to regulate the expression of miRNAs target genes. At the same time, the qRT-PCR result had also verified this result (Shuai et al., 2014). Since miR398 can respond to different stresses, tae-miR398 regulates low-temperature tolerance by down-regulating its target gene CSD1 in the cold hardiness mechanism of winter wheat. LncRNA can indirectly regulate the expression of CSD1 by competitively binding miR398, thereby affecting the cold resistance of Dn1. The regulation of miR398 triggers a regulatory loop that is essential for cold resistance in wheat (Lu et al., 2020).

The role of lncRNAs in the process of tomato salt stress is rarely studied. However, what is not yet clear is the importance of salt-induced lncRNA in tomatoes. In comparison with cultivated tomato, wild tomato display increased salt tolerance and has stronger salt tolerance. Due to different growing environments and reproductive isolation, some salt-responsive genes in wild tomatoes may not exist in cultivated tomato species. To use modern molecular biology techniques to improve the salt tolerance of cultivated tomatoes, it is first necessary to understand the molecular mechanism of tomato salt tolerance, and wild tomatoes are important germplasm resources for revealing the salt tolerance mechanism and mining salt tolerance genes. Consequently, in this study, we selected wild tomato Solanum pennellii (S. pennellii) and cultivated tomato M82 (Solanum lycopersicum L.) as materials. The functions of salt-induced lncRNAs in the two cultivars are analyzed and compared by analyzing the target genes. This essay attempts to show that some salt-related genes might be regulated by salt-induced lncRNAs in S. pennellii. We also construct the corresponding salt-induced co-expression network. In general, this paper presents new evidence for the putative mechanism of salt tolerance in tomatoes from the perspective of the lncRNA-mRNA network.



MATERIALS AND METHODS


Plant Materials and Stress Treatment

Seeds of cultivated tomato M82 (S. lycopersicum) and wild tomato (S. pennellii) were sown in pots containing 3:1 mixtures of vermiculite: perlite (V/V) in the growth chamber under a 16 h/8 h (day/night), and a light intensity of 100 μmol m–2 sec–1, 25°C, 20–30% relative humidity (Frary et al., 2010). Plants were cultivated for 6 weeks (well-watered and with Hoagland solution supplying at an interval of 2 weeks), and then the seedlings were exposed to 200 mM NaCl (salinity). Plants grown in the same environment without the additional stress component were used as controls. In our previous experiment, the MDA and proline levels of M82 and S. pennellii under salt stress had been separately determined using the MDA Assay Kit (Suzhou Comin Biotechnology Co., Ltd., Suzhou, China) and Proline Assay Kit (Suzhou Comin Biotechnology Co., Ltd., Suzhou, China) at four time points (0, 1, 12, and 24 h). From 12 to 24 h, the increase of proline content was much higher than that of 1 to 12 h. The MDA content peaked at 12 h and then began to decrease (Supplementary Figure 1). Based on this result, the roots of tomatoes were collected at 0 and 12 h following exposure to salt stress. The seeds of M82 and S. pennellii were collected from the Xinjiang Academy of Agricultural Sciences and TGRA (Tomato Genetic Resource Center), respectively.



RNA Extraction, Construction of cDNA Libraries and High-Throughput Sequencing

Total RNA of tomato roots was isolated using RNAprep pure Plant Kit (Tiangen Biotech, Beijing, China) according to the manufacturer’s protocol. RNA quality and quantity were checked with NanoDrop 2000 Spectrophotometer (NanoDrop, Wilmington, DE, United States) and Agilent Bioanalyzer 2100 System (Agilent Technologies, California, CA, United States), respectively. RNA samples were pooled with equal amounts of RNA from three independent individuals. The rRNAs were removed by using the Epicentre Ribo-zero kit (Epicentre, Madison, WI, United States). Through PCR enrichment, the cDNA libraries were established. After assessing the quality of libraries, deep sequencing was performed by utilizing the Illumina sequencing platform (Illumina, San Diego, CA, United States).



RNA-Seq Reads Mapping and Transcriptome Assembling

FastQC was utilized to check the quality of RNA-seq data. And then the adapters of raw reads that capture at least one of the following two characteristics: more than 20% of bases with a Q-value ≤ 20 or an ambiguous sequence content (“N”) exceeding 5% were removed. After aligning the clean reads to the reference genome by using HISAT2 with default settings (Kim et al., 2019), the reads were assembled by using Cufflinks.



Identification of Salt-Responsive LncRNAs

To identify putative lncRNA transcripts, all the mRNA transcripts were filtered out firstly. Then the transcripts with a length of less than 200 nt or only have one exon were also filtered out. Then, the protein-coding ability of the remaining transcripts was predicted by using the CPC, PLEK, and CNCI software (Kong et al., 2007; Sun et al., 2013; Li et al., 2014a). The Swiss-Prot database was also used to filter the transcripts with any known domains (Bairoch and Apweiler, 2000). The transcripts without protein-coding ability were subsequently employed in the remainder of the study. LincRNAs, antisense lncRNAs, intronic lncRNAs, and exonic lncRNAs were classified by the cuffcompare software.



Analysis of Differentially Expressed LncRNAs

The expression levels of lncRNAs were normalized by Transcripts Per Million (TPM). Then the R package DESeq2 was utilized to perform the differentially expressed analysis (Love et al., 2014). The fold changes of lncRNAs were calculated via log2(TPM). The lncRNAs exhibiting a | fold change| ≥ 2 and P-value < 0.05 were considered the DE-lncRNAs.



Prediction of Differentially Expressed-LncRNAs Target Genes and Analysis of LncRNAs Function

The functional annotation of DE-lncRNAs was carried out by co-location and co-expression analysis. The co-locating and co-expressing lncRNA-mRNA pairs were identified by custom Perl scripts. The coding genes 1000k upstream and downstream of lncRNAs were considered to be co-located.



GO and KEGG Enrichment Analysis

The functions of the target genes of DE-lncRNAs were annotated by GO and KEGG enrichment analysis. The GO enrichment analysis was performed on the agrigo website1. The KEGG analysis was performed on the KOBAS website2.



Interaction Analyses of LncRNA-miRNA and miRNA-mRNA Pairs

A total of 147 known miRNA sequences of tomato were downloaded from the miRBase database3 and were utilized for analyzing the interaction relationship between lncRNAs and miRNAs by using the website tool psRNATarget4 with the default parameters (Griffiths-Jones et al., 2007; Dai et al., 2018). The interaction relationships between miRNAs and mRNAs were also implemented by the methods above for description and parameters. Finally, according to the ceRNA regulatory mechanism and the relationships between lncRNA-miRNA and miRNA-mRNA pairs, the ceRNA regulatory networks were constructed and visualized by Cytoscape software (v3.7.2) (Shannon et al., 2003).



Validation of Target Genes of LncRNAs by qRT-PCR

To confirm the reliability of the high-throughput sequencing data, nine target genes (ABCG36, ABCG37, ABCG40, CIPK5, CIPK6, CIPK10, SAG12, GSTU7, and GSTU8) of salt-responsive lncRNAs were randomly selected to validate by quantitative real-time PCR (qRT-PCR). Three logical replicates were performed for each gene. Primers were designed by using Primer5 software. The relative expression levels of each gene were calculated by using the 2–ΔΔ CT method (Livak and Schmittgen, 2001).




RESULTS


Genome-Wide Identification and Characterization of LncRNAs in Tomatoes

To identify the lncRNAs in cultivated tomato and wild tomato in response to salt stress, systematically. In this study, we used roots of wild tomato and cultivated tomato under salt stress for 12 h to be materials, and then performed the whole transcriptome sequencing analysis. Each sample has three replicates. The prepared library was sequenced on the Illumina-Hiseq platform, and a total of 588.98 G reads were obtained. By removing reads containing adapter, reads containing ploy-N and low-quality reads from raw data, clean reads were eventually obtained (Supplementary Table 1). According to the analysis procedure in Figure 1A, we identified 1,044 putative lncRNAs, which were distributed on all chromosomes of tomato. Among them, the number of lncRNAs on chromosome 1 had the most lncRNAs (117 lncRNAs) and the number of lncRNAs on chromosomes 2 and 6 were the least (only 58 lncRNAs) (Figure 1B). As shown in Figure 1B, the density distribution of lncRNAs predicted in tomatoes was almost uniform with little difference. LncRNAs had the highest density on chromosome 7 (∼1.5 lncRNAs/Mbp nucleotides) and the lowest density on chromosome 3 (∼0.91 lncRNAs/Mbp nucleotides). The 1,044 lncRNAs include 859 lincRNAs, 165 antisense lncRNAs, 11 exonic, and 9 intronic lncRNAs (Figure 1C). Through further analysis of the length of these lncRNAs, it was found that the majority of them were shorter than 2,000 nt (Figure 1D) and the mean length of lncRNAs was shorter than that of mRNAs as a whole.
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FIGURE 1. Identification and characterization of lncRNAs in tomatoes. (A) The pipeline for the identification of lncRNAs in tomatoes. (B) Circos plot depicting the distribution and expression of identified lncRNAs. From outer to inner circles, a–f circles represent chromosomes, lncRNAs distribution on chromosomes, the expression levels of lncRNAs in the control sample of M82, the expression levels of lncRNAs in the control sample of Solanum pennellii (S. pennellii), the expression levels of lncRNAs in the salt-treated sample of M82, the expression levels of lncRNAs in the salt-treated sample of S. pennellii, respectively. The vertical lines represent the high-low values of lncRNAs. (C) Radar chart represents the numbers of the four lncRNA types. (D) Length distribution of lncRNAs and mRNAs, orange represents lncRNAs, blue represents mRNAs.




Identification of Salt-Responsive Differentially Expressed-LncRNAs

To compare and analyze the different lncRNAs in response to salt stress in cultivated tomato and wild tomato, we compared and analyzed the expression levels of lncRNAs in response to salt stress in the two cultivars. There were 406 and 8 lncRNAs expressed specifically in M82 and S. pennellii, respectively. 630 lncRNAs showed expression in both cultivars (Figure 2A and Supplementary Table 2). And the average expression levels of lncRNAs were lower than that of mRNAs (Figure 2B). Subsequently, comparing the standardized expression of mRNAs between cultivated and wild tomatoes, significant differences were also founded by clustering (Figure 2C). In M82, 154 lncRNAs were significantly differential expressed, of which 133 were up-regulated and 21 were down-regulated. In contrast, 137 lncRNAs were differentially expressed in S. pennellii, of which 37 were up-regulated and 100 were down-regulated (Figure 2C and Supplementary Table 2). It could be seen that the expression levels of most DE-lncRNAs were significantly down-regulated in S. pennellii, while the expression levels of most differentially expressed lncRNAs (DE-lncRNAs) in M82 were significantly up-regulated. Only 33 lncRNAs were differentially expressed in both the two cultivars, of which 15 lncRNAs were expressed at opposite levels (Figures 2C,D). Interestingly, the expression levels of these 15 lncRNAs were all up-regulated in M82, while their expression levels were down-regulated in S. pennellii, indicating that these 15 lncRNAs might be relevant to the high salt tolerance of S. pennellii.
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FIGURE 2. Expression patterns analysis of lncRNAs and mRNAs. (A) Venn diagram of common and specific lncRNAs. Red represents M82, blue represents Solanum pennellii (S. pennellii). The overlap represents the lncRNAs that were expressed in both M82 and S. pennellii. The red bar and blue bar in the bar graph represent the number of lncRNAs that were expressed in M82 and S. pennellii, respectively. (B) Violin plot of expression levels for lncRNA and mRNA transcripts (showed in the relative expression level of mRNA/lncRNA presented by log-transformed). (C) The Venn diagram shows significant DE-lncRNAs (P-value < 0.05). Overlaps represent the lncRNAs that were differentially expressed in both M82 and S. pennellii. (D) Heatmap presentation of relative expression levels of differentially expressed lncRNAs and mRNAs. Z-score represents the regulation trends, red represents up-regulation, blue represents down-regulation. The color scale bar shows z-score values after z-score row normalization.




Cis-Regulation of LncRNA Neighboring Genes

To further obtain the possible biological function of lncRNAs in tomatoes under salt stress, we treated the genes within 1 Mbps upstream/downstream DE-lncRNAs as cis-regulated genes and performed GO and KEGG analysis based on these genes. The results revealed that 125 DE-lncRNAs targeted 1,227 differential expressed mRNAs (DE-mRNAs) in M82 and 111 DE-lncRNAs in S. pennellii target 1,268 DE-mRNAs. In the end, we obtained 1,612 and 1,535 pairs of lncRNA-mRNA genes in M82 and S. pennellii, respectively. Among them, 700 pairs in M82 were positively correlated with expression levels, and 912 pairs were negatively correlated with expression levels. In S. pennellii, 880 pairs of expression levels are positively correlated, and 655 pairs of expression levels are negatively correlated (Supplementary Table 3).

In M82, the GO analysis results of these co-localized genes showed that 13, 13, 9, and 10 genes were significantly enriched in DNA replication (GO:0006260), cell wall macromolecule metabolic process (GO:0044036), xyloglucan metabolic process (GO:0010411), hemicellulose metabolic process (GO:0010410) and other terms (Figure 3A). In S. pennellii, the GO terms that were significantly enriched contained cell wall macromolecule metabolic process (GO:0044036), oxidation-reduction process (GO:0055114), cell wall organization or biogenesis (GO:0071554), and photosynthesis, light harvesting (GO:0009765) (Figure 3B and Supplementary Table 4). Compared with M82, there were more genes enriched in the oxidation-reduction process in S. pennellii, which might indicate that the steady state of redox balance in S. pennellii is higher than that in M82 under salt stress.
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FIGURE 3. GO and KEGG enrichment analysis of the cis-regulated target genes of lncRNAs. (A) The top 10 significant terms in biological process (BP), molecular function (MF), and cellular component (CC) of GO enrichment analysis (P-value < 0.05) in M82. The larger circle represents a more significant enrichment of the target genes in this pathway. (B) The top 10 significant terms in biological process (BP), molecular function (MF), and cellular component (CC) of GO enrichment analysis (P-value < 0.05) in S. pennellii. (C) The KEGG enrichment scatters plot of cis-regulated target genes of lncRNAs in M82. The size of the circles represents the number of genes, the color of the circle represents the P-value. The abscissa represents the rich factor, the larger the rich factor, the greater the degree of enrichment (RichFactor is the ratio of the number of differentially expressed genes to the number of all genes in this pathway term). (D) The KEGG enrichment scatters plot of cis-regulated target genes of lncRNAs in S. pennellii.


KEGG analysis results showed that these co-localized genes in M82 and S. pennellii were significantly enriched into 11 and 14 KEGG pathways, respectively. Among them, Phenylpropanoid biosynthesis, Base excision repair, Cutin, suberine and wax biosynthesis, Protein Processing in endoplasmic reticulum and Pyrimidine metabolism were only enriched in M82, Isoquinoline alkaloid biosynthesis, Photosynthesis-antenna proteins, Biosynthesis of secondary metabolites, Tyrosine metabolism, Tropane, piperidine and pyridine alkaloid biosynthesis, MAPK signaling pathway-plant, Alanine, aspartate and signaling pathway metabolism and Monoterpenoid biosynthesis were only enriched in S. pennellii (Figures 3C,D and Supplementary Table 5). Plant hormone signal transduction, Phenylalanine metabolism, Amino sugar and nucleotide sugar metabolism, DNA replication, and Steroid biosynthesis were enriched in S. pennellii. The number of genes enriched in these pathways was more than that of M82.



Trans-Regulation of Target Genes by LncRNAs

LncRNAs could affect the expression of distant genes by regulating remote mRNA transcription. Therefore, in order to identify trans-regulated genes of DE-lncRNA that might be involved in the response to salt stress, we analyzed the correlation between DE-lncRNAs and DE-mRNAs (correlation coefficient r ≥ 0.99 or ≤−0.99). In M82, we predicted that 3,106 genes had a trans-regulatory relationship with 145 lncRNAs, of which 14,922 pairs are positively correlated, and 7,341 pairs are negatively correlated. In S. pennellii, it was predicted that 3,244 genes have a trans-regulatory relationship with 118 lncRNAs, of which 14,126 pairs were positively correlated, and 6,261 pairs were negatively correlated (Supplementary Table 6). These lncRNA-mRNA gene pairs were all significantly correlated (p < 0.05).

By comparing the expression levels of these target genes, we found that 1,685 and 1,823 genes were regulated by lncRNAs only in M82 and S. pennellii, respectively. There were 1,421 genes regulated by lncRNAs in both two cultivars. Among them, the expression levels of 47 genes exhibited the opposite trend, including 24 up-regulated genes in S. pennellii and 23 down-regulated genes in M82. For example, Solyc06g074710.1 (Hydroxyacid Hydroxycinnamoyltransferase, HCT), Solyc04g005810.3 (Thioredoxin-h2, TRXH2), Solyc08g065500.2 (Protein phosphatase 2C, PP2C), Solyc08g065670.3 (PP2C), Solyc11g010400.2 (2-oxoglutarate, 2-OG), and Solyc11g010400.2 [Fe (II)-dependent oxygenase, DMR6] were significantly up-regulated in S. pennellii and significantly down-regulated in M82.

In M82, Solyc04g005810.3 (TRXH2) could be targeted by 9 lncRNAs, and their expression patterns showed a negative correlation. Two PP2C genes (Solyc08g065500.2 and Solyc08g065670.3) could be targeted by Lnc_000557 at the same time and exhibited the same trend in expression. Solyc11g010400.2 (DMR6) could be targeted by 4 lncRNAs (Lnc_000288, Lnc_000758, Lnc_000964, and Lnc_001011), of these, Lnc_000288 could also target Solyc06g074710.1 (HCT). In addition to the Lnc_001011-Solyc11g010400.2 pair, the other four pairs showed the same trend in expression. In S. pennellii, Solyc06g074710.1 (HCT) and Solyc11g010400.2 (DMR6) could be targeted by 9 lncRNAs simultaneously, and the same trend was seen between these two genes and 9 lncRNAs were the same. Beyond this, these two genes could also be targeted by two different lncRNAs (Lnc_000364-Solyc06g074710.1, Lnc_000837-Solyc06g074710.1, Lnc_000839-Solyc11g010400.2, and Lnc_000996-Solyc11g010400.2). Except for the Lnc_000837-Solyc06g074710.1 pair, the other 3 pairs showed the opposite trend in expression. In common with Solyc06g074710.1 (HCT), Solyc04g005810.3 (TRXH2) could be targeted by 3 lncRNAs (Lnc_000334, Lnc_000364, and Lnc_000600). Except for Lnc_000364-Solyc04g005810.3 (negative correlation), the expression levels of the other two pairs showed remarkable positive correlations. In contrast to M82, two PP2C genes (Solyc08g065500.2 and Solyc08g065670.3) could be targeted by 3 lncRNAs (Lnc_000181, Lnc_000359, and Lnc_000764) and showed remarkable positive correlations in S. pennellii.

To further investigate the potential function of lncRNAs, we divided the target genes of lncRNAs into three sets: the target genes that were regulated by lncRNAs only in M82 and S. pennellii, respectively, the target genes that were regulated by lncRNAs in both two cultivars. By performing the GO and KEGG enrichment analysis of these 3 sets of target genes, the differences between salt-responsive lncRNAs in two cultivars were compared. The GO enrichment results were as follows. There were 1,685 genes targeted by lncRNAs only in M82, among them, 285 genes (112 up-regulated genes and 173 down-regulated genes) were significantly enriched in 10 GO terms, including oxidation-reduction process (GO: 0055114), hydrogen peroxide metabolic process (GO: 0042743), reactive oxygen species metabolic process (GO: 0072593), response to oxidative stress (GO: 0006979), Transport (GO: 0006810), Response to Chemical (GO: 0042221), and so forth. There were 1,823 genes targeted by lncRNAs only in S. pennellii, among them, 381 genes (108 up-regulated genes and 273 down-regulated genes) were significantly enriched in 10 GO terms (Figures 4A,B and Supplementary Table 7), including photosynthesis, light harvesting (GO:0009765), photosynthesis (GO:0015979), movement of cell or subcellular component (GO:0006928), microtubule-based movement (GO:0007018), microtubule-based process (GO:0007017), carbohydrate metabolic process (GO:0005975), oxidation-reduction process (GO:0055114), generation of precursor metabolites and energy (GO:0006091), response to stimulus (GO:0050896), hydrogen peroxide metabolic process (GO:0042743). Interestingly, there were 3 GO terms associated with photosynthesis, which contained 37 differentially expressed genes. Except for Solyc12g017250.2 (photosystem II subunit R, PSBR), which was up-regulated, the other 36 genes were significantly down-regulated in S. pennellii. Moreover, no significant change in expression levels of the 37 photosynthesis-related genes in M82, the expression levels of these genes in M82 were also lower than that of these genes in S. pennellii significantly. The 37 photosynthesis-related genes could be targeted by 37 lncRNAs. There were 1,421 genes targeted by lncRNAs in both two cultivars. For these genes, cell wall biogenesis metabolic process (GO:0042546 and GO:0044036), cell wall polysaccharide metabolic process (GO:0010383), oxidation-reduction process (GO:0055114), glucan metabolic process (GO:0044042), xyloglucan metabolic process (GO:0010411) were enriched (Supplementary Figure 2).
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FIGURE 4. GO and KEGG enrichment analysis of the trans-regulated target genes of lncRNAs. (A) The top 10 significant terms in biological process (BP), molecular function (MF), and cellular component (CC) of GO enrichment analysis (P-value < 0.05) in M82. The larger the circle, the more significant of enrichment of the target genes in this pathway is. (B) The top 10 significant terms in biological process (BP), molecular function (MF), and cellular component (CC) of GO enrichment analysis (P-value < 0.05) in S. pennellii. (C) The KEGG enrichment scatters plot of cis-regulated target genes of lncRNAs in M82. The size of the circles represents the number of genes, the color of the circle represents the P-value. The abscissa represents the rich factor, the larger the rich factor, the greater the degree of enrichment (RichFactor is the ratio of the number of differentially expressed genes to the number of all genes in this pathway term). (D) The KEGG enrichment scatters plot of cis-regulated target genes of lncRNAs in S. pennellii.


In addition, the GO term oxidation-reduction process contained 142 and 148 genes in M82 and S. pennellii, respectively. In M82, 58 up-regulated and 84 down-regulated genes were significantly enriched, and 49 up-regulated and 99 down-regulated genes were enriched in S. pennellii. The GO term response to stimulus contained 97 and 118 genes in M82 and S. pennellii, respectively. Interestingly, the 97 genes in M82 were only differentially expressed in M82 and showed no significant change in S. pennellii. However, there were 40 genes only up-regulated differentially in S. pennellii among the 118 genes, which consisted of Solyc09g090970.3 (MLP-like protein 423, MLP423), Solyc12g056650.2 (GIGANTEA, GI), Solyc05g052270.2 (calcium-independent protein kinase 10, CIPK10), Solyc12g010130.1 (CIPK6), Solyc08g068960.3 (histidine kinase 5, HK5), Solyc02g083620.3 (ascorbate peroxidase 3, APX3), Solyc08g067310.1 (CIPK5) and some efflux protein genes. In S. pennellii, these 40 genes could be targeted by 27 lncRNAs with negative regulatory relationships between 10 lncRNAs and their target genes and the other 17 lncRNAs showed positive regulatory relationships with their target genes.

KEGG pathway analysis revealed that there were 197 genes (82 up-regulated genes and 115 down-regulated genes) were enriched in nitrogen metabolism, phenylpropanoid biosynthesis, plant–pathogen interaction, biosynthesis of secondary metabolites, amino sugar and nucleotide sugar metabolism, plant hormone signal transduction, and several metabolic pathways in M82. In particular, there were 17 genes enriched in the Plant hormone signal transduction pathway up-regulated significantly. In S. pennellii, 344 genes (105 up-regulated genes and 239 down-regulated genes) were significantly enriched in photosynthesis-antenna proteins, biosynthesis of secondary metabolites, phenylpropanoid biosynthesis, photosynthesis, amino sugar and nucleotide sugar metabolism, plant hormone signal transduction, carbon fixation in photosynthetic organisms, MAPK signaling pathway-plant and so on (Supplementary Table 8). There were 57 genes significantly enriched in photosynthesis-related pathways and most of them were down-regulated in S. pennellii. There were also 12 genes enriched in Plant hormone signal transduction and significantly down-regulated. Known from the comparison of KEGG results, Nitrogen metabolism, plant–pathogen interaction, base excision repair, pyrimidine metabolism, and beta-alanine metabolism were enriched only in M82 and photosynthesis-antenna proteins, photosynthesis, carbon fixation in photosynthetic organisms, and MAPK signaling pathway-plant were enriched only in S. pennellii (Figures 4C,D). In M82, 13 genes were enriched in the nitrogen metabolism term, of which 11 genes were down-regulated. It showed that the nitrogen metabolism pathway was severely affected. In S. pennellii, 22 genes were enriched in the MAPK signaling pathway-plant, of which 12 genes were up-regulated significantly. 143 genes were enriched in the biosynthesis of secondary metabolites, of which 51 genes were up-regulated significantly. In addition, phenylalanine metabolism, MAPK signaling pathway, plant hormone signal transduction, phenylpropanoid biosynthesis, and biosynthesis of secondary metabolites pathways were enriched in both two cultivars (Supplementary Figure 3). These results illustrated that the salt-responsive pathways in M82 and S. pennellii were significantly different, lncRNA might be involved in the response to salt stress by regulating their potential target genes. Apart from that, these lncRNAs might play an essential role in enhancing salt tolerance in S. pennellii.



Construction of LncRNA-mRNA Networks

In order to analyze and compare the functions of lncRNAs and the relationship between lncRNAs and their targeted mRNAs in two tomato cultivars under salt stress, we constructed several putative networks with Cytoscape (Figure 5 and Supplementary Figure 4). As showcased in the figures, complex networks were observed. Among them, several genes were found to be involved in oxidation/reduction reaction, phytohormone signaling, and biosynthesis-related in S. pennellii, such as ABI2, ACO1, CIPK5/25, CBL4/10, CYP85A1, ABCG25, NCED3/5, and so forth. These 32 mRNAs were predicted to be targeted by 41 lncRNAs (Figure 5). In M82, 13 genes were involved in nitrogen metabolism under salt stress and regulated by 39 lncRNAs (Supplementary Figure 4). Some transcription factors like MYB were also found to participate in the process of phenotropic biosynthesis. They might activate downstream salt-responsive genes under salt-stress conditions. And 25 signal transduction-related genes were also found to be targeted by 78 lncRNAs. Most of them were up-regulated significantly. These relationships among lncRNAs and target genes might play vital roles in sensing and responding to salt stresses.
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FIGURE 5. Representatives of the interaction networks among lncRNAs and target protein-coding genes in S. pennellii. Red down arrows refer to up-regulated lncRNAs, blue down arrows refer to up-regulated lncRNAs. Red rectangles refer to up-regulated mRNAs, blue rectangles refer to down-regulated mRNAs.




The Function of LncRNAs Acting as miRNA Targets in Tomatoes

Previous studies have indicated that the function of lncRNAs could be achieved by targeting miRNAs. Through the psRNATarget server, we screened out the salt-responsive lncRNAs that might be targeted by miRNAs in M82 and S. pennellii and established the potential relationships between lncRNAs and miRNAs under salt stress.

In M82, 23 lncRNAs were predicted to be targets of 34 miRNAs from 24 miRNA families, and 21 lncRNAs were predicted to be targets of 28 miRNAs from 20 miRNA families in S. pennellii. There were 3 lncRNAs (Lnc_000547, Lnc_000693, and Lnc_000976) that could be targeted by miRNAs in both two cultivars. Lnc_000547 and Lnc_000693 could be targeted by sly-miR9478-3p and sly-miR403-5p, respectively, while Lnc_000976 could be targeted by 4 miRNAs (sly-miR156e-5p, sly-miR171c, sly-miR395a, and sly-miR395b). There were 20 and 18 lncRNAs that could be targeted by the miRNAs in M82 and S. pennellii, respectively. In M82, Lnc_000518, Lnc_000563, and Lnc_000726 were the top 3 lncRNAs that connected with miRNAs (7, 6, and 5 miRNAs could be connected, respectively). In S. pennellii, Lnc_000360, Lnc_000976, and Lnc_001000 were the top 3 lncRNAs that connected with miRNAs (6, 4, and 4 miRNAs could be connected, respectively).

Many salt-responsive miRNAs were already discovered in plants, miR156, miR159, miR164, miR167, miR171, miR319, miR395, and so forth (Sunkar and Zhu, 2004; Patade and Suprasanna, 2010; Wang et al., 2013; Qin et al., 2015; Liu et al., 2019; Hernandez et al., 2020; Ye et al., 2020; Makkar et al., 2021). In S. pennelli, sly-miR156d-5p, sly-miR156e-5p, sly-miR395a, sly-miR395b, sly-miR5302a and sly-miR6022 could target 2 lncRNAs. This illustrated that they could respond to salt stress by the miRNA-lncRNA interactions. Sly-miR156d-5p and sly-miR156e-5p could target Lnc_000990 and Lnc_000976, respectively. Lnc_000257 could be targeted by sly-miR156d-5p and sly-miR156e-5p. Both sly-miR395a and sly-miR395b could target Lnc_000003 and Lnc_000976. Sly-miR5302a could target 2 lncRNAs (Lnc_000003 and Lnc_000203). Sly-miR6022 could target Lnc_000160 and Lnc_000628. While in M82, Lnc_000998 could also be targeted by sly-miR5302a and sly-miR6022 (Figure 6). These pieces of evidence indicated that lncRNAs could be involved in the gene regulation process through the miRNA–lncRNA interactions under salt stress in tomatoes. The function of these lncRNAs remained to be further determined.
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FIGURE 6. LncRNA–miRNA interaction network. Down arrows refer to miRNAs, rectangles refer to lncRNAs. Green represents the lncRNA that could be targeted by miRNAs only in M82 (or the miRNA that can target DE-lncRNA only in M82). Blue represents the lncRNA that could be targeted by miRNAs only in S. pennellii (or the miRNA that can target DE-lncRNAs only in S. pennellii). Red represents the lncRNA that could be targeted by miRNAs in both M82 and S. pennellii (or the miRNA that can target DE-lncRNAs in both M82 and S. pennellii).




Validation of Target Genes of Salt-Responsive LncRNAs

To confirm the reliability of the high-throughput sequencing data, quantitative real-time PCR (qRT-PCR) was utilized to compare expression patterns of salt-responsive genes. Nine target mRNAs of salt-responsive lncRNAs were randomly selected. Between the qRT-PCR and RNA-seq results, a similar tendency was observed, suggesting that the results of Illumina sequencing were trustable. Among these genes, all genes were significantly up-regulated in S. pennellii except ABCG37. Only ABCG40 was up-regulated in M82. However, some discordant results were also observed between qRT-PCR and RNA-seq results in M82, like GSTU7 and GSTU8. This might be due to their low level of expression in M82 (Figure 7).
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FIGURE 7. qRT-PCR validation of the target genes of salt-responsive lncRNAs. (A–I) The qRT-PCR results are represented on the left graphs, the RNA-seq results of mRNAs are represented on the right graphs. The error bars represent the standard error of replicates. The white and blue bars represent the control samples, the gray and yellow bars represent the salt treatment samples.





DISCUSSION

In the past few years, the role of lncRNAs during the normal development process and under abiotic stress in tomatoes has been identified. For instance, the flowering, fruit cracking, response to drought, disease resistance, and CRISPR/cas9 technology verified that lncRNA1459 was indeed involved in tomato fruit ripening (Li et al., 2018; Eom et al., 2019; Jiang et al., 2019b; Yang et al., 2019b; Xue et al., 2020). With respect to stress-related lncRNAs in other plants, which have been reported according to previous studies. The new lncRNA MuLnc1 in Morus multicaulis could regulate mul-miR3954 to produce si161579, which in turn inhibited the expression of MuCML27. The overexpression of MuCML27 could improve the salt stress tolerance of plants (Gai et al., 2018). The 1,117 salt-responsive lncRNAs in Gossypium hirsutum were also reported. In cotton, transgenic plants that increased in seed germination rate, fresh weight, and root length could be obtained by overexpression of lncRNA973, while knockout of lncRNA973 could obtain the plants with more severe wilting and leaf abscission symptoms (Zhang et al., 2019). There were 126 and 133 DE-lncRNAs were also identified in salt-tolerant and salt-sensitive varieties of Sweet Sorghum, respectively (Sun et al., 2020). These lncRNAs might play a role as ceRNAs to affect the response to salt stress by regulating the expression of target genes related to ion transport, protein modification, and transcriptional regulation in plants. To the best of our knowledge, this is the first report of the function of lncRNAs in response to salt stress in wild and cultivated tomatoes. The phenotypes of tomatoes under salt stress, such as developmentally arrested seedlings and restricted root growth and development were shown (Kesten et al., 2019). Therefore, it is important to understand the molecular mechanisms underlying the adaptation of tomatoes to salt stress. As a more salt-tolerant tomato genotype, S. pennellii showed relatively more salt-responsive compared to cultivated tomato M82. Identifying the unique genes that are involved in salt tolerance in wild tomatoes is essential for cultivating new salt-tolerant tomato cultivars.

In this study, we identified 1,044 unique lncRNAs in two cultivars according to strict standards. Some lncRNAs might be excluded during the selection process, but these 1,044 lncRNAs could be considered as a group of reliable tomato lncRNAs. Based upon the genome location, these lncRNAs could be divided into four types, including intergenic lncRNAs, antisense lncRNAs, exonic and intronic lncRNAs. We also identified 154 and 137 lncRNAs that were differentially expressed in M82 and S. pennellii, respectively. Interestingly, about 86% DE-lncRNAs in M82 were significantly up-regulated, while about 73% DE-lncRNAs in S. pennellii were significantly down-regulated. This result revealed a significant difference in the responses of these salt-responsive lncRNAs between cultivated and wild tomatoes under salt stress conditions.

Previous studies showed that lncRNAs had a less conserved sequence, which suggested that the DE-lncRNAs in S. pennellii might be associated with its high salt tolerance, so the functional elucidation of these DE-lncRNAs mattered deeply (Liu et al., 2018). For the most part, lncRNAs can regulate the expression of neighboring genes by cis-regulation and genes located on different chromosomes by trans-regulation (Rossetto et al., 2013). lncRNA can also regulate mRNA expression mediated by miRNAs (Zhou et al., 2019). Since the salt-tolerance mechanism of S. pennellii has not been systematically studied so far. However, lncRNAs have been identified to be an important regulator in response to salt stress in recent years. Therefore, we performed comparative analyses of the salt-responsive lncRNAs target genes between M82 and S. pennellii. According to the results, we found that some target genes have been confirmed to be related to the salt-tolerance process. In spinach, overexpression of the brassinosteroid (BR) biosynthetic gene CYP85A1 could enhance salt tolerance (Duan et al., 2017). Solyc02g089160.3 (CYP85A1) was found to be significantly induced in both two cultivars, indicating that the BR content might be related to salt tolerance in tomatoes (Ashraf et al., 2010; Rattan et al., 2020). As one of the key enzymes from the ethylene (ETH) biosynthetic pathway, ACO1 was significantly upregulated in M82 and could be regulated by five lncRNAs (Lnc_000518, Lnc_000635, Lnc_000693, Lnc_000750, and Lnc_001010). This suggested that these five lncRNAs might play a role in the ethylene synthesis pathway by targeting ACO1 under salt stress. The ACO1 was also involved in the ethylene signal transduction process and could be induced under other stresses (Han et al., 2010; Jia et al., 2013).

The SALT OVERLY SENSITIVE 3 (SOS3/CBL4) and SOS3-LIKE CALCIUM BINDING PROTEIN8 (SCABP8/CBL10) help plants cope with Na+ toxicity through mediating Ca2+ signaling in roots and shoots, respectively (Quan et al., 2007). In this study, Solyc08g065330.3 (calcineurin B-like protein 10, CBL10), which was trans-regulated by 11 and 13 lncRNAs in M82 and S. pennellii, respectively, was significantly up-regulated in both two cultivars. This indicated that CBL10 could be induced ubiquitously in tomatoes under salt stress to help plant scope with Na+ toxicity. ADH1 was confirmed to play an important role in stress response in plants (Shi et al., 2017). Under salt stress, ADH1 is significantly induced and ADH1 overexpressing plants showed improved salt stress resistance in Arabidopsis. In this study, ADH1 was significantly up-regulated and could be regulated by 9 and 12 lncRNAs in M82 and S. pennellii, respectively.

The plant phytohormones have been implicated as important regulators of plant response to abiotic stress, like BR, jasmonic acid (JA), gibberellin (GA), and ethylene (ETH), etc. (Magome et al., 2008; Jiang et al., 2013; Garcia-Abellan et al., 2015; Wei et al., 2015; Zhu et al., 2016). We found some genes that might be plant hormone biosynthesis and signal transduction component-encoding genes that were significantly induced in S. pennellii. ABA signaling plays an essential role in response to external abiotic stresses. Whereas NCED3, the key gene for ABA synthesis, is considered to be important for the emergence of ABA signals (Takahashi et al., 2018). It can also be regulated by multiple genes, for instance, the ATAF1 transcription factor, NGTHA1, and HDA15 (Jensen et al., 2013; Sato et al., 2018; Truong et al., 2021). The expression of NCED3 was significantly induced in S. pennellii. As a target gene, Lnc_000842 and Lnc_000996 might be involved in the ABA signaling pathway under salt stress through the transaction on NCED3. In rice, NCED5 was shown to be induced by salt stress. The nced5 mutant had reduced ABA levels, the ability of the mutant plants to tolerate salt and water stress was also impaired. Furthermore, overexpression of NCED5 could increase ABA levels and enhance tolerability (Huang et al., 2019). The expression of NCED5 was significantly induced and predicted to be targeted by 10 lncRNAs. This indicated that lncRNAs might affect ABA levels in S. pennellii by regulating the expression levels of NCED3 and NCED5 (Barrero et al., 2006). AtABCG25 can participate in the intercellular ABA signaling pathway as an ABA transmembrane transporter in A. thaliana (Kuromori et al., 2010), and overexpression of AtABCG25 can enhance the ABA accumulation in guard cells and improve plant water use efficiency (Kuromori et al., 2016). Solyc11g018680.1 (AtABCG25) could be significantly induced in S. pennellii and targeted by 6 lncRNAs. Besides, AtABCG25 can also transport ABA together with AtABCG40 to achieve stomatal regulation (Kuromori and Shinozaki, 2010; Kang et al., 2015). Solyc09g091670.3 (AtABCG40) was predicted to be targeted by 6 and 7 lncRNAs in M82 and S. pennellii, respectively. It was significantly up-regulated in two cultivars. In contrast to M82, lncRNAs might enhance ABA signaling transduction by targeting AtABCG25 and AtABCG40 simultaneously to adapt to salt stress via more rapid stomatal regulation. As a synergid-expressed kinase, FERONIA plays a critical role in hormone signaling and stress tolerance in different plants. While the FERONIA activity could be regulated by ABI2 (Feng et al., 2018). In S. pennellii, ABI2 was significantly induced. 10 lncRNAs might mediate FERONIA signaling pathway by cis-regulating ABI2 expression. Ethylene is an important plant hormone involved in plant growth, development and response to environmental stresses (Johnson and Ecker, 1998). 1-aminocyclopropane-1-carboxylic acid synthase (ACS) is a key rate-limiting enzyme responsible for ethylene biosynthesis in plants (Yang and Hoffman, 1984). And the ethylene synthesis pathway is tightly regulated by exogenous and endogenous signals at the transcriptional and post-transcriptional levels. MAPK phosphorylation-induced stabilization of ACS6 protein is mediated by the non-catalytic C-terminal domain, which also contains the cis-determinant for rapid degradation by the 26S proteasome pathway. In Arabidopsis, as the MAPK substrates, ACS2 and ACS6 could be phosphorylated by MPK6 and results in ACS accumulation and induction of ethylene (Xu et al., 2008; Tsuda et al., 2013). ACS6 was found to be induced by Lnc_000865 only in S. pennellii, while ACS2 could be induced in both two cultivars. It showed that ACS2 might be necessary under salt stress to initiate ethylene biosynthesis in tomatoes, while the up-regulated ACS6 might enhance the biosynthesis of ethylene to improve the salt tolerance of S. pennellii. The previous study had shown that DWF4, as a BR biosynthesis gene, could be directly inhibited by BZR1 and that its expression level increased at an early stage of stress (He et al., 2005; Kim et al., 2013). A homolog of BZR1 called BEH4 was found to be targeted by 3 lncRNA and inhibited in S. pennellii. As the target gene of BZR1, DWF4 was significantly up-regulated. It showed that lncRNAs might mediate the BR biosynthesis process to enhance the salt tolerance in S. pennellii.

Previous studies have shown that high [Ca2+] cyt can be sensed by (CBLs). However, CBL4 and CBL10, a SOS3-like calcium-binding protein, can help plants cope with Na+ toxicity by mediating Ca2+ signals in roots and shoots, respectively. Acting as the main Ca2+ sensor, CBLs can bind Ca2+ and regulate the activity of many proteins (Quan et al., 2007; Yang et al., 2019a; Chai et al., 2020). Solyc12g055920.2 (CBL4) could be induced in S. pennellii and no significant changes were noted in M82. In Arabidopsis, CBL4 can interact with CIPK6 to regulate the activity of the K+ channel protein (AKT2) (Held et al., 2011). CBL4 was also shown to interact with CIPK5 in bermudagrass, and overexpression of either CBL4 or CIPK5 could increase salt tolerance (Huang et al., 2020). Solyc08g067310.1 (CIPK5) could be targeted by 2 lncRNAs (Lnc_000181 and Lnc_000588) induced in S. pennellii, while Solyc12g010130.1 (CIPK6) could be targeted by 9 lncRNAs and induced only in S. pennellii. It showed that lncRNAs in S. pennellii might help plants cope with Na+ toxicity by regulating Ca2+ signaling in the root rapidly. Tau class glutathione transferases (GSTU) genes could protect plants from oxidative injury, overexpression of SbGST showed higher germination rates (Jha et al., 2011; Tiwari et al., 2016). In this study, Solyc06g069045.1 (GSTU7) and Solyc09g011510.2 (GSTU8) were both induced in S. pennellii. Previous studies showed that NAC proteins were involved in plant salt stress response (Jeong et al., 2013; Jiang et al., 2019a). In Reaumuria trigyna, NAC100 could interact with RtRbohE/SAG12 to accelerate salt-induced programmed cell death. NAC100 promoted reactive oxygen species, Ca2+, and Na+ accumulation and increased the Na+/K+ ratio (Ma et al., 2021a). Interestingly, both NAC100 and SAG12 were differentially up-regulated in S. pennellii and 10 lncRNAs could target these two genes. Furthermore, Lnc_000364 and Lnc_000263 could target NAC100 and SAG12, respectively. It illustrated that S. pennellii might adapt to the salt stress environment by regulating the programmed death process of cells via lncRNAs.

Moreover, one of the molecular mechanisms by which lncRNAs regulate the expression of genes is to interact with miRNAs as ceRNAs. By using psRNAtarget, 41 lncRNAs were predicted as potential targets of 49 miRNAs. In particular, miR156 was confirmed to be associated with salt stress, and overexpression of miR156a could reduce the salt tolerance of apples (Ma et al., 2021b). In maize, zma-miR159 was up-regulated under salt stress, while mir159 could affect the ABA signaling regulatory process by interacting with its target gene MYB. Whereas zma-miR164 could respond to the salt stress by targeting the NAC transcription factors (Shan et al., 2020). In Populus euphratica, peu-miR164 was predicted to target PeNAC070. Overexpression of NAC070 could reduce salt tolerance in Arabidopsis (Lu et al., 2017). It indicated that miR164 is a positive regulator of the salt tolerance pathway in Populus euphratica. MiR319 plays important role in response to abiotic stress in some C3 plants, like Arabidopsis and rice, for example. In Panicum virgatum L., where researchers found that miR319 could modulate the salt response of switchgrass by fine-tuning ET synthesis. Different lncRNAs were specifically targeted by these salt-related miRNAs in both two cultivars. In S. pennellii, Lnc_000257 and Lnc_000990 could be targeted by sly-mir156d-5p, Lnc_000257 and Lnc_000976 could be targeted by sly-miR156e-5p. Lnc_000360 could be targeted by 3 miRNAs (sly-miR164a-5p, sly-miR164b-5p, and sly-miR319d). While in M82, Lnc_000929 and Lnc_000976 could be targeted by sly-miR156e-5p, sly-miR164a-5p, and sly-miR164b-5p could target Lnc_000530. These results suggested that these lncRNAs might respond to the salt stress process by interacting with miRNAs and had significant differences between the two tomato cultivars.

In summary, we found that some pathways such as phytohormone metabolism, photosynthesis, and protein/amino acid metabolism were closely related to salt stress by analyzing the function of lncRNA target genes in M82 and S. pennellii. Phytohormones regulate many growths, developmental processes, and responses to various stresses. Following the target genes prediction, we obtained some lncRNAs that were involved in phytohormone biosynthesis and transport pathways. Under salt stress, the expression levels of some genes involved in hormone synthesis including ABA and ethylene were significantly up-regulated in S. pennellii, and the mean expression levels were also higher than that in M82, which might account for the differences in salt tolerance of cultivated and wild genotypes. Increased cell death-related gene expression in S. pennellii might result in having the chance to receive more death signals to induce apoptosis and contribute to the tolerance to salt stress. In addition, we also analyzed the relationships between salt-responsive lncRNAs and miRNAs to elucidate the roles and distinction of salt-responsive lncRNAs in wild and cultivated tomatoes from several different standpoints. We also constructed several putative salt tolerance-related networks that were associated with the high salt tolerance of S. pennellii. In particular, we will expect to analyze the functions of these salt-responsive lncRNAs by utilizing more scientifically rigorous methods.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://ngdc.cncb.ac.cn/gsub/submit/gsa/list/, CRA004289.



AUTHOR CONTRIBUTIONS

QY, HW, and NL conceived and designed the experiments. BW and JW performed the experiments. NL, RX, TY, and SH gathered samples. QY supported the materials. ZW participated in the analysis of the data and drafted the manuscript. NL and ZW revised the manuscript. All authors have read and approved the final version of the manuscript.



FUNDING

This work was supported by the Special Incubation Project of Science and Technology Renovation of Xinjiang Academy of Agricultural Sciences (xjkcpy-2021001) and the National Natural Science Foundation of China (31360482).



ACKNOWLEDGMENTS

The authors thank the reviewers and all of the editors for their helpful comments and suggestions on this manuscript. This manuscript has been released as a preprint at https://www.biorxiv.org/content/10.1101/2021.11.12.468377v1.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.834027/full#supplementary-material

Supplementary Figure 1 | The MDA and proline level of M82 and S. pennellii at 0, 1, 12, and 24 h under salt stress.

Supplementary Figure 2 | GO enrichment results of trans-regulated target genes pairs in both M82 and S. pennellii.

Supplementary Figure 3 | KEGG enrichment results of trans-regulated target genes pairs in both M82 and S. pennellii.

Supplementary Figure 4 | The relationships between DE-lncRNAs and DE-mRNAs in M82. Down arrows refer to lncRNAs, rectangles refer to mRNAs. Red represents the up-regulated lncRNA or mRNA. Blue represents the down-regulated lncRNA or mRNA. The lines between lncRNAs and mRNAs represent the targeting relationships.

Supplementary Table 1 | RNA-seq data quality assessment.

Supplementary Table 2 | Differentially expressed lncRNAs in M82 and Solanum Pennellii.

Supplementary Table 3 | Cis-regulated lncRNA-mRNA pairs in M82 and S. pennellii.

Supplementary Table 4 | GO enrichment results of cis-regulated target genes pairs in M82 and S. pennellii.

Supplementary Table 5 | KEGG enrichment results of cis-regulated target genes pairs in M82 and S. pennellii.

Supplementary Table 6 | Trans-regulated lncRNA-mRNA pairs in M82 and S. pennellii.

Supplementary Table 7 | GO enrichment results of trans-regulated target genes pairs in M82 and S. pennellii.

Supplementary Table 8 | KEGG enrichment results of trans-regulated target genes pairs in M82 and S. pennellii.


FOOTNOTES

1http://systemsbiology.cau.edu.cn/agriGOv2/

2http://kobas.cbi.pku.edu.cn/kobas3

3https://www.mirbase.org

4http://plantgrn.noble.org/psRNATarget/


REFERENCES

Ashraf, M., Akram, N., Arteca, R. N., and Foolad, M. R. (2010). The physiological, biochemical and molecular roles of brassinosteroids and salicylic acid in plant processes and salt tolerance. Crit. Rev. Plant Sci. 29, 162–190. doi: 10.1080/07352689.2010.483580

Asins, M. J., Villalta, I., Aly, M. M., Olías, R., Morales, P., Huertas, R., et al. (2013). Two closely linked tomato HKT coding genes are positional candidates for the major tomato QTL involved in Na+/K+homeostasis. Plant Cell Environ. 36, 1171–1191. doi: 10.1111/pce.12051

Bairoch, A., and Apweiler, R. (2000). The SWISS-PROT protein sequence database and its supplement TrEMBL in 2000. Nucleic Acids Res. 28, 45–48. doi: 10.1093/nar/21.13.3093

Barrero, J. M., Rodríguez, P. L., Quesada, V., Piqueras, P., Ponce, M. R., and Micol, J. L. (2006). Both abscisic acid (ABA)-dependent and ABA-independent pathways govern the induction of NCED3, AAO3 and ABA1 in response to salt stress. Plant Cell Environ. 29, 2000–2008. doi: 10.1111/j.1365-3040.2006.01576.x

Chai, S., Ge, F. R., Zhang, Y., and Li, S. (2021). S-acylation of CBL10/SCaBP8 by PAT10 is crucial for its tonoplast association and function in salt tolerance. J. Integr. Plant Biol. 62, 718–722. doi: 10.1111/jipb.12864

Chen, K., Song, M., Guo, Y., Liu, L., Xue, H., Dai, H., et al. (2019). MdMYB46 could enhance salt and osmotic stress tolerance in apple by directly activating stress-responsive signals. Plant Biotechnol. J. 17, 2341–2355. doi: 10.1111/pbi.13151

Chen, Y., Li, L., Tang, B., Wu, T., Chen, G., Xie, Q., et al. (2021b). Silencing of SlMYB55 affects plant flowering and enhances tolerance to drought and salt stress in tomato. Plant Sci. 316:111166. doi: 10.1016/j.plantsci.2021.111166

Chen, T., Chen, X., Zhang, S., Zhu, J., Tang, B., Wang, A., et al. (2021a). The genome sequence archive family: toward explosive data growth and diverse data types. Genomics Proteomics Bioinformatics 19, 578–583. doi: 10.1016/j.gpb.2021.08.001

CNCB-NGDC Members and Partners (2022). Database resources of the national genomics data center, China national center for bioinformation in 2022 %. Nucleic Acids Res. 50, D27–D38.

Cui, J., Jiang, N., Hou, X., Wu, S., Zhang, Q., Meng, J., et al. (2020). Genome-wide identification of lncRNAs and analysis of ceRNA networks during tomato resistance to Phytophthora infestans. Phytopathology 110, 456–464. doi: 10.1094/PHYTO-04-19-0137-R

Dai, X., Zhuang, Z., and Zhao, P. X. (2018). psRNATarget: a plant small RNA target analysis server (2017 release). Nucleic Acids Res. 46, W49–W54. doi: 10.1093/nar/gky316

Deng, F., Zhang, X., Wang, W., Yuan, R., and Shen, F. (2018). Identification of Gossypium hirsutum long non-coding RNAs (lncRNAs) under salt stress. BMC Plant Biol. 18:23. doi: 10.1186/s12870-018-1238-0

Di, C., Yuan, J., Wu, Y., Li, J., Lin, H., Hu, L., et al. (2014). Characterization of stress-responsive lnc RNA s in A rabidopsis thaliana by integrating expression, epigenetic and structural features. Plant J. 80, 848–861. doi: 10.1111/tpj.12679

Duan, F., Ding, J., Lee, D., Lu, X., Feng, Y., and Song, W. (2017). Overexpression of SoCYP85A1, a spinach cytochrome p450 gene in transgenic tobacco enhances root development and drought stress tolerance. Front. Plant Sci. 8:1909. doi: 10.3389/fpls.2017.01909

Eom, S. H., Lee, H. J., Lee, J. H., Wi, S. H., Kim, S. K., and Hyun, T. K. (2019). Identification and functional prediction of drought-responsive long non-coding RNA in tomato. Agronomy 9:629. doi: 10.3390/agronomy9100629

Feng, W., Kita, D., Peaucelle, A., Cartwright, H. N., Doan, V., Duan, Q., et al. (2018). The FERONIA receptor kinase maintains cell-wall integrity during salt stress through Ca2+ signaling. Curr. Biol. 28, 666.e–675.e. doi: 10.1016/j.cub.2018.01.023

Fonouni-Farde, C., Ariel, F., and Crespi, M. (2021). Plant long noncoding RNAs: new players in the field of post-transcriptional regulations. Noncoding RNA 7:12. doi: 10.3390/ncrna7010012

Frary, A., Göl, D., Keleş, D., Ökmen, B., Pınar, H., Şığva, H. Ö et al. (2010). Salt tolerance in Solanum pennellii: antioxidant response and related QTL. BMC Plant Biol. 10:58. doi: 10.1186/1471-2229-10-58

Gai, Y.-P., Yuan, S.-S., Zhao, Y.-N., Zhao, H.-N., Zhang, H.-L., and Ji, X.-L. (2018). A novel LncRNA, MuLnc1, associated with environmental stress in Mulberry (Morus multicaulis). Front. Plant Sci. 9:669. doi: 10.3389/fpls.2018.00669

Garcia-Abellan, J. O., Fernandez-Garcia, N., Lopez-Berenguer, C., Egea, I., Flores, F. B., Angosto, T., et al. (2015). The tomato res mutant which accumulates JA in roots in non-stressed conditions restores cell structure alterations under salinity. Physiol. Plant. 155, 296–314. doi: 10.1111/ppl.12320

Golicz, A. A., Singh, M. B., and Bhalla, P. L. (2018). The long intergenic noncoding RNA (LincRNA) landscape of the soybean genome. Plant Physiol. 176, 2133–2147. doi: 10.1104/pp.17.01657

Griffiths-Jones, S., Saini, H. K., Van Dongen, S., and Enright, A. J. (2007). miRBase: tools for microRNA genomics. Nucleic Acids Res. 36, D154–D158. doi: 10.1093/nar/gkm952

Hamid, R., Jacob, F., Marashi, H., Rathod, V., and Tomar, R. S. (2020). Uncloaking lncRNA-meditated gene expression as a potential regulator of CMS in cotton (Gossypium hirsutum L.). Genomics 112, 3354–3364. doi: 10.1016/j.ygeno.2020.06.027

Hamouda, I., Badri, M., Mejri, M., Cruz, C., Siddique, K., and Hessini, K. (2016). Salt tolerance of B eta macrocarpa is associated with efficient osmotic adjustment and increased apoplastic water content. Plant Biol. 18, 369–375. doi: 10.1111/plb.12419

Han, L., Li, G. J., Yang, K. Y., Mao, G., Wang, R., Liu, Y., et al. (2010). Mitogen-activated protein kinase 3 and 6 regulate Botrytis cinerea-induced ethylene production in Arabidopsis. Plant J. 64, 114–127. doi: 10.1111/j.1365-313X.2010.04318.x

He, J.-X., Gendron, J. M., Sun, Y., Gampala, S. S., Gendron, N., Sun, C. Q., et al. (2005). BZR1 is a transcriptional repressor with dual roles in brassinosteroid homeostasis and growth responses. Science 307, 1634–1638. doi: 10.1126/science.1107580

Held, K., Pascaud, F., Eckert, C., Gajdanowicz, P., Hashimoto, K., Corratgé-Faillie, C., et al. (2011). Calcium-dependent modulation and plasma membrane targeting of the AKT2 potassium channel by the CBL4/CIPK6 calcium sensor/protein kinase complex. Cell Res. 21, 1116–1130. doi: 10.1038/cr.2011.50

Heo, J. B., Lee, Y.-S., and Sung, S. (2013). Epigenetic regulation by long noncoding RNAs in plants. Chromosome Res. 21, 685–693. doi: 10.1007/s10577-013-9392-6

Hernandez, Y., Goswami, K., and Sanan-Mishra, N. (2020). Stress induced dynamic adjustment of conserved miR164: NAC module. Plant Environ. Interact. 1, 134–151. doi: 10.1002/pei3.10027

Huang, S., Chen, M., Zhao, Y., Wen, X., Guo, Z., and Lu, S. (2020). CBL4-CIPK5 pathway confers salt but not drought and chilling tolerance by regulating ion homeostasis. Environ. Exp. Bot. 179:104230. doi: 10.1016/j.envexpbot.2020.104230

Huang, Y., Jiao, Y., Xie, N., Guo, Y., Zhang, F., Xiang, Z., et al. (2019). OsNCED5, a 9-cis-epoxycarotenoid dioxygenase gene, regulates salt and water stress tolerance and leaf senescence in rice. Plant Sci. 287:110188. doi: 10.1016/j.plantsci.2019.110188

Jensen, M. K., Lindemose, S., De Masi, F., Reimer, J. J., Nielsen, M., Perera, V., et al. (2013). ATAF1 transcription factor directly regulates abscisic acid biosynthetic gene NCED3 in Arabidopsis thaliana. FEBS Open Bio 3, 321–327. doi: 10.1016/j.fob.2013.07.006

Jeong, J. S., Kim, Y. S., Redillas, M. C., Jang, G., Jung, H., Bang, S. W., et al. (2013). OsNAC5 overexpression enlarges root diameter in rice plants leading to enhanced drought tolerance and increased grain yield in the field. Plant Biotechnol. J. 11, 101–114. doi: 10.1111/pbi.12011

Jha, B., Sharma, A., and Mishra, A. (2011). Expression of SbGSTU (tau class glutathione S-transferase) gene isolated from Salicornia brachiata in tobacco for salt tolerance. Mol. Biol. Rep. 38, 4823–4832. doi: 10.1007/s11033-010-0625-x

Jia, C., Zhang, L., Liu, L., Wang, J., Li, C., and Wang, Q. (2013). Multiple phytohormone signalling pathways modulate susceptibility of tomato plants to Alternaria alternata f. sp. lycopersici. J. Exp. Bot. 64, 637–650. doi: 10.1093/jxb/ers360

Jiang, C., Belfield, E. J., Cao, Y., Smith, J. A. C., and Harberd, N. P. (2013). An Arabidopsis soil-salinity–tolerance mutation confers ethylene-mediated enhancement of sodium/potassium homeostasis. Plant Cell 25, 3535–3552. doi: 10.1105/tpc.113.115659

Jiang, N., Cui, J., Shi, Y., Yang, G., Zhou, X., Hou, X., et al. (2019b). Tomato lncRNA23468 functions as a competing endogenous RNA to modulate NBS-LRR genes by decoying miR482b in the tomato-Phytophthora infestans interaction. Hortic. Res. 6, 1–11. doi: 10.1038/s41438-018-0096-0

Jiang, D., Zhou, L., Chen, W., Ye, N., Xia, J., and Zhuang, C. (2019a). Overexpression of a microRNA-targeted NAC transcription factor improves drought and salt tolerance in Rice via ABA-mediated pathways. Rice 12, 1–11. doi: 10.1186/s12284-019-0334-6

Johnson, P. R., and Ecker, J. R. (1998). The ethylene gas signal transduction pathway: a molecular perspective. Annu. Rev. Genet. 32, 227–254. doi: 10.1146/annurev.genet.32.1.227

Kang, J., Yim, S., Choi, H., Kim, A., Lee, K. P., Lopez-Molina, L., et al. (2015). Abscisic acid transporters cooperate to control seed germination. Nat. Commun. 6, 1–10. doi: 10.1038/ncomms9113

Kesten, C., Wallmann, A., Schneider, R., McFarlane, H. E., Diehl, A., Khan, G. A., et al. (2019). The companion of cellulose synthase 1 confers salt tolerance through a Tau-like mechanism in plants. Nat. Commun. 10, 1–14. doi: 10.1038/s41467-019-08780-3

Khaleda, L., Park, H. J., Yun, D. J., Jeon, J. R., and Kim, W. Y. (2017). Humic acid confers HIGH-AFFINITY K+ TRANSPORTER 1-mediated salinity stress tolerance in Arabidopsis. Mol. Cells 40, 966–975. doi: 10.14348/molcells.2017.0229

Khan, M., Asgher, M., and Khan, N. A. (2014). Alleviation of salt-induced photosynthesis and growth inhibition by salicylic acid involves glycinebetaine and ethylene in mungbean (Vigna radiata L.). Plant Physiol. Biochem. 80, 67–74. doi: 10.1016/j.plaphy.2014.03.026

Kim, B., Fujioka, S., Kwon, M., Jeon, J., and Choe, S. (2013). Arabidopsis brassinosteroid-overproducing gulliver3-D/dwarf4-D mutants exhibit altered responses to jasmonic acid and pathogen. Plant Cell Rep. 32, 1139–1149. doi: 10.1007/s00299-012-1381-2

Kim, D., Paggi, J. M., Park, C., Bennett, C., and Salzberg, S. L. (2019). Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37, 907–915. doi: 10.1038/s41587-019-0201-4

Kong, L., Zhang, Y., Ye, Z.-Q., Liu, X.-Q., Zhao, S.-Q., Wei, L., et al. (2007). CPC: assess the protein-coding potential of transcripts using sequence features and support vector machine. Nucleic Acids Res. 35, W345–W349. doi: 10.1093/nar/gkm391

Kuromori, T., and Shinozaki, K. (2010). ABA transport factors found in Arabidopsis ABC transporters. Plant Signal. Behav. 5, 1124–1126. doi: 10.4161/psb.5.9.12566

Kuromori, T., Fujita, M., Urano, K., Tanabata, T., Sugimoto, E., and Shinozaki, K. J. P. S. (2016). Overexpression of AtABCG25 enhances the abscisic acid signal in guard cells and improves plant water use efficiency. Plant Sci. 251, 75–81. doi: 10.1016/j.plantsci.2016.02.019

Kuromori, T., Miyaji, T., Yabuuchi, H., Shimizu, H., Sugimoto, E., Kamiya, A., et al. (2010). ABC transporter AtABCG25 is involved in abscisic acid transport and responses. Proc. Natl. Acad. Sci. U.S.A. 107, 2361–2366. doi: 10.1073/pnas.0912516107

Lange, M. J. P., and Lange, T. (2015). Touch-induced changes in Arabidopsis morphology dependent on gibberellin breakdown. Nat. Plants 1, 1–5. doi: 10.1038/NPLANTS.2015.23

Li, T., Hu, Y., Du, X., Tang, H., Shen, C., and Wu, J. (2014b). Salicylic acid alleviates the adverse effects of salt stress in Torreya grandis cv. Merrillii seedlings by activating photosynthesis and enhancing antioxidant systems. PLoS One 9:e109492. doi: 10.1371/journal.pone.0109492

Li, A., Zhang, J., and Zhou, Z. (2014a). PLEK: a tool for predicting long non-coding RNAs and messenger RNAs based on an improved k-mer scheme. BMC Bioinform. 15:311. doi: 10.1186/1471-2105-15-311

Li, R., Fu, D., Zhu, B., Luo, Y., and Zhu, H. (2018). CRISPR/Cas9-mediated mutagenesis of lncRNA1459 alters tomato fruit ripening. Plant J. 94, 513–524. doi: 10.1111/tpj.13872

Lin, X., Lin, W., Ku, Y.-S., Wong, F.-L., Li, M.-W., Lam, H.-M., et al. (2020). Analysis of soybean long non-coding RNAs reveals a subset of small peptide-coding transcripts. Plant Physiol. 182, 1359–1374. doi: 10.1104/pp.19.01324

Liu, J., Jung, C., Xu, J., Wang, H., Deng, S., Bernad, L., et al. (2012). Genome-wide analysis uncovers regulation of long intergenic noncoding RNAs in Arabidopsis. Plant Cell 24, 4333–4345. doi: 10.1105/tpc.112.102855

Liu, J., Wang, H., and Chua, N. H. (2015). Long noncoding RNA transcriptome of plants. Plant Biotechnol. J. 13, 319–328. doi: 10.1111/pbi.12336

Liu, S., Sun, Z., and Xu, M. (2018). Identification and characterization of long non-coding RNAs involved in the formation and development of poplar adventitious roots. Ind. Crops Prod. 118, 334–346. doi: 10.1016/j.indcrop.2018.03.071

Liu, Y., Li, D., Yan, J., Wang, K., Luo, H., and Zhang, W. (2019). MiR319 mediated salt tolerance by ethylene. Plant Biotechnol. J. 17, 2370–2383. doi: 10.1111/pbi.13154

Liu, Z. Y., Li, X. P., Zhang, T. Q., Wang, Y. Y., Wang, C., and Gao, C. Q. (2020). Overexpression of ThMYB8 mediates salt stress tolerance by directly activating stress-responsive gene expression. Plant Sci. 302:110668. doi: 10.1016/j.plantsci.2020.110668

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2- ΔΔCT Method. Methods 25, 402–408.

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 1–21. doi: 10.1186/s13059-014-0550-8

Lu, Q., Guo, F., Xu, Q., and Cang, J. (2020). LncRNA improves cold resistance of winter wheat by interacting with miR398. Funct. Plant Biol. 47, 544–557. doi: 10.1071/FP19267

Lu, X., Dun, H., Lian, C., Zhang, X., Yin, W., and Xia, X. (2017). The role of peu-miR164 and its target PeNAC genes in response to abiotic stress in Populus euphratica. Plant Physiol. Biochem. 115, 418–438. doi: 10.1016/j.plaphy.2017.04.009

Ma, B., Liu, X., Guo, S., Xie, X., Zhang, J., Wang, J., et al. (2021a). RtNAC100 involved in the regulation of ROS, Na+ accumulation and induced salt-related PCD through MeJA signal pathways in recretohalophyte Reaumuria trigyna. Plant Sci. 310:110976. doi: 10.1016/j.plantsci.2021.110976

Ma, Y., Xue, H., Zhang, F., Jiang, Q., Yang, S., Yue, P., et al. (2021b). The miR156/SPL module regulates apple salt stress tolerance by activating MdWRKY100 expression. Plant Biotechnol. J. 19:311. doi: 10.1111/pbi.13464

Magome, H., Yamaguchi, S., Hanada, A., Kamiya, Y., and Oda, K. (2008). The DDF1 transcriptional activator upregulates expression of a gibberellin-deactivating gene, GA2ox7, under high-salinity stress in Arabidopsis. Plant J. 56, 613–626. doi: 10.1111/j.1365-313X.2008.03627.x

Makkar, H., Arora, S., Khuman, A. K., and Chaudhary, B. (2021). Target-mimicry-based miR167 diminution confers salt-stress tolerance during in vitro organogenesis of tobacco (Nicotiana tabacum L.). J. Plant Growth Regul. 41, 1462–1480. doi: 10.1007/s00344-021-10376-5

Manchester, L. C., Coto-Montes, A., Boga, J. A., Andersen, L. P. H., Zhou, Z., Galano, A., et al. (2015). Melatonin: an ancient molecule that makes oxygen metabolically tolerable. J. Pineal Res. 59, 403–419. doi: 10.1111/jpi.12267

Manishankar, P., Wang, N., Köster, P., Alatar, A. A., and Kudla, J. (2018). Calcium signaling during salt stress and in the regulation of ion homeostasis. J. Exp. Bot. 69, 4215–4226.

Munns, R. (2002). Comparative physiology of salt and water stress. Plant Cell Environ. 25, 239–250. doi: 10.1046/j.0016-8025.2001.00808.x

Nayef, M. A., Solis, C. A., Shabala, L., Ogura, T., and Shabala, S. (2020). Changes in expression level of OsHKT1;5 alters activity of membrane transporters involved in K+ and Ca2+ acquisition and homeostasis in salinized rice roots. Int. J. Mol. Sci. 21:4882. doi: 10.3390/ijms21144882

Nazar, R., Umar, S., and Khan, N. A. (2015). Exogenous salicylic acid improves photosynthesis and growth through increase in ascorbate-glutathione metabolism and S assimilation in mustard under salt stress. Plant Signal. Behav. 10:e1003751. doi: 10.1080/15592324.2014.1003751

Patade, V. Y., and Suprasanna, P. (2010). Short-term salt and PEG stresses regulate expression of MicroRNA, miR159 in sugarcane leaves. J. Crop Sci. Biotechnol. 13, 177–182. doi: 10.1007/s12892-010-0019-6

Qin, T., Zhao, H., Cui, P., Albesher, N., and Xiong, L. (2017). A nucleus-localized long non-coding RNA enhances drought and salt stress tolerance. Plant Physiol. 175, 1321–1336. doi: 10.1104/pp.17.00574

Qin, Z., Chen, J., Jin, L., Duns, G. J., and Ouyang, P. (2015). Differential expression of miRNAs under salt stress in Spartina alterniflora leaf tissues. J. Nanosci. Nanotechnol. 15, 1554–1561. doi: 10.1166/jnn.2015.9004

Quan, R., Lin, H., Mendoza, I., Zhang, Y., Cao, W., Yang, Y., et al. (2007). SCABP8/CBL10, a putative calcium sensor, interacts with the protein kinase SOS2 to protect Arabidopsis shoots from salt stress. Plant Cell 19, 1415–1431. doi: 10.1105/tpc.106.042291

Ra, A., Je, B., Gf, B., Jf, A., Jnt, C., Mja, D., et al. (2021). Role of Na + transporters HKT1;1 and HKT1;2 in tomato salt tolerance. I. Function loss of cheesmaniae alleles in roots and aerial parts. Plant Physiol. Biochem. 168, 282–293. doi: 10.1016/j.plaphy.2021.10.018

Rady, M. M., Kuşvuran, A., Alharby, H. F., Alzahrani, Y., and Kuşvuran, S. (2019). Pretreatment with proline or an organic bio-stimulant induces salt tolerance in wheat plants by improving antioxidant redox state and enzymatic activities and reducing the oxidative stress. J. Plant Growth Regul. 38, 449–462. doi: 10.1007/s00344-018-9860-5

Rattan, A., Kapoor, D., Kapoor, N., Bhardwaj, R., and Sharma, A. (2020). Brassinosteroids regulate functional components of antioxidative defense system in salt stressed maize seedlings. J. Plant Growth Regul. 39, 1465–1475. doi: 10.1007/s00344-020-10097-1

Rossetto, C. C., Tarrant-Elorza, M., and Pari, G. S. (2013). Cis and trans acting factors involved in human cytomegalovirus experimental and natural latent infection of CD14 (+) monocytes and CD34 (+) cells. PLoS Pathog. 9:e1003366. doi: 10.1371/journal.ppat.1003366

Roychoudhury, A., Paul, S., and Basu, S. (2013). Cross-talk between abscisic acid-dependent and abscisic acid-independent pathways during abiotic stress. Plant Cell Rep. 32, 985–1006. doi: 10.1007/s00299-013-1414-5

Rus, A., Lee, B. H., Muoz-Mayor, A., Sharkhuu, A., and Hasegawa, P. M. (2004). AtHKT1 facilitates Na+ homeostasis and K+ nutrition in planta. Plant Physiol. 136, 2500–2511. doi: 10.1104/pp.104.042234

Sato, H., Takasaki, H., Takahashi, F., Suzuki, T., Iuchi, S., Mitsuda, N., et al. (2018). Arabidopsis thaliana NGATHA1 transcription factor induces ABA biosynthesis by activating NCED3 gene during dehydration stress. Proc. Natl. Acad. Sci. U.S.A. 115, E11178–E11187. doi: 10.1073/pnas.1811491115

Shan, C., Mei, Z., Duan, J., Chen, H., Feng, H., and Cai, W. (2014). OsGA2ox5, a gibberellin metabolism enzyme, is involved in plant growth, the root gravity response and salt stress. PLoS One 9:e87110. doi: 10.1371/journal.pone.0087110

Shan, T., Fu, R., Xie, Y., Chen, Q., Wang, Y., Li, Z., et al. (2020). Regulatory mechanism of maize (Zea mays L.) miR164 in salt stress response. Russ. J. Genet. 56, 835–842. doi: 10.1134/S1022795420070133

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

Shen, X., Wang, Y., Zhang, Y., Guo, W., Jiao, Y., and Zhou, X. (2018). Overexpression of the wild soybean R2R3-MYB Transcription Factor GsMYB15 Enhances Resistance to Salt Stress and Helicoverpa armigera in transgenic Arabidopsis. Int. J. Mol. Sci. 19:3958. doi: 10.3390/ijms19123958

Shi, H., Liu, W., Yao, Y., Wei, Y., and Chan, Z. (2017). Alcohol dehydrogenase 1 (ADH1) confers both abiotic and biotic stress resistance in Arabidopsis. Plant Sci. 262, 24–31. doi: 10.1016/j.plantsci.2017.05.013

Shi, J. B., Wang, N., Zhou, H., Xu, Q. H., and Yan, G. T. (2019). The role of gibberellin synthase gene GhGA2ox1 in upland cotton (Gossypium hirsutum L.) responses to drought and salt stress. Biotechnol. Appl. Biochem. 66, 298–308. doi: 10.1002/bab.1725

Shuai, P., Liang, D., Tang, S., Zhang, Z., Ye, C.-Y., Su, Y., et al. (2014). Genome-wide identification and functional prediction of novel and drought-responsive lincRNAs in Populus trichocarpa. J. Exp. Bot. 65, 4975–4983. doi: 10.1093/jxb/eru256

Singhal, R. K., Saha, D., Skalicky, M., Mishra, U. N., Chauhan, J., Behera, L. P., et al. (2021). Crucial cell signaling compounds crosstalk and integrative multi-omics techniques for salinity stress tolerance in plants. Front. Plant Sci. 12:670369. doi: 10.3389/fpls.2021.670369

Sun, L., Luo, H., Bu, D., Zhao, G., Yu, K., Zhang, C., et al. (2013). Utilizing sequence intrinsic composition to classify protein-coding and long non-coding transcripts. Nucleic Acids Res. 41, e166–e166. doi: 10.1093/nar/gkt646

Sun, X., Zheng, H., Li, J., Liu, L., Zhang, X., Sui, N., et al. (2020). Comparative transcriptome analysis reveals new lncRNAs responding to salt stress in sweet sorghum. Front. Bioeng. Biotechnol. 8:331. doi: 10.3389/fbioe.2020.00331

Sunkar, R., and Zhu, J.-K. (2004). Novel and stress-regulated microRNAs and other small RNAs from Arabidopsis. Plant Cell 16, 2001–2019. doi: 10.2307/3872322

Tahjib-Ul-Arif, M., Siddiqui, M., Sohag, A. A. M., Sakil, M., Rahman, M., Polash, M. A. S., et al. (2018). Salicylic acid-mediated enhancement of photosynthesis attributes and antioxidant capacity contributes to yield improvement of maize plants under salt stress. J. Plant Growth Regul. 37, 1318–1330. doi: 10.1007/s00344-018-9867-y

Takahashi, F., Suzuki, T., Osakabe, Y., Betsuyaku, S., Kondo, Y., Dohmae, N., et al. (2018). A small peptide modulates stomatal control via abscisic acid in long-distance signalling. Nature 556, 235–238. doi: 10.1038/s41586-018-0009-2

Tiwari, V., Patel, M. K., Chaturvedi, A. K., Mishra, A., and Jha, B. (2016). Functional characterization of the tau class glutathione-S-transferases gene (SbGSTU) promoter of Salicornia brachiata under salinity and osmotic stress. PLoS One 11:e0148494. doi: 10.1371/journal.pone.0148494

Truong, H. A., Lee, S., Trịnh, C. S., Lee, W. J., Chung, E.-H., Hong, S.-W., et al. (2021). Overexpression of the HDA15 gene confers resistance to salt stress by the induction of NCED3, an ABA biosynthesis enzyme. Front. Plant Sci. 12:631. doi: 10.3389/fpls.2021.640443

Tsuda, K., Mine, A., Bethke, G., Igarashi, D., Botanga, C. J., Tsuda, Y., et al. (2013). Dual regulation of gene expression mediated by extended MAPK activation and salicylic acid contributes to robust innate immunity in Arabidopsis thaliana. PLoS Genet. 9:e1004015. doi: 10.1371/journal.pgen.1004015

Wang, J., Zhu, J., Zhang, Y., Fan, F., Li, W., Wang, F., et al. (2018a). Comparative transcriptome analysis reveals molecular response to salinity stress of salt-tolerant and sensitive genotypes of indica rice at seedling stage. Sci. Rep. 8, 1–13. doi: 10.1038/s41598-018-19984-w

Wang, M., Wang, Q., and Zhang, B. (2013). Response of miRNAs and their targets to salt and drought stresses in cotton (Gossypium hirsutum L.). Gene 530, 26–32. doi: 10.1016/j.gene.2013.08.009

Wang, M., Zhao, W., Gao, L., and Zhao, L. (2018b). Genome-wide profiling of long non-coding RNAs from tomato and a comparison with mRNAs associated with the regulation of fruit ripening. BMC Plant Biol. 18:75. doi: 10.1186/s12870-018-1300-y

Wei, L., Deng, X.-G., Zhu, T., Zheng, T., Li, P.-X., Wu, J.-Q., et al. (2015). Ethylene is involved in brassinosteroids induced alternative respiratory pathway in cucumber (Cucumis sativus L.) seedlings response to abiotic stress. Front. Plant Sci. 6:982. doi: 10.3389/fpls.2015.00982

Willmann, M. R., and Poethig, R. S. (2007). Conservation and evolution of miRNA regulatory programs in plant development. Curr. Opin. Plant Biol. 10, 503–511. doi: 10.1016/j.pbi.2007.07.004

Xu, J., Li, Y., Wang, Y., Liu, H., Lei, L., Yang, H., et al. (2008). Activation of MAPK kinase 9 induces ethylene and camalexin biosynthesis and enhances sensitivity to salt stress in Arabidopsis. J. Biol. Chem. 283, 26996–27006. doi: 10.1074/jbc.M801392200

Xue, L. J., Guo, W., Yuan, Y., Anino, E. O., and Tsai, C. J. (2013). Constitutively elevated salicylic acid levels alter photosynthesis and oxidative state but not growth in transgenic populus. Plant Cell 25, 2714–2730. doi: 10.1105/tpc.113.112839

Xue, L., Sun, M., Wu, Z., Yu, L., Yu, Q., Tang, Y., et al. (2020). LncRNA regulates tomato fruit cracking by coordinating gene expression via a hormone-redox-cell wall network. BMC Plant Biol. 20:162. doi: 10.1186/s12870-020-02373-9

Yang, S. F., and Hoffman, N. E. (1984). Ethylene biosynthesis and its regulation in higher plants. Annu. Rev. Plant Physiol. 35, 155–189. doi: 10.1146/annurev.pp.35.060184.001103

Yang, Y., and Guo, Y. (2018). Unraveling salt stress signaling in plants. J. Integr. Plant Biol. 60, 796–804. doi: 10.1111/jipb.12689

Yang, Z., Yang, C., Wang, Z., Yang, Z., Chen, D., and Wu, Y. (2019b). LncRNA expression profile and ceRNA analysis in tomato during flowering. PLoS One 14:e0210650. doi: 10.1371/journal.pone.0210650

Yang, Y., Zhang, C., Tang, R.-J., Xu, H.-X., Lan, W.-Z., Zhao, F., et al. (2019a). Calcineurin B-Like proteins CBL4 and CBL10 mediate two independent salt tolerance pathways in Arabidopsis. Int. J. Mol. Sci. 20:2421. doi: 10.3390/ijms20102421

Yao, C., Li, X., Li, Y., Yang, G., Liu, W., Shao, B., et al. (2022). Overexpression of a Malus baccata MYB transcription factor gene MbMYB4 increases cold and drought tolerance in Arabidopsis thaliana. Int. J. Mol. Sci. 23:1794. doi: 10.3390/ijms23031794

Ye, Y., Wang, J., Wang, W., and Xu, L.-A. (2020). ARF family identification in Tamarix chinensis reveals the salt responsive expression of TcARF6 targeted by miR167. PeerJ 8:e8829. doi: 10.7717/peerj.8829

Yu, Y., Ni, Z., Chen, Q., and Qu, Y. (2017). The wheat salinity-induced R2R3-MYB transcription factor TaSIM confers salt stress tolerance in Arabidopsis thaliana. Biochem. Biophys. Res. Commun. 491, 642–648. doi: 10.1016/j.bbrc.2017.07.150

Yuan, K., Rashotte, A. M., and Wysocka-Diller, J. W. (2011). ABA and GA signaling pathways interact and regulate seed germination and seedling development under salt stress. Acta Physiol. Plant. 33, 261–271. doi: 10.1007/s11738-010-0542-6

Zhang, M., Cao, Y., Wang, Z., Wang, Z. Q., Shi, J., Liang, X., et al. (2017). A retrotransposon in an HKT1 family sodium transporter causes variation of leaf Na+ exclusion and salt tolerance in maize. New Phytol. 217, 1161–1176. doi: 10.1111/nph.14882

Zhang, X., Dong, J., Deng, F., Wang, W., Cheng, Y., Song, L., et al. (2019). The long non-coding RNA lncRNA973 is involved in cotton response to salt stress. BMC Plant Biol. 19:459. doi: 10.1186/s12870-019-2088-0

Zhang, Y., Fan, Y., Rui, C., Zhang, H., and Ye, W. (2021). Melatonin improves cotton salt tolerance by regulating ROS scavenging system and Ca2 + signal transduction. Front. Plant Sci. 12:693690. doi: 10.3389/fpls.2021.693690

Zhang, Y.-C., Liao, J.-Y., Li, Z.-Y., Yu, Y., Zhang, J.-P., Li, Q.-F., et al. (2014). Genome-wide screening and functional analysis identify a large number of long noncoding RNAs involved in the sexual reproduction of rice. Genome Biol. 15, 1–16. doi: 10.1186/s13059-014-0512-1

Zhao, G., Yu, H., Liu, M., Lu, Y., and Ouyang, B. (2017). Identification of salt-stress responsive microRNAs from Solanum lycopersicum and Solanum pimpinellifolium. Plant Growth Regul. 83, 129–140. doi: 10.1007/s10725-017-0289-9

Zhao, X., Bai, X., Jiang, C., and Li, Z. (2019). Phosphoproteomic analysis of two contrasting maize inbred lines provides insights into the mechanism of salt-stress tolerance. Int. J. Mol. Sci. 20:1886. doi: 10.3390/ijms20081886

Zhou, G.-F., Zhang, L.-P., Li, B.-X., Sheng, O., Wei, Q.-J., Yao, F.-X., et al. (2019). Genome-wide identification of long non-coding RNA in trifoliate orange (Poncirus trifoliata (L.) Raf) leaves in response to boron deficiency. Int. J. Mol. Sci. 20:5419. doi: 10.3390/ijms20215419

Zhu, S.-Y., Yu, X.-C., Wang, X.-J., Zhao, R., Li, Y., Fan, R.-C., et al. (2007). Two calcium-dependent protein kinases, CPK4 and CPK11, regulate abscisic acid signal transduction in Arabidopsis. Plant Cell 19, 3019–3036. doi: 10.1105/tpc.107.050666

Zhu, T., Deng, X., Zhou, X., Zhu, L., Zou, L., Li, P., et al. (2016). Ethylene and hydrogen peroxide are involved in brassinosteroid-induced salt tolerance in tomato. Sci. Rep. 6, 1–15. doi: 10.1038/srep35392

Zou, C., Wang, Q., Lu, C., Yang, W., Zhang, Y., Cheng, H., et al. (2016). Transcriptome analysis reveals long noncoding RNAs involved in fiber development in cotton (Gossypium arboreum). Sci. China Life Sci. 59, 164–171. doi: 10.1007/s11427-016-5000-2


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

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.

Copyright © 2022 Li, Wang, Wang, Wang, Xu, Yang, Huang, Wang and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 07 July 2022
doi: 10.3389/fpls.2022.879819





[image: image]

Comparative Analysis of Salt Responsive MicroRNAs in Two Sweetpotato [Ipomoea batatas (L.) Lam.] Cultivars With Different Salt Stress Resistance

Zhengmei Yang1,2†, Tingting Dong1†, Xibin Dai3†, Yiliang Wei1, Yujie Fang4, Lei Zhang1, Mingku Zhu1, Ghazala Nawaz5, Qinghe Cao3* and Tao Xu1*

1Jiangsu Key Laboratory of Phylogenomics and Comparative Genomics School of Life Sciences, Jiangsu Normal University, Xuzhou, China

2Department of Applied Biology, Chonnam National University, Gwangju, South Korea

3Jiangsu Xuzhou Sweetpotato Research Center, Xuzhou, China

4Jiangsu Key Laboratory of Crop Genomics and Molecular Breeding, Yangzhou University, Yangzhou, China

5Department of Botanical and Environmental Sciences, Kohat University of Science and Technology, Kohat, Pakistan

Edited by:
Pasqualina Woodrow, University of Campania Luigi Vanvitelli, Italy

Reviewed by:
Parviz Heidari, Shahrood University of Technology, Iran
Dejun Li, Chinese Academy of Tropical Agricultural Sciences, China

*Correspondence: Qinghe Cao, cqhe75@yahoo.com; Tao Xu, xutao_yr@126.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science

Received: 20 February 2022
Accepted: 14 June 2022
Published: 07 July 2022

Citation: Yang Z, Dong T, Dai X, Wei Y, Fang Y, Zhang L, Zhu M, Nawaz G, Cao Q and Xu T (2022) Comparative Analysis of Salt Responsive MicroRNAs in Two Sweetpotato [Ipomoea batatas (L.) Lam.] Cultivars With Different Salt Stress Resistance. Front. Plant Sci. 13:879819. doi: 10.3389/fpls.2022.879819

Sweetpotato [Ipomoea batatas (L.) Lam.] is an important food, vegetable and economic crop, but its productivity is remarkably affected by soil salinity. MiRNAs are a class of endogenous non-coding small RNAs that play an important role in plant resistance to salt stress. However, the function of miRNAs still remains largely unknown in sweetpotato under salt stress. Previously, we identified salt-responsive miRNAs in one salt-sensitive sweetpotato cultivar “Xushu 32.” In this study, we identified miRNAs in another salt-tolerant cultivar “Xushu 22” by high-throughput deep sequencing and compared the salt-responsive miRNAs between these two cultivars with different salt sensitivity. We identified 687 miRNAs in “Xushu 22,” including 514 known miRNAs and 173 novel miRNAs. Among the 759 miRNAs from the two cultivars, 72 and 109 miRNAs were specifically expressed in “Xushu 32” and “Xushu 22,” respectively, and 578 miRNAs were co-expressed. The comparison of “Xushu 32” and “Xushu 22” genotypes showed a total of 235 miRNAs with obvious differential expression and 177 salt-responsive miRNAs that were obviously differently expressed between “Xushu 32” and “Xushu 22” under salt stress. The target genes of the miRNAs were predicted and identified using the Target Finder tool and degradome sequencing. The results showed that most of the targets were transcription factors and proteins related to metabolism and stress response. Gene Ontology analysis revealed that these target genes are involved in key pathways related to salt stress response and secondary redox metabolism. The comparative analysis of salt-responsive miRNAs in sweetpotato cultivars with different salt sensitivity is helpful for understanding the regulatory pattern of miRNA in different sweetpotato genotypes and improving the agronomic traits of sweetpotato by miRNA manipulation in the future.

Keywords: sweetpotato, microRNA, salt stress, high-throughput deep sequencing, degradome sequencing


INTRODUCTION

Soil salinization is an increasingly serious worldwide agricultural problem that restricts crop production and reproduction. Salt stress affects photosynthesis, signal transduction, protein synthesis, energy and lipid metabolism through osmotic stress, ionic stress and secondary stress (Hurkman and Tanaka, 1987; Zhu, 2002; Hnilickova et al., 2021; Guo et al., 2022). Thus, salt stress hinders seed germination, delays growth, slows tissue and organ differentiation, causes dwarf morphology and reduces yield (Van Zelm et al., 2020; Liu et al., 2021). Plants can establish salt resistance and/or tolerance at the morphological, physiological, biochemical, cellular and molecular levels to cope with salt stress through osmoregulation, hormone regulation, antioxidant enzyme, photosynthetic pathway change, protein regulation and other ways (Yu et al., 2020). Meanwhile, plants respond to salt stress by regulating the RNA modification and gene expression of salt stress-related genes, which are involved in reactive oxygen species homeostasis, osmotic adjustment, channel protein synthesis, antioxidant and signal transduction (Van Zelm et al., 2020; Yu et al., 2020; Hu et al., 2021). The regulation of these protein-coding sequences and non-coding RNA also plays an important role in stress tolerance (Zhang et al., 2007).

MicroRNA (miRNA) is an endogenous small RNA that widely exists in plants and plays an important role in the regulation of gene expression at the transcription, post-transcription and translation levels. Mature miRNA combines with AGO1 and other proteins to form a miRNA-induced silencing complex, which can cleave the target gene or inhibit the translation of the target gene. At present, miRNAs and their target genes related to salt stress have been identified in many plants, such as broccoli (Brassica oleracea), Populus tomentosa, radish (Raphanus sativus) and maize (Zea mays) (Dong et al., 2009; Ren et al., 2013; Tian et al., 2014). MiRNA enables plant to adapt to salt by regulating salt stress-related genes (Xu et al., 2021). Overexpression of miR156a decreased the salt tolerance of apple plant, while overexpression its target gene MdSPL13 improved salt tolerance (Ma et al., 2020). Overexpression of the target gene PeNAC070 of miR164 promoted lateral root development, delayed stem elongation, and increased sensitivity of transgenic Arabidopsis plants to salt stresses (Lu et al., 2017). Overexpression of the target gene GmNFYA3 of miR169 increases sensitivity to high salinity in Arabidopsis (Ni et al., 2013). Salt stress induces miR319 expression, which can increase plant tolerance to salt stress by down-regulating its target gene (Zhou et al., 2013). Overexpression of Osa-miR393a in creeping bentgrass can improve the salt tolerance of transgenic plants by down-regulating its target genes AsAFB2 and AsTIR1 (Zhao et al., 2019). Overexpression of miR394 in Arabidopsis can cause hypersensitivity under salt stress, whereas the overexpression of the target gene LCR of miR394 enhances its tolerance to salt stress; therefore, miR394 can negatively adjust the salt stress adaption of plants (Song et al., 2013). Overexpression of osa-MIR396c decreases salt stress tolerance (Gao et al., 2010). Constitutive expression of rice microRNA528 enhances tolerance to salinity stress and nitrogen starvation in creeping bentgrass (Yuan et al., 2015). These results suggested that microRNAs could be used as a powerful tool for improving salinity resistance in crops (Xu et al., 2021).

As one of the most important and promising crops in the world, sweetpotato (Ipomoea batatas (L.) Lam.) has an indispensable role in reducing poverty and promoting food safety (Wan et al., 2020; Zhang et al., 2020; Li et al., 2022). Sweetpotato has significant nutritional value for humans, because it contains a variety of nutrients, including protein, anthocyanins, minerals, carotenoids, dietary fiber and vitamins (Zhu et al., 2020; Sun H. et al., 2022). However, salt stress has great adverse effects on the growth, fresh weight, health-promoting compounds and antioxidant activity of sweetpotato. Therefore, the study on the mechanism of salt tolerance in sweetpotato is very important for developing salt-tolerant sweetpotato crop in order to use the marginal and saline lands. “Xushu 32” and “Xushu 22” are two sweetpotato cultivars which are largely planted in China. “Xushu 32” was derived from parental materials “Xushu55-2” and “Beniazuma” and displays good resistance to black rot and strong storage ability. And “Xushu 22” was generated from parental materials “Yushu 7” and “Sushu 7” and possesses the characteristics of high starch content, high yield and wide adaptability. In our previous studies, we found that “Xushu 22” exhibited better capacity controlling Na+, Cl–, K+ and Mg2+ homeostasis than “Xushu 32,” thus displayed good resistance to salt stress (Yu et al., 2016). Then, we observed the transcriptome and proteome in these two cultivars (Meng et al., 2020). In addition, candidate miRNAs related to the storage root development of sweetpotato were identified in salt-tolerant cultivar “Xushu 22” (Tang et al., 2020; Sun L. et al., 2022). Recently, we identified hundreds miRNAs in salt-sensitive cultivar “Xushu 32” by high-throughput deep sequencing and demonstrated that miRNAs play an important role in sweetpotato under salt stress adaptation (Yang et al., 2020). However, the miRNAs in different genotypes of sweetpotato with different salt sensitivity have not been comparatively analyzed.

Combined with previously reported miRNA data from the salt-sensitive cultivar “Xushu 32,” we performed a comparative analysis of the miRNAs between the two sweetpotato cultivars after we identified the miRNAs from the salt-tolerant “Xushu 22” by high-throughput sequencing. The purpose of this study was to (1) investigate the changes in miRNAs and regulatory patterns that may lead to the differences in the salt tolerance of the two genotypes of sweetpotato under salt stress, (2) improve our understanding of the genetic regulation mechanisms of salt stress response in sweetpotato and (3) provide valuable information for further studies on the potential miRNAs that improve the resistance of sweetpotato.



MATERIALS AND METHODS


Experimental Materials and Salt Treatment

The two sweetpotato cultivars “Xushu 22” (salt-tolerant genotype) and “Xushu 32” (salt-sensitive genotype) used as experimental materials were supplied by Jiangsu Xuzhou Sweetpotato Research Centre, Xuzhou, China. The plant culture and salt treatment methods are similar to that in our previous study (Yang et al., 2020). Briefly, sweetpotato shoots were grown in 1/2 Hogeland solution for 10 days to generate four or five functional leaves, and then the plants with uniform phenotype were subjected to 150 mM NaCl treatment for 2 days. Plants without salt treatment were used as the control group. Sweetpotato roots and leaves were separately harvested, frozen by liquid nitrogen and stored at −80°C for subsequent experiments.



Small RNA Library Construction and Sequencing

RNA was extracted from XLC (NaCl-untreated “Xushu 22” leaves, as a control group), XLN (NaCl-treated “Xushu 22” leaves, as a treatment group), XRC (NaCl-untreated “Xushu 22” roots as a control group) and XRN (NaCl-treated “Xushu 22” roots, as a treatment group) according to the manufacturer’s instructions of TRIzol reagent (Invitrogen, CA, United States). A total of 12 RNA libraries from the four groups with three independent biological replicates were constructed and sequenced by Illumina HiSeq 2000/2500 as previously described (Yang et al., 2020). Briefly, the 5′ and 3′ adapter was successively ligated to the RNA fragments with T4 RNA ligase. The resulting small RNA were reverse transcribed to cDNA and then subjected to PCR with 11 cycles using the adaptor primers. The PCR product fragments with the size of 140–160 bp were isolated on 6% polyacrylamide Tris-borate-EDTA gel and then sequenced.



MiRNA Identification in Sweetpotato by High Throughput Sequencing

MiRNAs were identified in “Xushu 22” cultivar similarly as in “Xushu 32” (Yang et al., 2020). In brief, original data was first processed and analyzed by ACGT101-miR v3.5 software (LC Sciences, Huston, TX, United States). Small RNAs were compared with known non-redundant plant mature miRNAs in miRBase 21.0 (one mismatch is allowed in the alignment) using Bowtie software, and the unique sequences mapped to specific species mature miRNAs were considered miRNAs. The matching sequences are considered to be known miRNAs, and did not match sequences using Mfold software1 predicted its structure and then obtained novel miRNA according to previous criteria (Meyers et al., 2008; Li et al., 2013). The criteria for secondary structure prediction were: (a) number of nucleotides in one bulge in stem ≤ 12, (b) number of base pairs in the stem region of the predicted hairpin ≥ 16, (c) cutoff of free energy kCal/mol ≤ 15, (d) length of hairpin (up and down stems + terminal loop ≥ 50), (e) length of hairpin loop ≤ 200, (f) number of nucleotides in one bulge in mature region ≤ 4, (g) number of biased errors in one bulge in mature region ≤ 2, (h) number of biased bulges in mature region ≤ 2, (i) number of errors in mature region ≤ 4, (j) number of base pairs in the mature region of the predicted hairpin ≥ 12, (k) percent of mature in stem ≥ 80.



Construction and Sequencing of Transcriptome and Degradome Libraries

Total RNA from the four samples (XLC, XLN, XRC and XRN) of sweetpotato cultivar “Xushu 22” was processed for library construction, transcriptome sequencing and assembly according to a previous method (Xie et al., 2018; Yang et al., 2020). Briefly, approximately 5 μg of total RNA was subjected to isolate Poly (A) mRNA with poly-T oligo attached magnetic beads (Invitrogen). Then the cleaved RNA fragment ligated 3′ and 5′ adapter. Based on the adapter sequence, a reverse transcription was used to create cDNA constructs. The average insert size for the paired-end libraries was 400 bp (+ 50 bp). And then it sequenced on an Illumina Hiseq 2500 platform. To investigate the target genes of the miRNAs, the mixed root and leaf samples from the NaCl-untreated group (DXC) and NaCl-treated group (DXN) were used to construct the degradome library for sequencing as previously described (Addo-Quaye et al., 2008, 2009). Briefly, approximately 150 ng of poly(A) + RNA was used as input RNA and annealing with Biotinylated Random Primers. A reverse transcription followed by PCR was used to create cDNA constructs. Then libraries were sequenced using the 5′ adapter, resulting in the sequencing of the first 36 nucleotides of the inserts that represented the 5′ ends of the original RNA.



Verification of MiRNA Expression by Stem-Loop Quantitative Real-Time Polymerase Chain Reaction

We carried out stem-loop quantitative real-time polymerase chain reaction (qRT-PCR) to confirm the expression of miRNAs and verify the results of high-throughput sequencing. About 1 μg DNA-free total RNA was hybridized with miRNA-specific stem-loop RT primers, and the hybridized molecules were reverse-transcribed into cDNAs by using the PrimeScript™ RT Reagent Kit (Takara, Dalian, China). And then qRT-PCR was performed on the ABI system (ABI, United States) as described previously (Lu et al., 2019). The expression of miRNA targets were also checked as same as the previous methods (Yang et al., 2020). The ADP- ribosylation factor gene was used as internal reference. The reverse transcription and qRT-PCR primer are listed in Supplementary Table 1. Each experiment was repeated at least three times.



Analysis of Differentially Expressed MiRNAs and GO Enrichment on DEGs of Target Genes in Sweetpotato

The differentially expressed miRNAs were determined based on the relative expression abundance of each miRNA, and p-value ≤ 0.05 and |log2(fold change)| ≥ 1 were the thresholds. Genes that are significantly differently expressed meet the following criterion: |log2(fold change)| ≥ 1 and p-value ≤ 0.05; genes that have extremely significant difference expression meet the following criterion: |log2 (fold change)| ≥ 1 and p-value ≤ 0.01.

GO enrichment analysis provides all GO terms that significantly enriched in target genes of DEMs. Firstly, all target genes were mapped to GO terms in the Gene Ontology database2, gene numbers were calculated for every term, significantly enriched GO terms in target genes were defined by hypergeometric test. Then p-value was calculated (p-value ≤ 0.05 as the threshold). GO terms meeting this condition were defined as significantly enriched GO terms.




RESULTS


Analysis of Transcriptome and Small RNA Sequencing on “Xushu 22” Sweetpotato Cultivar

Transcriptome sequencing produced about 462.31 million valid reads from the four libraries of “Xushu 22” samples (XRC, XLC, XRN and XLN) with an average of 115.8 million valid reads per sample reading (Supplementary Table 2). The Q30 scores of all samples ranged from 93.11% to 94.45% with an average of 93.64%; thus, the quality of the sequence data is reliable. And these transcriptome data were used as the sweetpotato reference sequence.

Small RNA sequencing has been performed in sweetpotato cultivar “Xushu 32” in our previous study (Yang et al., 2020). In the present study, another 12 small RNA libraries constructed from cultivar “Xushu 32” was sequenced to perform a comparative analysis of salt responsive miRNAs in the two different sweetpotato genotypes with different salt stress sensitivity. A total of more than 211.44 million raw reads were obtained in “Xushu 22” RNA libraries after removing low-quality, repetitive sequences and substandard sequences (less than 18 nucleotides or more than 25 nucleotides). About 90 million valid reads were obtained in total, and each sample had about 7.5 million valid reads (Supplementary Table 3). The original data were deposited in the National Centre for Biotechnology Information database (Nos. from SRR11095920 to SRR11095931). The length distribution of small RNA in “Xushu 22” libraries is concentrated at 21, 22 and 24 nt, which is consistent with the length distribution in “Xushu 32” (Yang et al., 2020). However, small RNA with a length of 22 nt was observed in XRN and SLN, and small RNA with a length of 24 nt was mostly in XLN and SLC (Figure 1).
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FIGURE 1. Length distribution of small RNAs in two sweetpotato cultivars. XRC: “Xushu 22” root without NaCl treatment as control; XRN: “Xushu 22” root with NaCl treatment; XLC: “Xushu 22” leaf without NaCl treatment as control; XLN: “Xushu 22” leaf with NaCl treatment; SRC: “Xushu 32” root without NaCl treatment as control; SRN: “Xushu 32” root with NaCl treatment; SLC: “Xushu 32” leaf without NaCl treatment as control; SLN: “Xushu 32” leaf with NaCl treatment.




Identification of MiRNA in “Xushu 22”

A total of 687 miRNAs were identified in “Xushu 22” (Figure 2 and Supplementary Tables 4, 5), of which 514 are known miRNAs and 173 are novel miRNAs. Among the 514 known miRNAs, 51 and 78 miRNAs were specially expressed in “Xushu 22” leaves and roots, respectively, and 385 were co-expressed in roots and leaves (Figure 2A). Among the 173 novel miRNAs, five and seven were specifically expressed in roots and leaves, respectively, and 161 were co-expressed in roots and leaves (Figure 2B).
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FIGURE 2. Distribution of known and novel miRNAs in roots and leaves of “Xushu 22.” (A) Known miRNAs in roots and leaves; (B) Novel miRNAs in roots and leaves.




Comparative Analysis of MiRNA Distribution Between “Xushu 22” and “Xushu 32”

Figures 3A,B show the overview of the miRNA distribution in “Xushu 22” (including XLC, XLN, XRC and XRN) and “Xushu 32” (SLC, SLC, SRC and SRN). A total of 231 known miRNAs and 115 novel miRNAs were co-expressed in each of the libraries of “Xushu 22” and “Xushu 32.” Two known miRNAs (ptc-MIR7836-p5_2ss4TG19GA and Gma-MIR9740-p3_2ss12CA21AT) and two novel miRNAs (PC-5p-1546858_11 and PC-3p-1239497_15) were only expressed in SRC (Figures 3A,B and Supplementary Table 6); one known miRNA (aly-MIR169k-p5_2ss13AG18AT) and another known miRNA (gma-MIR1524-p5_2ss5CA19GA) were only expressed in XRC and XRN, respectively (Figure 3A and Supplementary Table 6); five known miRNAs (zma-MIR395c-p3_1ss6TC, bna-MIR166b-p3_1ss20TC, ptc-miR167f-5p_L-2R + 1, osa-MIR1871-p3_2ss18GA21TG and ath-MIR5645e-p5_2ss17TG18GT) and two novel miRNAs (2 PC-3p-454675_50 and PC-5p-150993_155) were only expressed in SLN (Figures 3A,B); one novel miRNA (PC-3p-862361_24) was only expressed in SRN (Figure 3B and Supplementary Table 6).
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FIGURE 3. Distribution of known and novel miRNAs in roots and leaves of two sweetpotato cultivars “Xushu 22” and “Xushu 32.” (A) Known miRNAs in roots and leaves; (B) Novel miRNAs in roots and leaves; (C) Known miRNAs in roots; (D) Novel miRNAs in roots; (E) Known miRNAs in leaves; (F) Novel miRNAs in leaves.


In sweetpotato roots, 270 known miRNAs and 117 novel miRNAs were co-expressed in “Xushu 32” and “Xushu 22” (Figures 3C,D and Supplementary Tables 4–6). Forty-six known miRNAs and 35 novel miRNAs were expressed in “Xushu 32” root but not in “Xushu 22” root. Among them, 10 known miRNAs (far-miR159_L + 2_1ss22TC, gma-MIR159a-p5_2ss7TA19CA, nta-MIR166d-p5_1ss13TA, mdm-MIR482b-p3_3ss9CA21TC22TA, etc.) and four novel miRNAs were only expressed in SRC, whereas 11 known miRNAs (stu-miR160a-5p_R + 4, stu-miR169a-5p_R + 2_1ss1TA, stu-miR396-5p_2ss20TC21TC, gma-miR159a-3p_L + 1_1ss21TC, etc.) and seven novel miRNAs were only expressed in SRN. Eighty-seven known miRNAs and 40 novel miRNAs are only expressed in “Xushu 22” root but not in “Xushu 32” root. Among them, five known miRNAs and one novel miRNA are only expressed in XRC, and seven known miRNAs and five novel miRNAs were only expressed in XRN.

In sweetpotato leaves, 307 known miRNAs and 128 novel miRNAs were co-expressed in “Xushu 32” and “Xushu 22” (Figures 3E,F and Supplementary Tables 4–6). 47 known miRNAs and 36 novel miRNAs were only expressed in “Xushu 32” leaves but not in “Xushu 22.” Among them, 14 known miRNAs and one novel miRNA were only expressed in SLC, and 16 known miRNAs and five novel miRNAs were only expressed in SLN. Fifty-four known miRNAs and 36 novel miRNAs were only expressed in “Xushu 22” leaves but not in “Xushu 32.” Among them, 11 known miRNAs and one novel miRNA were expressed only in XLC, and 24 known miRNAs and six novel miRNAs were only expressed in XLN (Figures 3E,F).



Comparative Analysis of the MiRNA Expression Between “Xushu 22” and “Xushu 32” Genotypes

We analyzed the miRNA expression of the two genotypes to better understand the different salt tolerance capabilities of the two sweetpotato cultivars. All the expression levels of known and novel miRNAs in “Xushu 22” and “Xushu 32” were normalized, and the miRNAs from the roots and leaves of the two genotypes under untreated and salt-treated conditions were compared (i.e., XRC VS SRC, XRN VS SRN, XLC VS SLC and XLN VS SLN; Supplementary Table 6).

Figure 4A shows the comparative analysis of miRNA expression in the roots between two different genotypes under NaCl treatment and untreated conditions. Two miRNAs (PC-5p-54698_420 and PC-5p-1594_5542) were significantly more highly expressed (log2(fold change) ≥ 1 and p-value ≤ 0.05) in NaCl-treated and untreated “Xushu 22” than in “Xushu 32,” but 10 miRNAs (stu-miR397-5p_L + 2R-2_1, stu-miR397-5p_L + 2R-2_2, stu-miR408b-3p, vvi-miR396a_1ss20TC, sbi-MIR397-p5_2ss9GA20TC, mdm-miR858_1ss20GA, PC-3p-1199_6890, PC-5p-33041_671, PC-3p -64714_356 and PC-5p-205357_114) were significantly more lowly expressed in “Xushu 22” than in “Xushu 32.” Interestingly, one miRNA (gma-MIR4995-p3_2ss12GC17TC) was substantially lowly expressed in “Xushu 22” in salt-untreated roots but highly expressed in “Xushu 22” salt-treated roots.
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FIGURE 4. Comparative analysis of miRNA expression between two different genotypes under NaCl treatment or untreated condition. (A) Differently expressed miRNAs in roots. (B) Differently expressed miRNAs in leaves.


Figure 4B shows the comparative analysis of miRNA expression in the leaves between two different genotypes under NaCl-treated or untreated conditions. Six miRNAs (osa-miR156j-3p_1ss22CT, gra-MIR8650-p5_2ss14CG18TA, PC-5p-54698_420, PC-3p-119190_195, PC-3p-22938_910 and PC -3p-82595_280) were significantly more highly expressed in NaCl-treated and untreated “Xushu 22” than in “Xushu 32,” but three miRNAs (stu-miR408b-5p_1ss12AG, PC-5p-244063_96 and PC-5p-36638_612) were significantly more lowly expressed in “Xushu 22” than in “Xushu 32.” Three miRNAs (stu-miR396-5p, stu-miR399i-3p_2ss13GA21AT and nta-miR169q_L + 2R-2) were remarkably lowly expressed in the salt-untreated leaves of “Xushu 22” but considerably highly expressed in salt-treated leaves. By contrast, two miRNAs (ath-miR5666_L + 2R-1_1ss18TG and PC-3p-58375_394) were remarkably highly expressed in “Xushu 22” salt-untreated leaves but substantially lowly expressed in “Xushu 22” salt-treated leaves.



Comparative Analysis of Salt-Responsive MiRNAs in “Xushu 22” and “Xushu 32”

We compared the miRNA expression levels between the salt-treated group and their corresponding control group for each genotype to identify the miRNAs that respond to salt stress in sweetpotato. A total of 39 miRNAs (28 known and 11 novel miRNAs) were differentially and substantially expressed in “Xushu 22” under salt stress (Figure 5A and Supplementary Table 6). In “Xushu 22” leaves, 14 miRNAs (four novel and 10 known miRNAs) were up-regulated by salt stress, and 10 miRNAs (five novel and five known miRNAs) were down-regulated by salt stress. In “Xushu 22” roots, 11 miRNAs (two novel and nine known miRNAs) were up-regulated by salt stress, and six miRNAs (six known miRNAs) were down-regulated by salt stress. Only two miRNAs co-expressed in the roots and leaves of “Xushu 22” (stu-miR399a-5p_2ss11CT13AC and ata-miR166e-5p_2ss17GC20GA) were up-regulated by salt stress (Supplementary Table 6). In the four comparison groups (SRN VS SRC, XRN VS XRC, XLN VS XLC and SLN VS SLC), a total of 177 miRNAs were substantially and differentially expressed under salt stress, of which 16, 10, 17 and 121 miRNAs were only substantially and differentially expressed in SRN VS SRC, XRN VS XRC, XLN VS XLC and SLN VS SLC, respectively (Figure 5A and Supplementary Table 6).
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FIGURE 5. Salt-responsive miRNAs in leaves and roots. (A) Salt-responsive miRNAs in roots and leaves; (B) Salt-responsive miRNAs in roots; (C) Salt-responsive miRNAs in leaves. Each bar in panels (B,C) represents a miRNA. Red bars represent miRNAs (salt/control) with log2 (fold change) ≥ 1; green bars represent miRNAs (salt/control) with log2 (fold change) ≤ –1; the blue outer ring represents miRNAs with significant differential expression in “Xushu 22”; the yellow outer ring represents miRNAs with significant differential expression in “Xushu 32” and “Xushu 22”; the purple outer ring only represents miRNA with significant differential expression in “Xushu 32.” The first and second layer from the center of panels (B,C) indicates “Xushu 22” and “Xushu 32,” respectively. Significant difference between salt-stressed sweetpotato and control sweetpotato is indicated by p-value ≤ 0.05.


Eighteen miRNAs were significantly regulated by salt stress only in the roots of “Xushu 32” (Figures 5A,B). Among which 10 miRNAs (stu-miR156e_L + 1R + 1, stu-miR172d-5p_1ss2GC, rco-miR159-p5, ath-miR164b-3p, nta-miR168d_R + 1, lus-miR169j-p3_2ss6TC21TG, nta-miR169q, bdi-miR169c-3p_R + 1_1ss13TC, tcc-miR530a_R + 1_1ss12CT and PC-3p-112573_206) were up-regulated by salt stress, and eight miRNAs (stu-miR169d-3p_1ss4GA, stu-miR530-p3_2ss8GA20TG, rco-miR171g-p3, nta-miR172j_L + 3, osa-miR818b-p3_2ss5TA18AC, hbr-miR6173-p5_1ss1GC, PC-5p-483610_46 and PC-5p-205357_114) were down-regulated (Figure 5B). Thirteen miRNAs were remarkably regulated by salt stress only in the roots of “Xushu 22,” of which seven miRNAs (stu-miR399a-5p_2ss11CT13AC, gma-MIR4995-p5_1ss1AG, gma-MIR5368-p3_1ss2AT, ptc-MIR6426b-p3_2ss16GA18AG, gma-miR6300_R + 5, PC-3p-99 and 3p-1275123_14) were up-regulated by salt stress and six miRNAs (stu-miR171c-3p_R + 1_1ss14TC, stu-miR397-5p_R-2_1ss19GT, nta-miR164a, vvi-miR403a_R + 1_1ss19TC, ath-miR164b-3p_2ss10AC16AC and mes-miR477d_L) were down-regulated (Figure 5B). Four miRNAs were substantially upregulated by salt stress in “Xushu 32” and “Xushu 22” roots (Figure 5A), of which three miRNAs (ata-miR166e-5p_2ss17GC20GA, sly-miR167b-3p and gma-miR5368_L + 1_1ss9CT) were up-regulated and one miRNA (gma-miR4995-p3_2ss12GC17TC) was up-regulated in “Xushu 22” but down-regulated in “Xushu 32” (Figure 5B).

A total of 124 miRNAs were significantly regulated by salt stress only in the leaves of “Xushu 32” (Figures 5A,C), of which 47 miRNAs (stu-MIR8005a-p3_1ss4GA, ath-miR164b-3p, sly-miR168b-3p_2ss3CT16CT, lus-MIR171g-p3, etc.) were up-regulated by salt stress and 77 miRNAs (stu-miR172a-3p, stu-miR396-5p, stu-miR397-5p_L + 2R-2_1, stu-miR408b-3p, etc.) were down-regulated (Figure 5C). Twenty miRNAs were remarkably regulated by salt stress only in the leaves of “Xushu 22”; (Figure 5A), of which 13 miRNAs (stu-miR399a-5p_2ss11CT13AC, sly-miR164b-3p_1ss14TC, ata-miR166e-5p_2ss7TC17GC, etc.) were up-regulated by salt stress and seven miRNAs (stu-miR396-5p_L-3, nta-miR166d-p5_1ss13TA, ath-miR171b-5p_1ss21CG, PC-5p-5061_2623, PC-5p-848_9106, PC-3p-1125_7257 and PC-3p-84274_275) were down-regulated. Four miRNAs were substantially regulated by salt stress in “Xushu 32” and “Xushu 22” leaves, of which one miRNA (PC-5p-192664_121) was up-regulated in “Xushu 32” and “Xushu 22,” and three miRNAs (sly-miR169a-p3_1ss11TG, ath-miR5666_L + 2R-1_1ss18TG and PC-5p-10747_1589) were down-regulated in “Xushu 22” but up-regulated in “Xushu 32” (Figure 5C).



Identification of MiRNA Target Genes in Different Genotypes

We used Target Finder and degradome sequencing to predict and identify the target genes of sweetpotato miRNAs (Table 1). Although 294 miRNAs were substantially regulated by salt stress or differently expressed between the two genotypes, 1,668 target genes (991 and 677 target genes from Target Finder and degradome sequencing, respectively.) were predicted and identified only for 230 miRNAs (Supplementary Table 7). Among these miRNAs, 56 target transcription factors related to growth and stress, such as MYB, NAC, WRKY, GRF, SBP, AP2/ERF, NFYA, TCP, SPL, LBD, DREB, and DOF. Some miRNAs target resistance protein-related genes. For example, bdi-MIR7716-p5_2ss12TC19AT targets HSP23, HSP18.5-C, HSP83A and HSP90; stu-miR162a-3p and stu-miR396-5p_L-3 target HSP70; and zma-MIR2275b-p5_2ss3CT17AT targets HSP70-17. Some miRNAs target antioxidant-related genes. For instance, PC-5p-205357_114 targets CAT4, osa-MIR818b-p3_2ss5TA18AC targets CAT2, ptc-MIR6426b-p5_2ss13GA19GA targets PEX22, stu-miR172d-5p_1ss2GC targets FER2 and ptc-MIR169k-p5_1ss11GT targets GSH1. Some miRNAs target kinases (calcium-dependent protein kinases) related to salt stress signal transduction. For example, nta-miR169q_L + 2R-2 targets CPK32, and zma-MIR2275b-p5_2ss3CT17AT targets CPK18 and CPK13.


TABLE 1. Summary of the degradome sequencing data in DXN and DXC.
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We performed Gene Ontology (GO) enrichment analysis of the target genes to further understand the function of these DEMs. A total of 1,688 potential miRNA targets were classified according to three basic functions, namely, biological processes, cellular components and molecular functions (Figure 6 and Supplementary Table 8). The result indicated that 247 target genes were significantly enriched on the GO terms (p-value ≤ 0.05) that related to stress response [GO:0009628 (response to abiotic stimulus), GO:0050896 (response to stimulus), GO:0006950 (response to stress) and GO:0006970 (response to osmotic stress)], oxidoreductase activity (GO:0016703, GO:0016701 and GO:1901700) and potassium ion transport (GO:0010107, GO:0005267 and GO:0015079).
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FIGURE 6. GO analysis of the target genes of differentially expressed miRNAs in genotype and salt stress response.




QRT-PCR Validation of MiRNA Expression

We checked the expression levels of five miRNAs in “Xushu 22” leaves and roots by performing qRT-PCR experiments to confirm the results of deep sequencing and the real expression of miRNAs. The expression levels of another four miRNAs from “Xushu 32” were also verified in this study. We also validated other miRNAs in the previous study (Yang et al., 2020). Figure 7 displays the fold changes of the expression level in the salt treatment group compared with the control group. The results showed that the expression levels from qRT-PCR experiments were consistent with those from the deep sequencing results (Figure 7).
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FIGURE 7. QRT-PCR validation of randomly selected salt-responsive miRNAs in the leaves and roots of two sweetpotato cultivars. (A) MiRNAs in “Xushu 22” roots; (B) miRNAs in “Xushu 22” leaves; (C) miRNAs in “Xushu 32” roots; (D) miRNAs in “Xushu 32” leaves. Each bar represents a miRNA with log2 fold change (2–ΔΔCt) in expression. Data are displayed as averages ± SD (n = 3 PCR replicates).


The results of qRT-PCR showed that four miRNAs (nta-miR169q, ptc-miR6426b-p5_2ss1TC20GC, ptc-miR6426b-p3_2ss16GA18AG and stu-miR396-5p) were up-regulated and PC-3p-1207_6855 was down-regulated in the roots of “Xushu 22” under salt stress (Figure 7A), and three miRNAs (ptc-miR6426b-p3_2ss16GA18AG, PC-5p-457_16337 and PC-3p-57325_401) were up-regulated and two miRNAs (stu-miR396-5p and nta-miR164a) were down-regulated in the leaves of “Xushu 22” under salt stress (Figure 7B). Nta-miR169q and ptc-miR6426b-p5_2ss1TC20GC were up-regulated whereas PC-5p-483610_46 and PC-5p-205357_114 were down-regulated in “Xushu 32” roots under salt stress (Figure 7C). Ssl-miR171b_1ss21TA and PC-3p-1207_6855 were down-regulated whereas PC-5p-457_16337 and PC-5p-32123_688 were up-regulated in “Xushu 32” leaves under salt stress (Figure 7D). These results were positively correlated with the deep sequencing results.




DISCUSSION

Soil salinization is the main factor that restricts the growth and agricultural productivity of plants worldwide. Sweetpotato is an important food crop, but its production is limited by the increase in saline land. Therefore, extensive efforts are needed to discover the genetic factors and mechanisms to enhance the salt tolerance of crops. In this study, the miRNA expression profiles of salt-sensitive and salt-tolerant sweetpotato genotypes under salt treatment and non-treatment conditions were analyzed to provide useful information for understanding the role of miRNAs and improving the agronomic traits of sweetpotato under salinity stress.

Plant roots are in direct contact with the soil environment and are the primary organs for sensing external salt stress signals. The propagation mode of sweetpotato in agriculture farming is asexual reproduction using cottage method. Adventitious roots at the early stage of the seedlings are susceptible to salt stress. MiRNAs that target transcription factors related to root development in response to environmental stimuli play an important role in regulating root growth or lateral root formation and therefore adapt root structure to the soil environment (Khan et al., 2011). For example, the miRNA164-mediated cleavage of NAC1 affects lateral root development in maize and Arabidopsis, and the overexpression of ZmNAC1 and AtNAC1 in Arabidopsis increases the number of lateral roots (Guo et al., 2005; Lu et al., 2017). Additionally, miR164 negatively regulates its target gene NAC and also plays an important role in plant response to salt stress. Transgenic plants that overexpress transcription factors from the NAC family, such as Arabidopsis, chickpea, rice, wheat, cotton and tomato, have displayed improved salt tolerance compared with wild-type plants (Nakashima et al., 2007; Peng et al., 2009; Yokotani et al., 2009; Xue et al., 2011; Han et al., 2012; Liu et al., 2014). In the present study, nta-miR164a and nta-miR164a_R + 1 were down-regulated by NaCl treatment in “Xushu 32” and “Xushu 22” sweetpotatoes. Our degradome sequencing results indicated that the miRNAs of these two sweetpotato cultivars target the NAC transcription factor; therefore, the miRNAs of sweetpotato that belong to the miR164 family may negatively affect salt stress response by regulating NAC transcription factors. Meanwhile, nta-miR164a and nta-miR164a_R + 1 were lowly expressed in the roots of salt-tolerant cultivar “Xushu 22” comparing with those in the roots of salt-sensitive cultivar “Xushu 32” under NaCl treatment and untreated conditions. Degradome sequencing showed that nta-miR164a_R + 1 targeted comp23998_c0 (NAC021) (Supplementary Table 8). This result implied that miR164 family members in sweetpotato may be involved in lateral root development and the difference in the salt tolerance between these two sweetpotato genotypes and need to be further studied.

Nta-miR169q, which targets NF-YA2/9, was induced by salt stress in “Xushu 32” and “Xushu 22” roots. In Arabidopsis, the miR169-NFYA2/10 module regulates the growth of main roots and the occurrence of lateral roots, and transgenic plants overexpressing wheat NF-YA10 and GmNF-YA3 show sensitivity to high salt stress (Ni et al., 2013; Sorin et al., 2014; Ma et al., 2015). The expression of sweetpotato nta-miR169q induced by salt stress may negatively regulate the expression of the target gene NF-YA; therefore, this miRNA regulates the growth of sweetpotato roots and improves the salt tolerance of sweetpotatoes.

A total of 31 miR156 family members have been identified in sweetpotatoes, of which 20 miRNAs target plant-specific transcription factors in the SPL gene family. MiR156a and miR156c are substantially induced in Arabidopsis under salt and drought stress, and 35S:MIM156 (targets mimicry) is extremely sensitive to salt and drought stress (Cui et al., 2014). The overexpression of miR156d in alfalfa increases tolerance to drought and salt stress by silencing the target gene SPL13 (Cui et al., 2014; Arshad et al., 2017a,b). Under NaCl-untreated conditions, the expression levels of 22 miR156 family members in “Xushu 22” roots were higher than those in “Xushu 32” roots. What’s more, about half (15 in 31) of the miR156 family members were expressed higher in “Xushu 22” roots than in “Xushu 32” roots under salt treatment condition. This result suggested that miR156 may play an important role related to the difference in salt sensitivity of these two sweetpotato genotypes.

Twenty members of miR6426 family were identified, and only two miRNAs (ptc-miR6426b-P3_2SS16GA18AG and ptc-miR6426b-p5_2SS1TC20GC) were induced by salt stress and lowly expressed in “Xushu 32.” All 20 miR6426 family members were expressed in “Xushu 22” roots, and 14 of which were induced by salt stress. Nineteen miR6426 family members were expressed in “Xushu 22” leaves, and 18 of them were induced by salt stress. MiR6426 promotes Citrus Sinensis tolerance to magnesium-deficiency stress and participates in tomato drought stress response (Candar-Cakir et al., 2016; Ma et al., 2016). Our study found that miR6426 was expressed in salt-tolerant sweetpotato “Xushu 22” but not in “Xushu 32,” and ptc-miR6426b-p3_2ss16GA18AG was remarkably up-regulated under salt stress as confirmed by qRT-PCR. Degradome results indicated that miR6426 targets stress-related calmodulin kinase and transcription factors (HAT, bHLH, RAP2, MYB and ERF). Thus, we inferred that the miR6426 gene family might be involved in the difference of the salt tolerance between these two sweetpotato genotypes.

Tu-miR397-5p_L + 2R-2_1 and stu-miR397-5p_L + 2R-2_2 in the miR397 family were remarkably lowly expressed in “Xushu 22” roots than in “Xushu 32” roots under salt-treated and untreated conditions. Stu-miR397-5p_R-2_1ss19GT was down-regulated in “Xushu 22” and “Xushu 32” roots under salt stress. The predicted target gene of tu-miR397-5p_L + 2R-2_1, stu-miR397-5p_L + 2R-2_2 and stu-miR397-5p_R-2_1ss19GT was LAC7. In tomato and corn roots, high NaCl concentrations can increase the expression level of lignin synthesis genes (Wei et al., 2000). Laccase plays an important role in root development and salt stress adaptation in Arabidopsis and Poncirus trifoliate (Cai et al., 2006; Turlapati et al., 2011). In sweetpotatoes, the cleavage of the laccase gene may be reduced to reduce the expression of miR397 and promote root growth and tolerance to salt stress. In addition to some known miRNAs, some novel miRNAs that respond to salt stress in roots were also found. For example, PC-5p-483610_46 was remarkably down-regulated by salt stress in “Xushu 32” roots but not expressed in “Xushu 22” roots. Degradome sequencing identified that PC-5p-483610_46 targets comp19781_c0. The function of the target genes of these novel miRNAs needs to be further studied in the future.

Leaves are more sensitive to salt stress than plant roots during osmotic stress because salt accumulates rapidly in leaves (Redondo-Gómez et al., 2007). The toxicity mechanism of salt ions is to accelerate the ageing of tissues and organs, which will cause the mature leaves to lose the ability to dilute the salt; therefore, salt reduces a plant’s ability to detoxify (Redondo-Gómez et al., 2007). Our study found that the expression of stu-miR396-5p and stu-miR396-3p_L-1 was remarkably lower in “Xushu 22” leaves than that in “Xushu 32” leaves under NaCl-untreated condition, but the expression of stu-miR396-5p and stu-miR396-5p_1ss21TG was substantially higher in “Xushu 22” leaves than in “Xushu 32” leaves under salt treatment condition. Vvi-miR396a_1ss20TC, stu-miR396-5p and stu-miR396-5p_1ss21TG of the miR396 family were down-regulated in “Xushu 32” leaves under salt stress. Degradome sequencing identified that vvi-miR396a_1ss20TC, stu-miR396-5p and stu-miR396-5p_1ss21TG target (growth-regulating factor (GRF) family members, including GRF2, GRF3 and GRF6. The miR396-GRF regulatory module plays an important role in plant leaf development and stress response (Hewezi and Baum, 2012). Transgenic Arabidopsis that over-expressed miR396 inhibited GRF expression, its leaves became smaller and narrower, the number of stomata decreased, and the plant became more drought-tolerant than the wild type (Liu et al., 2009; Mecchia et al., 2012). In tobacco, the overexpression of sp-miR396a-5p increases the tolerance of transgenic plants to salt stress. Compared with wild-type and ATGRF7 overexpressing lines, Arabidopsis ATgrf7-1 mutant has increased resistance to salt stress (Kim et al., 2012). These results indicated that miR396 may regulate sweetpotato salt tolerance by suppressing the expression of its target gene GRF, and this regulatory module of miR396-GRF may be related to the difference of salt tolerance between “Xushu 22” and “Xushu 32.”

The miR171 family is a conserved miRNA family. In our study, we found that rco-MIR171g-p3 and stu-miR171c-3p_R + 1_1ss14TC were significantly down-regulated by salt stress in “Xushu 32” and “Xushu 22” roots. Ssl-miR171b_1ss21TA and ssl-MIR171a-p3 were significantly down-regulated by salt stress in “Xushu 32” leaves. MiR171, which targets SCL of the GRAS family, is down-regulated by salt stress in S. Alterniflora leaves and S. linnaeanum roots (Zhuang et al., 2014; Qin et al., 2015), affects Arabidopsis root and leaf development (Wang et al., 2010) and regulates the salt tolerance of rice (Pauluzzi et al., 2012). Thus, miR171 may also participate in root and leaf development and salt stress response by regulating SPL in sweetpotato.

The target gene of miR172 is the AP2/ERF gene family; AP2/ERF transcription factors are involved in various biological processes, including drought, high-salt and low-temperature stress responses (Zhuang et al., 2014). Four members of the miR172 family (stu-miR172d-3p_1ss21GT, stu-miR172a-3p_R-1, stu-miR172a-3p and tcc-miR172d) were down-regulated in “Xushu 32” and “Xushu 22” leaves under salt stress. Their down-regulation is consistent with the down-regulation of miR172 in eggplant (Solanum linnaeanum) under salt stress. The target genes of miR172 were AP2 and RAP2 as identified by degradome sequencing. Leaf yellowing was reduced and salt tolerance was enhanced in tobacco overexpressing Papaver somniferum AP2 (Mishra et al., 2015), and transgenic Arabidopsis overexpressing sweetpotato RAP2-12 has improved salt tolerance (Li et al., 2019). Thus, the tolerance of sweetpotato to salt stress might be increased by reducing the expression of miR172 and the inhibition of AP2 and RAP2 expression.

In “Xushu 32” leaves, most members of the miR169 family that target the NF-YA transcription factor were considerably down-regulated by salt stress. ATNF-YA2 and ATNF-YA10 are targeted by miR169 and can regulate the growth of Arabidopsis leaves (Zhang et al., 2017). The rosette leaves of Arabidopsis NF-YA1/2/3/9 overexpression plants became smaller (Siriwardana et al., 2014), and PtNF-YA9 overexpressed transgenic Arabidopsis plants have smaller leaves with reduced biomass, but both plants show strong drought and salt tolerance (Pauluzzi et al., 2012). The overexpression of NF-YA2/7/10 leads to plant dwarfing and late senescence and improves the tolerance to abiotic stress (Bailey-Serres and Voesenek, 2008; Leyva-González et al., 2012). We speculate that in sweetpotato leaves, the expression of miR169, which was negatively regulated by salt stress, may result in the accumulation of its target NF-YA, controlled leaf growth and stress adaptation.

Interestingly, GO significant enrichment analysis found that 247 target genes were associated with stress response, oxidoreductase activity and potassium ion transport (Supplementary Table 8). For example, CCD1 significantly enriched on GO:0016702 and GO:0016702. Degradome sequencing indicated PC-5p-175785_133 targeted CCD1. CCD1, a novel small calcium-binding protein, positively regulates osmotic and salt tolerance in rice (Jing et al., 2016), and was responsive to drought and salinity stresses in Brassica oleracea (Wei et al., 2022). The expression levels of PC-5p-175785_133 in “Xushu 22” leaves was low than that in “Xushu 32” leaves under NaCl-untreated condition. These results suggested that the down-regulation of PC-5p-175785_133 and the increase of its target genes may contribute to the salt tolerance of “Xushu 22.” PLC4, BLH1, CBL10, AGO2 and CRK2 were significantly enriched on stress related GO terms (GO:0050896, GO:0009628, GO:0050896, GO:0006950 and GO:0006970). Degradome sequencing indicated that ptc-MIR171i-p3_1ss4TC, zma-MIR2275b-p3_2ss3CT17, vvi-miR403a_R + 1_1ss19TC and stu-miR397-5p_L + 2R-2_2 target PLC4 and BLH1, CBL10, AGO2 and CRK2, respectively. Among of these sweetpotato miRNAs, the level of ptc-MIR171i-p3_1ss4TC was significantly up-regulated in “Xushu 22” root compared “Xushu 32” roots under salt stress, while the levels of zma-MIR2275b-p3_2ss3CT17, vvi-miR403a_R + 1_1ss19TC and stu-miR397-5p_L + 2R-2_2 were significantly down-regulated in “Xushu 22” root compared “Xushu 32.” The previous study found that blh1 mutants were less sensitive than the wild-type to salinity exposure during early seedling development. In contrast, AtPLC4 and BLH1 over-expressing lines were hypersensitive to salt stress (Kim et al., 2013; Xia et al., 2017). AGO2, CRK2 and CBL10 mediates salt tolerance in plants (Kim et al., 2007; Hunter et al., 2019; Wang et al., 2019; Yin et al., 2020). These results indicated that increasing the expression of their target genes AGO2, CRK2 and CBL10 by down-regulating zma-MIR2275b-p3_2ss3CT17, vvi-miR403a_R + 1_1ss19TC and stu-miR397-5p_L + 2R-2_2, and decreasing the expression of the target genes PLC4 and BLH1 by up-regulating ptc-MIR171i-p3_1ss4TC may be associated with better salt tolerance in “Xushu 22” than in “Xushu 32.”

In summary, our study generated comprehensive resources through a comprehensive analysis of transcriptome, sRNA and degradome sequencing data on sweetpotato, with the focus on the identification of key regulatory miRNAs in sweetpotato under salt stress. The results suggested that miRNA may play an important role in the salt stress response and adaptation of sweetpotato and thus may possibly result in the different salt sensitivity of different genotypes. The salt-responsive miRNAs and their target genes we identified can improve the understanding of the molecular mechanism of miRNA-mediated plant response to salt stress and can be utilized to optimize the salt stress resistance agronomic traits of sweetpotato in the future.
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Salinity-alkalinity stress can remarkably affect the growth and yield of apple. Strigolactone (SL) is a class of carotenoid-derived compounds that functions in stress tolerance. However, the effects and mechanism of exogenous SL on the salinity-alkalinity tolerance of apple seedlings remain unclear. Here, we assessed the effect of SL on the salinity-alkalinity stress response of Malus hupehensis seedlings. Results showed that treatment with 100 μM exogenous SL analog (GR24) could effectively alleviate salinity-alkalinity stress with higher chlorophyll content and photosynthetic rate than the apple seedlings without GR24 treatment. The mechanism was also explored: First, exogenous GR24 regulated the expression of Na+/K+ transporter genes and decreased the ratio of Na+/K+ in the cytoplasm to maintain ion homeostasis. Second, exogenous GR24 increased the enzyme activities of superoxide, peroxidase and catalase, thereby eliminating reactive oxygen species production. Third, exogenous GR24 alleviated the high pH stress by regulating the expression of H+-ATPase genes and inducing the production of organic acid. Last, exogenous GR24 application increased endogenous acetic acid, abscisic acid, zeatin riboside, and GA3 contents for co-responding to salinity-alkalinity stress indirectly. This study will provide important theoretical basis for analyzing the mechanism of exogenous GR24 in improving salinity-alkalinity tolerance of apple.
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Introduction

Soil salinization-alkalization is a severe environmental factor that inhibits plant growth and productivity for aggravating soil degradation (Jia et al., 2019). To date, 20% of agricultural land is affected by salinity-alkalinity all over the world, and the trend is constantly expanding (Ye et al., 2019). Apple (Malus domestica) is a highly valued and widely cultivated fruit around the world (Ma et al., 2019). Apple trees are sensitive to saline-alkali conditions and negatively affected by soil salinization-alkalization. Thus, strategies for improving the salinity-alkalinity tolerance of apple trees should be explored.

Salinity-alkalinity stress simultaneously induces oxidative, high pH, osmotic, and ionic stress (Guo et al., 2017; Jin et al., 2019). Reactive oxygen species (ROS) induced by saline-alkali stress, including superoxide anions (O2–), hydrogen peroxide (H2O2), and singlet oxygen, result in oxidative stress that can lead to plant cell membrane permeability increasing and ion leakage, which may impede plant development (Miller et al., 2010; Zhang et al., 2016; Xu et al., 2021). High pH affects the availability of mineral elements and the absorption of inorganic anions, thus disrupting intracellular ion balance (Yang et al., 2009). Osmotic stress reduces the stomatal openings and decreases plant photosynthesis (Zhang et al., 2019). Moreover, the uptake of K, Mg, and Zn in apple leaves is inhibited, whereas the absorption of Fe, Cu, or Mn is increased under saline-alkali stress (Jia et al., 2019).

Plants resist external pressure via several biochemical reaction mechanisms, redox balance, and complex signal transduction pathways throughout their long-term evolutionary process (Jiang et al., 2016; Xu et al., 2021). Plants regulate the osmotic potential by increasing the concentrations of proline, soluble protein, and soluble sugar. Furthermore, multiple elements such as Ca, K, and Fe are involved in photosynthesis, carbon assimilation, and signal transduction in plants (Yang and Guo, 2018). Maintaining a low Na+/K+ ratio is an important mechanism for preventing cellular damage and nutrient deficiency in plant (Zhang et al., 2018). In addition, plant hormones, such as auxin (IAA), jasmonic acid (JA), cytokinin, and gibberellin (GA) are important for regulating plant development and tolerance to diverse stresses (Zwack and Rashotte, 2015). The application of plant growth regulators can effectively improve plant salt tolerance (Shahzad et al., 2018; Jiang et al., 2021). Some metabolites such as spermidine and γ-aminobutyric acid improve plant salinity-alkalinity tolerance by scavenging ROS and regulating cellular osmotic pressure (Li et al., 2015; Jin et al., 2019). Plants can activate the antioxidant enzyme activities, such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) cooperate together to scavenge ROS and protect plants from oxidative harm (Zheng et al., 2020).

Plant hormones play major roles in regulating plant growth and tolerance to abiotic stress. Strigolactone (SL), as a class of carotenoid-derived compounds, is essential in regulating numerous aspects of plant development (Duan et al., 2019). The enzymes involved in the SL signaling pathway include ubiquitin-related protein F-box leucine-rich repeat protein (D3/MAX2), SL receptor α/β hydrolyzyme (D14), and transcriptional repressor Clp ATPase family protein (D53/SMXL6/7/8) (Yao et al., 2016; Shabek et al., 2018). The exogenous application of GR24, a synthesized SL, significantly increases the enzymatic activities of SOD and POD, decreases the malondialdehyde (MDA) content, and mitigate the adverse effects of salt stress in rice (Ling et al., 2020). Moreover, exogenous GR24 application protects the chlorophyll and maintains the photosynthetic rate of apple seedlings under KCl stress (Zheng et al., 2020). In addition, exogenous GR24 can improve the cold and drought resistance of rape seedlings by improving cell viability and inhibiting the production of reactive oxygen species (Zhang X. et al., 2020; Wang et al., 2021). Therefore, we hypothesized that SL might play positive roles on salinity-alkalinity stress in apple seedlings. However, the mechanisms and functions of GR24 under salinity-alkalinity stress in apple remain unknown.

In the present study, we explored the functions of exogenous GR24 in Malus hupehensis, one of the important rootstocks in apple culture, under salinity-alkalinity stress. Different concentrations of exogenous GR24 were applied on M. hupehensis seedlings under salinity-alkalinity stress, the positive regulation of GR24 was evaluated in terms of the photosynthetic system, oxidative damage, osmotic balance, and ion homeostasis. The expression levels of ion transporter genes, key SL signaling pathway genes, and SL biosynthesis genes under GR24 treatments were also determined. This study helped clarify the regulatory mechanism of SL in apple plants under salinity-alkalinity stress and provided a new way to improve salinity-alkalinity tolerance in apple production.



Materials and methods


Plant materials and growth conditions

After low-temperature vernalization, the seeds of M. hupehensis (an apple rootstock with apomixis characteristics) were sown in nutrient soil and grown in a greenhouse under controlled temperature (25 ± 2°C), photoperiod (16/8 h day/night), humidity (60–65%), and light intensity (100 μmol/m2/s). After one-month-old, when the seedlings developed into to four leaves, they were transplanted into a plastic pot and irrigated with Hoagland solution every 3 days. Ten days later, seedlings with similar growth status were selected for subsequent saline-alkali stress and exogenous GR24 treatment.



Saline-alkali stress and exogenous GR24 treatment assay

A total of 200 M. hupehensis seedlings were randomly divided into five groups. The seedlings in group I were watered with a complete nutrient solution as the control, group II were treated by 100 mM NaHCO3 and NaCl with concentration ratio of 1:1. On the basic of group II, groups III-V were treated with the 10, 100, and 1,000 μM of exogenous GR24, respectively. GR24 (Solarbio, Beijing, China) was sprayed every 3 days. After 15 days of treatment, the seedlings were photographed, and the wilting rate, fresh weight, and dry weight were measured. Both the technical and biological duplications of each experiment were repeated thrice.



Measurement of chlorophyll content, photosynthetic parameters, and root activity

After 15 days of saline-alkali stress and exogenous GR24 treatment, 20 apple seedlings from each group were randomly selected to determine the chlorophyll content and basic photosynthetic parameters. Four leaves of each seedlings were measured. Under light condition, the chlorophyll content was measured using SPAD-502 Plus (Konica Minolta, Tokyo, Japan). The photosynthesis rate, transpiration rate, and stomatal conductance were measured using the CIRAS-3 portable photosynthetic system (PP Systems, Amesbury, United States). The light intensity was controlled at 800 μmol/m2/s at an approximately 50% humidity, and the temperature was set at 22°C. 2,3,5-triphenyltetrazolium chloride (TTC) method was applied for qualitatively and quantitatively assess the root activity according to Gong et al. (2017). Each experiment was repeated thrice.



Determination of reactive oxygen species levels and malondialdehyde content

Nitroblue tetrazolium and 3,3-diaminobenzidine were used to stain H2O2 and O2–, respectively. The H2O2 level was measured using H2O2 kits (Grace, Suzhou, China). The MDA content of the leaves was measured using a plant MDA extraction kit (Grace, Suzhou, China). Three biological duplications for each experiment were set.



Determination of antioxidant enzyme activity and organic acid content

Fresh leaves (0.5 g) were ground in 5 ml of extracted buffer after saline-alkali and exogenous GR24 treatment for 15 days. After centrifugation at 12,000 rpm for 10 min, the supernatants were immediately used for SOD, POD, and CAT content assay. SOD, POD, and CAT kits (Grace, Suzhou, China) were used to detect the activities of antioxidant enzymes according to the manufacturer’s instructions. The malic acid and citric acid content of apple leaves were measured using Malic acid assay Kit and Citric acid assay Kit (Suzhou Geruisi Biotechnology, Suzhou, china), respectively. Each experiment was repeated thrice.



Determination of electrolyte leakage and osmolyte content

After saline-alkali and exogenous GR24 treatment for 15 days, fresh leaves (0.5 g) from each group were used for the detection of electrolyte leakage and osmolytes. Electrolyte leakage was measured as described by Ahmad et al. (2016). Osmolytes including proline, soluble sugar, and soluble protein were detected. Proline content was measured as described by Wani et al. (2017). Soluble sugar and soluble protein contents were determined as described by Sharma et al. (2019) and Qiu et al. (2019) respectively. Each experiment was repeated thrice.



Quantification of mineral elements assay

The apple seedlings were collected and washed with deionized water to remove the excess impurities after 15 days of saline-alkali stress and GR24 treatment. The leaves were dehydrated at 105°C for 30 min and baked at 80°C for 72 h. Afterward, 0.5 g of kiln-dried leaves was ground into powder and added with 12 ml of HNO3 and HClO4 with the ratio of 5:1. After digestion, the solution was diluted with deionized water to 25 ml. The concentrations of sodium (Na), potassium (K), calcium (Ca), iron (Fe), magnesium (Mg), and phosphorus (P) were determined through inductively coupled plasma-optical emission spectrometry (PerkinElmer, Waltham, United States) as described by Su et al. (2020).



Measurement of endogenous hormone

After saline-alkali and exogenous GR24 treatment for 15 days, the endogenous acetic acid (IAA), gibberellin3 (GA3), zeatin riboside (ZR), and jasmonic acid (JA) concentrations were determined. Fresh leaves (0.5 g) were prepared for phytohormone extractions, and hormonal analysis and quantification were performed via electrospray ionization-high-performance liquid chromatography-tandem mass spectrometry, as described by Min et al. (2018). Each experiment was repeated thrice.



Real-time quantitative PCR assay

Total RNA was extracted from each group by using the RNA prep pure Plant Plus kit (Tiangen, Beijing, China), which includes RNase-free DNase treatment. Total RNA was adjusted to the same concentration for cDNA synthesis by using 5 × All-In-One RT MasterMix (ABM, Sydney, Australia) according to the manufacturer’s instructions. LightCycler® 480 II system (Roche, Rotkreuz, Switzerland) was used for the qPCR assay, and the primers are listed in Supplementary Table 1. The M. hupehensis actin gene (GenBank accession number GQ339778.1) was used to normalize gene expression levels. Data were analyzed using the 2–ΔΔCt method (Min et al., 2018). All qRT-PCR experiments were repeated thrice.



Statistical analysis

Data were subjected to ANOVA followed by Fisher’s LSD or Student’s t-test analysis. Statistically significant differences were indicated by P < 0.05. Statistical computations were conducted by using SPSS software (IBM, Armonk, NY, United States).




Results


Effects of exogenous GR24 on the growth of apple seedlings under saline-alkali stress

The apple seedlings were seriously damaged by saline-alkali stress, and the leaves became withered and chlorotic after 15 days. After the treatment of low (10 μM) and high (1 mM) concentrations of GR24, the growth vigor of the seedlings was much better than those without GR24 treatment, but the leaves remained withered and chlorotic. At the low (10 μM) and the high (1 mM) concentrations, the wilting rates of the seedlings substantially decreased from 73.3% to 45% and 48.3%, respectively (Supplementary Figure 1B), and the fresh weights remarkably increased to 0.34 and 0.36 g, respectively (Supplementary Figure 1C). However, when the middle concentration of GR24 (100 μM) was applied, the growth vigor of the seedlings under saline-alkali stress was similar to that of the control under normal conditions, and the wilting rate of the seedlings remarkably decreased to 13.3% compared with those without GR24 treatment under saline-alkali stress (Supplementary Figure 1B). In addition, under saline-alkali stress, the fresh and dry weights of the seedlings sprayed with 100 μM GR24 increased significantly compared with that without exogenous GR24 (Figures 1C,D). The result suggested that exogenous GR24 could protect the apple seedlings from saline-alkali stress, and the concentration of 100 μM GR24 exhibited the best effect, which was therefore selected for further research.
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FIGURE 1
Phenotypes of Malus hupehensis seedlings treated with salinity-alkalinity stress and exogenous 100 μM GR24 on day 0 and day 15 (A). Effect of GR24 on wilting rate (B), fresh weight (C), and dry weight (D) of apple seedlings after salinity-alkalinity stress for 15 days. The bar (A) represents 4.0 cm. The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of exogenous GR24 on the chlorophyll content and photosynthetic parameters under saline-alkali stress

Exogenous GR24 could prevent the chlorosis of the apple seedlings under saline-alkali stress (Figure 1). To explore the physiological mechanism, we determined the chlorophyll content and photosynthetic parameters after saline-alkali stress and GR24 treatment for 15 days. The chlorophyll content of the apple seedlings sharply decreased from 44.0 SPAD to 26.1 SPAD under saline-alkali stress. When exogenous GR24 was applied, the chlorophyll content of apple seedlings under saline-alkali stress remarkably increased to 34.5 SPAD (Figure 2A). The photosynthetic parameters, including photosynthesis rate, transpiration rate, and stomatic conductance, under saline-alkali stress and exogenous GR24 treatment followed a similar variation tendency as the chlorophyll content. All values were substantially inhibited under saline-alkali stress but increased after exogenous GR24 application (Figures 2B–D), especially the photosynthesis rate. Under saline-alkali stress, the photosynthesis rate decreased significantly from 16 μmol/m2/s to 4 μmol/m2/s but recovered to 11.5 μmol/m2/s when exogenous GR24 was applied (Figure 2B). Therefore, exogenous GR24 could protect the chlorophyll level and photosynthetic system against saline-alkali stress.
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FIGURE 2
Effects of exogenous GR24 application on the chlorophyll content (A), photosynthetic rate (B), transpiration rate (C) and stomatic conductance (D) of Malus hupehensis seedlings after salinity-alkalinity stress for 15 days. The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of exogenous GR24 on the oxidative damage and antioxidant enzyme activity of apple seedlings under saline-alkali stress

Plants produce ROS under stress conditions. The staining results of superoxide (O2–) and H2O2 revealed that the leaves of apple seedlings were seriously damaged by saline-alkali stress (Figure 3A). When exogenous GR24 was sprayed, the O2– and H2O2 levels remarkably decreased (Figures 3A–C). The variation tendency of the MDA content was similar to that of O2– and H2O2. The MDA content under saline-alkali stress (2.6 nmol/g) was more than 1.6 times that of the control group (1.6 nmol/g), but was significantly decreased to 2 nmol/g after exogenous GR24 was applied (Figure 3D).
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FIGURE 3
Effects of GR24 treatment on H2O2, O2– (A), and H2O2 content (B), O2⋅– content (C), malondialdehyde (MDA) content (D), superoxide dismutase (SOD) activity (E), peroxidase (POD) activity (F), and catalase (CAT) activity (G) under salinity-alkalinity stress. The bar (A) represents 1.0 cm. The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).


The activities of antioxidant enzymes were also measured. Under saline-alkali stress, the SOD activity decreased from 5.1 U/g to 3.8 U/g, but recovered to 4.4 U/g after exogenous GR24 was applied (Figure 3E). The POD activity under saline-alkali stress significantly decreased from 259.0 U/g to 110.0 U/g. However, when exogenous GR24 was applied, the POD activity recovered to 203.7 U/g (Figure 3F). CAT activity was only 1572.0 U/g under saline-alkali stress, while increased to 2515.7 U/g when exogenous GR24 was applied (Figure 3G).



Effects of exogenous GR24 application on the electrolyte leakage and osmolytes under saline-alkali stress

Electrolyte leakage was detected after saline-alkali stress and exogenous GR24 treatment for 15 days. After saline-alkali stress, the electrolyte leakage remarkably increased from 24.1% to 47.4% but decreased to 38.7% when exogenous GR24 was applied (Figure 4A). Osmolyte content under saline-alkali stress and exogenous GR24 treatment was also detected. The proline, soluble sugar, and soluble protein contents increased under saline-alkali stress. When exogenous GR24 was applied, proline content notably increased from 151.2 μg/g to 253.0 μg/g (Figure 4B), while the soluble sugar content had no significant changes (Figure 4C). However, the soluble protein content substantially decreased from 14.7 mg/g to 8.6 mg/g when exogenous GR24 was applied (Figure 4D).
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FIGURE 4
Effects of exogenous GR24 treatment on electrolyte leakage (A), proline content (B), soluble sugar content (C), and soluble protein content (D) under salinity-alkalinity stress. The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of exogenous GR24 on the mineral elements of apple seedlings under saline-alkali stress

The mineral elements of apple seedlings were measured after saline-alkali stress and exogenous GR24 treatment for 15 days. The Na content was significantly increased from 3.3 mg/g to 14.1 mg/g under saline-alkali stress but decreased to 8.0 mg/g after exogenous GR24 treatment (Figure 5A). When exogenous GR24 was applied, the K level substantially increased from 14.6 mg/g to 15.9 mg/g under saline-alkali stress and increased to 19.4 mg/g (Figure 5B). As an important indicator of plant tolerance to abiotic stress, Na+/K+ ratio was also detected, the Na+/K+ ratio notably increased to 90.6% under saline-alkali stress but decreased to 41.4% by exogenous GR24 after 15 days treatment (Figure 5C). The Ca content substantially increased from 4.4 mg/g to 5.6 mg/g under saline-alkali stress but that had no significant changes when exogenous GR24 was applied (Figure 5D). The variation tendencies of Fe and Mg were similar. The Fe and Mg contents of apple seedlings with exogenous GR24 treatment increased to 0.305 mg/g and 1.472 mg/g respectively, compared with that without GR24 treatment under saline-alkali stress (Figures 5E,G). However, the P content did not change substantially under saline-alkali stress and exogenous GR24 treatment (Figure 5F).
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FIGURE 5
Effects of GR24 treatment on Na content (A), K content (B), and Na+/K+ ratio (C), Ca content (D), Fe content (E), P content (F), Mg content (G) under salinity-alkalinity stress. The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of exogenous GR24 on endogenous hormone content under saline-alkali stress

Plant hormone regulates the mechanisms of plant stress responses. Under saline-alkali stress, the IAA, GA3, ZR, and JA levels notably decreased. When exogenous GR24 was applied, all of them increased substantially (Figures 6A–D). The result indicated that exogenous GR24 increased the sensitivity of endogenous hormone to regulate the tolerance of apple seedlings to saline-alkali stress.
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FIGURE 6
Effects of GR24 treatment on the contents of auixn (A), glbberellin (B), cytokinin (C) and jasmonic acid (D) under salinity-alkalinity stress. The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of exogenous GR24 on the root activity and organic acid contents of apple seedlings under saline-alkali stress

Triphenyl tetrazolium chloride is a REDOX compound, which is commonly used as the receptor of H+ for the alysis of the activity of different enzymes. Deep red color reported the highest content of H+. After 15 days of saline-alkali stress, the root tips of apple seedlings with exogenous GR24 treatment were darker red than those without GR24 treatment under saline-alkali stress (Figure 7A). The TTC reductive intensity in apple roots decreased from 0.29 mg/g FW/h to 0.20 mg/g FW/h under saline-alkali stress. When exogenous GR24 was sprayed, the TTC reductive intensity in apple roots increased to 0.26 mg/g FW/h (Figure 7B). Moreover, the contents of citric and malic acid in apple leaves remarkably increased to 2.76 mg/g and 4.28 mg/g, respectively, under saline-alkali stress. When exogenous GR24 was applied, the citric acid content of plant leaves under saline-alkali stress decreased to 1.88 mg/g, but the malic acid content in leaves of apple seedlings increased to 5.1 mg/g (Figures 7C,D).
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FIGURE 7
Effects of GR24 treatment on root activity (A), triphenyltetrazolium chloride (TTC) reductive intensity of apple roots (B), citric acid content of apple leaves (C), and malic acid content of apple leaves (D) under salinity-alkalinity stress. The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of exogenous GR24 on the expression levels of salinity-alkalinity-related genes in apple seedlings under salinity-alkalinity stress

To elucidate the mechanism of exogenous GR24 involvement in the salinity-alkalinity stress response, we performed qPCR to detect the expression levels of stress-related genes under salinity-alkalinity stress and exogenous GR24 treatment. As shown in Figure 8, exogenous GR24 remarkably upregulated the expression of MhCHX15, MhSOS1, and MhCAX5, as Na+ transporter genes, by 1.63, 1.81, and 1.58 times, respectively. The expression of two K+ transporter genes, namely, MhNHX1 and MhNHX2, remarkably increased under salinity-alkalinity stress. When exogenous GR24 was applied, the expression levels of them decreased to 1.58 and 1.41 times, respectively, whereas that of MhSKOR was substantially downregulated after saline-alkali stress and exogenous GR24 treatment. Moreover, exogenous GR24 significantly upregulated the expression of MhAHA1, MhAHA3, and MhAHA9, as H+-ATPase (AHA) enzyme family genes to 2.57, 8.36, and 4.36 times, respectively. The expression levels of antioxidant enzyme genes MhGPX6, MhPER65, MhpOXN1, were significantly induced by salinity-alkalinity stress and were substantially decreased after exogenous GR24 treatment. However, the expression levels of MhSOD, MhPOD and MhCAT were significantly decreased under the salinity-alkalinity stress, while exogenous GR24 significantly upregulated the expression levels of MhSOD, MhPOD and MhCAT to 1.36, 1.93 and 2.47 times, respectively. Moreover, the expression of three kinases, namely, MhANP2, MhMAPKKK, and MhGK, and three selected transcription factors, namely, MhMYB39, MhERF019, and MhNAC56, remarkably changed under salinity-alkalinity stress and exogenous GR24 treatment (Figure 8). This finding indicates their potential important functions in plant response to salinity-alkalinity stress and SL signaling transduction pathway.
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FIGURE 8
The expression level of the 21 candidate genes which divided into Na+ transporters (MhCHX15, MhSOS1, and MhCAX5) (A), K+ transporters (MhSKOR, MhNHX1, and MhNHX2) (B), H+-ATPase (AHA) enzyme family genes (MhAHA1, MhAHA3, and MhAHA9) (C), antioxidant enzymes (MhGPX6, MhPER65, MhpoxN1, MhSOD, MhPOD and MhCAT) (D), kinase (MhANP2, MhMAPKKK, and MhGK) (E), and transcription factors (MhMYB39, MhERF019, and MhNAC56) (F). The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of exogenous GR24 on the expression levels of strigolactones biosynthesis and signal transduction pathway genes in apple seedlings under salinity-alkalinity stress

To determine whether the SL biosynthesis and signal transduction pathway genes were involved in the response to salinity-alkalinity stress, we screened out eight genes, which are also involved in the response to salinity-alkalinity stress by analyzing RNA-Seq in apple. The four SL signal transduction pathway genes included a ubiquitin ligase component F-box protein gene (MhMAX2) and three DWARF14 genes (MhD14-1, MhD14-2, and MhD53). The expression of MhD14-1 was decreased by salinity-alkalinity stress. The transcription levels of MhMAX2 and MhD53 were increased by salinity-alkalinity stress. However, all of the four genes were induced by exogenous GR24 treatment (Figure 9). The expression of the four SL biosynthetic enzyme genes, including a cytochrome gene (MhCYP711), two carotenoid cleavage dixoygenase genes (MhCCD7 and MhCCD8), and a 9-cis/all-trans-β-carotene isomerase gene (MhD27), were also quantified by qPCR. The results showed that the expression levels of these four genes were decreased by salinity-alkalinity stress but remarkably induced by exogenous GR24 treatment (Figure 9).
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FIGURE 9
The expression level of the four genes in SL signal transduction pathway (MhD14-1, MhD14-3, MhMAX2, and MhD53), and four SL biosynthesis genes (MhCYP711, MhCCD7, MhCCD8, and MhD27) under salinity-alkalinity stress and exogenous GR24 treatment for 15 days. The data represent the mean ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).





Discussion

Salinity-alkalinity stress is an important factor that limits apple production. Damage caused by alkaline salt stress is more severe than that only caused by neutral salt stress. Phytohormones are inherent signaling molecules, which regulate the growth and development of plants by producing complex responses under various stresses (Verma et al., 2016; Waadt et al., 2022). SL, as a group of carotenoid-derived plant hormones, play an important role in regulating various developmental and adaptation processes in plants (Wang et al., 2020). The external application of SL analog GR24 is a promising approach for stablishing various abiotic stress tolerances in plants (Bhoi et al., 2021). Notably, the exogenous application of GR24 could improve plant growth and photosynthesis under salinity and drought stress in plant (Zulfqar et al., 2020; Bidabadi and Sharif, 2021). However, the effect of exogenous GR24 application on plants under salinity-alkalinity stress has not been reported. In the present study, we applied different concentrations of GR24 to salinity-alkalinity-stressed apple seedlings and found that the effects of 100 μM GR24 application was much better than that at 10 μM and 1 mM, and had the lowest wilting rate and the highest fresh weight (Supplementary Figure 1). This study first reported the function of GR24 in apple tolerance to salinity-alkalinity stress.

Chlorophyll is essential for photosynthesis. Saline-alkali stress damages the chlorophyll metabolism and photosynthesis in plant (Hu et al., 2016; Feng et al., 2021). In the present study, salinity-alkalinity stress could significantly inhibit the chlorophyll content and photosynthesis rate in apple (Ding et al., 2010; Guo et al., 2015). It was reported that GR24 treatment displayed greater tolerance to KCl stress by regulating chlorophyll components and photosynthetic rate in apple (Zheng et al., 2020). Our results showed that the application of exogenous GR24 could remarkably increase the stomatic conductance and transpiration rate of apple under salinity-alkalinity stress. Furthermore, the chlorophyll content and photosynthesis rate were much higher in GR24-treated than in non-GR24-treated salinity-alkalinity-stressed apple seedlings (Figure 2). Thus, exogenous GR24 could protect the photosynthetic system from salinity-alkalinity damage.

Plants normally suffer ionic toxicity, high pH, oxidative damage, and osmotic stress from saline-alkaline conditions. The ionic toxicity caused by salinity-alkalinity stress can lead to the excessive accumulation of Na+ in the cytoplasm, thereby affecting plant growth (Javid et al., 2012; Xu et al., 2020). In plant responses to salt stress, the ionic toxicity can lead to an imbalance in cytosolic Na+/K+ ratio and disrupt normal plant growth (Dai et al., 2018; Ma et al., 2021). In the present experiment, the contents of Na+ and K+ increased under salinity-alkalinity stress (Figure 5). The increase of K+ content was attributed to the achievement of balance for Na+ and K+ homeostasis under salinity-alkalinity stress. When exogenous GR24 was applied to the apple leaves, Na+ content decreased with increased K+ content, thus decreasing the leaf Na+/K+ ratio (Figure 5). This condition is similar to the findings of Zulfqar et al. (2020), in which GR24 treatment increased K+ content and reduced Na+/K+ ratio in sunflower (Helianthus annuus) under salt stress. Plants have evolved some important protein, which may protect themselves and reduce the poisoning of Na+, such as the cation/H+ exchangers, salt overly sensitive l (SOS1), and cation exchangers, which expel Na+ from cells. Our results showed that MhCHX15, MhSOS1, and MhCAX5 expression levels were increased by exogenous GR24 treatment under salinity-alkalinity stress (Figure 8). We assumed that these three genes could function to balance Na+ homeostasis in the cytoplasm under salinity-alkalinity stress. Stellar K+-outward rectifier (SKOR) is responsible for K+ efflux from the cytoplasm to the outside of the cell (Xue et al., 2019). The vacuolar K+/H+ antiporters (NHX) in the tonoplast facilitate K+ influx and efflux in the vacuoles (Xue et al., 2019; Xu et al., 2020). The expression levels of MhSKOR, MhNHX1, and MhNHX2 were substantially inhibited after GR24 treatment (Figure 8). Therefore, exogenous GR24 could decrease the expulsion of K+ out of the cells to ensure Na+/K+ homeostasis in the cytoplasm under salinity-alkalinity stress. Moreover, Ca regulates plant signal transduction pathways under salt stress (Hu et al., 2016). Therefore, the Ca content was remarkably induced by exogenous GR24 possibly as the salinity-alkalinity stress response of the apple seedlings to balance Na+/Ca2+ in the cytoplasm. Fe is essential for plant resistance to oxidative stress (Dai et al., 2018). Therefore, Fe content increases after GR24 treatment in response to oxidative damage caused by salinity-alkalinity stress.

High pH can reduce the availability of mineral elements and affect intracellular ion balance (Palmgren and Nissen, 2011). The plasma membrane (PM) H+-ATPase extrudes protons from the plant cell, thus generating an electrochemical gradient across the plasma membrane and plays a pivotal role in abiotic stresses, such as salinity, drought, and temperature (Palmgren and Nissen, 2011; Janicka et al., 2018; Xue et al., 2019). Exogenous GR24 application increases H+ and malic acid contents (Figures 7A,D). Moreover, the expression levels of three AHA enzyme family genes, MhAHA1, MhAHA3, and MhAHA9, were increased by exogenous GR24 treatment under salinity-alkalinity stress. Therefore, exogenous GR24 alleviates the high-pH stress of apple seedlings by regulating the expression of H+-ATPase genes and inducing the production of organic acid.

Oxidative damage is caused by excessive ROS, which is an important signal molecule that regulates plant metabolism, growth, and stress response (Zheng et al., 2020). The application of GR24 diminishes the H2O2 and MDA contents in Triticum aestivum under drought condition (Sedaghat et al., 2017). In the present experiment, we found that the O2⋅–, H2O2, and MDA contents were remarkably induced by salinity-alkalinity stress, and exogenous GR24 application can decrease their contents (Figure 3), suggesting that SL may act as ROS scavenger and reduce lipid peroxidation in apple seedlings under salinity-alkalinity stress. Enzymatic antioxidant systems include three main antioxidant enzymes, namely, SOD, POD, and CAT (Abdelaal et al., 2018; Min et al., 2018). Our results indicated that salinity-alkalinity stress differentially affects the contents of antioxidant enzymes, the SOD, POD and CAT activities were inhibited under salinity-alkalinity stress. When exogenous GR24 was applied, the SOD, POD and CAT activities substantially increased (Figure 3). This finding was similar with that of exogenous SL treatment under KCl stress (Zheng et al., 2020). Furthermore, six antioxidant enzyme genes (MhGPX6, MhPER65, MhpOXN1, MhSOD, MhPOD and MhCAT) were substantially affected by exogenous GR24, and the tendencies of MhSOD, MhPOD and MhCAT expression levels were correlated with SOD, POD and CAT activities (Figure 8). Thus, exogenous GR24 could alleviate oxidative damage by regulating the expression of antioxidant enzyme genes, enhancing the enzyme activities of SOD, POD, and CAT under salinity-alkalinity stress.

Plants adapt to osmotic stress mainly by regulating the accumulation of osmolytes, such as sugars and amino acids, to reduce cellular osmotic potential and remove excessive ROS (Blumwald, 2003). Our results indicated that electrolyte leakage was remarkably induced by salinity-alkalinity stress but inhibited by exogenous GR24 treatment. This result was consistent with previous findings, in which SL could protect plants from osmotic stress (Wang et al., 2019). To investigate the function mechanism of GR24 on osmotic stress, we detected the soluble sugar, soluble protein, and proline contents under salinity-alkalinity and GR24 treatment. The results indicated that exogenous GR24 could affect the proline content under salinity-alkalinity stress (Figure 4). Exogenous SL could increase proline concentration and alleviate the KCl stress of M. hupehensis. Therefore, exogenous GR24 could protect plants from osmotic stress by affecting the accumulation of proline.

Phytohormones mediate various environmental stresses and thus regulate plant growth adaptation (Yu et al., 2020). The involvement of these hormones in plant salinity-alkalinity tolerance and the interactions among them remain to be elucidated. In our study, GR24 was sprayed to the apple leaves. However, the apple roots also exhibited better root activity under saline-alkali stress (Figure 7). Since applying with exogenous GR24 significantly improved the IAA content in apple leaves (Figure 6), the good activity phenotype of apple roots might caused by the systemic regulation of IAA. Haim et al. (2021) reported that auxin production occurred in the shoot apical meristem (SAM) and the young leaves before it was transported toward the roots by polar movement through the stem, and auxin could improve the tolerance of plants to abiotic stress. Xu et al. (2013) also covered that the tomato 14-3-3 protein TFT4 modulated basipetal auxin transport, and the PKS5-J3 pathway for maintaining primary root elongation response to alkaline stress. Therefore, we guessed that the better root activity under saline-alkali stress, which was resulted from spraying GR24 on apple leaves, was caused by the increased IAA content in apple leaves and transport to roots response to saline-alkali stress through polar transport Zhan et al., 2018). Moreover, G-protein kinase (GK) is an important kinase in plant response to salt stress (Lian et al., 2018; Shen et al., 2019). NPK1-related protein kinase (ANP2) plays an important role in abiotic stress in rice (Ning et al., 2008). The expression levels of MhGK and MhANP2 were induced by salinity-alkalinity stress but inhibited by GR24 treatment (Figure 8). Therefore, these two kinase genes would participate in response to salinity-alkalinity and GR24 treatment. Mitogen-activated protein kinase (MAPK) pathway reportedly participates in the signaling pathway of salt stress in plants, such as peppermint (Mentha piperita) and cucumber (Cucumis sativus) (Xu et al., 2011; Li et al., 2016). In the present study, the transcript level of MhMAPKKK showed almost the opposite trend as that of K+-outward rectifier gene MhSKOR. This finding indicates that the potential mechanisms of post-translational modification play an important role in mediating the signaling pathway of salinity-alkalinity stress. In addition, MYB, NAC and ERF transcription factors serve as connecting links between the upstream signal and the expression of functional genes under salt stress (Blumwald, 2003; Ju et al., 2020). Here, we found that these genes might participate in the GR24 signaling transduction pathway under salinity-alkalinity in apple.

Strigolactone (SL) signaling pathway enzymes include SL receptor D14, transcriptional repressor protein D53/MXL6/7/8, and F-box protein D3/MAX2 (Yao et al., 2016; Shabek et al., 2018). The transcript levels of the four SL signal transduction pathway genes, namely, MhD14-1, MhD14-3, MhMAX2, and MhD53 were substantially induced by exogenous GR24 treatment (Figure 9). Similar results were also observed in the KCl stress of apple seedlings, in which the expression levels of MdD14, MhMAX2, and MhD53 were induced by SL treatment in apple leaves. Furthermore, the decrease of SLs in tomato might be a systemic signal of drought stress (Visentin et al., 2016). Our results showed that the expression of four SL biosynthetic enzyme genes, namely, MhCYP711, MhCCD7, MhCCD8, and MhD27 were decreased by salinity-alkalinity stress but substantially increased by exogenous GR24 treatment (Figure 9). Therefore, the expression levels of these four genes decreased might be an energy-saving strategy for apple to cope with salinity-alkalinity stress. Interestingly, the expression tendency of SL biosynthetic enzyme genes and MhD14-1 were similar with MhCHX15, MhSOS1, and MhAHAs under salinity-alkalinity and GR24 treatment, and those of MhD53 and MhSKOR were opposite, indicating the potential relationship between them. Overall, these ion transporters, kinases, transcription factors, and the SL biosynthesis and signal transduction pathway genes might have complicated regulation and interaction mechanisms. However, the mechanisms of SL signaling pathway under salinity-alkalinity stress require further analysis.



Conclusion

Our study explored that strigolactones could effectively improve the tolerance on salinity-alkalinity stress in apple. Exogenous GR24 could affect ion homeostasis by regulating Na+/K+ transporter genes, eliminate ROS through enhancing the activities of SOD, POD, and CAT, regulate osmotic balance by increasing the proline content, balance root pH through secretion of organic acid, and cooperate with IAA, GA3, ZR, JA responding to saline-alkali stress (Supplementary Table 3). This work will provide theoretical basis for analyzing the mechanism of SL on salinity-alkalinity stress in apple plants.
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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.
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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.
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Plant adaptation to salinity is a highly multifaceted process, harnessing various physiological mechanisms depending on the severity and duration of salt stress. This study focuses on the effects of 4- and 10-day treatments with low (100 mM NaCl) and moderate (200 mM NaCl) salinity on growth, CO2/H2O gas exchange, stomatal apparatus performance, the efficiency of photosystems I and II (PS I and II), content of key C4 photosynthesis enzymes, and the accumulation of Na+, K+, and proline in shoots of the widespread forage C4 halophyte Kochia prostrata. Our data show that 4 days of low salinity treatment resulted in a decrease in biomass, intensity of apparent photosynthesis, and cyclic electron transport around PS I. It was accompanied by an increase in transpiration and Rubisco and PEPC contents, while the Na+ and proline contents were low in K. prostrata shoots. By the 10th day of salinity, Na+ and proline have accumulated; PS I function has stabilized, while PS II efficiency has decreased due to the enhanced non-photochemical quenching of chlorophyll fluorescence (NPQ). Thus, under low salinity conditions, Na+ accumulated slowly and the imbalance between light and dark reactions of photosynthesis was observed. These processes might be induced by an early sodium signaling wave that affects cellular pH and ion homeostasis, ultimately disturbing photosynthetic electron transport. Another adaptive reaction more “typical” of salt-tolerant species was observed at 200 mM NaCl treatment. It proceeds in two stages. First, during the first 4 days, dry biomass and apparent photosynthesis decrease, whereas stomata sensitivity and dissipation energy during dark respiration increase. In parallel, an active Na+ accumulation and a decreased K+/Na+ ratio take place. Second, by the 10th day, a fully-fledged adaptive response was formed, when growth and apparent photosynthesis stabilized and stomata closed. Decreased dissipation energy, increased WUE, stabilization of Rubisco and PEPC contents, and decreased proline content testify to the completion of the adaptation and stabilization of the physiological state of plants. The obtained results allowed us to conclude that the formation of a full-fledged salt-tolerant response common for halophytes in K. prostrata occurs by the 10th day of moderate salinity.
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Introduction

Salinization is a worldwide environmental problem that negatively affects crop yields, posing a threat to global food security. The negative impact of salinity is increasing all the time because of climate change, reinforcing the dependence of agriculture on irrigation and the increasing urbanization rate (Panta et al., 2014; Zelm et al., 2020; Ibrahimova et al., 2021). Given the growing threat of salinity, it is necessary to understand the mechanisms of salt tolerance in plants and find ways to create new salt-tolerant crops (Volkov, 2015; Zelm et al., 2020; Ibrahimova et al., 2021). Saltiness induces both osmotic and toxic stress in plants, which results in decreased growth, developmental changes, metabolic adaptation, and ion sequestration, or exclusion (Munns and Tester, 2008; Munns et al., 2012). Osmotic and ionic toxicity effects have long been thought to be separate in time and space. Such a differential effect suggests that early responses to salt stress arise as a consequence of general osmotic stress, while sodium-specific responses are induced later (Munns and Tester, 2008; Shavrukov, 2013). This concept has been challenged by recent discoveries of rapid salt signaling and rapid sodium-induced root growth response (Galvan-Ampudia et al., 2013; Choi et al., 2014; Zelm et al., 2020). The first plant reactions to salinity occur within seconds or hours of salt stress (Julkowska and Testerink, 2015). Studies of intracellular Ca2+ peaks have shown that plants can perceive both the osmotic and ionic components of salt stress (Lamers et al., 2020). Three major early signaling compounds have been identified: glycosylinositolphosphorylceramide (GIPC, sphingolipid); binding to sodium, it can stimulate Ca2+ import; 3’,5’-cyclic guanosine monophosphate (cGMP), whose rapid accumulation inhibits sodium influx by deactivating non-selective cation channels (NSCCs); and reactive oxygen species (ROS) (Julkowska and Testerink, 2015; Lamers et al., 2020; Zelm et al., 2020). It was shown that the Salt Overly Sensitive (SOS) signaling pathway plays a key role in decoding Ca2+ signals and maintaining ionic homeostasis. Additionally, mitogenactivated protein kinase (MAPK) cascades mediate ionic, osmotic, and ROS homeostasis (Yang and Guo, 2018; Lamers et al., 2020; Zelm et al., 2020; Chen et al., 2021). However, there is still much that is unclear about early cellular responses to salinity and sodium import, since such studies are fragmentary and insufficient (Zelm et al., 2020).

One of the early responses of the whole plant to salinity is a decrease in photosynthesis. The effect of salinity on photosynthesis is usually associated with stomatal and non-stomatal limitations (Chaves et al., 2009; Pan et al., 2020). Stomatal limitations are caused by stomatal closure, which reduces the amount of CO2 available for fixation. Salinity affects stomatal conductance immediately, first briefly through disturbed water relationships, then through local ABA synthesis. Stomatal conductance is also regulated by root signals such as ROS and Ca2+ waves (Fricke et al., 2004; Gilroy et al., 2014; Shabala et al., 2016).

The progressive sodium accumulation in photosynthetic tissues further inhibits CO2 assimilation, primarily affecting photosynthesis. This is called non-stomatal limitations of photosynthesis and is associated with the suppression of photosynthetic enzyme activity, the violation of chlorophyll biosynthesis, a decrease in the efficiency and structural integrity of the photosynthetic apparatus and thylakoid membranes, as well as an increase in non-photochemical quenching of chlorophyll fluorescence (Pan et al., 2020). The enlisted negative effects of non-stomatal limitations are associated with leaf ionic ion imbalances occurring primarily because of an excessive accumulation of Na+ and Cl−, K+ deficiency, and an increased level of reactive oxygen species (ROS) in the cytosol (Munns and Tester, 2008; Bose et al., 2014; Pan et al., 2020). An increase in Na+ concentration in the leaf apoplast was shown to inhibit PS II activity in intact mesophyll cells in a dose-dependent manner (Percey et al., 2014). A decrease in PS II activity correlates with the K+ efflux from cells, which indicates the requirement for K+ and Na+ homeostasis for the chloroplasts to function (Pottosin and Shabala, 2016). However, there is evidence that Na+ toxicity alone cannot fully explain the inhibitory effect of salinity on photosystem function (Kan et al., 2017; Pan et al., 2020). Overall, the effects of salinity on the primary processes of photosynthesis still remain largely understudied (Pan et al., 2020).

The key photosynthetic enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is critical for regulating photosynthesis in the leaves of both C3 and C4 species. The response of Rubisco to abiotic stresses is not fully elucidated, as different studies give contradictory results. In glycophytes, a decrease in the content and activity of Rubisco under salinity is often observed (Lu et al., 2009; He et al., 2014). In halophytes, different reactions have been shown to depend on the salinity level; for example, a decrease in Rubisco activity at 100–250 mM NaCl and an increase at 400–500 mM NaCl in Kalidium foliatum (Gong et al., 2018). In Haloxylon salicornicum, an increase in Rubisco content occurred only at a sublethal concentration of NaCl (400 mM) (Panda et al., 2020). In the C4 species Atriplex lentiformis (in saline habitats), Rubisco activity remained constant per leaf area, but the activity of phosphoenolpyruvate carboxylase (PEPC)—the enzyme responsible for the initial CO2 fixation in the cytosol of mesophyll cells of C4 species—appeared to increase linearly along with increasing salinity (Zhu and Meinzer, 1999). The PEPC enzyme was revealed to be more salt sensitive in vitro than Rubisco, which appeared to be consistent with a lower salt concentration in the cytosol than in chloroplasts (Bose et al., 2017). Upregulation of PEPC in response to salinity or drought was detected in plants with C4 photosynthesis (Carmo-Silva et al., 2008; Cao et al., 2015).

Plant responses to low and high salinity vary, and the cellular and molecular mechanisms of salt-tolerance may also be significantly different (Shoukat et al., 2020; Zelm et al., 2020). The formation of an adaptive response to various salinities requires certain times. Studies on salt tolerant species (halophytes) have shown that both transport and the sequestration of sodium and potassium ions, as well as the synthesis and transport of compatible solutes, play a decisive role in salt tolerance mechanisms in plants (Volkov, 2015; Isayenkov and Maathuis, 2019; Zelm et al., 2020). This is largely due to the rate of sodium ions accumulating, which directly depends on the intensity and duration of salinization and the presence of specific mechanisms of salt tolerance.

Kochia prostrata (L.) Schrad. [Bassia prostrata (L.) A.J. Scott], forage kochia (subfamily Chenopodiaceae) is a widespread halophyte with C4 NADP type of photosynthesis, with a significant variety of morphological, biochemical, and ecological–physiological properties, high genetic polymorphism and a wide ecological plasticity (Shuyskaya et al., 2001; Gintzburger et al., 2003; Orlovsky et al., 2011; Akhzari et al., 2012; Toderich et al., 2013; Shuyskaya et al., 2020a). Forage kochia is a valuable forage plant for livestock grazing in the deserts and semi-deserts of central Eurasia (Harrison et al., 2000; ZoBell et al., 2003). K. prostrata is often referred to as the “alfalfa of the desert,” since it is comparable to alfalfa (Medicago saliva (L.)), and is esteemed for its ability to provide relatively large amounts of biomass, protein, carotene, phosphorous, and calcium to grazing animals in harsh, dry ecosystems (Davenport, 2005; Waldron et al., 2010). In winter months, forage kochia contains over 7.5% protein, having higher levels than 12 perennial grasses and three legumes (Koch, 2002; Davenport, 2005). It was found that K. prostrata had higher consumption as forage compared to C3 species Artemisia herbaalba and Ceratoides lanata, and C4 species Atriplex canescens (Nemati, 1977; McKell et al., 1989). In natural habitats, K. prostrata demonstrates great potential for establishing palatable perennial shrubs in arid rangeland with 70–220 mm of annual precipitation (Gintzburger et al., 2003; Bailey et al., 2010) and in saline soils (EC up to 20 dS/m) (Waldron et al., 2010). In model experiments, the decrease in biomass, water content, and accumulation of organic osmolytes following a 7–8-fold increase in sodium content and in the Na+/K+ ratio in K. prostrata leaves was shown under a long-term treatment of 200 mM NaCl (Karimi et al., 2005; Akhzari et al., 2012). However, at 50–150 mM NaCl treatment and 2–5 fold Na+ accumulation in leaves, the stability of growth parameters (dry biomass, relative growth rate, net assimilation rate), water use efficiency (WUE), as well as the content of water and organic osmolytes was observed. It was accompanied by a decrease in the content of chlorophyll and carotenoids as well as notable changes in the number and size of stomata (Karimi et al., 2005). It can be assumed that the slow accumulation of sodium ions leads to a specific adaptation of the photosynthetic apparatus that makes it possible to maintain the productivity of K. prostrata plants at low salinity (50–150 мМ NaCl). However, it is not clear how this adaptation occurs at the level of C4 enzymes of the carbon-concentrating mechanism (CCM) and the cyclic electron transport around photosystem I, which plays an important role in C4 plants. It is still unclear how long it may take to form an adaptive response to low (50–150 mM NaCl) and moderate (200 mM NaCl) salinity. Another question is whether the mechanisms of adaptation to 200 mM NaCl are the same as those to low salinity, or is a different mechanism triggered by the rapid accumulation of Na+ and its concentration approaching toxic levels? The study and determination of the duration and mechanisms of the formation of adaptive responses of halophytes to different salinity levels are necessary in order to improve approaches to increasing yields on saline soils (Zelm et al., 2020). We aimed to study the impact of 4- and 10-day treatments with low (100 mM NaCl) and moderate (200 mM NaCl) salinity on growth and photosynthetic processes to determine the duration and intensity of salinity required for the formation of an adaptive response of the C4 halophyte K. prostrata.



Materials and methods


Plant material and growth conditions

Seeds of K. prostrata (L.) Schrad. (forage kochia, B. prostrata (L.) A.J. Scott) were germinated on filter paper soaked in distilled water within 2–4 days. After that, the seedlings were transplanted to perlite in plastic pots of 24-cm length, 20-cm width, and 10-cm depth, with 20 seedlings per pot. Each plastic pot was placed on a separate plastic tray. During the next 30 days, the seedlings were grown using the nutrient solution 50% Hoagland, which was added to each plastic tray. The seedlings were grown in two separated climate chambers under circadian illumination (using commercial luminescent white light tubes): 8 h dark/16 h light (200 μmol/(m2 s) PAR, light meter LI-250A (Li-Cor, USA)) and 26 ± 2°C temperature. Experimental solutions of 100 mM NaCl and 200 mM NaCl were prepared on the basis of a 50% Hoagland solution. All solutions were added to a plastic tray. Plants were treated with NaCl for 4 and 10 days.



Dry biomass and water content

At the end of the experiment, water content (W, g H2O g−1 DW) was assessed for the shoots in all the groups. Biomass was estimated for fresh (FW) and dry shoots (DW). Plant samples were dried at 80°C for 2 days until they reached a constant mass in order to measure quantitatively the dry shoot matter. The water content in the shoots for each treatment and control group was calculated as W = (FW − DW)/DW. Relative growth rate (RGR) between fourth and 10th days was calculated as RGR = (ln DW2 − ln DW1)/(t2 − t1), where DW1—dry weight at fourth day of treatment, DW2—dry weight at 10th day of treatment, t1— 4 days, and t2—10 days.



Proline, Na+, and K+ ions contents

Free proline was determined according to Bates et al. (1973) with modifications. Dry shoot samples (0.2 g) from each group were homogenized in 2 ml of boiling distilled water, heated at 100°C for 10 min in a water bath, and then the homogenates were centrifuged (5 min, 14,000g). Approximately 1 ml of homogenate was reacted with 1 ml acidic ninhydrin (ninhydrin 1% (w/v) in glacial acetic acid 60% (v/v), 6 M orthophosphoric acid 40% (v/v)), and 1 ml glacial acetic acid in a tube for 1 h at 100°C in a water bath, and the reaction terminated in an ice bath. The mixtures were read at 520 nm using a Genesis 10 UV Scanning spectrophotometer (Thermo Scientific, USA). Proline concentrations were determined using a calibration curve and expressed as mmol g−1 DW. Na+ and K+ contents in the shoots were determined in water extracts from 100 mg dry samples on the flame photometer FPA-2-01 (AOOT ZOMZ, Russia), and expressed as mmol g−1 DW.



CO2/H2O gas exchange

The CO2/H2O exchange was analyzed by placing a leaf segment into a temperature-controlled leaf chamber (26°C) where the sample was illuminated (1,200 µE PAR) through a fiber-optic light guide from a KL 1500LCD light source (Schott, Germany). The steady-state CO2/H2O exchange rates at the leaf–air interface were measured with a single-channel LI-820 infrared gas analyzer (LI-COR, USA) in the open-circuit mode. The leaf transpiration (E) was calculated from the difference in gas humidity at the inlet and outlet of the leaf chamber. In this experimental system, the humidity of gas flow at the entrance to the leaf chamber was kept constant at a known level using an LI-610 dew point generator (LI-COR). Humidity at the exit of the leaf chamber was determined with an HMP50 psychrometric sensor (Vaisala INTERCAP, Finland). Injected gas was atmospheric air preliminarily drawn into a 60-L polyethylene gasholder. A flow rate of 100 ml/min ensured continuous operation of the installation for 8 h. The mixing unit of the gas circuit made it possible to maintain a СО2 concentration of 400 ppm in the air flow supplied to the leaf chamber. After determining the photosynthetic CO2/H2O exchange, the light was switched off to measure the steady-state dark respiration (Rd) of leaves (Voronin, 2014). Water use efficiency (WUE, A/E) was calculated as the ratio of apparent photosynthetic assimilation (A) to the transpiration rate (E). А, Е, WUE, and Rd were measured at current (400 ppm) atmospheric concentration in the measuring chamber and low (200 ppm) СО2 concentration that existed in ancient times when evolution of the C4 lines occurred during 30 million years; this enabled us in the course of experiment to control stomatal opening, assess sensitivity of stomatal apparatus to external effects (Osborne and Sack, 2012; Taylor et al., 2018) and differentiate between stomatal and metabolic contributions to salt tolerance.



Photosystem I

The redox potential changes of chlorophyll P700 were measured by monitoring the leaf absorbance at 820 nm using a dual-wavelength ED-P700DW pulse-modulated system (Walz, Germany) in combination with a PAM 101 fluorometer (Walz) (Klughammer and Schreiber, 1998). The kinetics of P700 oxidation were measured under illumination with far-red light (720 nm, 17.2 W m−2). The level of maximum P700 oxidation was determined by applying the flash from a xenon gas-discharge lamp (50 ms, 1,500 W m−2; Walz) in the presence of far-red light. The PS I cyclic electron transport activity was measured as the P700 oxidation kinetics in response to far-red illumination by monitoring changes in leaf absorbance (Nakamura et al., 2013).



Photosystem II

The quantum yield of PS II photoreaction in dark adapted (20 min) leaves was determined with a pulse-amplitude-modulated chlorophyll fluorometer (PAM 101, Walz) (Schreiber, 1997). The ratio of variable to maximum chlorophyll a fluorescence (Fv/Fm) was used as a measure of the maximum quantum yield of the PS II reaction. During measurements, the sample was illuminated with weakly modulated red light. The output signal of PAM 101 was processed with an analog–digital convertor (PDA-100, Walz) and displayed on a computer. The potential photosynthetic efficiency of dark-adapted leaves was estimated from the values of minimal (F0) and maximal (Fm) fluorescence using an expression: Fv/Fm = (Fm − F0)/Fm. Effective quantum yield (efficiency) of PS II photochemistry at a given light intensity was calculated as ФPSII = Fq’/Fm’, where Fq’ is the photochemical quenching fluorescence by an open PS II reaction center and Fm’ is the maximum fluorescence from a light-adapted leaf. Non-photochemical quenching of chlorophyll a fluorescence was calculated as NPQ = (Fm − Fm’)/Fm’.



Protein extraction and Western blotting

Contents of ribulose-1.5-bisphophate carboxylase/oxygenase (Rubisco) and phosphoenolpyruvate carboxylas (PEPC) proteins were determined by means of immunoblotting analysis (Pozhidaeva, 2011). Total protein was extracted from 0.3 g of frozen plant shoots using a precooled mortar and pestle in 1 ml of ice-cold 50 mM Tris–HCl buffer (pH 8.2) containing 10 mM MgCl2, 0.3 mM EDTA, 40 mg of polyvinylpyrrolidone, and 5 mM dithiothreitol. Homogenate was centrifuged at 12 000 g for 15 min at 4°C. Protein content was assayed by the method of Bradford (1976) with bovine serum albumin (Sigma-Aldrich, USA) as a standard. A total of 20 μg of total protein samples were mixed with an equal volume of 50 mM Tris–HCl buffer (pH 8.2) containing 2% SDS, 10% glycerol, 100 mM DTT, and 0.1% bromophenol blue, denatured for 5 min at 70°C, and separated on 10% SDS-PAGE according to Laemmli (1970) using markers of standard molecular mass (BioRad, USA). After electrophoresis, proteins were transferred to a nitrocellulose membrane with a pore diameter of 0.45 μm (Amersham, GE Healthcare, UK) using a wet blotting system (BioRad, USA) according to the standard protocol. Transfer of proteins to the membrane was checked using 0.5% Ponceau S staining. Blots were blocked for 30 min at room temperature in buffer containing 5% low-fat milk in 1× PBS, 0.1% Tween-20 and hybridized with commercial polyclonal antibodies for proteins of large subunit (L) of Rubisco at a dilution of 1:10,000 (RbcL, AS03 037, Agrisera, Sweden), PEPC at a dilution of 1:5,000 (AS09 458, Agrisera, Sweden) for 1 h. Immunoreactions were detected using peroxidase-conjugated anti-rabbit IgG horse radish antibodies (Agrisera, AS09 602). The blots were developed with fluorescent dyes luminol and coumaric acid (Sigma, USA) in the presence of hydrogen peroxide and signals were visualized by Retina XBE film (Germany). The intensity of Western blotting bands was assessed using ImageJ 1.37v software (USA) and expressed relative to the average level (n = 3) for control plants, taken as 100%. The analysis was repeated at least three times.



Antioxidant enzymes activity assay

Frozen plant shoots (0.3 g) were homogenized with a pre-chilled mortar and pestle in 0.1 M Tris–HCl (pH 7.4) containing 1 mM dithiothreitol (DTT), and 0.5 mM phenylmethylsulfonyl fluoride (PMSF) in DMSO. The homogenates were centrifuged at 10,000g for 15 min at 4°C. The supernatant was used for enzyme assays. Superoxide dismutase (SOD; EC 1.15.1.1) was determined with the 1.15 ml reaction mixture of 0.1 M Tris–HCl (pH 7.8), nitro blue tetrazolium (NBT, 50 μM), 10 mM L-methionine, 0.025% Triton X-100, 3 μM riboflavin, and 100 μl of enzyme extract based on the Beauchamp and Fridovich (1971) method. The absorbance was recorded at 560 nm after 2.5 min at the white light exposition (350 µmol m−2 s−1), and the SOD activity results were estimated as enzyme unit/mg protein. For detection of catalase (CAT; EC 1.11.1.6) activity, 100 μl of enzyme extract was combined with 2 ml of 0.1 M Tris–HCl (pH 7.4) and 0.5 ml of 0.1 M H2O2. Catalase activity was determined by a decrease in absorbance at 240 nm for 1 min due to H2O2 consumption (Aebi, 1984). The results were defined as µmol H2O2/(mg protein min).



Statistical analyses

All of the physiological measurements were performed seven times. Factor (ANOVA) analyses were made using SigmaPlot 12.0 software. The figures show the means of the obtained values and their standard errors. Differences were considered significant at P <0.05 (Tukey’s test). Multiple factor principal component analysis (PCA) was conducted using R software (version 3.6.1).




Results


Biomass and RGR

On the fourth day of both 100 and 200 mM NaCl treatments, there were no significant changes in the length of Kochia prostrata shoots, while the dry weight of the shoots decreased by 23%–25% (Figures 1A, B). At the 10th day of 100 mM NaCl a low relative growth rate (RGR from the fourth to 10th days of treatment) was observed, while at 200 mM NaCl RGR remained the same as in control plants (Figure 1C).




Figure 1 | Effect of 4- and 10-day treatments with low (100 mM NaCl) and moderate (200 mM NaCl) salinity on plant biomass of Kochia prostrata. (A) Shoot length. (B) Dry biomass. (C) Relative growth rate (RGR) between fourth and 10th days NaCl treatment. Values are means ± standard errors of one experiment with three biological replicates. The different letters show statistically different means at P ≤0.05 (Tukey test).





CO2/H2O gas exchange

The intensity of apparent photosynthesis (A, at 400 ppm CO2 concentration) decreased significantly by 30%–40% on the fourth day of both 100 and 200 mM NaCl treatments as compared with the control plants on the fourth day, but it did not differ significantly from the control plants on the 10th day (Figure 2A). Transpiration (E) at ambient CO2 (400 ppm) had increased by the fourth day of 100 mM NaCl treatment and decreased to the control level by the 10th day (Figure 2B). On the 10th day of treating plants with 200 mM NaCl, the transpiration was observed to have decreased by 30% as compared to the control plants. Measuring CO2/H2O gas exchange under conditions of low CO2 concentration (200 ppm) makes it possible to evaluate the stomatal limitations of photosynthesis. The intensity of apparent photosynthesis at 200 ppm CO2 decreased under all experimental conditions, while the expected increase in transpiration (associated with the artificial opening of stomata) took place only at 200 mM NaCl treatment: a 2.2-fold change was observed on the fourth day and a 4.3-fold one on the 10th day (Figures 2C, D. The change in the dark respiration intensity (Rd) at 400 ppm CO2 was observed on the fourth day of 200 mM NaCl treatment (38% increase). By the 10th day of both 100 mM NaCl and 200 mM NaCl treatments, Rd was at the level of the control plants (Figure 2E). Water use efficiency (A/E, 400 ppm CO2) significantly decreased (by 45%) by the fourth day of 100 mM NaCl treatment, while a 2-fold increase took place on the 10th day of 200 mM NaCl (Figure 2F).




Figure 2 | Effect of 4- and 10-day treatments with low (100 mM NaCl) and moderate (200 mM NaCl) salinity on CO2/H2O-gas exchange in Kochia prostrata shoots. (A) Apparent photosynthesis measured at 400 ppm CO2. (B) Transpiration intensity measured at 400 ppm CO2. (C) Apparent photosynthesis measured at 200 ppm CO2 (is expressed in percent of control at 400 ppm CO2). (D) Transpiration intensity measured at 200 ppm CO2 (is expressed in percent of control at 400 ppm CO2). (E) Dark respiration measured at 400 ppm CO2. (F) Water use efficiency (WUE) was calculated as the ratio of apparent photosynthesis  to the transpiration rate (A/E) at 400 ppm CO2. Values are means ± standard errors of one experiment with three biological replicates. The different letters show statistically different means at P ≤0.05 (Tukey test).





Photosystems I and II

Cyclic electron flow (CEF) around photosystem I (PS I) (measured as the time required to reach the maximum P700 oxidation level under far-red light) has been reduced by the fourth day of 100 NaCl treatment. Under all other treatments, the CEF remained at the level of the control plants (Figure 3A).




Figure 3 | Effect of 4- and 10-days treatments with low (100 mM NaCl) and moderate (200 mM NaCl) salinity on photosynthetic parameters in Kochia prostrata shoots. (A) P700—time required to reach the maximum P700 oxidation level under far-red light (PSI); (B) Fv/Fm—maximum quantum yield of PSII; (C) ФPSII—effective quantum yield of PSII at given light intensity; (D) NPQ—non-photochemical quenching of chlorophyll a fluorescence. Values are means ± standard errors of one experiment with three biological replicates. The different letters show statistically different means at P ≤0.05 (Tukey test).



The maximum quantum yield of PS II (Fv/Fm) characterized the functioning of noncyclic electron flow in the photosynthetic ETC. On the 10th day of 100 mM NaCl treatment, a decrease (by 17%) in PS II efficiency was observed, associated with a decrease (by 35%) in the effective quantum yield (ФPSII) and an increase (by 28%) in the intensity of non-photochemical quenching (NPQ) (Figures 3B–D). Under other treatments, the PS II efficiency remained at the level of the control plants (Figures 3B–D).



Western blot analysis

The amount of Rubisco increased almost two-fold by the fourth day of both 100 and 200 mM NaCl. On the 10th day of 100 mM NaCl, Rubisco content decreased back to control values, but at 10 days of 200 mM NaCl, Rubisco content remained at the level of the 4-day treatment (Figure 4A, Supplementary). On days 4 and 10 of 100 mM NaCl, PEPC content was observed to be 1.7–1.8-fold higher as compared with those control plants. Whereas at 200 mM NaCl, a gradual increase in PEPC content was observed, by 1.2-fold at day 4 and by 1.5-fold at day 10 (Figure 4A, Supplementary). However, the Rubisco/PEPC ratio did not differ from the control values (1.2 ± 0.2) on the fourth day of both 100 and 200 mM NaCl, whereas, on the 10th day of 100 mM NaCl, the Rubisco/PEPC ratio decreased to 0.8 (Figure 4B).




Figure 4 | Effect of 4- and 10-day treatments with low (100 mM NaCl) and moderate (200 mM NaCl) salinity on Rubisco and PEPC contents in Kochia prostrata shoots. (A) Western blots for two key photosynthetic enzymes from total proteins extracted from shoots of Kochia prostrata. (B) Rubisco/PEPC ratio in Kochia prostrata shoots. Blots were probed with antibodies raised against Rubisco (subunit L) and PEPC. Numbers at the left indicate molecular mass in kilodaltons. M, marker; C, Control; 1, 4 days of 100 mM NaCl treatment; 2, 4 days of 200 mM NaCl treatment; 3, 10 days of 100 mM NaCl treatment; 4, 10 days of 200 mM NaCl treatment. Relative content of photosynthesis enzymes is shown on the basis of intensity of Western blotting bands estimated using ImageJ 1.37v software (United States) and expressed relative to average level for control plants taken as 100%. Equal protein loading was checked by staining of blots with Ponceau. Values are means ± standard errors of one experiment with three biological replicates. The different letters show statistically different means at P ≤0.05 (Tukey test).





Water, proline, Na+, and K+ content, and SOD and CAT activity in shoots

The water content of K. prostrata shoots was significantly lower on the fourth day of 200 mM NaCl than on the fourth day of 100 mM NaCl. After a 10-day treatment, it decreased by 1.2 times at 100 mM NaCl and by 1.5 times at 200 mM NaCl as compared to the control plants (Figure 5A). The proline content on day 4 of 100 mM NaCl did not differ from the control level, while a 1.8-fold increase was observed on the fourth day of 200 mM NaCl treatment (Figure 5B). The proline content increased by 15% at day 10 of 100 mM NaCl and 4-fold decreased after a 10-day 200 mM NaCl treatment (Figure 5B).




Figure 5 | Effect of 4- and 10-day treatments with low (100 mM NaCl) and moderate (200 mM NaCl) salinity on the contents of water (A), proline (B), Na+ (C), and K+ (D), on the ratio of K+/Na+ (E) and on activities of catalase (F) and SOD (G) in Kochia prostrata shoots. Values are means ± standard errors of one experiment with three biological replicates. The different letters show statistically different means at P ≤0.05 (Tukey test).



Na+ accumulated 2-fold faster at 200 mM NaCl than at 100 mM NaCl. Thus, after 4 days of 100 mM NaCl treatment, Na+ content in K. prostrata shoots did not differ from the control plants, but at 200 mM NaCl it became two-fold higher. By the 10th day of treatment Na+ content was 4.5-fold higher at 100 mM NaCl, and 8.3-fold higher at 200 mM NaCl as compared to the control level (Figure 5C). After 4 days of 100 and 200 mM NaCl treatment K+ content did not differ from the control values and remained at the same level with further exposure to salinity, whereas control plants accumulated potassium 1.2-fold more by the 10th day of treatments (Figure 5D). K+/Na+ ratio decreased significantly under salinity; the change was especially significant at 200 mM NaCl treatment. Thus, in control plants K+/Na+ was 2.07 ± 0.01 and decreased to 1.6 and 1.0 by the fourth day of 100 and 200 mM NaCl, and 0.4 and 0.2 by the 10th day of 100 and 200 mM NaCl treatments, respectively (Figure 5E).

The activity of SOD and CAT did not change during 4–10 day periods under both 100 and 200 mM NaCl treatments (Figures 5F, G).



Principal component analysis

Analysis of adaptation to a low (100 mM NaCl) salinity revealed that apparent photosynthesis, WUE, and key photosynthetic enzyme content (Rubisco and PEPC) played a major role in the 4-day treatment (PC2, Figure 6A, Table 1). Then, up to the 10th day of the procedure, the accumulation of osmolytes (sodium and proline) and the K+/Na+ ratio become especially significant (PC1, Figure 6A, Table 1). The first two principal components (PC1 and PC2) were enough to explain 66.03% of the pattern variation. There was a positive correlation between the accumulations of proline and sodium and a negative correlation between their contents and PS II efficiency and Rubisco/PEPC ratio (Figure 6B).




Figure 6 | Principle component analysis (PCA) (A) score plot and (B) multiple correlation of the physiological data of Kochia prostrata on the fourth and 10th days of low (100 mM NaCl) salinity. 1, Control; 2, 4 days treatment; 3, 10 days treatment. Parameters abbreviations are listed in Table 1.




Table 1 | Factor loading of morphophysiological and biochemical parameters on the main components (PC1 and PC2) of principal component analysis of C4 halophyte Kochia prostrata under 4- and 10-day treatments with low (100 mM NaCl) and moderate (200 mM NaCl) salinity.



Analysis of adaptation to a moderate (200 mM NaCl) salinity showed that the potassium content, apparent photosynthesis, and Rubisco content played key roles at 4 days of treatment (PC2, Figure 7A, Table 1). After 10 days of salinity, the sodium and proline concentrations, K+/Na+ ratio, transpiration and WUE become more significant (PC1, Figure 7A, Table 1). The first two principal components (PC1 and PC2) were enough to explain 67.7% of the pattern variation. A positive correlation between the Na+ accumulation, Rubisco and PEPC contents, and WUE was observed (Figure 7B). However, under moderate salinity, the proline content appeared to negatively correlate with Na+ content (which is opposed to this correlation under low salinity). Negative correlation of the K+/Na+ ratio, water content and transpiration rate with the sodium accumulation was observed under both low and moderate salinity (Figure 7B).




Figure 7 | Principle component analysis (PCA) (A) score plot and (B) multiple correlation of the physiological data of Kochia prostrata on the fourth and 10th days of moderate (200 mM NaCl) salinity. 1, Control; 2, 4 days treatment; 3, 10 days treatment. Parameters abbreviations are listed in Table 1.



Total PCA showed differences in the way K. prostrata plants respond to the duration and intensity of salinity. Significant factors in the division of K. prostrata reactions to 100 and 200 mM NaCl were associated with the efficiency of photosynthesis: PS II efficiency, content of the main C4 photosynthetic enzyme PEPC, and Rubisco/PEPC ratio (PC2, Figure 8, Table 1). Plants after 10 days of 200 mM NaCl treatment were clearly distinguished: a significant role was played by factors associated with the water-salt balance, namely, the main osmolyte (Na+) accumulation, changes in the K+/Na+ ratio, transpiration, WUE, water and proline contents (PC1, Figure 8, Table 1). The first two principal components (PC1 and PC2) were enough to explain 54.59% of the pattern variation.




Figure 8 | Principle component analysis (PCA) of the physiological data of Kochia prostrata on the fourth and 10th days of low (100 mM NaCl) and moderate (200 mM NaCl) salinity. 1, Control; 2, 4 days of 100 mM NaCl treatment; 3, 4 days of 200 mM NaCl treatment; 4, 10 days of 100 mM NaCl treatment; 5, 10 days of 200 mM NaCl treatment. Parameters abbreviations are listed in Table 1.






Discussion


Response to 4–10 days of 100 мМ NaCl treatment

Salinity exposure inhibits plant growth, primarily due to the decrease in photosynthesis. Reduced CO2 assimilation rates may be caused by stomatal or non-stomatal limitations (Chaves et al., 2009; Pan et al., 2020). Absence of the effect of opening stomata at low CO2 (200 ppm) and decreased WUE indicate non-stomatal limitations of photosynthesis in K. prostrata after 4 days of 100 mM NaCl (Figure 2). However, the Na+ accumulation, changes in the K+/Na+ ratio and antioxidant enzymes activity in shoots were no observed under these conditions (Figure 5), although negative effects of non-stomatal limitations are usually considered as results of progressive Na+ accumulation, ionic ion imbalances in leaf, and an increase in the production of reactive oxygen species (ROS) (Pan et al., 2020). Proline accumulation in K. prostrata took place only after 10 days of salinity (by 1.8 times, Figure 5B), which is probably associated with sodium accumulation and osmotic potential regulation (Figure 6B).

Salt stress disrupts the delicate balance between photosynthetic electron transport and Calvin cycle reactions, which results in over-regeneration and an excess of energy within thylakoids. Excess energy can cause the overproduction of ROS and lead to photoinhibition of both photosystems (PS I and II) (Asada, 2006; Cerqueira et al., 2019). In K. prostrata, the decreased cyclic electron flow (CEF) around PS I was observed after 4 days of low salinity (Figure 3A). In C4 species, CO2 fixation requires more ATP than in C3 plants, since both the C3 and C4 cycles are functionally active there. Additional ATP is assumed to be produced by CEF due to the pH gradient being generated on the thylakoid membrane without NADPH being formed (Asada, 2000; Nakamura et al., 2013). In addition, CEF may play an important role in protecting photosystems from stromal hyperreduction-induced damage (Yamori et al., 2011; Yamori and Shikanai, 2016). It has been shown that CEF could take part in protecting the photosynthetic electron transport chain from the damage caused by drought in the maize (C4 species) (Zhou et al., 2019) and salinity (100 mM NaCl) in Jatropha curcas (CAM species) (Cerqueira et al., 2019). Perhaps, the decrease in CEF observed in K. prostrata under low salinity conditions is the result of the photosynthetic imbalance at the initial stage of salinity (4 days). After 10 days of salinity exposure CEF appeared to restore up to the control level. At the same time, a decrease in PS II efficiency took place at this stage due to photochemical quenching of chlorophyll fluorescence (NPQ) having increased (Figure 3D).

A 4-day 100mM NaCl treatment affected the content of photosynthetic enzymes Rubisco and PEPC in K. prostrata (Figure 4A). An increase in Rubisco content was observed in halophyte Suaeda salsa at 100–200 mM NaCl (Li et al., 2011), and in K. foliatum at 400–500 mM NaCl (Gong et al., 2018). At the same time, in C4 A. lentiformis, Rubisco activity remained constant, but PEPC activity increased in parallel with increasing salinity (Zhu and Meinzer, 1999). However, neither noticeable Na+ accumulation nor changes in the K+/Na+ ratio were observed in K. prostrata after 4 days of low salinity treatment (Figure 5). We assumed that an increase in Rubisco and PEPC content is associated with changes in CEF activity (Figures 3A, 4A). After 10 days of salinity treatment, there was a significant decrease in the Rubisco/PEPC ratio (to 0.8) accompanied by an increase in CEF (Figures 3A, 4B).

Thus, at low salinity levels, the decrease in biomass and significant changes in gas exchange parameters and photosynthetic enzyme content of K. prostrata were observed. However, after 4 days of salinity, the most significant reactions were a decrease in apparent photosynthesis and WUE, and an increase in Rubisco and PEPC contents (PC2, Figure 6A, Table 1), against the background of an unchanged level of Na+ and proline content in the shoots. By the 10th day of salinity, there was an accumulation of Na+ and proline in the shoots, which is necessary to stabilize PS I functioning and to reduce the Rubisco/PEPC ratio towards strengthening the C4 cycle. Plants grown at 50–100 mM NaCl salinity are considered an intermediate between osmotic stress and osmotic shock, when plants can cope with moderate adjustments in cell turgor and osmolarity without rapid activation of genes associated with osmotic and salt tolerance (Shavrukov, 2013). The stability of water and ion balance in K. prostrata reached by the fourth day of 100 mM NaCl treatment indicates the absence of any osmotic or salt shock. However, the changes observed in CEF PS I and the main photosynthetic enzyme content indicate an imbalance between photosynthetic electron transport and biochemical reactions that led to a decrease in the biomass and apparent photosynthesis in K. prostrata. The disturbances in photosynthetic electron transport may be caused by changes in cellular pH and ionic homeostasis, which have been triggered by early salinity signals (early sodium signaling wave) (Zelm et al., 2020). Changes in the content of key photosynthetic enzymes may be considered as a response to the restoration of the balance.



Response to 4–10-days of 200 мМ NaCl treatment

The obtained data concerning the impact of moderate salinity on K. prostrata showed a decrease in biomass and intensity of apparent photosynthesis after 4 days of treatment and a recovery of RGR from the fourth to the 10th day of salinity (Figures 1, 2). By the 10th day of 200 mM NaCl treatment at atmospheric CO2 concentration (400 ppm) the transpiration intensity has gradually decreased. At the same time, a 2–4-fold increase in transpiration was revealed to take place during the artificial opening of stomata (200 ppm CO2), which indicates the stomatal limitations of photosynthesis in K. prostrata (Figure 2). It is known that salinity immediately affects stomatal conductivity, induced by disturbed water relations and local ABA synthesis (Pan et al., 2020). The first phase of salinity normally exhibits osmotic stress, which takes place when the roots make contact with a saline substrate (Shavrukov, 2013). In K. prostrata, a gradual (1.5–2-fold) decrease in the transpiration intensity (Figure 2B), a decrease (20%–50%) in the water content (Figure 5A), and an increase (up to two times) in WUE (Figure 2F) may indicate the action of the osmotic component at 200 mM NaCl salinity. The increase in dark respiration after 4 days of moderate salinity (Figure 2E) may be considered as a dissipation of excess energy caused by a change in the ratio of CO2 assimilation to PS II efficiency, when CO2 assimilation decreased (Figure 2A), but photosystems functioned stably (Figure 3). In addition, the energy can be redirected to a twofold increase in proline synthesis (Figure 5B). It is known that P5CS1 (stress-specific isoform of proline) is localized in the cytosol and chloroplast (Szabados and Savoure, 2010; Kaur and Asthir, 2015). In chloroplasts, NADPH for P5CS1 synthesis comes from the photosynthetic electron transport chain (Liang et al., 2013; Shuyskaya et al., 2020b).

An increase in the content of photosynthetic enzymes (Rubisco and PEPC) in K. prostrata under moderate salinity was revealed to be associated with leaf Na+ accumulation (Figure 7B). In other words, an ion-specific effect is observed. A linear dependence between PEPC activity and the Na+ accumulation in leaves has been found in the C4 species Kochia sieversiana at 200 mM NaCl salinity (Ma et al., 2016). Such a fast increase in Rubisco content (as compared to that in PEPC) under salinity might be explained by Rubisco localization in bundle sheath cells in C4 species. These cells are adjacent to xylem and are characterized by a higher salt concentration than mesophyll cells, i.e., the cells that include PEPС (Bose et al., 2017). At 200 mM NaCl salinity, a rapid Na+ accumulation and a corresponding decrease in the K+/Na+ ratio were accompanied by a decrease in water content in K. prostrata (Figures 5, 7B). Proline content doubled after 4 days of salinity (Figure 5B), which might be conditioned by its osmoregulatory function (Szabados and Savoure, 2010). After 10 days of moderate salinity, a sharp decrease in the proline content was observed (up to 6 times compared to the 4-day salinity) (Figure 5B). At the same time, the RGR of K. prostrata was restored to the control level (Figure 1C). Proline degradation is known to occur in mitochondria and provides the energy function of the oxidative pentose phosphate pathway (OPPP). Therefore, this process contributes to the energy supply for the recovery of plant growth after stress (Szabados and Savoure, 2010). In addition, since proline synthesis generates NADP+, and during proline oxidation NADPH is produced, the proline biosynthesis and degradation cycle is critical for redox buffering in various cellular organelles (Hare et al., 2003). Thus, at moderate salinity (200 mM NaCl), K. prostrata exhibits the reaction that is “typical” for salt-tolerant species. It was shown that in halophytes, salinity >100–150 mM NaCl rapidly activates many genes in response to osmotic shock and damage to the plasma membrane in root cells as well as to ion stress in shoot cells (Munns and Tester, 2008; Shavrukov, 2013). The present research showed that a 4-day salinity treatment results in a decrease in dry biomass and apparent photosynthesis. These consequences may be associated with an increase in sensitivity of stomata and in energy dissipation during dark respiration of K. prostrata (Figures 1, 2). Active Na+ accumulation was accompanied by an elevated content of photosynthetic enzymes and WUE (Figure 7B). Multiple changes in the proline content and its positive correlation with Rd intensity (Figures 5B, 7B) indicate that the proline actively takes part in metabolic flows in the cell. The total PCA clearly separated the 10-day treated plants with 200 mM NaCl from other experimental plant groups (Figure 8). It is the rapid Na+ accumulation, the active participation of proline, and an increase in WUE that contributed to the formation of a full-fledged adaptive response. During this CO2/H2O gas exchange, Rubisco and PEPC contents were stabilized due to stomatal regulation and led to biomass growth recovery back to control level.

In conclusion, the present study first revealed different types of response patterns of the C4 halophyte K. prostrata to low and moderate salinity on photosynthetic processes. New data were obtained on the imbalance between light and dark reactions of photosynthesis on the fourth day at low salinity (100 mM NaCl), which may indicate early salinity signaling in K. prostrata, in the absence of osmotic and ionic toxic stress (unchanged water and Na+ contents in shoots, increased transpiration, open stomata). In contrast, at moderate salinity (200 mM NaCl) in K. prostrata, there was a long-term effect of the osmotic component of salinity (stomatal limitations of photosynthesis, decreased water content in the shoots), and not the ionic one, despite a significant (4–8-fold) Na+ accumulation in the shoots. A decrease in dark respiration intensity, proline content in shoots, and an increase in water use efficiency and growth rate by the 10th day of 200 mM NaCl treatment point to the formation of a full-fledged adaptive response in K. prostrata. Our data on differences in responses to low and moderate salinity in K. prostrata, associated with the rate of sodium and proline accumulation in shoots, stomata sensitivity and dark respiration, the balance of light and dark reactions of photosynthesis, add new highlights to our understanding of the realization of different mechanisms of plant salt tolerance under various salinities.
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Salt stress hampers plant growth and development through both osmotic and ionic imbalances. One of the key players in modulating physiological responses towards salinity is the plant hormone abscisic acid (ABA). How plants cope with salinity largely depends on the magnitude of the soil salt content (stress severity), but also on age-related developmental processes (ontogeny). Here we studied how ABA directs salt stress responses in tomato plants for both mild and severe salt stress in leaves of different ages. We used the ABA-deficient mutant notabilis, which contains a null-mutation in the gene of a rate-limiting ABA biosynthesis enzyme 9-cis-epoxycarotenoid dioxygenase (NCED1), leading to impaired stomatal closure. We showed that both old and young leaves of notabilis plants keep a steady-state transpiration and photosynthesis rate during salt stress, probably due to their dysfunctional stomatal closure. At the whole plant level, transpiration declined similar to the wild-type, impacting final growth. Notabilis leaves were able to produce osmolytes and accumulate ions in a similar way as wild-type plants, but accumulated more proline, indicating that osmotic responses were not impaired by the NCED1 mutation. Besides NCED1, also NCED2 and NCED6 are strongly upregulated under salt stress, which could explain why the notabilis mutant did not show a lower ABA content upon salt stress, except in young leaves. This might be indicative of a salt-mediated feedback mechanism on NCED2/6 in notabilis and might explain why notabilis plants seem to perform better under salt stress compared to wild-type plants with respect to biomass and water content accumulation.
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Introduction

The sessile nature of plants forces them to cope with a constantly changing and often hostile environment that hampers growth and development. Salt stress is one of the most important and rapidly emerging plant stressors worldwide (Munns and Tester, 2008; Jamil et al., 2011; Zhu, 2016). Most salt-affected soils have an excess of sodium chloride and provoke a complex biphasic stress response in plants, characterized by altered osmotic and ion balances (Farooq et al., 2017). Despite inherent coping mechanisms, high salinity levels are detrimental to plant growth, development, and thus agricultural productivity (Rengasamy, 2006; Munns and Tester, 2008).

Salt stress evokes a complex interplay between an initial osmotic, and after prolonged exposure, a secondary ion toxicity stress in plants (van Zelm et al., 2020). Although this biphasic response implies temporal separation of sensing fast osmotic changes and subsequent sodium cytotoxicity, actual sodium sensing can occur before the onset of cytotoxicity as indicated by rapid sodium-specific changes in root growth directionality, c.f. halotropism (Munns and Tester, 2008; Galvan-Ampudia et al., 2013). Recent advances indicate that salt stress responses can be signaled by osmotic- and sodium sensors via the hyperosmolality-gated Ca2+ permeable channel (OSCA1) and the monocation-induced Ca2+ increases 1 (MOCA1), respectively (Yuan et al., 2014; Jiang et al., 2019; Zhang et al., 2020). Furthermore, prolonged sodium exposure can induce destabilization of cell wall pectin crosslinking, which can be perceived by the receptor-like kinase (RLK) FERONIA (FER) (Dinneny et al., 2008; Voxeur and Höfte, 2016; Feng et al., 2018).

Osmotic and sodium sensing implies a cytosolic influx of Ca2+and subsequent salt stress-specific Ca2+ signature, which acts as a secondary messenger to trigger downstream salt stress signaling cascades (Jiang et al., 2019; Zhang et al., 2020). Together with reactive oxygen species (ROS), which accumulate under salt stress, a continuous symplastic progression of Ca2+ and ROS waves propagate stress signals to provoke long-distance root-to-shoot and leaf-to-leaf communication (Dat et al., 2000; Choudhury et al., 2017; Devireddy et al., 2018; Wu et al., 2020; Zandalinas et al., 2020). These signals ultimately activate a variety of physiological responses to cope with and survive salt stress (Munns and Tester, 2008; Horie et al., 2012; Park et al., 2016; Yang and Guo, 2018a). Phytohormones, such as abscisic acid (ABA), ethylene, jasmonic acid (JA) and salicylic acid (SA) play a crucial role in coordinating these responses (Verma et al., 2016; Yu et al., 2020). ABA is believed to be a key regulator during salt stress, functioning as a central hub that links environmental cues with endogenous developmental processes (Yu et al., 2020).

Under normal conditions, ABA is maintained at a low level to ensure optimal plant growth and development (Finkelstein, 2013; Yoshida et al., 2015). However, under salt stress, endogenous ABA levels increase rapidly as a consequence of calcium- and ROS-triggered transcriptional up- and downregulation of ABA biosynthesis and catabolism genes respectively (Mulholland et al., 2003; Xiong and Zhu, 2003; Barrero et al., 2006; Golldack et al., 2014; Ismail et al., 2014; Ruiz-Sola et al., 2014; Chen et al., 2020). Moreover, ABA immobilization by protonation in chloride-induced acidification of the cytoplasm can lead to ABA accumulation during NaCl induced salt stress (Geilfus et al., 2015). Nevertheless, upregulation of the rate-limiting ABA biosynthesis gene 9-cis-epoxycarotenoid dioxygenase (NCED) plays a crucial role in the fast accumulation of ABA in roots and leaves upon osmotic stress sensing (Xiong and Zhu, 2003). Through ABA-signaling, specific ABA RESPONSIVE ELEMENT-BINDING FACTOR (ABF) transcription factors and additional salt-stress transcription factors (e.g. MYB-, MYC-, NAC-, AP2/ERF-, HD-Zip- and WRKY-type families) control downstream stress-responsive genes (Lan Thi Hoang et al., 2017).

During salt stress, stomatal closure, osmolyte production and ion-transport are three prime physiological plant responses, which could function under control of ABA. ABA modulates ion fluxes of guard cells by Ca2+-dependent and independent pathways leading to a decrease in turgor pressure and subsequent stomatal closure to prevent water loss by transpiration (Chen et al., 2020; Bharath et al., 2021). Moreover, the accumulation of osmolytes, such as proline and glycine betaine, aid plants in coping with salt stress by increasing the cellular osmotic pressure and maintaining turgor (Sharma et al., 2019). ABA plays a significant role in regulating proline biosynthesis by modulating pyrroline-5-carboxylate synthase (P5CS) and P5C reductase (P5CR) (Sripinyowanich et al., 2013; Pál et al., 2018). Furthermore, ABA also plays a role in the biosynthesis of other osmolytes such as polyamines and sugars (Thalmann et al., 2016; Golestan Hashemi et al., 2018). During salt stress, cytotoxic sodium levels hamper ion homeostasis, leading to nutrient deficiencies, in particular K+ deficiency, and subsequent deterioration of plant growth (Wang et al., 2013). ABA modulates Ca2+ influx at the plasma membrane, which induces the salt overly sensitive (SOS) pathway, leading to sodium export from roots (Edel and Kudla, 2016). Moreover, ABA stimulates the deposition of suberin at the endodermis to hamper apoplastic Na+ migration towards the stele (Barberon et al., 2016; Doblas et al., 2017). Finally, ABA promotes cytosolic K+ influx by activating potassium import channels KAT1 and AKT1 (Osakabe et al., 2014; Yang and Guo, 2018b).

The success of salt stress coping mechanisms in retaining plant growth and survival vastly depends on stress severity and plant or leaf age (ontogeny). Most salt-affected soils are only mildly saline (Omuto et al., 2020), which does not evoke visible salinity symptoms, yet leads to yield losses (Machado and Serralheiro, 2017; Zörb et al., 2019). Furthermore, age-related elements can mask unknown developmentally controlled adaptation responses towards abiotic stress (Rankenberg et al., 2021). Although these under-explored factors (mild salinity and ontogeny) are important to understand to grasp the holistic coping mechanisms of plants towards salt stress they are often neglected in research (Mulholland et al., 2003; Amjad et al., 2014; Raziq et al., 2022). How ABA relates to stress severity and whether it functions in an age-dependent way under salt stress is studied here.



Materials and methods


Plant material and growth conditions

Seeds of tomato cultivar Ailsa craig (Solanum lycopersicum) and notabilis, harboring a null mutation in the NCED1 gene in the Ailsa craig background, were germinated in soil and after 14 days transferred to Rockwool blocks. Plants were grown in a controlled greenhouse with relative humidity set to be 70% and 65% during the day (6 am – 10 pm) and night respectively, and a minimum temperature of 17°C and ventilated once exceeded 18°C. When irradiation levels were below 250 W/m2, additional light was provided with SON-T lamps (Phillips). Plant nutrition was given by supplementing a fertigation solution with an electrical conductivity (EC) of 2.5 dS/m and a pH of 5.75. The nutrient solution was composed of K+ 9.1 mM, Ca2+ 6.5 mM, Mg2+ 1.95 mM, ,, , , Zn2+ 8.6 µM, Cu2+ 2.6 µM, Mn2+ 139.8 µM, , Fe2+ 79.9 µM. Fertigation frequency was programmed as follows: (1) every 45 minutes between 7 and 10 am, or 30 minutes when radiation exceeds 250 W/m2; (2) every 60 minutes between 10 am and 1 pm, or 45 minutes when radiation exceeds 250 W/m2.; (3) every 60 minutes between 1 and 5 pm, or 45 minutes when the radiation sum exceeds 150 J/cm2.



Salt treatment and real-time EC measurements

Tomato plants at the eight-leaf stage were divided into three treatment groups: control, mild and severe salt stress. Each group contained 10 plants (n = 10) and was randomized in the greenhouse to minimize position and micro-climate effects. The control solution (EC 2.5 dS/m) was supplemented with a concentrated NaCl stock solution (6.16 M) to reach mild salinity (EC of 5 dS/m; [NaCl] = 47 mM) and sever salinity (10 dS/m; [NaCl] = 94 mM). The treatments started at 10 AM with 5-minutes of continuous drip irrigation to ensure the Rockwool blocks were drained and saturated with salt solution. Subsequently, the salt treatment was applied for 7 days by providing automated drip irrigation as described above.

The EC of the Rockwool block of one plant per treatment was monitored with an EC sensor (GS3 and Terros12, Meter). These sensors were first calibrated by saturating Rockwool blocks with known fertigation solutions with an EC ranging from 0 dS/m – 15 dS/m in steps of 2.5 dS/m. Rockwool blocks were air-dried on lysimeters to obtain real-time volumetric water content (VWC) measurements. When dried, the relationship between real-time VWC and known EC and raw sensor VWC and EC was calculated using the bulk and pore water EC relationship formulas as indicated by the work of (Hilhorst, 2000), specifically for Rockwool substrate.



Genotyping

DNA was extracted from 50 mg snap-frozen pulverized fresh leaf material using the E.Z.N.A.® SP Plant DNA Kit (Omega Biotek). Next, the quality and concentration of the extracted DNA were assessed using the Nanodrop 2000 (Thermo Fisher Scientific). Afterward, a polymerase chain reaction (PCR) was performed to amplify a 500 bp amplicon, flanking the NCED1 mutation, using DreamTaq Green PCR Master Mix (2X) (Thermo Scientific) and specific forward (CTTGAACACCCTTTGCCGAA) and reverse (GAAACTGGGTCGAGCTTTGG) primers (IDT). Samples with a verified amplicon length, using gel electrophoresis, were gel-extracted and sequenced (LGC genomics).



Protein sequence alignment and phylogenetic analysis

Candidate NCED protein sequences were retrieved by blast using the NCED1 (Solyc07g056570) as a query on the SolGenomics website, using the tomato genome (release ITAG 4.0), and arabidopsis.org website, using the Arabidopsis genome (release Araport 11). Retrieved CCD and NCED protein sequences of tomato and Arabidopsis were aligned in Geneious (v10.2.2) using the MUSCLE (v3.8.425) tool. The phylogenetic tree was built in Geneious using the Jukes-Cantor genetic distance model and bootstrapping (1000 replicates).



Plant biometry and real-time plant transpiration

For each plant (n = 10 biological replicates) per treatment (control, mild and severe salinity), stem growth, and above-ground plant fresh and dry weight were recorded. Whole plant transpiration of individual plants was inferred from real-time lysimeters, consisting of 30 custom-made scales with a logging frequency of 30 s. These scales are composed of a 5 kg load cell controlled by a microcontroller (Arduino Uno). The scale housing contains a drain to remove excess irrigation solution, and Rockwool blocks were encapsulated with aluminum foil to prevent evaporation. Raw transpiration data was analyzed using an R-script that removes irrigation points, calculates, and models weight loss over time, and generates a transpiration curve based on the first derivative of the latter. Daily transpiration rates were calculated by integration of the area underneath the diurnal transpiration rate curves.



Leaf biometry, transpiration and CO2 gas exchange

To incorporate ontogenetic responses, we analyzed leaf numbers 3 and 8, starting to count from the oldest leaf (bottom) upwards, omitting the two cotyledons, for each plant (n = 10 biological replicates per treatment). These leaf ages represent old (no. 3) and young leaves (no. 8). Individual leaf fresh and dry weight was measured at the end of the experiment. Leaf area was quantified at the end of the experiment (day 7) through analysis of top view images (Nikon D3200) using ImageJ. Leaf photosynthesis and transpiration rate were determined for individual leaflet patches with an LCi compact portable photosynthesis system (ADC Bioscientific).



Leaf osmolality

The total osmolality of old and young leaves (n = 10 biological replicates) per treatment was quantified by taking the supernatant of snap-frozen and pulverized fresh leaf samples after centrifugation at 17.000 x g for 20 min. The osmolality of 50 µL leaf sap was measured using a freezing point osmometer (Osmomat 3000, Gonotec).



Leaf proline content

Proline content of old and young leaves (n = 10 biological replicates) per treatment was quantified using a spectrophotometric method based on the reaction with ninhydrin (2,2-dihydroxyindane-1,3-dione) in an acidic medium, as described by Ábrahám et al. (2010), with slight modifications. First, proline was extracted from 50 mg of snap-frozen pulverized fresh leaf material using 25 µL pure ethanol. After homogenization by vortexing, the samples were incubated at 65°C on a shaking heat block for 20 min and centrifuged for 5 min at 17.000 x g. Next, the coloring reaction was done by adding 50 µL of the supernatant to 100 µL of the freshly made reaction mix, comprised of 1% (w/v) ninhydrin dissolved in 60% (v/v) acetic acid and 20% (v/v) ethanol. After homogenization, the samples were placed in a shaking heat block at 95°C for 20 minutes, covered with aluminum foil to avoid ninhydrin degradation by light. The reaction was immediately stopped on ice and centrifuged for 1 min at 2500 rpm at 4°C. Finally, 100 μL of supernatant was transferred to a 96-well microtiter plate and absorbance was measured at 509 nm using a plate spectrophotometer (Spectramax 384 plus, Molecular Devices).



Leaf ion content

For ion analysis, 125 mg of dried and ground leaf powder (n = 10 biological replicates per treatment) was transferred to a crucible and subsequently incinerated in a muffle furnace (MR 170 E, Heraeus) at 500°C for 4 h. After cooling down, the ash was analytically transferred and dissolved in 50 mL of 2M HCl (37%, VWR Chemicals) and placed in a water bad at 50°C for 2 h. The samples were diluted 50 times for the determination of Na+ and K+, and 8 times for the determination of Ca2+. The ion content was quantified on a SOLAAR 969 atomic absorption spectrometer (Unicam) using a photomultiplier tube (PMT) and the following specifications; K+; Na+ and K+ hollow-cathode lamp (HCL) with a max current of 8 mA (100% during measurement) using a wavelength of 766.5 nm, a bandwidth of 0.5 nm and an air/acetylene fuel flow of 0.8 L/min. Na+; Na+ and K+ hollow-cathode lamp (HCL) with a max current of 8 mA (75% during measurement) using a wavelength of 589 nm, a bandwidth of 0.2 nm and an air/acetylene fuel flow of 0.8 L/min. Ca2+; Ca2+ and Mg2+ hollow-cathode lamp (HCL) with a max current of 6 mA (100% during measurement) using a wavelength of 422.7 nm, a bandwidth of 0.2 nm and an air/acetylene fuel flow of 0.8 L/min. Additionally, the calcium measurements were performed in the presence of 2% 0.36 M lanthanum(III)oxide to eliminate phosphate interference.



Leaf ABA content

Leaf ABA content was measured (n = 5 biological replicates per treatment) using 50 mg of snap-frozen pulverized fresh leaf material. d-6 ABA (150 pmol, 3′,5′,5,7′,7′,7′-d-6-ABA, National Research Council Canada, Saskatoon, Saskatchewan, Canada) was added as an internal standard. After overnight extraction in 5 ml 80% MeOH, samples were centrifuged (20 min, 15,000 g, 4°C, in an Eppendorf 5810R centrifuge, Eppendorf, Hamburg, Germany), the supernatants was acidified using 5 mL of 6.0% v/v formic acid and loaded on a reversed-phase (RP) C18 cartridge (500 mg, BondElut Varian, Middelburg, The Netherlands). ABA was eluted with 5 mL of diethyl ether and dried under a nitrogen stream (TurboVap LV Evaporator, Zymark, New Boston, MA, USA). Samples were derivatised using N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC, Sigma, 0.1 mg/sample, pH 7, 1 h, 37°C under continuous shaking, Eppendorf thermomixer) to improve analysis sensitivity and analyzed using an Acquity UPLC system linked to a TQD triple quadrupole detector (Waters, Milford, MA, USA) equipped with an electrospray interface in positive ion mode. Samples (6.0 μL) were injected on an Acquity UPLC BEH C18 RP column (1.7 μm, 2.1 × 50 mm, Waters) using a column temperature of 40°C and eluted at 0.42 mL with the following gradient of 0.1% FA/H2O (solvent A) and 0.1% FA/ACN (solvent B): 0−0.8 min isocratic 92/8 A/B; 0.8−5 min linear gradient to 60/40 A/B; 5-5.5 linear gradient to 10/90 A/B. Quantitative analysis was obtained by multiple reactant monitoring of selected transitions, based on the MH+ ion (dwell time 0.02 s) and the most appropriate compound-specific product ions (420>349 and 420>304 for ABA-EDAC and 426>355 and 426>310 for d6-ABA-EDAC). All data were processed using Masslynx/Quanlynx software V4.2 (Waters). Data are expressed in picomoles per gram fresh weight (pmol g-1 FW).



RT-qPCR gene expression analysis

For NCED1, NCED2 and NCED6 quantitative gene expression analysis, mRNA was extracted from 50 mg snap-frozen pulverized fresh leaf material (n = 5 biological replicates per treatment) using the Genejet Plant RNA Purification Mini Kit (Thermo Fisher Scientific) and subsequent DNA removal using the RapidOut DNA Removal Kit (Thermo Fisher Scientific). The quality and concentration of the extracted RNA were measured using the Nanodrop 2000 (Thermo Fisher Scientific). Next, mRNA was converted to copy DNA (cDNA) using the iScript cDNA Synthesis Kit (BioRad). Finally, expression levels were quantified by real-time PCR using the SsoAdvanced Universal SYBR Green Supermix (BioRad), specific primers (IDT, Supplementary Table 1) on a CFX96 real-time PCR detection system (BioRad). Gene expression was normalized against the average expression of two reference genes (ACT and EGFR) and quantified based on a calibration curve developed by a cDNA mix sample (of all samples) in 3 orders of magnitude dilution.



Data analysis and statistics

Data analysis was performed using Graphpad (Version 9, Delta Prism). Test for normal distributed data and equal variance between the groups was performed using the Shapiro-Wilk test and Spearman’s test for heteroscedacity, respectively. If the data passed, a two-way ANOVA and subsequent Sídák’s multiple comparison test was used to test significance (p < 0.05). Nonparametric data was analysed using the Mann-Whitney test for significance (p <0.05).




Results


Characterization of the tomato NCED gene family and notabilis mutation

Before assessing ABA-related ontogenic responses towards mild and severe salinity, we first genotyped the notabilis mutant. The null mutation, generated by x-ray mutagenesis, in the notabilis NCED1 gene is reported to consist of a single base-pare deletion at T596 in the Thr199 codon (Burbidge et al., 1999). We confirmed notabilis contained this T deletion, resulting in a frameshift that leads to an early stop codon at position 256 (Figure 1A). This premature stop codon causes a truncated protein that loses the enzyme’s iron-binding sites (Figure 1B). Phylogenetic analysis revealed that the tomato genome harbors three putative NCED genes compared to five members retrieved in the Arabidopsis genome (Figure 1C). The NCED protein family clusters in 2 clades with LeNCED1 (Solyc07g056570) and LeNCED2 (Solyc08g016720) belonging to clade 1 where they closely relate to AtNCED3 (AT3G14440) with respectively 71.2 and 70.0% sequence similarity. LeNCED6 (Solyc05g053530; Sussmilch and McAdam, 2017) belongs to clade 2 and shows 57.4% sequence similarity with AtNCED6 (AT3G24220) (Figure 1C).




Figure 1 | The NCED gene family and notabilis genotyping. (A) Protein sequence alignment of tomato NCED1 wild-type and notabilis, showing a single amino acid deletion (Thr199) and a premature stop codon. Arrows mark the deletion and early stop codon. (B) Schematic representation of the wild-type and notabilis (truncated) NCED1 protein, including functional domains. (C) Phylogenetic tree of the CCD and NCED proteins of tomato and Arabidopsis. The two NCED clusters are shown in orange and blue.





Notabilis and wild-type plants have similar plant growth responses during salt stress

After confirming the notabilis genotype, we analyzed how the hampered nced1 protein would impact plant growth under mild and severe salt stress. Our experimental setup provided the desired experimental conditions, i.e control (EC of 2.5 dS/m), mild (EC of 5 dS/m) and severe (EC of 10 dS/m), to the Rockwool blocks and stayed stable after 7 days of continuous salt stress (Supplementary Figure 1). Despite the NCED1 null mutation in notabilis, minor differences in growth responses towards salt stress were observed compared to wild-type plants (Figure 2). Although wild-type plants showed no decrease in stem growth under both mild and severe salinity, notabilis did show a significant decrease under severe salinity (Figure 2A). In general, besides the lower fresh weights of notabilis plants compared to the wild-type plants, they showed a similar decrease in fresh weight under salt stress as the wild-type (Figure 2B). A similar pattern was observed for dry weight loss (Figure 2C). Interestingly, the plant water percentage was only significantly affected by severe salt stress for both wild-type and notabilis plants (Figure 2D).




Figure 2 | Assessment of plant growth parameters in wild-type and notabilis plants during salt stress. (A) Stem length increase over the course of 7 days (n = 10), (B) fresh weight (n = 10), (C) dry weight (n = 10) and (D) water content (n = 10) after 7 days under control (EC of 2.5 dS/m), mild (EC of 5 dS/m; [NaCl] = 47 mM) and severe (EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions for the wild-type (white) and notabilis (gray). Significant differences are indicated with different letters (α = 0.05).





Salt stress impacts leaf growth in an age-dependent way in notabilis

Despite the comparable whole-plant growth responses of the notabilis mutant under salt stress, we evaluated leaf-specific growth responses for old (leaf nr 3) and young (leaf nr 8) leaves to assess whether there are otogenic salt stress responses. Old leaves of notabilis plants have a lower fresh weight compared to wild-type plants under control conditions, which is not the case for young leaves (Figure 3A). Salinity drastically reduces leaf fresh weight, for both old and young leaves in wild-type plants (Figure 3A). This salt effect on fresh weight was only observed in young notabilis leaves (Figure 3A). Oppositely, the dry weight of old notabilis leaves dropped during salt stress, similar as the wild-type, while young notabilis leaves showed no drastic decline (Figure 3B). Interestingly, notabilis showed an increased water content under mild and severe salinity in old leaves compared to the wild-type, due to the loss of dry matter (Figure 3C). Severe salt stress led to a drop in leaf water content of young wild-type leaves, suggesting that young leaves lost more water than dry matter (Figure 3C). In contradiction, notabilis leaves did not show a decline in leaf water content, despite old leaves already having a lower water content in unstressed conditions (Figure 3C). Water content stayed stable for young leaves and even increased for old leaves during mild and severe salt stress, suggesting that salt stress is able to evoke a water-saving mechanism in notabilis leaves (Figure 3C). Moreover, similar as the dry weight and water content, the leaf area of young notabilis leaves did not drop under salt stress compared to the wild-type, indicative of a growth-saving feature of young notabilis leaves (Figure 3D).




Figure 3 | Assessment of leaf growth parameters for wild-type and notabilis plants under salt stress. (A) Leaf fresh weight (n = 10), (B) leaf dry weight (n = 10), (C) leaf water content (n = 10) and (D) leaf area (n = 10) of old (leaf no. 3) and young (leaf no. 8) leaves after 7 days under control (EC of 2.5 dS/m), mild (EC of 5 dS/m; [NaCl] = 47 mM) and severe (EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions for the wild-type (white) and notabilis (gray). Significant differences are indicated with different letters (α = 0.05).





Notabilis maintains high leaf transpiration but has a reduced whole-plant transpiration during salt stress

To further investigate the different water balances in notabilis plants and leaves, we compared leaf and whole plant physiology. Salt stress reduced wild-type leaf photosynthesis only in young leaves (Figure 4A) and led to a drop in transpiration in both old and young wild-type leaves (Figure 4B). Interestingly, salt stress did not influence leaf photosynthesis and transpiration in notabilis leaves (Figures 4A, B). This can be explained by the hampered stomatal closure in the notabilis mutant that allows leaves to maintain high rates of gas exchange (Shi et al., 2015). Despite the unaffected leaf transpiration rates, whole plant transpiration was equally reduced for notabilis and wild-type plants under severe salinity starting from day 4 onwards (Figures 4C, D). Moreover, when calculating the daily transpiration rates, notabilis and wild-type plants both showed a similar decline in plant transpiration (Figure 4D).




Figure 4 | Plant transpiration and leaf photosynthetic and transpiration rate of old (leaf no. 3) and young (leaf no. 8) leaves in wild-type (white) and notabilis (gray) after 7 days under control (EC of 2.5 dS/m), mild (EC of 5 dS/m; [NaCl] = 47 mM) and severe (1EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions. (A) Leaf photosynthetic rate (n = 10), (B) leaf transpiration rate (n = 10), (C) real-time plant transpiration rate (n = 10) and (D) daily transpiration rate (n = 10) during 7 days of salt stress. Significant differences are indicated with different letters (α = 0.05). Lines in (C) represent average leaf angles +/- the confidence interval (90%).





Notabilis is able to maintain leaf osmotic regulation under salt stress

To further address the disrupted leaf photosynthetic and transpiration rate of notabilis mutants compared to wild-type plants, we analyzed the osmotic changes in leaves of different ages during mild and severe salt stress. The total osmolyte content in young and old leaves increased comparably between wild-type and notabilis leaves under salt stress (Figure 5A). Despite the lack of osmotic differences between notabilis and wild-type leaves, proline accumulated more in notabilis leaves under both mild and severe salt stress, especially in young leaves (Figure 5B). This suggests that notabilis might preferably use proline to control its osmotic potential.




Figure 5 | Osmotic balance of old (leaf no. 3) and young (leaf no. 8) leaves in wild-type (white) and notabilis (gray) after 7 days under control (EC of 2.5 dS/m), mild (EC of 5 dS/m; [NaCl] = 47 mM) and severe (EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions. (A) Leaf osmolality as a measurement for total osmolyte content (n = 10), (B) leaf proline content (n = 10), (C) leaf sodium content (n = 10), (D) leaf potassium content (n = 10) and (E) leaf calcium content (n = 10). Significant differences are indicated with different letters (α = 0.05).



Previously it was reported that ion transport is controlled by ABA to mediate ion toxicity during salt stress (Yu et al., 2020). Our results show that there was no large difference in ion content between notabilis and wild-type leaves for Na+, K+ and Ca2+ under salt stress (Figures 5C–E). In general, Na+ levels increased when salt stress became more severe, while K+ levels dropped slightly and Ca2+ levels remained unchanged. Noteworthy, under control conditions, old notabilis leaves had a lower K+ content and a higher Ca2+ content compared to wild-type leaves, and this difference was not present in young leaves (Figures 5D, E). We can conclude that that notabilis plants have a slightly different age-related regulation of their ion homeostasis but seem to have a similar ion coping mechanism during salt stress.



Impaired NCED1 is not sufficient to affect salt stress-induced ABA accumulation

Although we observed age-related physiological and biochemical differences between notabilis and wild-type plants (Figures 2-5), notabilis plants are still able to respond to salt stress, despite a non-functional NCED1. An ontogenic ABA analysis showed that notabilis plants are able to produce ABA, similar to wild-type plants, and that old notabilis leaves are able to accumulate ABA under severe salt stress in the same way as old wild-type leaves (Figure 6A). Young notabilis leaves are not able to accumulate higher levels of ABA during severe salt stress (Figure 6A). These observations suggest that old notabilis leaves have a mechanism to increase their ABA levels, independent of NCED1. To investigate the role of the other NCED homologs, we performed a gene expression analysis of the three NCED genes of tomato (Figure 1). We found that NCED1 and NCED2 are upregulated in old wild-type leaves during salinity (Figures 6B, C). This might suggest that NCED2 could contribute to the higher ABA levels in old notabilis leaves (Figure 6A). Young leaves, on the other hand, show an upregulated NCED6 expression upon severe salinity (Figure 6D), indicating that the NCED gene family is ontogenetically regulated during salt stress.




Figure 6 | Quantification of leaf ABA content and NCED transcript levels of old (leaf no. 3) and young (leaf no. 8) leaves in wild-type (white) and notabilis (gray) after 7 days under control (EC of 2.5 dS/m) and severe (EC of 10 dS/m; [NaCl] = 94 mM) salt stress conditions. (A) Whole leaf ABA content (n = 5). (B-D) Relative expression in the wild-type plants of (B) NCED1 (n = 5), (C) NCED2 (n = 5) and (D) NCED6 (n = 5) under control (white) and severe (gray) salt stress conditions. Significant differences are indicated with different letters (α = 0.05).






Discussion

Soil salinization induces a wide array of detrimental effects on plant growth and development for which plants have acquired numerous coping mechanisms to counteract and survive the harmful effects of both osmotic and ion toxicity stress during salinity (Parida and Das, 2005; Munns and Tester, 2008). However, the success of these coping mechanisms vastly depends on stress severity and plant or leaf age (ontogeny), c.f. age-related developmental elements can mask certain salt adaptation responses (Machado and Serralheiro, 2017; Zörb, Geilfus and Dietz, 2019; Omuto et al., 2020; Rankenberg et al., 2021). One of the key regulators during salt stress is ABA, but to date its involvement in the ontogenic regulation of salt stress responses is still unclear (Yu et al., 2020).


The tomato NCED family directs leaf age-dependent ABA accumulation under salt stress

To address the involvement of ABA in age-related salt stress coping mechanisms of tomato, we used the notabilis mutant, harboring a null mutation in the rate-limiting ABA biosynthesis gene NCED1 (Burbidge et al., 1999). The truncated NCED1 resulted in a lower ABA accumulation only in young notabilis leaves during severe salt stress (Figure 6), suggesting that impairment of NCED1 is not sufficient to prevent ABA production in older leaves. Previously, ABA accumulation under drought (Neill and Horgan, 1985) and salt (Mulholland et al., 2003) stress was also observed in notabilis plants. We now revealed that this stress-induced ABA accumulation is leaf-age specific in notabilis. The accumulation of ABA in old leaves should originate from local ABA production or ABA translocation from e.g. the roots. However, recent findings largely ruled out long-distance root-to-shoot ABA transport during salt or osmotic stress (Waadt et al., 2014), indicating that local ABA production in the leaves drives stress responses (McAdam et al., 2016). It was shown that the small peptide CLAVATA3/ESR-RELATED 25 (CLE25) might function as a long-distance root-to-shoot signal that induces ABA biosynthesis using the BARELY ANY MERISTEM (BAM) receptor-kinases (Takahashi et al., 2018).

Although earlier findings indicated the presence of two additional NCED homologs in tomato (Burbidge et al., 1999), their classification has been conflicting (Son et al., 2016). Our phylogenetic analysis of the NCED family showed the presence of two other NCED homologs in tomato (Figure 1), corroborating findings of a recently published bioinformatics study of the larger carotenoid cleavage oxygenase (CCO) superfamily (Yao et al., 2022) and in agreement with Priya and Siva (2015) and Sussmilch and McAdam (2017). In Arabidopsis thaliana, the NCED family contains 5 members (Tan et al., 2003; Ali et al., 2020) and research indicated that AtNCED3 is upregulated under salinity stress, via ABA-dependent and ABA-independent signals (Barrero et al., 2006). We showed that under salt stress the closely related NCED1 and NCED2 are mostly upregulated in old leaves, whereas NCED6 is mostly upregulated in young leaves (Figure 6). Our results indicate that the lack of a functional NCED1 in notabilis might induce a feed-back mechanism on NCED2 and NCED6 which can activate ABA biosynthesis during salt stress, albeit leaf-age specific. Although most studies in Arabidopsis thaliana investigate the role of AtNCED6 in seed dormancy (Lefebvre et al., 2006; Chauffour et al., 2019; Yang et al., 2022), LeNCED6 upregulation has been shown in tomato leaves during heat stress (Chi et al., 2021). However, to what extent NCED2 secures ABA biosynthesis under salt stress and why the upregulation of NCED6 under salt stress did not promote ABA accumulation in young notabilis leaves remains elusive. An earlier study by Mulholland et al. (2003) also examined the relationship between ABA and salt stress by using the ABA-deficient tomato mutant notabilis. Their findings indicate that although ABA levels are seemingly less affected by the dysfunctional NCED1 in roots, ABA levels in leaves, although lower than wild-type, still accumulate during salt stress. Our results not only confirm these findings in leaves, but also show that there is an ontogenic relationship towards ABA accumulation during salt stress. Moreover, together with their findings, a spatial expression pattern between roots and leaves might suggest that NCEDs operates differentially in roots and leaves in an ontogenic fashion.



Notabilis compensates transpiration losses of older leaves to secure growth

In the absence of stress, notabilis plants show clear phenotypic differences compared to wild-type plants, i.e. wilting phenotype with thinner longer stems and epinastic leaves, as a result of the dysfunctional NCED1 protein (Burbidge et al., 1999). The notabilis mutation results in an abnormal stomatal behavior (Tal, 1966) and higher leaf transpiration rates, explaining the wilted phenotype (Neill and Horgan, 1985; Burbidge et al., 1999). In contradiction, our real-time lysimeter measurements showed that notabilis plants have a similar whole plant transpiration rate as wild-type plants (Figure 4). We showed that only old leaves have an impaired stomatal closing and therefore have a higher leaf transpiration rate, while young notabilis leaves retain normal transpiration rates (Figure 4). The higher transpiration rate of old leaves also leads to a higher photosynthesis rate (Figure 4). Previously, Ntatsi et al. (2014) showed that notabilis scions grafted on notabilis root-stocks (notabilis self-graft) also had a higher leaf transpiration and photosynthesis rates compared to wild-type grafts, implying that perhaps a higher photosynthesis rate could benefit growth of notabilis plants. However, our results show that notabilis plants have a lower fresh and dry weight, and lower water content in contrast to wild-type plants (Figure 2), indicating that the extra photosynthetic assimilates are likely used differently. We found that the above-ground loss in plant biomass of notabilis is predominantly caused by having smaller older leaves (Figure 3), which was also recorded by Mulholland et al. (2003). Additionally, notabilis self-grafts showed a higher root biomass compared to the wild type (Ntatsi et al., 2014). Conceivably, notabilis plants invests the extra energy obtained from a higher photosynthesis rate of old leaves in the development of sinks, such as new leaves or additional roots, to secure water uptake and compensate excessive transpiration losses.



Notabilis shows leaf age-dependent coping mechanisms during salt stress

Despite the impaired NCED1 gene in notabilis, the effect of salt stress on plant growth and whole-plant transpiration is minor and comparable to wild-type plants. However, our results indicate that notabilis plants show a leaf age-dependent response during salt stress. Salinity mainly impacts the fresh weight of young leaves and leads to dry weight loss of old leaves. During salt stress, both old and young leaves of notabilis maintain a high rate of leaf transpiration (Figure 4), probably due to the inability of the plant to close its stomata. Although this implies a higher rate of water loss, open stomata might explain the high photosynthetic rate in old and young leaves during salt stress. However, despite higher transpiration rates of notabilis leaves under salt stress, no difference in whole plant transpiration rate was observed (Figure 4). Furthermore, leaf water content stays stable in young leaves and even increased in old leaves during mild and severe salt stress (Figure 3), indicating water uptake under salt stress conditions is sustained in notabilis. The ability to retain water under a high transpiration load while salt stress limits water uptake is likely not the result of increased osmoregulation in notabilis leaves, as no differences in both total osmolyte content and ion content under salt stress were observed (Figure 5). However, we observed a significant increase in proline content in both old and young notabilis leaves under salt stress compared to wild-type leaves (Figure 5), which might help to facilitate osmoregulation in notabilis plants. It was shown before that ABA plays a role in the biosynthesis of proline under stress (Sripinyowanich et al., 2013; Pál et al., 2018). The higher proline accumulation in notabilis leaves could be explained by the feed-back mechanism of the other NCED genes under salt stress to sustain ABA levels. Alternatively, the higher amount of root development in notabilis plants (Ntatsi et al., 2014), could aid in securing water during salt stress. Previously, it was shown that notabilis self-grafts have a lower sugar, starch and polyamine content under non-stressed conditions (Ntatsi et al., 2014). However, the role of these other osmolites or the involvement of aquaporins in notabilis plants facing salt stress remains to be investigated.




Conclusion

Our results show that tomato plants utilize three NCED genes that are stress-specific and age-dependently regulated. Notabilis mutants harboring a dysfunctional NCED1 are still able to accumulate ABA under salt stress in an age-dependent way. Furthermore, although plant growth is not hampered by nced1 during salt stress, we show that there are physiologic differences dependent on leaf age and that they might contribute to altered coping mechanisms and strategies in tomato plants. Leaf transpiration and photosynthesis are sustained in notabilis plants facing salinity stress, while leaf ion content was impacted similarly as control plants. Notabilis leaves likely use proline as osmoprotectant, independent of NCED1 functionality, to compensate for leaf transpiration losses.
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Over-accumulation of salt in rice plants is an effect of salt stress which decreases growth and grain yield. Salt removal ability in leaf sheaths is a tolerance mechanism to decrease salt entry and accumulation in leaf blades and maintain photosynthesis under salinity. In this study, a QTL analysis of removal ability of sodium ions (Na+) in leaf sheaths and Na+ accumulation-related traits, was conducted using F2 population between two rice varieties, IR-44595 with superior Na+ removal ability, and 318 with contrasting Na+ removal ability in leaf sheaths under salinity. Suggestive QTLs for Na+ removal ability in leaf sheaths were found on chromosomes 4 and 11. The suggestive QTL on chromosome 11 overlapped with other significant QTLs for Na+ concentration in shoots, leaf blades and leaf sheaths, and Na+/K+ ratio in leaf blades. Correlation analysis indicated that Na+ removal ability in leaf sheaths is important in reducing Na+ accumulation in leaf blades. The varietal difference of Na+ removal ability in leaf sheaths at the whole plant level was greater at lower NaCl concentrations and became smaller as the treatment NaCl concentration increased. Although the Na+ removal ability in leaf sheath was comparable between IR-44595 and 318 under high salinity at the whole plant level, the younger leaves of IR-44595 still showed a higher Na+ sheath-blade ratio than 318, which implied the Na+ removal ability functions in the younger leaves in IR-44595 to reduce Na+ entry in young leaf blades even under high salinity.
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Introduction

Salt stress is one of the most influential abiotic stresses on rice productivity. To make the matters worse, recent climate change has resulted in increases in sea water levels, which has caused sea water intrusion into paddy fields especially in coastal areas. Therefore, to improve the rice productivity in such salt-prone areas, it is important to improve the salt tolerance in rice through molecular breeding using its quantitative trait loci (QTLs).

For salt tolerance of rice, protecting leaf blades, a major photosynthetic site in leaf organ, from toxic sodium ions (Na+) is most important to maintain photosynthesis and growth under salinity. Platten et al. (2013) have reported that salt tolerance is determined by Na+ accumulation level in leaf blades at the seedling stage in rice. Therefore, rice already has mechanisms to decrease Na+ entry and accumulation in leaf blades, namely salt blocking in roots using apoplastic barriers like Casparian strips, salt removal ability in roots, and salt removal ability in leaf sheaths (reviewed by Ismail and Horie, 2017). Of these traits, Na+ blocking and removal in roots has been well studied so far. Removal of Na+ in roots is mediated by a sodium transporter OsHKT1;5 gene (Ren et al., 2005) and its QTLs (Saltol from Pokkali (Bonilla et al., 2002; Thomson et al., 2010) and SKC1 from Nona Bokra (Lin et al., 2004)) have been used for molecular breeding of salt tolerant rice. Both Saltol and SKC1 QTLs are localized on chromosome 1 (Negrão et al., 2011). Concerning salt blocking in roots, apoplastic barriers such as Casparian strips and suberin in root endodermis block salt entry via the apoplastic flow from outside into stele of rice roots (Krishnamurthy et al., 2011).

Rice has a salt (Na+ and Cl-) removal ability in leaf sheaths as well as roots. In rice leaf sheath, salt transported from roots via transpiration is unloaded (removed) from xylem vessels to the surrounding xylem parenchyma cells, then it is further transported to the fundamental parenchyma cells at the center (Neang et al., 2019). The salt ions carried in are actively sequestered in vacuoles. Therefore, leaf sheaths accumulate higher concentrations of Na+ and Cl- compared with leaf blades and this contributes to decreasing their entry into leaf blades. The salt removal ability in leaf sheaths can be evaluated using a ratio of salt concentrations in leaf sheaths and leaf blades (James et al., 2006; James et al., 2011; Neang et al., 2019; Neang et al., 2020a; Neang et al., 2020b). Using this evaluation system, we performed a genome-wide association study and found significantly associated single nucleotide morphophisms (SNPs) with Na+ removal ability in leaf sheaths on chromosome 5 (Neang et al., 2020a). This GWAS analysis is the only report regarding the DNA markers for Na+ removal ability in leaf sheaths of rice, and more studies are necessary for identifying the causal genes of the Na+ removal ability in leaf sheaths, and for improving rice salt tolerance using the trait.

In this study, we performed a QTL analysis using F2 population between two rice varieties IR-44595 and 318 with contrasting Na+ removal ability in leaf sheaths. Na+ removal ability in leaf sheaths was evaluated using the Na+ sheath-blade ratio which was calculated by dividing Na+ concentration in leaf sheaths by the one in leaf blades (James et al., 2006; James et al., 2011; Neang et al., 2019; Neang et al., 2020a; Neang et al., 2020b). IR-44595 showed a high Na+ sheath-blade ratio whereas 318 showed a low ratio, indicating the superior Na+ removal ability of leaf sheaths of IR-44595 (Neang et al., 2020b). The main objective was to identify the QTL for Na+ removal ability in leaf sheaths. In addition, QTLs affecting Na+and potassium (K+) concentrations in shoots, leaf blades and leaf sheaths, and the Na+/K+ ratio were also analyzed. K+ is a counterpart ion of Na+ under salinity and decreases as more Na+ is absorbed in plants. Thus, the QTL for K+ concentration in plants and Na+/K+ ratio is also important for rice salt tolerance.

Moreover, in the preliminary experiment in this study, we found that the varietal difference in Na+ sheath-blade ratio was larger between IR-44595 and 318 under low salinity (25 mM NaCl treatment) but became smaller at the whole plant level as the treated NaCl concentration increased. It was speculated that the Na+ removal ability in leaf sheaths was comparable between two varieties under high salinity or the Na+ sheath-blade ratio at the whole plant level did not well represent the varietal difference of Na+ removal ability in leaf sheaths under high salinity. Therefore, we determined the Na+ removal ability in leaf sheaths under high salinity using younger (upper) leaves and older (lower) leaves separately. The hypothesis was, since rice preferentially accumulates salt in older leaves, salt entry is lesser in younger leaves so that younger leaf sheaths can efficiently remove Na+ and thus the Na+ sheath-blade ratio is higher in younger leaves in IR-44595 even under high salinity, but lower in older leaves.



Materials and methods


Plant materials and salt treatment

Two rice (Oryza sativa L.) varieties, IR-44595 (indica, IRGC_117759), and 318 (tropical japonica, IRGC_117629), were used in this study. The seeds were kindly provided by Genebank at IRRI. A preliminary experiment was performed to find the optimal NaCl concentration for NaCl treatment in QTL analysis. The seeds of two varieties were put into sodium hypochlorite solution with available chloride concentration at 5% for 5 min for surface sterilization, washed with tap water and rinsed with distilled water. The seeds were put on an wet paper towel in a petri dish and incubated in a growth chamber (12 h light, about 300 μmol m-2 s-1, 30°C; 12 h dark, 25°C) for germination for 3 days. Then the seedlings were transferred onto holes on a Styrofoam seedling float in distilled water-filled plastic containers. After 3 days, water was replaced with Yoshida’s hydroponic solution (Yoshida et al., 1976) and grown for two weeks. Then NaCl at a final concentration of 25, 50 or 100 mM was added to the hydroponic solution and the salt treatment was performed for 1 week. The pH was adjusted to between 5.0 to 5.2 daily using either KOH or HCl solution. The hydroponic solution was renewed every 3 days. The shoots were harvested and washed with distilled water to remove the contaminated salt on the surface from hydroponics. The shoots were separated into leaf blades and leaf sheaths and dried at 70°C for 3 days.

For soil culture, two germinated seeds of IR-44595 and 318 were sown in a plastic pot (159 mm diameter and 190 mm height) filled with 4.0 kg dried sandy loam soil thoroughly mixed with 2 g of ground complete fertilizer (N:P:K = 14:14:14). Plants were grown by irrigating tap water for 19 days. One seed was thinned 5 days after sowing. Then, NaCl at a final concentration of 0, 30 (as a low concentration) and 90 (as a high concentration) mM was added for the salt treatment. First, NaCl solution was added from the top and drained two times to substitute the soil solution in the pot with NaCl solution. Then tap water (for control) or NaCl solution was kept in pots at 1-2 cm above the soil surface and grown for further 3 weeks. Plant cultivation was conducted in a greenhouse at Nagoya University (lat. 35°9′10″N, long. 136°58′15″E). Shoots were harvested and washed with distilled water. After separating tillers, all leaves on the main stem (leaf age was 10 in IR-44595 and 8 in 318) were separated into leaf blades and leaf sheaths and dried at 70°C for 3 days. Leaves were divided into younger (leaf age 7-10 in IR-44595 and 6-8 in 318) and older leaves (leaf age 3-6 in IR-44595 and 3-5 in 318) and used for further measurement. The first and second leaves were etiolated under all treatment so excluded from the measurement.

For QTL analysis, a mapping population of 168 F2 lines was generated from a cross between IR-44595 and 318. Plant cultivation was conducted in a greenhouse at Nagoya University. All the F2 population were hydroponically grown as described above for 18 days and treated with NaCl by adding 30 mM NaCl to the hydroponics for one week. Then, 3rd to 7th fully developed leaves on the main stem were harvested, divided into leaf blades and leaf sheaths, and used for the measurement of Na+ and Cl- concentrations as described above.



Measurement of Na+ and K+ concentrations

Samples were used for the measurement of Na+ and K+ concentrations with Atomic Absorption spectrometry (iCE 3000, Thermo Scientific) in emission mode as described in Neang et al. (2019).



Genotyping by sequencing and QTL mapping

For genotyping, DNA was extracted from tillers using a slightly modified method of Dellaporta et al. (1983). The modified point was that 10% (w/v) sodium dodecyl sulfate (SDS) was added to the extraction buffer. A GBS library was prepared according to Phung et al. (2019) and used for next generation sequencing on a HiSeq (Illumina Inc., San Diego, CA, USA) together with 20% spike in of PhiX (PhiX Control v3, Illumina). Informatics was conducted as described in Furuta et al. (2017) to obtain genotypes. 2221 single nucleotide polymorphism (SNP) markers were obtained. QTL analysis was based on interval mapping with the “scanone” function implemented in R/qtl (Broman et al., 2003). Significant QTLs were identified based on an empirical threshold determined by 1000 permutation tests (Churchill and Doerge, 1994). The estimated percent variance explained by the QTL is calculated from logarithm of the odds (LOD) values at the peaks of the QTL following Broman and Sen (2009):

	



Statistical analysis

Four replicates were used per treatment. Data were statistically analysed between two varieties under each treatment using Student’s t-test using R software (R version 4.0.5) (R Core Team, 2021). Correlations among traits in the F2 family at seedling stage in the presence of 30 mM NaCl in hydroponics imposed with one week were calculated using Spearman correlation method using R software.




Results


Varietal difference in Na+ removal ability in leaf sheaths

To decide the concentration of NaCl treatment for QTL analysis, the sheath-blade ratio of Na+ concentration was determined under 0, 25, 50 and 100 mM NaCl treatment. IR-44595 showed a higher Na+ sheath-blade ratio compared with 318 under the treatment of 25 and 100 mM NaCl (Figure 1A). The varietal difference was biggest under 25 mM NaCl treatment (about 2 times) and became smaller with increasing salt treatment concentrations (1.5 times under 100 mM NaCl treatment). Under 25 mM NaCl treatment, Na+ concentration in the whole shoots was comparable between two varieties (Figure 1B) whereas IR-44595 showed lower Na+ concentration in leaf blades than 318 (Figure 1C). In addition, under 100 mM NaCl treatment, IR-44595 accumulated higher Na+ concentration in the shoots and leaf sheaths (Figures 1B, D). However, leaf blades showed comparable Na+ concentration between two varieties (Figure 1C). From these results, treatment of low NaCl concentration (25 mM NaCl in this preliminary experiment) was suggested for phenotyping in the following QTL analysis since the varietal difference of Na+ removal ability in leaf sheaths was larger between IR-44595 and 318. Therefore, 30 mM NaCl was used in the following QTL analysis as a low NaCl concentration.




Figure 1 | Varietal difference of Na+ sheath-blade ratio (A) and Na+ accumulation in shoots (B), leaf blades (C), and leaf sheaths (D). Black and white bars represent IR-44595 and 318. Data are mean of four replications ± the standard error. * and ** indicate significant difference at P<0.05 and 0.1 between IR-44595 and 318 under each treatment (Student’s t-test).





QTL for Na+ removal ability in leaf sheaths and related traits under salinity

For QTL analysis, 2221 single nucleotide polymorphism (SNP) markers were obtained by GBS and used for interval mapping (Figure 2, Table 1, Supplementary Table 1, Supplementary Figures 2, 3).




Figure 2 | Interval mapping showing the QTLs. Trait is shown on each plot. Horizontal dotted and solid lines in all plots indicate am empirical threshold at the 5% and 10% level, respectively. For Na+ sheath-blade ratio, no significant QTL was detected but qNaSBR4 (LOD = 3.81) and qNaSBR11 (LOD = 3.59) were shown as a suggestive QTL (over the empirical threshold at the 10% level).




Table 1 | QTL detected in F2 generation for traits for Na+ sheath-blade ratio and salt tolerance-related traits from the cross of IR-44595 and 318 in the presence of 30 mM NaCl in hydroponics at the seedling stage based on interval mapping.



For Na+ sheath-blade ratio, no significant QTLs were detected. However, two suggestive QTL for Na+ sheath-blade ratio (qNSBR4, LOD = 3.81, qNSBR11, LOD = 3.59, i.e. slightly below the 5% threshold (LOD = 3.83) and above the 10% threshold (LOD = 3.48)) were detected on chromosome 4 and 11 (Figure 2A, Table 1). At the similar positions to qNSBR11, significant QTLs for Na+ concentration in leaf blades (qBNC11), Na+ concentration in leaf sheaths (qSHNC11), Na+ concentration in shoots (qSNC11) and K+-Na+ ratio in leaf blades (qBKNR11) were also detected (Figures 2B–D, Table 1). At these loci on chromosome 11, the IR-44595 alleles decreased Na+ concentration in leaf blades, leaf sheaths and shoots and enhanced Na+ sheath-blade ratio and K+-Na+ ratio in leaf blades (Table 1). On the other hand, at the locus of qNSBR4 on chromosome 4, the 318 allele enhanced Na+ sheath-blade ratio (Table 1). A suggestive QTL for Na+ concentration in shoots (qSNC4) was also detected on chromosome 4 (Figure 2D, Table 1).

On chromosome 1, significant QTLs for Na+ concentration in shoots (qSNC1.1, qSNC1.2) were detected (Figure 2D, Table 1). At the similar locus with qSNC1.1, significant QTLs for Na+ concentration in leaf sheaths (qSHNC1) were also detected (Figure 2C, Table 1). At both loci, the 318 alleles decreased Na+ concentration in leaf sheaths and shoots (Table 1).



Trait correlation in the F2 population

Correlation analysis in the F2 population showed that Na+ sheath-blade ratio has a negative correlation with Na+ concentration in leaf blades but little correlation with Na+ concentration in leaf sheaths and shoots (Figure 3). Na+ concentration in leaf blades showed a positive correlation with Na+ concentration in shoots as well as leaf sheaths, and negative correlation with K+-Na+ ratio in leaf blades.




Figure 3 | Correlations of phenotypes. Colors of dots indicate the Spearman correlation coefficients among traits in F2 families at seedling stage in the presence of 30 mM NaCl in hydroponics imposed for one week corresponding to the bar on the right. S-B ratio: Sheath-blade ratio.





QTL for biomass-related traits under salinity

In this study, some significant QTLs were detected for biomass-related traits under salinity on chromosome 1, 2, 5 and 12 (Supplementary Table S1). The sheath-blade ratio of dry weight is theoretically important for salt removal in leaf sheaths since larger leaf sheaths accumulate more amounts of salt, which might decrease salt entry into leaf blades. However, the sheath-blade ratio of dry weight has little correlation with either Na+ sheath-blade ratio or Na+ concentration in leaf blades in this study (Figure 3). This indicates that larger leaf sheaths did not relate to Na+ removal ability in leaf sheaths or Na+ accumulation level in leaf blades.



Variation in Na+ removal ability in leaf sheaths within plants

To determine whether the varietal difference in Na+ removal ability in leaf sheaths is significant under low salinity but not under high salinity, the Na+ sheath-blade ratio was determined at the whole plant level and in two parts (younger and older leaves) separately in IR-44595 and 318 under low (30 mM) and high (90 mM) NaCl treatment (Supplementary Figure 1). The Na+ sheath-blade ratio at the whole plant level was significantly higher in IR-44595 compared with 318 under low salinity (Figure 4A). However, the Na+ sheath-blade ratio at the whole plant level was comparable between two varieties under high salinity. On the other hand, when separating younger and older leaves to estimate the Na+ sheath-blade ratio, the younger parts of IR-44595 showed higher Na+ sheath-blade ratios compared with 318 under both low and high salinity (Figure 4B). The Na+ sheath-blade ratio in older leaves was not significantly different between IR-44595 and 318 under both low and high salinity (Figure 4C).




Figure 4 | Na+ sheath-blade ratio at the whole plant level and in the younger and older leaves of IR-44595 and 318 plants. Plants were grown for 19 days in soil culture then treated with low (30 mM) and high (90 mM) concentration of NaCl for further 3 weeks. (A) Na+ sheath-blade ratio at the whole plant level, (B) in younger leaves, (C) in older leaves, are shown. The relationship between Na+ concentration in the leaves including leaf blades and leaf sheaths and the Na+ sheath-blade ratio is also shown (D). Data are mean ± the standard error (n = 4). * and ** indicate significant difference at P<0.05 and 0.1 between IR-44595 and 318 under each treatment (Student’s t-test).



The relationship between Na+ concentration in the leaves including leaf blades and leaf sheaths and the Na+ sheath-blade ratio (Figure 4D) indicated that IR-44595 showed high Na+ sheath-blade ratio when Na+ concentration in the leaves was low regardless of the leaf age. However, the Na+ sheath-blade ratio decreased with increasing Na+ concentration in the leaves. On the other hand, 318 showed a constantly low Na+ sheath-blade ratio compared with IR-44595 regardless of the Na+ concentration in the whole leaves.




Discussion

In this study, two suggestive QTLs for Na+ sheath-blade ratio (qNSBR4 and qNSBR11) were detected. Because Na+ removal ability in leaf sheath is involved in decreasing Na+ accumulation in leaf blades in the F2 population (Figure 3), it is postulated that these QTLs may contribute to salt tolerance by decreasing Na+ entry into leaf blades. At the qNSBR11 locus on chromosome 11, QTLs for Na+ concentrations in shoots (qSNC11), leaf blades (qBNC11) and leaf sheaths (qSHNC11) were also detected (Table 1). Since the QTL for Na+ concentration in shoots may be attributed to restriction of Na+ entry from roots to shoots, the qNSBR11 locus may regulate Na+ removal ability not only in leaf sheaths but also in roots. There is no reported QTL related to Na+ homeostasis in this locus (Singh et al., 2021). Therefore, qNSBR11 may be a good candidate to be used for molecular breeding of salt tolerant rice by improving salt removal ability in leaf sheaths and possibly roots as well.

On the other hand, on chromosome 4, 318 allele of qNSBR4 increases Na+ sheath-blade ratio. This QTL was close to the locus of qSNC4, a suggestive QTL for Na+ concentration in shoots, although these are not overlapped (Table 1). The qNSBR4 overlapped with qNaK4.1 that was found from the F2 population between IR 64 and IR 4630-22-2-5-1-3 as a QTL for Na+/K+ ratio (Singh et al., 2021). OsClo5 has been reported as a salt tolerance-related gene at the 25.4 Mb region on chromosome 4 (Negrão et al., 2011) and is close to the qNSBR4 locus (24.1 to 24.8 Mb on chromosome 4). OsClo5 protein binds calcium and phospholipids in vitro and functions as a transcriptional co-repressor by interacting with OsDi19-5 to negatively affect salt stress tolerance in rice seedlings (Jing et al., 2021). There is no evidence of the involvement of OsClo5 in the regulation of Na+ homeostasis under salinity.

Major QTLs for Na+ concentration in shoots and leaf sheaths were detected on chromosome 1 (Figure 2). The regions of qSNC1.1, qSNC1.2, qSHNC1 on chromosome 1 has been reported as a meta-QTL for salt tolerance (Singh et al., 2021) and QTLs regulating Na+, K+ and Cl- concentrations in shoots and roots and the Na+/K+ ratio such as qSKC1 and qSaltol (Lin et al., 2004; Ren et al., 2005; Thomson et al., 2010) are overlapped with those major QTLs in this study. Salt tolerance-related genes such as OsHKT8/OsHKT1;5, SalT and OsCIPK8 are localized in this region (Negrão et al., 2011). CIPK (Calcineurin B-like protein interaction protein kinase) is involved in transducing calcium signals by phosphorylating downstream signaling components (Liu et al., 2000). Although it is not known yet whether OsCIPK8 functions in Na+ homeostasis regulation, it may have some physiological roles under salinity since the transcript level is increased by salt treatment (Xiang et al., 2007). OsHKT1;5 mediates the Na+ unloading from xylem vessels into the surrounding xylem parenchyma cells in roots (Ren et al., 2005) and leaf sheaths (Kobayashi et al., 2017). It was speculated that qSNC1.1, qSNC1.2 and qSHNC1 found in this study might be attributed to these genes especially OsHKT1;5. It was interesting that no QTL for Na+ sheath-blade ratio was detected in the region on chromosome 1. Although OsHKT1;5 gene has been reported to be involved in Na unloading from xylem vessels in leaf sheaths (Kobayashi et al., 2017), this gene might not be related to the genotypic variation of Na+ removal ability in leaf sheaths between IR-44595 and 318.

It was found that the Na+ sheath-blade ratio was variable within plants and was higher in the younger leaves with lower Na+ accumulated in IR-44595 even under high salinity (Figure 4). Since Na+ is sequestrated more in older leaves than in younger ones (Mitsuya et al., 2002; Neang et al., 2019), Na+ in xylem vessels may be low enough in younger leaves even under high salinity so Na+ was efficiently removed in leaf sheaths in the younger leaves of IR-44595 under high salinity. Therefore, the Na+ removal ability in leaf sheaths is important to protect young leaf blades where photosynthesis is active, in coordination with Na+ sequestration ability in older leaves. This study also suggests that, under high salinity, it is important to evaluate Na+ removal ability in leaf sheaths in the younger leaves, as Na+ removal ability in leaf sheaths at the whole plant level under high salinity may underestimate the ability and misread varietal differences of the ability.

In summary, the QTLs for Na+ removal ability in leaf sheaths detected in this study may help to develop salt tolerant rice varieties through marker-assisted breeding. Also, using the QTL information in this study, more detailed study is necessary to identify specific genes regulating Na+ removal ability in leaf sheaths in each locus. Also, to see the effect of single QTL in uniform genetic backgrounds, producing near isogenic lines (NILs) and residual heterozygous lines (RHLs) is on-going.
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Nitric oxide (NO) has received much attention since it can boost plant defense mechanisms, and plenty of studies have shown that exogenous NO improves salinity tolerance in plants. However, because of the wide range of experimental settings, it is difficult to assess the administration of optimal dosages, frequency, timing, and method of application and the overall favorable effects of NO on growth and yield improvements. Therefore, we conducted a meta-analysis to reveal the exact physiological and biochemical mechanisms and to understand the influence of plant-related or method-related factors on NO-mediated salt tolerance. Exogenous application of NO significantly influenced biomass accumulation, growth, and yield irrespective of salinity stress. According to this analysis, seed priming and foliar pre-treatment were the most effective methods of NO application to plants. Moreover, one-time and regular intervals of NO treatment were more beneficial for plant growth. The optimum concentration of NO ranges from 0.1 to 0.2 mM, and it alleviates salinity stress up to 150 mM NaCl. Furthermore, the beneficial effect of NO treatment was more pronounced as salinity stress was prolonged (>21 days). This meta-analysis showed that NO supplementation was significantly applicable at germination and seedling stages. Interestingly, exogenous NO treatment boosted plant growth most efficiently in dicots. This meta-analysis showed that exogenous NO alleviates salt-induced oxidative damage and improves plant growth and yield potential by regulating osmotic balance, mineral homeostasis, photosynthetic machinery, the metabolism of reactive oxygen species, and the antioxidant defense mechanism. Our analysis pointed out several research gaps, such as lipid metabolism regulation, reproductive stage performance, C4 plant responses, field-level yield impact, and economic profitability of farmers in response to exogenous NO, which need to be evaluated in the subsequent investigation.
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Introduction

Various biotic and abiotic factors affect the production of crops worldwide. Salinity is one of the most important abiotic factors that significantly limits agronomic field use and declines global crop production (Rahman et al., 2016; Mbarki et al., 2018; El Sabagh et al., 2021a). Soil salinization is increasing due to mismanaged irrigation practices and sea-level rise. Thus, salinity is becoming a significant threat to sustainable and resilient agriculture (Tester and Langridge, 2010; Zörb et al., 2019) because we have to grow 70% more food to feed the 9.3 billion population by 2050 (Shabala, 2013).

The toxic effect of salt impairs plant growth processes by creating physiological drought as excessive accumulations of ions reduce the soil water potential and essential mineral availability. Reduced water and nutrient uptake leads to osmotic stress, ion toxicity, and mineral imbalance in plant cells (Munns and Tester, 2008; Hanin et al., 2016; Rehman et al., 2019; Singhal et al., 2021). Salinity stress disrupts redox homeostasis and causes oxidative damage to cellular biomolecules by excessive production of reactive oxygen species (ROS) in plants (Hernández et al., 2001; Isayenkov, 2012; Monsur et al., 2020; Latef et al., 2021). Plants employ several physiological and biochemical defense mechanisms to alleviate salt-induced injury through mineral homeostasis, salt ion compartmentalization, compatible solute accumulation, antioxidant system upregulation, and phytohormonal regulation (Gupta and Huang, 2014; Fahad et al., 2015; Acosta-Motos et al., 2017; Hernández, 2019; Van Zelm et al., 2020; Ahmed et al., 2022; Hasanuzzaman, 2022). Chemical priming is considered an alternative strategy for improving abiotic stress tolerance in plants (Anwar et al., 2021). Exogenous application of signaling molecules can augment defensive responses and minimize salt-induced damage in plants (Roy et al., 2016; Tahjib-Ul-Arif et al., 2018; Tahjib-Ul-Arif et al., 2019; Dawood et al., 2021; Latef et al., 2021). In the last decade, exogenous nitric oxide (NO) has been extensively used to mitigate the adverse effects of salinity stress in different crops, and most researchers have found positive effects (Fan et al., 2013a; Ahmad et al., 2016; Siddiqui et al., 2017; Shams et al., 2019; Akram et al., 2020; Alnusairi et al., 2021; El Sabagh et al., 2021b).

Nitric oxide is a signaling molecule that positively influences plant growth and development and modulates abiotic stress tolerance in plants (Asgher et al., 2017). Accumulating evidence suggests that exogenous application of NO confers salinity tolerance in plants (Li et al., 2016; Klein et al., 2018; Sharma et al., 2020; Goyal et al., 2021). NO employs a variety of defense mechanisms to protect plants from salinity stress. In particular, it reinforces ion homeostasis and vacuolar compartmentalization, compatible solute accumulation, reactive oxygen species (ROS) metabolism, photosynthesis activity, and the antioxidant defense system in plants (Liu et al., 2013a; Manai et al., 2014; Kaya et al., 2015; Sohag et al., 2020; Alnusairi et al., 2021). Even though many research studies have been undertaken to determine the effect of exogenous NO on salt stress mitigation, it is difficult to provide an overall prescription for farmers based on these studies. Because the administration of correct doses, frequency, timing, and mode of application and overall positive benefits are so divergent, it is difficult to evaluate. Exogenous NO was applied under different growth conditions, such as greenhouses (Shi et al., 2007; Liu et al., 2013a), controlled growth chambers (Dong et al., 2015a; Tian et al., 2015; Adamu et al., 2018), and fields (Habib et al., 2016; Ali et al., 2017), in various methods, such as seed priming (Zheng et al., 2009; Hayat et al., 2012b), foliar pre-treatment (Tian et al., 2015; Adamu et al., 2018), and post-treatments (Liu et al., 2013a; Shen et al., 2018), and root medium (Fan et al., 2013a; Dong et al., 2015a), and at different frequencies, such as regular intervals (Fan et al., 2013a; Dong et al., 2015a), one time (Khan et al., 2012; Ali et al., 2017; Adamu et al., 2018), and continuous (Wu et al., 2011a; Tian et al., 2015) to mitigate salt stress. Although many studies on exogenous NO application have been published, it is unclear what the optimum NO concentrations are and how long or up to what salinity concentration could be alleviated using NO. Moreover, from the published research articles, it is impossible to understand how the plant clades, life forms, and growth stages are involved in NO-mediated salinity tolerance. As a result, a meta-analysis could be a viable alternative in determining the most effective method, concentration, and application duration and identifying potential research needs in this sector.

Meta-analysis is a systematic synthesis process that generates valuable summaries and uncovers new patterns or expands agreement among the findings of several investigations (Hedges et al., 1999; Lehmann and Rillig, 2015). Although meta-analysis has been widely used in medical science to synthesize information for making clinical decisions and policies, it continues to be used in several other disciplines, e.g., plant ecology and evolutionary biology, and has become more prevalent in recent years (Lau et al., 2013; Koricheva and Gurevitch, 2014; Gerstner et al., 2017; Gurevitch et al., 2018). A meta-analysis is more than just a systematic review; it also weighs the impact of an experimental treatment compared to a control group. The inference drawn from a meta‐analysis could be used in developing agricultural management practices that would otherwise be impossible from the individual, typically short-term research projects, most of which are limited to particular climatic conditions (Eagle et al., 2017). We did not come across any reports that used meta-analysis to focus on the effects of exogenous application of NO on salt tolerance. Many reports show that a particular NO level reduces salt stress in some crops. Still, a generalized recommendation for field-level applications cannot be given unless the combined outcome and underlying factors are understood. To this end, we gathered data from 62 relevant research studies found through our literature search. We assessed the effect of NO on diverse agricultural plants in response to morphological, physiological, and biochemical alterations caused by salinity stress. The current study aimed to answer the following key questions:

	What is the overall strength or magnitude of the effect of NO application in mitigating plant salt stress across various contexts?

	How much, or up to what level, can NO alleviate salinity stress, and what concentration of NO is effective for that salinity level?

	What are the roles of various factors (plant factors, NO factors, and environmental factors) in No mediated plant salinity tolerance?

	How does exogenous NO influence plant physiological and biochemical parameters?





Materials and methods


Literature search and selection criteria

The data for this meta-analysis was gathered according to the general guidelines by Field and Gillett (2010). We used the Web of Science, Scopus, and Google Scholar databases to conduct an extensive literature search until June 2020. Our keywords were “nitric oxide AND salt stress/or salinity” and “NO AND salinity/or salt stress.” Based on the titles and abstracts of all search results, 260 articles were deemed to contain relevant information (Figure 1). For data collection, the articles were selected using the following set of criteria: (i) the experiment had to manipulate at least one concentration of exogenous NO, (ii) the exogenous NO application was used singly, and we avoided mixed or combined exogenous treatments in this analysis, (iii) both NO-treated and non-NO-treated plants were grown under saline and non-saline conditions, (iv) any selected parameter was investigated, and (v) the findings reported sample size, means, standard deviations/errors, or other relevant statistical information such that the outcome could be converted to a standardized measure of effect size.




Figure 1 | Flow chart depicting the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) search strategy used to find and choose published literature for this analysis.



Based on these criteria, we finally selected 62 studies out of 260 for analysis. The level of fertilizer applied, the growing settings (greenhouse, growth chamber, or field), the duration of time before stress was exposed, and the growth media used in our meta-analysis were all allowed to vary. The papers covered 20 years (2000–2020) and were written in English. The detailed paper selection procedure has been provided in Figure 1 according to PRISMA guidelines.



Data extraction

We retrieved data on dry biomass of plants, NO application, photosynthetic and enzyme parameters, and other relevant data from the studied articles. Mean values, sample sizes (replications), and standard deviations (SDs) were recorded from each investigation. We converted the presented standard errors (SEs) to standard deviations with the equation SD = SE × √ (sample size). The reported 95% CIs (confidence intervals) were translated to SDs where applicable. We employed WebPlotDigitizer V4.2 (https://automeris.io/WebPlotDigitizer/) to digitize the values of figures. Multiple treatments or combinations of plant species/cultivars from the same experiment were treated as different studies and included in the analysis as independent data units. By presuming that the studies are independent, extracting multiple studies from a single experiment may increase the reliability of that study (Gurevitch and Hedges, 1999). We estimated the mean effect size of the dataset using only a single random observation from each research paper (reduced dataset) and compared this with the effect size calculated using the entire dataset (full dataset) to investigate potential publishing biases due to non-independence from numerous observations (He and Dijkstra, 2014). We used Welch’s t-test to assess effect sizes (full dataset vs. reduced dataset) to see if data reduction might significantly impact effect size. We found no significant discrepancies because of data reduction, indicating that overrepresentation was unlikely in this study. Considering multiple observations from the same investigation to be independent is expected to improve meta-analysis statistical power (Lajeunesse and Forbes, 2003). This method has been employed in many biological meta-studies (Veresoglou et al., 2012; Mayerhofer et al., 2013; Mcgrath and Lobell, 2013; Eziz et al., 2017; Dastogeer, 2018; Dastogeer et al., 2020).



Statistical procedure for meta-analysis

The meta-analyses were conducted in R version 4.2.1 using the “meta” (Balduzzi et al., 2019). The standardized mean difference (SMD) was measured using Hedge’s g statistic to determine the effect size for the difference between means using the “metacont” function. Hedge’s g is a meta-analysis statistic that reflects the difference in means in units of the pooled standard deviation and is favored over other measures like the log-response ratio because it has a lower Type I error rate (Lajeunesse and Forbes, 2003; Van Kleunen et al., 2010; Xie et al., 2018). In the case of our study, the SMD is recommended for meta-analyses, including studies reporting continuous outcomes (Faraone, 2008). A SMDs = 0 indicates that the two treatments (NO-treated or non-treated) have a similar effect, whereas a SMDs >0 reflects how the NO-exposed samples surpassed the non-exposed samples and vice versa. In particular, SMD values of 0.3, 0.5, and 0.8 imply low, moderate, and high impact sizes, respectively (Cohen, 1988). The overall effect was calculated using a random-effects model. A random-effects model was used because diverse types of experiments were included in the model. Due to the diverse locations, conditions, experimental settings, and methodologies utilized in the individual investigations, it is unlikely that all of them would predict a similar effect size (Borenstein et al., 2009). We computed 95% confidence intervals (CIs) and interpreted them in such a way that when the 95% CIs exclude zero, the effect size (SMD) is assumed to be significant. The Sidik–Jonkman estimator (Sidik and Jonkman, 2005) was used with the Hartung–Knapp adjustment (HKSJ) to estimate the random effects variance. When the combined studies are of varying sizes and demonstrate between-study heterogeneity, HKSJ creates inflated error rates, but it outperforms the widely used DerSimonian and Laird technique approach (Sidik and Jonkman, 2007; IntHout et al., 2014). Higgin’s I2 and Cochran’s Q statistics were employed to measure and test for statistical heterogeneity. I2 is the ratio of actual heterogeneity to overall heterogeneity across reported effect sizes, whereas Q is the weighted deviation from the summary effect size attributable to heterogeneity other than due to the sampling error (Higgins and Thompson, 2002; Higgins et al., 2003; Huedo-Medina et al., 2006). In general, I2 values vary from 0% to 100%, and the values of <25, 25–75, and >75% indicate small, medium, and high heterogeneity, respectively (Higgins et al., 2003).



Finding publication biases and adjustment

We used several methods to test the publication bias for each dataset. We visually examined asymmetry in funnel plots, employed “trim-and-fill” analysis, and ran Begg and Mazumdar rank correlation tests based on Kendall’s tau, the Egger regression test, and p-curve analysis (Begg and Mazumdar, 1994; Egger et al., 1997; Simonsohn et al., 2014). If these tests revealed significant bias, we used the trim-and-fill procedure to correct the biases and calculate the effect sizes (SMD), CIs, and heterogeneity statistics (Schmidt and Hunter, 2015) (Duval and Tweedie, 2000). We constructed subgroups from the studies based on the moderator subgroups. We applied trim-and-fill to the subgroups if any subgroups had biases identified by the above tests (Schmidt and Hunter, 2015).



Selected subgroup analyses

We performed subgroup analyses on the data to investigate the influence of factors, such as plant identity, NO treatment settings, plant life cycle, and salinity duration on the shoot and root dry biomass parameters. Using the “dmetar” package in R, we conducted a mixed-effects model with the subgroups as the fixed-effects element (Harrer et al., 2019). The overall impact size for each subgroup was determined using a random-effects model, and then we used a fixed-effects model to test between-subgroup differences (Borenstein and Higgins, 2013).

This approach is appropriate when the subgroup levels under examination are expected to be exhaustive for the characteristics and are not picked at random. Because most of the subgroups in our analysis were fixed, such as plant life cycle (annual and perennial) and plant clade (monocot or dicot), we hypothesized that a mixed-effects model would be a good fit. A factor needs to be reported in at least five studies across two separate papers to be included in the analysis as a subgroup variable. Initially, we considered different salinity levels (low, moderate, and high) but found no significant effects of salinity levels on the shoot and root biomass production (Table S2). Thus, in this meta-analysis, we consider only saline and non-saline conditions.

Growth condition: Plant growth conditions were categorized into three groups: greenhouse, growth chamber, and field.

Method of NO application: the methods of NO were divided into four categories: seed priming, root medium, foliar pre-treatment, and foliar post-treatment.

Duration of NO application: The period of NO supplementation was divided into three categories: regular interval, one time, and continuous.

Duration of salinity: The period of salinity treatment was divided into three categories: short (<8 days), moderate (8–21 days), and long (>21 days).

Plant growth stages were divided into two groups: seedling and germination

Plant clades were classified into two groups: monocots and dicots

Plant life forms were classified into three classes: vines, graminoids, and forbes




Results

In this study, data were collected from 2000–2020, and after 2005, more papers were published on exogenous NO-mediated salinity stress mitigation (Figure 2A). We investigated the effects of exogenous application of NO on 32 plant response parameters at various levels of salt stress. In this study, the summary effect sizes for non-stressed plants were also examined for comparison. Plants were represented by 30 species from 16 families across the 62 articles (Figures 2B, C). Triticum aestivum (6), Zea mays (5), Oryza sativa (4), Helianthus annuus (4), Gossypium hirsutum (4), Glycine max (4), and Cucumis sativus (4) were the most commonly studied plant species (Figure 2C).




Figure 2 | The total number of published articles, plant families and species about exogenous NO effects on plant stress physiology for salt tolerance available in the ‘Web of Science’ and ‘Scopus’ databases between 2000 and 2020, (A) the inlets in the main plots display the total number of articles found in the search, while the main plots exhibit the number of publications by year. (B) The pie chart represents the sixteen diverse families of the studied plants. (C) The pie chart shows the 30 diverse plant species from 16 families across the used articles in this study.




Effects of exogenous NO on plant growth parameters and yield under salinity

Exogenous NO application significantly increased SDW, RDW, and SL both under saline (p <0.001) and non-saline (p <0.001) conditions (Figure 3). The subgroup analysis indicated that there is a significant difference in the effect size of SDW between saline and non-saline conditions. However, the effect sizes of RDW and SL between saline and non-saline conditions were statistically similar because of the overlapping confidence interval values (Figure 3). Moreover, exogenous application of NO significantly increased RL (p = 0.036) and yield (p <0.001) under saline conditions, although no significant effects were observed under non-saline conditions (Figure 3). There are also significant differences in the effect sizes of RL (p = 0.045) and yield (p = 0.029) between salt-stressed and non-stressed conditions (Figure 3; Supplementary Table 3).




Figure 3 | Growth responses and yield of exogenous NO-treated plants compared with those of non-NO-treated plants under non-saline and saline conditions. Error bars are effect size (SMD) means ±95% CIs. Where the CIs do not overlap the vertical dashed lines, the effect size for a parameter is significant, i.e., the growth responses of NO-treated plants were significantly different from those of non-NO-treated plants. n, the number of studies included in the meta-analysis; p, the significance level of SMD.





Categorical analysis of the effects of exogenous NO on SDW

Categorical variables considered in the analysis showed that multiple factors influence the impact of exogenous NO on SDW, e.g., plant growth condition, method, time, and duration of NO application, plant factors, and salinity stress factors. For example, experiments that were performed under growth chamber (p = 0.002) and field conditions (p <0.001) showed significant effects on SDW under saline conditions (Figure 4A). Among the methods of exogenous NO application, “seed priming” (p <0.001) and “foliar application” (p <0.001) before exposure to salinity had a significant effect on the SDW production under salinity stress. On the other hand, “root medium” and “foliar post-treatment” showed a non-significant effect on SDW production both under saline and non-saline conditions (Figure 4B). The effect sizes (SMDs) of “root medium” with NO application were based on only a few studies (n = 8, saline and n = 7, non-saline), and the CIs interval is very long. Moreover, the CIs interval in the case of “foliar post-treatment” NO application is very long (Figure 4B). Thus, further studies should be performed focusing on “root medium” and “foliar post-treatment” with NO application. Applications of NO for “one time” (p <0.001) and “regular interval” (p = 0.006) significantly improved the SDW under saline conditions, but “continuous” application was not effective both under saline and non-saline conditions (Figure 4C). However, the CIs interval for ‘continuous’ NO treatment was very long, which suggests variable results among different studies (Figure 4C). Exogenous NO application most effectively improved SDW under ‘long (>21 days)’ duration salinity but did not improve under ‘short (<8 days)’ and ‘moderate (8-21 days)’ duration salinity stress (Figure 4D). Surprisingly, the effect of NO on SDW became stronger as the duration of salt treatment increased (Figure 4D). The application of NO significantly improved SDW production under saline conditions at both the seedling (p = 0.010) and germination (p <0.001) stages, where NO-mediated SDW improvement was more pronounced at the germination stage (Figure 4E). In both dicot and monocot plants, application of NO increased SDW more than non-NO treatment under salinity and non-salinity conditions (Figure 4F). As is evident in the figure (Figure 4G), application of NO on forbes and graminoid plants tended to increase SDW production under both saline and non-saline conditions.




Figure 4 | Effects of exogenous NO on SDW under saline and non-saline conditions for various categorical variables such as (A) growth conditions, (B) method of NO application, (C) duration of NO application, (D) duration of salinity, (E) plant growth stages, (F) plant clade, and (G) plant life form. The error bars are the effect size means ±95% CIs. Where the CIs do not overlap the vertical dashed lines, the effect size for a parameter is significant, i.e., the growth responses of NO-treated plants were significantly different from those of non-NO-treated plants. n, the number of studies included in the meta-analysis; p, the significance level of SMD.





Categorical analysis of the effects of exogenous NO on RDW

According to categorical variables evaluated in the analysis, the effect of exogenous NO on RDW is influenced by numerous parameters, including plant growth settings, method, time, and duration of NO administration, plant factors, and salt stress factors. For example, experiments that were undertaken at field conditions (p = 0.002) displayed significant impacts on RDW under saline conditions (Figure 5A). Among the methods of exogenous NO application, “seed priming” (p = 0.001) and “foliar post-treatment” (p = 0.003) had a significant effect on the RDW production under the absence and presence of salinity. On the contrary, “root medium” and “foliar application” exhibited no significant effect on RDW production in the case of both salinity and non-salinity conditions (Figure 5B). The effect sizes (SMDs) of the “root medium” NO application were based on only a few studies (n = 5, saline and n = 5, non-saline), and the CIs interval is very long under saline conditions (Figure 5B).




Figure 5 | Effects of exogenous NO on RDW under saline and non-saline conditions for various categorical variables such as (A) growth conditions, (B) method of NO application, (C) duration of NO application, (D) duration of salinity, (E) plant growth stages, (F) plant clade, and (G) plant life form. The error bars are the effect size means ± 95% CIs. Where the CIs do not overlap the vertical dashed lines, the effect size for a parameter is significant, i.e., the growth responses of NO-treated plants were significantly different from those of non-NO-treated plants. n, the number of studies included in the meta-analysis; p, the significance level of SMD.



NO application for “one time” (p <0.001) and “regular interval” (p <0.001) considerably enhanced RDW in a saline environment, while “continuous” application was ineffective in both saline and non-saline conditions (Figure 5C). However, the CIs for “continuous” NO treatment were extremely wide, implying that findings differed greatly between investigations (Figure 5C). Exogenous NO treatment enhanced RDW the most under “long (>21 days)” (p <0.001) duration salinity, while no significant improvement was found under “short (0–8 days)” and “moderate (9–21 days)” duration salt stress (Figure 5D). Interestingly, as the duration of salt treatment increased, the effect of NO on RDW grew stronger (Figure 5D). Plant growth stage had no effect on RDW generation; plants acquired considerably greater shoot biomass in response to exogenous NO treatment than non-NO treatment at both seedling (p <0.001) and germination stages (p <0.001) (Figure 5E). Under saline and non-saline circumstances, the application of NO raised SDW in both dicot and monocot plants more than non-NO treatment (Figure 5F). As is evident in the figure (Figure 5G), NO treatment on forb and graminoid plants is supposed to enhance RDW generation under salinity and non-salinity conditions.



Effects of exogenous NO on plant photosynthetic attributes

Most of the photosynthetic parameters, such as chlorophyll a (Chla), chlorophyll b (Chlb), total Chl, rate of photosynthesis (Pn), stomatal conductance (Gs), transpiration (E), and subcellular CO2 concentration (Ci), were significantly influenced by exogenous NO application under saline and non-saline conditions (Figure 6). The subgroup analyses revealed that the favorable effects of exogenous NO treatment on particular plant photosynthetic indices, including Chla, Chlb, Pn, Gs, E, and Ci, were higher when plants were exposed to salt stress than in non-stressed plants (Figure 6). For example, the Chla content was significantly influenced by exogenous NO application under saline (p <0.001) and non-saline (p = 0.03) conditions (Figure 6). Exogenous NO administration significantly impacted Chlb content in saline (p <0.001) but not in non-saline (p = 0.164) conditions (Figure 6). There is no effect of exogenous NO application on leaf area (LA) both under stressed and non-stressed conditions (Figure 6). The Pn, Gs, E, and Ci were significantly improved by exogenous NO application under saline conditions (p <0.001, Pn, Gs; p = 0.017, E; p = 0.004, Ci) but not under non-saline conditions (Figure 6). However, all of the measures studied tended to be more variable under non-stress conditions compared to saline-stress environments, as evidenced by their higher confidence interval values (Figure 6).




Figure 6 | Effects of exogenous NO on photosynthesis-related parameters such as chlorophyll-a (Chla), chlorophyll b (Chlb), total chlorophyll (total Chl) content, leaf area (LA), net CO2 assimilation (Pn), stomatal conductance (Gs), transpiration (E) and sub-cellular CO2 concentration (Ci) under saline and non-saline conditions. The error bars are the effect size means ±95% CIs. Where the CIs do not overlap the vertical dashed lines, the effect size for a parameter is significant, i.e., the growth responses of NO-treated plants were significantly different from those of non-NO-treated plants. n, the number of studies included in the meta-analysis; p, the significance level of SMD.





Effects of exogenous NO on plant water relations and nutrient homeostasis

Exogenous NO application did not increase SS and SP content significantly both under stressed (p = 0.057, SS; p = 0.093, SP) and non-stressed (p = 0.158, SS; p = 0.087, SP) conditions (Figure 7). However, exogenous application of NO improved Pro content significantly both under saline (p = 0.004) and non-saline (p = 0.004) conditions (Figure 7). Electrolyte leakage (EL) decreased in response to exogenous NO application under salt stress conditions (p = 0.135), but this change is non-significant because of the higher CI interval (Figure 7).




Figure 7 | Effects of exogenous NO on (A) soluble sugars (SS), soluble proteins (SP), proline content, and electrolyte leakage (EL) and (B) Na+, K+, Ca2+, and Mg2+ contents under saline and non-saline conditions. The error bars are the effect size means ±95% CIs. Where the CIs do not overlap the vertical dashed lines, the effect size for a parameter is significant, i.e., the growth responses of NO-treated plants were significantly different from those of non-NO-treated plants. n, the number of studies included in the meta-analysis; p, the significance level of SMD.



The leaf K+ content (p <0.001) and Ca2+ content (p = 0.016) in NO-treated plants were consistently higher than those in non-NO-treated plants under salinity conditions (Figure 7). Under saline conditions, leaf Na+ content was dropped in response to exogenous NO delivery, but this shift was non-significant (p = 0.061) due to higher CI intervals (Figure 7). Moreover, leaf Mg2+ content in the salt-stressed plants was increased in reaction to the administration of exogenous NO. However, this change is non-significant (p = 0.08) because of greater CI intervals (Figure 7).



Effects of exogenous NO on plant oxidative damage and antioxidant systems

In non-stressed conditions, there was no change in H2O2 and MDA buildup between NO-treated and non-NO-treated plants (Figure 8). However, exogenous NO-treated plants had significantly lower MDA levels (p <0.001) and H2O2 content (p <0.001) than non-NO-treated plants under saline conditions (Figure 8). The effect of exogenous NO on superoxide content reduction was not substantial both under saline (p = 0.114) and non-saline (p = 0.560) conditions, though the NO treatment reduced the superoxide content under saline conditions (Figure 8). Both under saline and non-saline conditions, NO-treatment increased SOD (p = 0.004 and p <0.001, respectively), CAT (p <0.001 and p <0.001, respectively), POX (p = 0.001 and p = 0.001, respectively), APX (p = 0.002 and p = 0.031, respectively), GR (p = 0.002 and p = 0.012, respectively), and DHAR (p = 0.034 and p = 0.003, respectively) activity than non-NO-treatment (Figure 8). However, in both saline and non-saline environments, there was no difference in GPX activity between NO-treated and non-NO-treated plants (Figure 8). Among the non-enzymatic antioxidants, GSH content was significantly increased only under saline (p = 0.012) conditions, but ASC content was increased both under saline and non-saline conditions in response foliar NO application than non-NO application (Figure 8). The endogenous NO content did not change due to the application of exogenous NO in comparison to non-NO treatment both under saline and non-saline conditions (Figure 8).




Figure 8 | Exogenous NO effects on ROS scavenging and antioxidant capacity such as superoxide, hydrogen peroxide (H2O2), malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase (APX), glutathione peroxidase (GPX), glutathione reductase (GR), dehydroascorbate reductase (DHAR), glutathione (GSH), ascorbate (ASC) and endogenous NO content in salt-induced plants. The error bars are the effect size means ±95% CIs. Where the CIs do not overlap the vertical dashed lines, the effect size for a parameter is significant, i.e., the growth responses of NO-treated plants were significantly different from those of non-NO-treated plants. n, the number of studies included in the meta-analysis; p, the significance level of SMD.






Discussion

It is urgent to find an economical and effective technique to reduce the damage caused by salinity stress in crops because it causes significant yield loss. Exogenous administration of some signaling molecules has a vast potential for reducing the negative consequences of abiotic stressors. In this regard, exogenous NO has been intensively studied in the last 20 years and can alleviate the harmful effects of salt stress in various plant species. In general, most research studies found that exogenous application of NO enhances salinity stress tolerance in plants, implying that it improves growth or yield under salinity stress compared to the salinity stress condition alone. However, several questions remain: at what concentration, which method, or how long did NO application show the best growth performance or yield? Does exogenous NO enhance the yield of crops? Do plant species or growth stages and conditions affect the NO-mediated effects on plants? Which physiological or biochemical processes are most modulated by exogenous NO application? A meta-analysis was performed to find the answers to those questions.


Does exogenous NO improve plant phenotypic traits and yield during salinity stress?

Salt stress negatively impacts growth parameters (e.g., shoot–root length and root–shoot dry weight) and yield production due to increased toxicity, osmotic effect, and oxidative stress (Yildirim et al., 2009; Shams et al., 2016; Ahmad et al., 2018). The meta-analysis revealed that exogenous NO substantially affects some physiological and biochemical attributes, particularly plant growth and development, photosynthesis, and defense mechanisms to repair oxidative injury under salt stress. Exogenous NO application in different conditions displays divergence from the corresponding diagram. The effects of different salinity regimes on plant growth regulation, such as shoot and root dry weight, shoot–root growth, and comparable output, were observed in several crops, such as wheat (Triticum aestivum) (Perveen et al., 2011; Perveen et al., 2012), rice (Oryza sativa) (Iqbal et al., 2015), sorghum (Sorghum bicolor) (Bashir et al., 2011), and pearl millet (Pennisetum glaucum) (Hussain et al., 2008). According to our findings, NO treatment facilitates growth and yield under salinity-induced circumstances, where NO, as a signaling agent, works as a stress protectant (Parankusam et al., 2017). Several prior studies in maize (Zea mays), rice, wheat, tomato (Lycopersicon esculentum), and marigold (Calendula officinalis) showed an increase in shoot–root length and shoot–root dry weight (Farooq et al., 2009; Molassiotis et al., 2010; Bai et al., 2011; Wu et al., 2011a; Jabbarzadeh et al., 2018; Sehar et al., 2019). Our meta-analysis showed that exogenous NO confers plant salinity tolerance by reestablishing mineral uptake, osmolyte accumulation, and antioxidant enzyme activity, ensuring incredible plant growth and yield (Figures 7, 8).

Salinity induces water scarcity in the root zone and immediately affects plant water status in a short period. On the other hand, the plant recovers over several hours and returns to a modest, steady growth rate. The second phase, which increases over time, is driven by the toxicity of excess Na+ and Cl− ions that concentrate in the cytoplasm. Furthermore, plants under salinity stress require extra energy to counteract the harmful effects of Na+ ions, and they are also vulnerable to nutritional deficiency. These processes harm plant growth and biomass production (Munns and Tester, 2008; Isayenkov and Maathuis, 2019; Tabassum et al., 2021). Our analysis confirmed that exogenous NO supplementation significantly improved the SDW and RDW in both salt-stressed and non-stressed plants (Figure 3). Exogenous NO might improve shoot and root biomass production by enhancing photosynthetic pigment, nutrient uptake, and antioxidant enzymatic activity and mitigating oxidative damage in salt-stressed plants, including rice (Mostofa et al., 2015), maize (Kaya et al., 2015), wheat (Kausar et al., 2013), chickpea (Cicer arietinum) (Ahmad et al., 2016), tomato (Wu et al., 2011a), and pepper (Capsicum annum) (Shams et al., 2019).



How do different sub-categories affect NO-mediated salinity stress tolerance in plants?

This meta-analysis showed that the effects of exogenous NO on plant biomass yield were context-dependent, with various elements playing key roles. For example, exogenous NO significantly increased SDW in field and growth chamber studies, whereas RDW was significantly improved only in field environments under salt stress (Figures 4A, 5A). Plants were typically grown in plots in greenhouses or growth chambers (Egbichi et al., 2014; Jamali et al., 2015; Siddiqui et al., 2017; Khoshbakht et al., 2018; Shams et al., 2019; Jabeen et al., 2021), and many researchers failed to observe changes in root biomass in response to NO under salinity conditions, possibly because optimal root growth is reduced under these growth conditions, as supported by our meta-analysis (Figures 4A, 5A). Thus, studies in the field are required to understand root phenomics in response to NO under salt stress. It is worth mentioning that all the field-level experiments were conducted at the germination stage (Habib et al., 2016; Ali et al., 2017).

This meta-analysis showed that seed priming and foliar pre-treatment were the most effective methods for NO application to plants (Figure 4B). The exogenous NO applications before exposure to salt stress might boost the metabolic activity, energy production, and stress tolerance mechanisms of the plant, improving plant growth responses in response to salinity. On the contrary, root medium showed no noticeable impact on shoot and root biomass accumulation under saline conditions (Figures 4B, 5B). However, this proposition was based on only a few investigations; therefore, further studies should be performed on these NO application methods. NO application as seed priming and foliar post-treatment markedly increased root dry biomass under salt stress (Figure 5B). As plant roots are directly in contact with Na+ ions during salinity stress, foliar post-treatment might activate the NO-based defense machinery at first in roots to trigger a salinity tolerance mechanism. NO triggers root tip elongation and lateral adventitious root development (Correa-Aragunde et al., 2004) and integrates the ABA–IAA signaling network of root system responses in tomatoes under salt stress (Santos et al., 2020). As seed priming with NO showed the maximum effect on root growth improvement (Figure 5B), this method could be used for successful early seedling establishment in salinity soils. Interestingly, foliar pre-treatment and “root medium” showed no considerable effect on root dry mass production under salinity conditions (Figure 5B). However, a few papers on root medium-based studies have been found and examined, and more research into these NO-based approaches is needed.

Both one time and regular interval treatments of exogenous NO were efficient for the significant shoot and root dry biomass production in the presence of salinity (Figures 4C, 5C). These findings are in agreement with the results on maize (Kaya et al., 2015), chickpea (Ahmad et al., 2016), broccoli (Brassica oleracea) (Akram et al., 2020), and chicory (Cichorium intybus) (Abedi et al., 2021) in the case of the regular interval, while in maize (Keyster et al., 2012), cotton (Liu et al., 2013a), and mustard (Brassica Juncea) (Khator and Shekhawat, 2020) for the one-time treatment. However, “continuous” NO treatment limited shoot and root growth under salinity (Figures 4C, 5C), suggesting that a continuous supply of exogenous NO could be toxic to plants instead of providing cellular antioxidant protection. The interaction of NO with ROS accounts for direct sources of both toxicity and protection (Beligni and Lamattina, 1999). ROS acts as a signal for the activation of defense responses when NO is present in small concentrations (Dangl et al., 1996). Higher levels of NO created by unregulated ROS formation, on the other hand, inflict serious damage to plants (Beligni and Lamattina, 1999).

According to this meta-analysis, the effect of NO treatment on the shoot and root dry biomass accumulation was significant and more pronounced when the salt stress lasted for a more extended period (>21 days) (Figures 4D, 5D). Several previous studies on maize (Keyster et al., 2012), rice (Habib et al., 2016), soybean (Glycine max) (Egbichi et al., 2014), and tomato (Wu et al., 2011a) demonstrated that exogenous NO confers salinity tolerance and improves shoot and root biomass during long-term salt exposure by lowering salt stress-induced oxidative stress and caspase-like activity through a pathway that restricts ROS formation via activating antioxidant machinery, stress-responsive gene expression, and molecular signaling. However, when plants were exposed to salinity for less than 20 days, NO treatment did not significantly increase plant biomass (Figures 4D, 5D). These findings suggest that salinity tolerance mediated by NO is a slow but long-lasting process. As a result, it may be possible to mitigate salinity stress throughout the crop growing season effectively.

This meta-analysis showed that exogenous application of NO significantly improves shoot and root growth at both germination and seedling growth stages during salinity stress (Figures 4E, 5E), suggesting that exogenous NO can be applied at both growth stages. NO promotes seed germination by breaking seed dormancy and modulating ABA signaling cascades under salinity conditions (Baudouin, 2011; Signorelli and Considine, 2018; Prakash et al., 2019). Moreover, NO alleviates salt-induced growth inhibition in plant seedlings by enhancing physiological and biochemical parameters (Ren et al., 2020), improving plant biomass accumulation. Studying the impacts of categorical factors on plant growth will aid us in identifying some potentially efficient plant–NO interactions that influence plant growth more strongly in the presence of salt. Interestingly, exogenous NO treatment promoted plant growth traits more effectively in dicot plants than in monocots under salinity stress conditions (Figures 4F, 5F), as salt tolerance variation in response to NO is greater in dicots compared to monocot plants (Choudhary et al., 2022). Most of the research focused on NO-mediated salinity stress alleviation in graminoids and forbs type plants, and meta-analysis showed that the application of NO markedly increased shoot and root growth in these plants (Figures 4G, 5G).

In this meta-analysis, most of the cases studied showed that, under salinity stress, the concentration of exogenous NO for improving shoot biomass ranges from 0.1 to 0.2 mM and for root biomass ranges from 0.05 to 0.2 mM (Figures S1A, C). Furthermore, the meta-regression analysis revealed that the SMD for SDW or RDW did not change as NO concentration increased. As a result, we recommend a lower NO concentration (0.1 mM) as the optimal concentration for future experiments or field applications. Moreover, exogenous NO application can mitigate salinity stress up to 150 mM NaCl (Figures S1B, D).



Does exogenous NO enhance photosynthesis in salt-induced plants?

Salinity stress severely affects the photosynthetic activity of plants by hampering chloroplast structure and function, reducing photosynthetic rate and interfering with stomatal conductance (Teixeira and Pereira, 2007; Chaves et al., 2009; Guidi et al., 2017; Sotiras et al., 2019; Landi et al., 2020). In NO-treated salt-stressed plants, all photosynthetic metrics included in this meta-analysis were significantly better than in non-NO-treated salt-stressed plants (Figure 6). In various methods, exogenous NO can assist plants in mitigating or reducing the negative impacts of salt stress on photosynthesis. As shown in our meta-analysis, NO improved plant osmotic adjustment and nutritional balance (Figure 7), allowing them to maintain a greater leaf area, higher chlorophyll content, stomatal conductance, and subcellular CO2 levels, all of which boosted CO2 assimilation rate and photosynthesis efficiency under normal and salt-stress conditions (Huang et al., 2016; Khoshbakht et al., 2018). Moreover, this meta-analysis showed that NO treatment significantly enhanced Ca2+ and Mg2+ in salt-stressed plants (Figure 7). Several studies have revealed that NO-treated plants have a more significant concentration of these cations, which could be linked to increased chlorophyll and carotenoid pigment production in NO-treated perennial ryegrass (Lolium perenne) (Wang et al., 2013), pepper (Shams et al., 2019), and maize (Kaya et al., 2015).

The appropriate presence of NO improves CO2 assimilation, transpiration, photosynthetic rate, and chlorophyll fluorescence characteristics, all of which improve photosynthetic functioning (Procházková et al., 2013; Alnusairi et al., 2021). Our results revealed that exogenous NO enhances transpiration, stomatal opening, and chlorophyll fluorescence in salt-affected plants (Figure 6). These results might be due to maintaining balanced K+ flux and inducing the expression of the plasma membrane H+-ATPase essential for an optimum K+/Na+ ion ratio to generate protection against salt stress by exogenous NO (Zhao et al., 2004); previously, similar findings were reported in tomato and barley (Hordeum vulgare) (Zhang et al., 2006; Wu et al., 2011a). Furthermore, it was demonstrated that NO application improves photosynthesis in salt-stressed mustard by enhancing RuBisCO enzyme activity and stomatal conductance (Fatma and Khan, 2014; Jahan et al., 2020). Nitric oxide alone or combined with sulfur promotes the synthesis of glutathione, assimilation of sulfur, and optimum production of NO and redox state, which represent the basis of NO-triggered defensive mechanisms of mustard plants (Fatma et al., 2016). The authors hypothesized that the application of NO increases GSH content, which plays a role in cellular redox homeostasis and regulation of stomatal movement. It was also demonstrated that GSH interacts with ABA to regulate stomatal movement (Misra et al., 2015).



Does exogenous NO robust plants’ osmotic potential and nutrient balance under salt stress?

Our meta-analysis revealed that exogenous NO-enhanced essential minerals, e.g., K+, Ca2+, and Mg2+ uptake, and decreased toxic Na+ content in the salt-stressed plants (Figure 7B). Under salinity, plants invoke stress tolerance through ion homeostasis by increasing the K+/Na+ ratio, improving Ca2+/Mg2+ uptake, regulating ion uptake from roots, ion transport, and compartmentalization (Lu et al., 2014; Kolbert, 2016; Goyal et al., 2021). The Na+/H+ antiporter enzyme is involved in the elimination of cytosolic Na+ and the increase of Ca2+ and Mg2+ influx during this compartmentalization process (Chen et al., 2013; Goyal et al., 2021). Nitric oxide activates the H+-ATPase and H+-PPase enzymes in the vacuole, forcing the Na+/H+ ion exchange to detoxify the cell. Several studies have found that during Na+ compartmentalization, H+-ATPase activity increases. Under salt stress, NO mediates root K+/Na+ balance in maize (Zhang et al., 2006), sunflower (Helianthus annus) (David et al., 2010), and mangrove plant Kandelia obovata (Chen et al., 2013), via enhancing the expression of the AKT1-type K+ channel and Na+/H+ antiporter. It has also been reported that exogenous combined NO and H2S treatment increases salinity tolerance in barley by boosting H+-ATPase and Na+/H+ antiporter expression and K+ channel activity (Chen et al., 2015).

Osmotic stress caused by salinity can be alleviated by the buildup of osmolytes such as proline, soluble carbohydrates, and soluble proteins (Hayat et al., 2012a; Li et al., 2016). According to this meta-analysis (Figure 7A), the treatment of NO increases proline accumulation in plants but not soluble carbohydrates or soluble proteins under salt stress, suggesting that NO-mediated osmotic balance is mainly conferred by proline, and soluble sugar accumulation might not be stimulated by exogenous NO under salt stress. It has been previously reported that exogenous NO promotes the accumulation of osmotic components (e.g., proline and glycine betaine), which play an essential role in osmoregulation, membrane stability, cell water content maintenance, and stress mitigation in crop plants (Ahmad and Sharma, 2008; Ahanger et al., 2017). Exogenous NO has also been discovered to stimulate the P5CS1 gene, which codes for d1-pyrroline-5-carboxylate synthase, a critical enzyme involved in proline production in Chlamydomonas reinhardtii (Zhang et al., 2008; Rejeb et al., 2014). According to the review by Ahmad et al. (2016), NO-induced cell osmoregulation has been found in a variety of crops, including linseed (Linum usitatissimum), Brassica, chickpea, and mulberry (Morus alba).

Several investigations have demonstrated that exogenous NO treatment increases the level of soluble sugars and soluble proteins along with proline in salt-exposed plants through inducing osmotic homeostasis mechanisms, for example, salt-stress related sugars and proteins synthesis, CO2 assimilation, enzyme activities, and expression of specific genes (Gibson, 2005; Gupta and Kaur, 2005; Doganlar et al., 2010) in tomato (Wu et al., 2011a) and cotton (Dong et al., 2014). Our meta-analysis results showed no significant increase in soluble sugar and protein content (Figure 7A), which contradicted the previously described results. Further investigations are required to determine whether the exogenous NO triggers the possible pathways for increasing total soluble sugar and soluble protein levels during salinity stress.



How does exogenous NO regulate plants’ antioxidant system and ROS scavenging during salt-induced stress?

Salt stress causes plants to accumulate many ROS, resulting in oxidative damage and a loss of membrane lipid and membrane integrity (Ahmad, 2010; Hayat et al., 2012a; AbdElgawad et al., 2016). This meta-analysis showed that NO supplementation detoxifies ROS generation and pacifies oxidative damage by significantly reducing MDA production and markedly boosting the antioxidants SOD, CAT, POX, APX, GR, DHAR, GSH, and ASC in salt-stressed plants (Figure 8). Farooq et al. (2009) and Qiao et al. (2014) previously described the mechanisms by which NO provides salt tolerance in plants by restoring redox equilibrium in salt-stressed plants by enhancing the activity of ROS scavenging enzymes such as CAT, SOD, APX, GR, and GPX. NO helps attenuate oxidative stress by upregulating both enzymatic and non-enzymatic antioxidants (Christou et al., 2014; Kong et al., 2016; da-Silva et al., 2018). The antioxidant enzymes in NO-treated plants were dramatically upregulated, and ROS-producing enzymes were downregulated, resulting in the rapid removal of excess accumulated free radicals and the stability of structural and functional elements of cellular membranes in agricultural plants like Brassica oleracea (Hernandez et al., 2010), maize (Carrasco-Ríos and Pinto, 2014), pepper (Shams et al., 2019), and wheat (Alnusairi et al., 2021).

NO can operate as a signaling molecule or ROS scavenger by modulating or boosting the activities of antioxidant enzymes under sustained stress circumstances (Hao et al., 2008; Xu et al., 2010; Fan and Liu, 2012). The expression of representative SOD, CAT, and APX genes examined was upregulated by exogenous NO treatment in salt-stressed plants like soybean (Egbichi et al., 2014), chickpea (Ahmad et al., 2016), tomato (Aydin et al., 2014), Limonium sinense (Zhang et al., 2014), Lotus japonicus (Rubio Luna et al., 2009) and rice (Shafi et al., 2015). Similarly, this meta-analysis indicates that upregulation of CAT, SOD, APX, GR, GPX, and DHAR genes might enhance the activities of the SOD, CAT, APX, and DHAR enzymes; as a result, the cells are better protected against oxidative damage caused by high salinity (Lu et al., 2007; Yamane et al., 2010; Hu et al., 2012). Therefore, NO stimulates the expression of antioxidant enzyme-related biosynthetic genes, resulting in the buildup of antioxidant enzymes and hence greater stress tolerance in plants. NO suppress oxidative damage and avert cell membrane injury and proton extrusion through upregulated H+-ATPase activity in stressed plants (Kharbech et al., 2020). Reports have suggested that NO-signaling helps to regulate this cycle via S-nitrosylation. Under salt-induced stress, the activities of four vital enzymes of the ASC–GSH cycle, namely, APX, DHAR, and GR, are hampered (Rahman et al., 2016). Furthermore, NO and sulfur combine to increase APX activity, allowing it to efficiently detoxify H2O2 and O2•, resulting in a robust antioxidative defense against salinity (Fatma and Khan, 2014; Fatma et al., 2016).



Recommendations and research gaps

The current systematic review emphasizes the role of NO-mediated plant salinity tolerance and exogenous NO application in alleviating plant salinity stress. This meta-analysis also highlights various aspects that require further investigation to gain a thorough and robust understanding of NO-conferred salinity stress tolerance in plants. Based on this meta-analysis, we enclose the following recommendations or research gaps:

	• The majority of research has concentrated on the effects of NO on plant physiology by utilizing seed priming and foliar application under saline conditions. However, there has been less attention dedicated to determining the effects of NO in root medium-based approaches. Before advocating for root medium-based treatments, we need further evidence on the variability and durability of NO-induced salinity tolerance.

	• From a mechanistic standpoint, most articles measured osmolyte content in NO-treated and non-NO-treated plants, but the underlying mechanisms of this response at the molecular level need to be investigated further.

	• Plant lipid metabolism is altered during salt stress, which is linked to changes in membrane integrity, constitution, and activity (Parihar et al., 2015). Although lipid peroxidation has been examined in salt-stressed NO-treated plants, overall changes in lipid metabolism in response to exogenous NO have gained less priority.

	• Very few studies have described the effects of exogenous NO on the nutritional aspects of crops. We have yet to explore whether the contents of bioactive nutritional components are improved or decreased by NO under salt stress.

	• Salinity stress limits plant growth and biomass building by disrupting photosynthetic pigments, osmotic equilibrium, enzyme activity, and ionic homeostasis. Exogenously applied NO reliably mitigates the impact of salt stress on plants by regulating their physiological functions and oxidative tolerance. NO-mediated salinity stress tolerance in plants has far-reaching ecological and agro-economic implications. Improved salinity tolerance may ensure higher crop yields in some agronomic fields. Continued research on exogenous NO application could lead to discovering the fundamental processes of plant-NO interactions, which appear to be well-founded.

	• Many previous studies and our meta-analysis proved that exogenous NO application significantly improves the growth and yield of plants. However, there was no conclusive data and findings on the economic feasibility of NO-mediated crop cultivation in the saline-pone agronomic fields. A further investigation is recommended to study the impact level of exogenous NO on crop yield performance following the economic profitability and cost-effectiveness of farmers.

	• NO treatment effect on C3 plants has been extensively described, whereas only a few investigations on C4 plants have been conducted under salt stress. More studies on exogenous NO-mediated salinity tolerance in C4 plants are needed to get a definitive conclusion.

	• Although many studies on exogenous NO-induced salinity tolerance have been reported at germination stage in field levels, a limited study was conducted at the reproductive stage. Therefore, the ameliorative role of NO on plant growth and yields at the reproductive stage in field conditions needs to be investigated further.

	• Many of these experiments were undertaken in greenhouses or under controlled growth chamber conditions, with limited investigations conducted at the field level. Further research on the variability and stability of NO-induced salinity tolerance is required before farm-level recommendations.

	• Continuous NO application in root did not positively affect but rather had adverse effects. Thus, future studies should avoid continuous NO application for mitigating salinity stress.

	• Typically, studies are conducted on a single method. Further research should be conducted in which NO will be used in various methods to provide a comparative conclusion. Furthermore, different methods should be used throughout the plant life cycle in a single study. For example, studies should be conducted in which seed priming with NO will be applied at the seedling stage and foliar pretreatment at the vegetative or reproductive stage.






Conclusion

The present meta-analysis of 62 peer-reviewed articles demonstrated the NO-mediated morpho-physiological and biochemical response and stress tolerance mechanisms in plants under salinity conditions. In particular, we determined the effects of different sub-categories in NO-treated and salt-stressed plants. Exogenous application of NO considerably influences biomass accumulation, growth, and yield in both salt-stressed and non-stressed plants. Our meta-analysis reveals that exogenous NO application is more effective when the salt-stressed plants are grown in growth chambers and at germination and seedling growth stages under prolonged salinity stress. The number of field-level reproductive stage experiments is minimal, and future research should concentrate on this topic. Among the NO application methods, seed priming and foliar pre-treatment are the most efficient when NO is applied for a one-time or regular interval. Furthermore, the optimum NO concentration ranges from 0.1 to 0.2 mM, which alleviates salinity stress up to 150 mM. Interestingly, exogenous NO treatment boosts plant growth most efficiently in dicots. This meta-analysis shows exogenous NO strongly confers plant salinity stress tolerance by maintaining physiological and biochemical processes such as osmotic and nutritional balance, and photosynthetic and antioxidant activity. Further investigations are recommended to study the roles of lipid metabolism, nutritional content changes of grain crops, responses of C4 plants, and field-level crop yield improvements under salinity stress in response to exogenous NO application.
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KEGG term Protein ID Fold change p-value Up or KEGG description
downregulated

Peroxidases Dhu000014602 5.03 £ 0.08 1.74E-05 Up Catalase
Dhu000028022 4.54 £1.57 8.58E-07 Up Superoxide dismutase, cu-zn family
Dhu0000156323 10.10 £ 17.45 4.02E-04 Up Superoxide dismutase, cu-zn family
Dhu000016068 Infinity 0.00 Up Superoxide dismutase, cu-zn family
Dhu000005526 Infinity 0.00 Up Peroxidase
Dhu000018823 10.11 £ 3.15 6.37E-08 Up L-ascorbate peroxidase
Dhu000018044 6.13 £ 2.97 1.31E-07 Up L-ascorbate peroxidase
Dhu000010171 6.78 £1.23 8.26E-04 Up Gilutathione peroxidase
Dhu000028960 0.03 £ 0.01 1.76E-02 Down L-ascorbate peroxidase

Vitamin B6 metabolism Dhu000007824 597 £0.14 6.68E-03 Up Pyridoxal 5'-phosphate synthase
Dhu000011167 2.27 £0.02 3.15E-02 None Pyridoxamine 5'-phosphate

oxidase

Dhu000002640 Infinity 0.00 Up Pyridoxal 5'-phosphate synthase
Dhu000022208 0.57 £ 0.06 3.72E-01 None Phosphoserine aminotransferase
Dhu000028434 0.01 £0.01 9.17E-03 Down Pyridoxine 4-dehydrogenase
Dhu000010367 Infinity 0.00 Up Phosphoserine aminotransferase

Thiamine metabolism Dhu000026717 6.44 £+ 0.51 1.83E-04 Up Cysteine desulfurase
Dhu000008600 4.59 + 0.67 6.99E-03 Up Adenylate kinase

Ascorbate and aldarate metabolism Dhu000017762 11.96 + 0.69 1.42E-06 Up Dehydroascorbic reductase
Dhu000018823 10.11 £ 3.15 6.37E-08 Up L-ascorbate peroxidase
Dhu000018044 6.13 £ 2.97 1.31E-07 Up L-ascorbate peroxidase
Dhu000028960 0.03 £ 0.01 1.76E-02 Down L-ascorbate peroxidase

Glutathione metabolism Dhu000018044 6.13 £ 2.97 1.31E-07 Up L-ascorbate peroxidase
Dhu000017762 11.96 + 0.69 1.42E-06 Up Dehydroascorbic reductase
Dhu000023012 4.58 +£1.01 2.34E-03 Up Glutathione S-transferase
Dhu000018823 10.11 £ 3.15 6.37E-08 Up L-ascorbate peroxidase
Dhu000010171 6.78 £1.23 8.26E-04 Up Gilutathione peroxidase
Dhu000014453 4.62+0.14 1.42E-02 Up Glutathione S-transferase
Dhu000020272 6.32 £ 0.38 2.83E-04 Up Gilutathione S-transferase
Dhu000028960 0.03 £ 0.01 1.76E-02 Down L-ascorbate peroxidase
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KEGG term Protein ID Fold change p-value Up or KEGG description
downregulated

Photosynthesis Dhu000016663 Infinity 0.00 Up Plastocyanin
Dhu000022000 4.43+2.21 2.27E-07 Up Photosystem II oxygen-evolving enhancer protein 2
Dhu000018784 1017 £4.37 1.45E-06 Up Cytochrome b6-f complex iron-sulfur subunit
Dhu000002825 716+ 4.92 2.18E-06 Up Photosystem Il psb27 protein
Dhu000002238 27.70 +3.08 1.00E-05 Up Cytochrome b6-f complex iron-sulfur subunit
Dhu000019960 4.02 + 0.56 2.56E-05 Up PsbP family
Dhu000002675 6.57 £ 4.33 3.55E-0b Up F-type h + -transporting ATPase subunit f
Dhu000022570 5.83+4.52 1.04E-04 Up F-type h + -transporting ATPase subunit b
Dhu000027584 7.20 £ 3.26 3.70E-04 Up Photosystem Il oxygen-evolving enhancer protein 3
Dhu000018717 8.68 +£10.79 4.43E-04 Up F-type h + -transporting ATPase subunit 3
Dhu000028844 30.72 £ 11.10 5.18E-04 Up Ferredoxin
Dhu000028842 9.22 +£12.75 3.82E-03 Up Ferredoxin

Oxidative Dhu000008527 Infinity 0.00 Up V-type h + -transporting ATPase 16 kda proteolipid subunit

phosphoryla-

tion
Dhu000010659 Infinity 0.00 Up Nadh dehydrogenase (ubiquinone) 1 beta subcomplex subunit 7
Dhu000028439 Infinity 0.00 Up Nadh dehydrogenase (ubiquinone) fe-s protein 6
Dhu000006846 522+ 4.21 6.68E-06 Up F-type h + -transporting ATPase subunit d
Dhu000014507 31.93 £2.36 8.05E-06 Up Nadh dehydrogenase (ubiquinone) 1 a subcomplex subunit 5
Dhu000002675 6.57 £4.33 3.55E-05 Up F-type h + -transporting ATPase subunit f
Dhu000000294 12.20 £0.79 6.18E-05 Up Nadh dehydrogenase (ubiquinone) 1 B subcomplex subunit 9
Dhu000022570 5.83+4.52 1.04E-04 Up F-type h + -transporting ATPase subunit b
Dhu000006207 7.82+1.24 1.43E-04 Up Ubiquinol-cytochrome ¢ reductase cytochrome ¢1 subunit
Dhu000018717 8.68 +£10.79 4.43E-04 Up F-type h + -transporting ATPase subunit §
Dhu000000527 8794+ 0.37 4.84E-04 Up Succinate dehydrogenase (ubiquinone) iron-sulfur subunit
Dhu000017283 92.41 £19.13 2.16E-03 Up V-type h + -transporting ATPase subunit g
Dhu000014683 4.47 £0.69 2.23E-03 Up Succinate dehydrogenase (ubiquinone) flavoprotein subunit
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Treatment Salinity and alkalinity Salt content (g kg — 1) ECy5(dSm~—1)

CK Control: normal soil 0.53 0.17
CS NaCl: moderate salinization 4.43 1.39
AS Na, CO3+NaHCO3: moderate alkalization 2.03 0.63

pH (1:2.5)

8.16
8.43
9.92

CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS, NapCOg3 + NaHCOg3 stress treatment.
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Species Duration and extent of NaCl stress Main phenotype References

Gerbera jamesonii 30mM/57 days Miigated phenotypes in leaves and Gomez Belot et al, 2018
flowers

Narcissus sp. (L) 150mM/5-6weeks Maintained a steady K*/Na’ ratio Veatch-Biohm et al., 2014

Lobelia erinus 30-50mM/60days Reduced growth and biomass withno ~ Escalona et al., 2013

Viola x wittrockiana Gams.
Catharanthus roseus

Limonium
Aster trpolium L.

Callistemon citrinus
Portulaca

iis germanica
Tagetes erecta

Dianthus caryophyllus
Chrysanthemum morifolium

Fuchsia hybrida

Solenostermon scutellrioides
Begonia hiemalis

Hyacinthus orientalis L.
Pelargonium hortorum LH. Bailey

Osmanthus fragrans (Thunb.) Lour.
Nerium oleander L.

Lavandula angustifoli Mil.
Parthenium hysterophorus

Eugenia myrtifola L.
Tagetes patula L.

Echinacea purpurea
Amaranthus tricolor

Portulaca grandiiiora
jis halophila (Pall)

Eragrostis spectabils (Pursh) Steud.

Viburnum lucidum L.
Callistemon citrinus Stapf

Aloe vera (L)
Kalanchoe blossfeldiana Poeln.
Gazania splendens Lem sp.

Viburnum lucidum

Altemanthera bettzickiana (Regel) G.
Nicholson

Callistemon laevis

Dendrobium orchid

5-7gL-'/Bweeks
80mM/30days

More than 200mM/60days
250mM/2weeks

4dS m-'/56weeks
400mM/5 weeks

140mM/28 days
45 0r 7.5d8 m*/60days
200mM/15 days
0.4-2.0%/1 week

7.0-9.808 m-'/5weeks
7.0-9.8dS m/5weeks
7.0-9.80S m-'/5weeks
6.1-8.6gdm-/12weeks
Lower than 1.976gL-"/77 days

40-120mM/3days.
80mM/15-30days
300mM/30days
160mM/10days

88mM/30days
100mM/10days

50-100mM/2weeks
50-100mM/24 days

400mM/5weeks
400mM/5wesks
5.00r 10.0dS m-/65days
200mM/103days

200mM/103days

2.0-7.5d8 m™'/60days
2.0-7.5dS m™'/60days
2.0-7.5dS m"'/60days

10-70mM/120days
40dS m'/20days

4dS m-'/56weeks
2-15dS m™/30days

effect on flower production
No effect on flower production with
reduced growth of plant

Inhibited growth and the activiies of
antioxidant enzymes

Grown wel with salt excreting in leaves
High light harvesting effciencies and low
energy dissipation rates

Greater Na* storage

Leaf sucoulence with high ionic
accumulation in the vacuoles

Lower Na* content in rhizomes than in
leaves or roots under saline conditions.
Delayed the opening time of the first
flower

Reduced stomatal conductance and
increased epiouticular wax

Increased photosynthetic pigments with a

better seediing growth

With no demonstrable growth inhibition
With no demonstrable growth inhibition
With no demonstrable growth inhibition
Accumulated more proline
Accumulated more proline and
anthocyanin

Accumulated more proline

Increased actiities of SOD and CAT
Increased actiities of SOD and CAT
Increased actiities of SOD, GR, GAT and
contents of proline, Ascorbate, and
glutathione

Increased actiities of SOD

Increased activities of antioxidant, and
contents of polyphenol, carotenoid
Increased activiies of SOD and APX
Increased actiities of SOD, APX and
ascorbate, carotenoids

Enhanced salt tolerance

Enhanced salt tolerance

High visual quality was maintained
Higher chiorophyll and K- content when
appling of exogenous GB or proline
Higher chiorophyll and K- content when
applying of exogenous GB or proline
Higher ions in roots than in shoots
Reduced Na when older leaves are shed

Increased the succulence index with more

Na and G- in roots.
Higher ions in roots than in shoots
Higher Na* content in roots than shoots.

Higher Na® content in roots than stems
Higher Na and CI- content in roots than
shoots

Pusi¢ et al., 2019
Jaleel et al., 2008

Souid et al., 2016; Mi et al., 2021
Duarte etal., 2017

Aivarez and Sanchez-Blanco, 2014
Borsai et al,, 2020

Zhao et al., 2021

Garcia-Caparros et al., 2016; Hao
etal, 2017
Kwon et al., 2019

Vanlalruati et al., 2019

Vilarino and Mattson, 2011
Villarino and Mattson, 2011
Vilarino and Mattson, 2011
Ulozycka-Walorska et al., 2020
Bresetal., 2016

Geng et al., 2019

Kumar et al., 2017
Szekely-Varga et al., 2020
Ahmad et al., 2017

Acosta-Motos et al., 2015
Chrysargyris et al., 2018

Sabra et l., 2012
Sarker and Oba, 2020

Borsai et al., 2020
Borsai et al., 2020
Wang et al., 2019¢
Cirilo et al., 2016

Giillo et al., 2016
Garcia-Caparrés et al., 2016

Garcia-Capartés et al., 2016
Garcia-Capartés et ., 2016

Cassaniti et al., 2009
Alietal., 2012

Alvarez and Sanchez-Blanco, 2014
Abdullakasim et al., 2018
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Gene name Species Accession number  Probable function References

11081 Leptochioa fusca KC525046 Encoding a cytomembrane Na/H: antiporter  Mohammadi et al., 2019
that transport Na* out of the plant cells

CcSOS1 Chrysanthemum crissum AB439132 Encoding a cytomembrane Na'/H* antiporter Anetal., 2014
that transport Na* out of the plant cells

CmSOS1 Chrysanthemum morifolium KP896477 Encoding a cytomembrane Nat/H- antiporter ~ Gao et al., 2016
that transport Na- out of the plant cells

4iSOST Artenisia japonica KP896475 Encoding a cytomembrane Na'/H- antiporter ~ Gao et al., 2016
that transport Na* out of the plant cells

CroS0S1 Crossostephium chinense KP§9B476 Encoding a cytomembrane Na”/H' antiporter  Gao et al., 2016
that transport Na* out of the plant cells

LINHXT Leptochioa fusca JF933902 Encoding atonoplast Na/H- antiporter that ~ Mohammadi et al., 2019
transport Na* into vacuole

HINHXT Hellanthus tuberosus EF159151 Encoding atonoplast Na'/H" antiporter that ~ Zeng et al,, 2018
transport Na“ into vacuole

HINHX2 Hellanthus tuberosus DQ343304 Encoding atonoplast Na'/H" antiporter that ~ Zeng et al,, 2018
transport Na* into vacuole

IbNHX2 Ipomoea batatas JNGB3I61 Encoding atonoplast Na'/H" antiporter that ~ Wang et al,, 2016
transport Na into vacuole

INHX Iris lacteal AY730277 Encoding a tonoplast Na*/H* antiporter that Guo et al., 2020
transport Na* into vacuole

AHKT2;1 Aeluropus lagopoides MW535306 Encoding atransporter recirculating Na* from  Dave et al., 2021
shoot to root

PsPSK1 Paeonia suffruticosa FE529999 Encoding a kinase-associated protein involving  Hao et al., 2017
in response to salt tolerance

DGNACT Dendronthema grandiform HQ317452 NAC transcription factor gene that response to  Wang et al, 2017a
salt tolerance

DWRKY4 Denafonthema grandiform KC615368 WRKY transcription factor gene that response  Wang et al,, 2017b
o salt tolerance

CmPIP1 Chrysanthemum morifolium KJ489416 Encoding aquaporin involving in salt tolerance  Zhang et al., 2019

CmPIP2 Chrysanthemum morifolium KJ756774 Encoding aquaporin involving in salt tolerance  Zhang et al., 2019
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Overexpression of related genes

Genetic modification Chrysanthemum crissum CeSOSI
Genome analysis Chrysanthemum morifolium ~ CmSOSI
Osmanthus fragrans Crossostephium chinense  CreSOSI

Artemisia japonica AjSOSI
CRISPR editing Leptochloa fusca 1fSOSI, LINHXI
Torenia fournieri Iris lacteal IINHX

——_ Helianthus tuberosus ~ HINHX1, HINHX2
29! Aeluropus lagopoides  AIHKT2:1
Lilium Paconia suffruticosa  PsPSKI

N/

Novel salt-tolerant
varieties acquisition

N\

Transcriptome analysis Related transcrioption factor genes
Arundina graminifolia Dendronthema grandiform  DgNAC1
Dendranthema morifolium Dendronthema grandiform — DgWRKY4
Paeonia suffruticosa Chimonanthus praecox CpbHLH13

Chimonanthus praecox CpMYC2
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Treatment Biomass (g/plant)

Leaf Stem Root Total
CK 1.45+0.013a 1.72+0.009a 094 +£0.006a 4.11 £0.021a
CS 0.77 £0.0056b 0.59 £0.010c 0.63+0.003b 1.98 & 0.006 b
AS 0.60+0.007c 0.72+0.014b 062+0.013b 1.93+0.017b

Mean + SE.

Different lowercase letters after the data in the same column indicate significant
differences among different treatments (P < 0.05).

CK, control treatment without salt or alkali stress; CS, NaCl stress treatment; AS,
NasCO3 + NaHCQOj3 stress treatment.
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QTL Chr®
gSNCI-1 1
gSNCI-2 1
gSHNCI 1
gSNC4 4
gNSBR4 4
gSNCI1 11
gBNCI1 11
gSHNCI1 11
gBKNRI1 11
gNSBRI1 11
*Chromosome.

bAdditive effects of the marker calculated as ((average of 318) — (average of IR-44595))/2. Positive values mean that the IR-44595 allele decreased the trait value.

Trait

Shoot Na* concentration
Shoot Na* concentration

Leaf sheath Na* concentration
Shoot Na* concentration

Na* sheath-blade ratio

Shoot Na* concentration

Leaf blade Na* concentration
Leaf sheath Na* concentration
Leaf blade K*-Na" ratio

Na" sheath-blade ratio

“Percentage of variance explained by the QTL.

Non-significant (suggestive) QTL.

Marker

S01_10148605
S01_22291976
S01_10148605
S04_27915871
S04_24088589
S11_19094522
S11_19375230
S11_19094522
S11_19375230
S11_19375230

Position (Mb)

10.1
223
10.1
27.9
24.1
19.1
194
19.1
194
194

LOD

5.78
4.97
7.60
3724
3814
5.38
477
4.80
6.94
359¢

AE®

-0.041
-0.039
-0.092
-0.030
1.03
0.043
0.016
0.081
-4.23
-1.03

PVES (%)

14.73
12.81
1891
9.75

9.92

13.79
12.90
12.40
17.61
9.37
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Genotype

NaCl levels Bere 49 Bere Bere- Craigs Floye HSX07-26 Lawina Nepal 92 Prize Scotch
A27 55C 33 118 Triumph BN-1 Prolific-196 Common-M08
Shetland (SSRPB)-135
Dried shoot Ommolkg 183 142 103 75 24.0 14.9 17.0 8.4 16.3 12.2
biomass (@) IN 50 mmolkg 228 9.3 14.0 7.3 27.1 165 17.4 131 20.8 9.6
epmpest 100 mmolkg  20.0 14.7 135 47 15.2 40 6.0 59 15.7 1.6
Time of 0 mmol 40 26 39 30 48 29 24 29 38 38
germination 400 mmolA 41 31 50 33 48 31 22 36 48 34
hour)inagar  »o0 mmoit 43 43 54 42 54 36 33 36 72 48
Early Root 0 mmol 5.7 18.6 8.0 10.1 10.3 7.0 18.4 10.2 16.5 13.1
Growth (W/day) 100 mmoll 4.0 3.9 2.7 3.6 43 07 35 1.3 42 3.1
in agar 200 mmoll 2.3 1.3 1.4 1.4 2.8 0.1 23 06 11 15

Shoot biomass accumulation compared the dried shoot biomass after 70 days growth in compost with varying NaCl levels.
Germination speed compared the time of germination when grown in Petri dishes containing agar with varying NaCl levels.

Early root growth compared the speed of root growth from the germinated seeds mentioned above for the first 7 days.
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Data are the mean =+ standard deviation. Different letters after data (a—d) indicate significant differences among salt treatments. Means with the same letters are not

significantly different by Duncan’s multiple range test at p < 0.05. **Significant at the 0.01 level.
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Cultivars Element Concentration (mg/kg) p-value
Control Nacl CaCly MgCl,

Cheongcheong K+ 11101.3 + 970.2° 16628.0 + 72.9° 24169.9 + 153.82 11429.7 + 580.4° <0.001*
P 2171.3 £ 93.6c 3338.9 + 76.32 2394.5 + 48.6° 1502.0 + 45.94 <0.001*
Cat 6703.3 + 619.5P 1934.7 £ 77.7° 23140.2 + 65° 2003.6 + 56.5° <0.001*
Mg?+ 5127.9 + 2726 4017.6 + 63° 3160.6 + 37.29 9615.4 + 408.52 <0.001*
Na™* 4080.1 + 492.9b 28686.5 + 8.92 44435 + 54.1b 2810.0 + 143.7° <0.001*

Zn?+ 66.1 + 2.6° 83.3+1.32 77.0 +£ 3.12 52.6 + 1.6° 0.001*

Mn2+ 245.8 + 15.1P 220.7 + 8.9° 109.9 + 3.0° 313.5 + 41.72 0.004**

Fe?t 6671.7 + 114.1b 6950.6 + 68.4° 4083.9 + 255.3° 9499.2 + 642,22 0.001**

IR28 K+ 11612.8 4 413.6° 10573.7 + 472.8° 16134.9 + 234.5° 12972 + 852.9P 0.002**

P 2259.9 + 17.92 2262.3 + 89.82 2163.9 + 26.62 1955.6 + 28.3° 0.01*
Ca2+ 3118.4 + 75.8° 2024 + 80.5° 21948.7 + 70.5° 1959.4 + 64.6° <0.001*
Mg?+ 4037.9 + 75 2751.9 + 114.4° 3281.1 4+ 2.4 16560 4+ 1060.42 <0.001*
Na* 4709.0 + 233.1P 20443.7 + 12222 5946.8 + 79.5P 4281.4 + 289.7° <0.001*
Zn2+ 84.1 £0.72 64.0 + 1.9° 87.8 +£0.22 52.7 £2.0° <0.001**
Mn2+ 2555+ 1.82 193.9 4+ 9.6° 185.7 + 1.6° 114.2 +0.8° <0.001*
Fe?* 6075.2 + 93.72 3817.8 + 156.3° 2827.6 + 24.3° 4174.4 + 206.8° <0.001*
Nagdong K+ 10159.7 + 203.29 12017.5 + 30.7° 191133 + 172.32 14611.2 + 244.3° <0.001*
P 1368.2 + 10.7° 2955.4 + 177.9P 2754.6 + 25.30 4036.5 + 872 <0.001*
Cat 5342.7 + 21.5° 2231.5 + 206.9° 21925.9 + 469.82 1751.2 £ 17.6° <0.001*
Mg+ 6479.5 + 82.3° 3825.2 + 279.1° 4641.8 + 208.7, 17599.3 + 720.8? <0.001*
Na+ 4279.7 + 54.7° 18570 + 912.12 4494.2 + 73.3° 3399.2 + 50.9° <0.001*
Zn2+ 62.3 + 2.6° 98.8 4 4.72 61.140.5° 71.4 +0.6° <0.001*

Mn2+ 315.7 + 232 290.1 + 57.4aP 2243 + 11.1P 132.1 £2.6° 0.015**

Fe2+ 19482.3 4+ 3156.82 8230.4 + 688.1P 9078.2 + 19.70 3398.7 + 69.1¢ 0.002**

Pokkali K+ 11056.3 + 176.1° 10496.7 + 197.7° 16014.5 + 711.12 12287.2 + 203.2° 0.001*
P 1403.0 + 38.9¢ 1868.8 + 87.2° 2680.7 + 82.7° 2920.9 + 48.52 <0.001*
Ca2t 3461.6 + 138.1P 1897.5 + 17.6° 19178.9 + 686.52 1298.0 + 14.4° <0.001*
Mg?+ 4200.5 + 183.3° 4090.2 + 91.8° 3154.3 + 238.5° 16291.3 + 242,92 <0.001*
Na™* 4606.1 + 157.9° 23562.1 + 382.6° 7203.4 + 272.8P 42157 +77.0° <0.001*

Zn2+ 46.3 +£3.9° 43.841.3° 47.8 +£1.2° 62.5 + 0.52 0.003**

Mn2+ 2041 + 14.92 220.1 + 23.7° 224.6 +9.8° 221 + 6.9° 0.02**

Fe?t 4901.8 + 956.3° 8296.8 + 576.9° 44285 + 351.8° 6079.6 + 221.9° 0.01*

Data are the mean =+ standard deviation. Different letters after data (a—d) indicate significant differences among salt treatments. Means with the same letters are not

significantly different by Duncan’s multiple range test at p < 0.05. **Significant at the 0.01 level.





OPS/images/fpls-13-895282/fpls-13-895282-t001.jpg
Accession no.

AB061311
AB021878
AY785147
AB047313

Gene

OsHKT1
OsNHX1
0sSOS1
OsActint

Forward primer (5'-3')
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CGCTTGCTCCTCTTCAAATC
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TGAGCAGCAGGCAATATCAC
TAGGCCGGTTGAAAACTTTG

Fragment size (bp)
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70
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Gene ID

LOC_0s01g62190
LOC_0s01g62200
LOC_0Os01g48800
LOC_0s01g65500
LOC_0s02g18930
LOC_0s02g43010
LOC_0s02g50350
LOC_0s03g06370
LOC_0s03g20680
LOC_0s03g20790
LOC_0s03g49990
LOC_0s03g60430
LOC_0s03g60560
LOC_0s04g51820
LOC_0s05g35410
LOC_0s05g50710
LOC_0Os06g47860
LOC_0s07g08860
LOC_0s07g37400
LOC_0s09g26400
LOC_0s09g26780
LOC_0s09g37949
LOC_0s10g38950

LOC_0Os10g41400
LOC_0s12905440
LOC_0s12g38180
LOC_0s12g38400

Gene name

ZFP179
OsDSR2
OsPUP4
OsCLCH
OsCBL8
OsVPES3
OsDHODH1
OsNBL3
OsLEA3-2
MHZ6
SLRA1
OsIDSH1
ZFP182
OsHKT1;1
OsAKT2
OsLEA5
OsSIDP366
OsSIK2
OsMsr9
OsDSG1
OsJAZ8
OsRPK1
OsMPK6

OsMSRA4.1
CYP94C2b

OsHSP23.7
OsMYB91

Description

Cys2/His2-type zinc finger protein

DUF966-stress repressive gene 2

Purine permease putative expressed

Chloride channel protein putative expressed

Calcineurin B putative expressed

Vacuolar-processing enzyme precursor putative expressed
Dihydroorotate dehydrogenase protein putative expressed
PPR repeat domain containing protein putative expressed
Late embryogenesis abundant protein 1 putative expressed
Ethylene-insensitive 3 putative expressed

GRAS family transcription factor domain containing protein expressed
AP2 domain containing protein expressed

Z0S83-21 — C2H2 zinc finger protein expressed
High-Affinity Potassium Transporter

Potassium channel AKT2 3 putative expressed

Late embryogenesis abundant protein putative expressed
Expressed protein

S-domain receptor-like protein kinase putative expressed
OsFBX257 — F-box domain containing protein expressed
Zinc finger C3HCA4 type domain containing protein expressed
Zinc-finger protein putative expressed

Serine threonine-protein kinase SRPK1 putative expressed

CGMC_MAPKCMGC_2_ERK.14 — CGMC includes CDA MAPK GSK3 and
CLKC kinases expressed

Peptide methionine sulfoxide reductase putative expressed
Cytochrome P450 putative expressed

Heat shock cognate 70 kDa protein 2 putative expressed
MYB family transcription factor putative expressed

References

Sun et al., 2010
Luo et al., 2014
Yin et al., 2020
Diedhiou and Golldack, 2006
Ma et al., 2010
Luetal., 2016
Liu et al., 2009
Qiu et al., 2021
Duan and Cai, 2012
Yang et al., 2015
Mo et al., 2020
Julkowska, 2018
Huang et al., 2012a,b
Wang et al., 2015
Tian et al., 2021
He et al., 2012
Guo et al., 2016
Chenetal.,, 2013
Xu et al., 2014
Park et al., 2010
Peethambaran et al., 2018
Cheng et al., 2009
Wang et al., 2014

Guo et al., 2009
Kurotani et al., 2015
Zou et al.,, 2012
Zhu et al., 2015
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Score Observation Tolerance

1e Almost all plants dead or dying Highly susceptible

3. Complete cessation of growth, most Susceptible
leaves dry, some plants dying

5. Growth severely retarded, most leaves Moderately tolerant
rolled, only a few are elongating

7 Nearly normal growth, but leaf tips or Tolerant
few leaves whitish and rolled

g. Normal growth, no leaf symptoms Highly tolerant

The standard evaluation score (SES) was modified from IRRI Gregorio et al. (1997).
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Source GO Term Tolerant Sensitive Effective
domain size
Name ID Size p-value Intersection p-value Intersection
GO size size
Shared up-regulated DEGs
BP Response to 0009628 601 0.00000004 109 0.0006 33 19704
abiotic stimulus
MF Protein 0043621 34 0.007 43 0.05 10 22280
self-association
Shared down-regulated DEGs
BP Photosynthesis 0015979 438 0.000000001 173 0.000000001 95 19704
CC Plastid 0009507 1862 0.000000002 498 0.00000000001 175 19999
MF Catalytic activity 0003824 11434 0.000000001 1135 0.0000000008 769 22280
Term name ID Term size p-value Intersection Effective
GO GO size domain size
Tolerant: uniquely up-regulated DEGs
BP Response to acid 0001101 113 0.000031 30 19704
chemical
CC Spliceosomal 0005681 161 0.002 32 19999
complex
MF Catalytic activity 0003824 11434 0.029 1101 22280
Tolerant: uniquely down-regulated DEGs
BP Small molecule 0044281 1666 0.00003 208 19704
metabolic process
CC Cytoplasm 0005737 8062 0.000000001 917 19999
MP Iron-sulfur cluster 0051536 198 0.000000002 88 22280
binding
Sensitive: uniquely up-regulated DEGs
BP Response to 0009737 180 0.008 12 19704
abscisic acid
MF Oxidoreductase 0016491 2474 0.0002 66 22280
activity
Sensitive: uniquely down-regulated DEGs
BP Obsolete 0055114 1956 0.000000002 189 19704
oxidation-reduction
process
CC Cell periphery 0071944 2433 0.000000002 233 19999
MF Protein dimerization 0046983 593 0.000000007 88 22280

activity
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Gene ID Gene function Gene symbol Tolerant (Log2 Sensitive (Log2

FC) )
HORVUTHr1GOB1310  Snft-related protein kinase 1 HYSnRK1 alpha2 2,007 051™
HORVU4Hr1GOS6610  Snf-related protein kinase 1 HYSnRK1 alphad 30835 1.08
HORVUTHr1GO00310  Snft-related protein kinase 1 HVSnRKT beta3 16" 053"
HORVU4Hr1G022630  Snf-related protein kinase 1 HYSnRKS 6" 032
HORVU7H1G027810  Calcium-binding EF-hand family protein HVCML48 46" 094
HORVUSHr1G109280  Calcium-binding EF-hand family protein H/CML3T 620" 0947
HORVUBHI1G091790  Calmodulin-binding receptor-ike cytoplasmic kinase 1 HvCaMBP1 431 0.44%
HORVUBHI1GO72740  Calcium sensing receptor HvCaSR —391 —0811"
HORVUZHr1G101040  Calcium-transporting ATPase ATP2 (syn. PMCA) —1.64 —0.29
HORVUBHr1GOB5890  ATP-binding cassette (ABC) transporter HVABCF3 178 052
HORVU4H1GO18800  ATP-binding cassette (ABC) transporter - 00 178"
HORVU7Hr1G042800  Potassium transporter HvKT24 498" ~0.14
HORVUTHrG109770  Vacuolar proton-ATPase (V-ATPase) H/VAGS 205" 025"
HORVU4H1G062880  V-type proton ATPase subunit A H/VPHT (syn. Hy 204" 0.48™
ATP6V14)
HORVUBH1G019930  Protein ABG transporter 1 HvABCT 205" —0.20m
HORVUZHr1GO77080  Chloride channel protein CLG-c HVCLC-c 1.50 1.04°
HORVUSHr1G068140  Sulfate transporter 3.5 HSultr3;5 N 1.687
HORVUZHr1G100440  High affinity K* transporter HVHKT1;:2 247" 00
HORVUSH1G094840  Cytosolic FE-S cluster assembly factor (family: nitrate, formate, HYNART 358" 0.65™
and iron dehydrogenase)
HORVUBH1G020520  Bidirectional sugar transporter HVSWEET2A 200" —051"
HORVUSH1G082230  Probable magnesium transporter - 281" —o.a7m
HORVUZHI1G127500  Probable metal ion transporter - 204" 071
HORVU4H1GO33760  Sodiumvhydrogen exchanger 2 AVNHXT 1.50 1217
HORVU2Hr1G102840  Vacuolar cation/proton exchanger 28 HVCAX2B 402" —0.73
HORVUSH1G049060  Vacuolar cation/proton exchanger HVCAXTA 15 0.45™
HORVUSHr1GO58300  AKT1 potassium channel HVAKT1 372" 1.28
HORVU7Hr1G040990  SKOR potassium channel HYSKOR 171 P
HORVUBH1GO70120  Thioredoxin reductase HyThR1 268" 0.41m
HORVUBH1G091330  Thioredoxin-like 3-2, chloroplastic HYTxL3-2 264" 1.07*
HORVUSHIG117910  Ferredoxin-3 HyFax3 310" 059
HORVUSHr1G084210  Ferredoxin 3 HFox3 638" 319
HORVU4Hr1G043910  Protein disulfide-isomerase HvPDI 226" 1"
HORVUZHI1G0B0970  Betaine aldehyde dehydrogenase 1 HVBADH1 306" 1.10
HORVUZHI1GO04720  Glycosytransferase = 11.38" 296
HORVUZHI1GO19680  Glycosytransferase . 875" 0.65™
HORVU7HI1G038510  Glycosytransferase - 572" ~0.05"
HORVUSH1G085310  Glycosytransferase = 388" 1.04°
HORVUSH1G068330  ABA 8'-hydroxylase 2 HVCYP707A4 5.15 —1.08"
HORVUZHr1G021110  Cu-Zn superoxide dismutase family HvSOD1 1.81 090"
HORVU7Hr1G121700  Catalase HYCAT1 420 03
HORVUSHI1GO74940 HvPOD 447 —227*
HORVUSHI1GO74960  Peroxidase HvPOD 8.1 —13m
HORVU1Hr1GO13950  bZIP domain-containing transcription factor HybZIPx 228" 119
HORVU1Hr1GOG0810  Gibberelin hormone receptor HVGIDTe 211 132
HORVUSH1G018860  3-Epi-6-deoxocathasterone 23-monooxygenase HvCYP9OD1 297" -0.12
HORVUTHr1GO03170  Lipoxygenase = 2.4 086"
HORVU4Hr1GO05920  Lipoxygenase HvLoxB 260" 063
HORVU4Hr1GO57210  Ascorbate peroxidase HAPX 1ne 1,55
HORVUTHr1GO03170  Late embryogenesis abundant protein HVLEAT8 6.56" 373

HORVU6Hr1G084010 Dehydrin 7 AvDhn7 424" 7.28
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Sample DXN DXC
Number Ratio Number Ratio
Raw reads 17,719,993 i 17,031,395 /
Reads < 15 nt after 66,486 0.38% 64,512 0.38%
removing 3 adaptor
Mappable reads 17,663,507 99.62% 16,966,883  99.62%
Unique raw reads 9,850,392 / 6,533,843 /
Unique reads < 15 nt after 45,049 0.46% 38,643 0.59%
removing 3 adaptor
Unique mappable reads 9,805,343 99.54% 6,495,200 99.41%
Transcript mapped reads 7,922,669 44.71% 10,353,414  60.79%
Unique transcript mapped 2,370,127 24.06% 2,450,707 37.51%
reads
Number of input transcript 27,712 / 27,712 /
Number of covered 24,868 89.74% 25,033 90.33%

transcript
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Variety Organ Ratio Treatment

CK cs S1 SS1 S2 §82
Caoyou 1 First leaf Nat/Mg®* 151 +0.17d 1.83+0.63d 4047 £579% 21.61+2.95¢c 88.90 + 3.57a 86.60 + 11.81a
Second and third leaves ~ Na™/Mg®*  1.05+029d 1.194+0.12d 5090 £4.12b  40.41 + 4.53¢c 84.43 + 10.49a 76.99 + 7.54a
stem Nat/Mg®*  1.93+0.34c 1.894+0.10c 40.17 £4.92b  36.01 + 3.33b 54.08 + 0.58a 52.70 £ 3.70a
root Nat/Mg®t  1.87 £0.24c 2124+049c 31.88+4.22b 24.35+ 3.64b 59.11 + 13.16a 54.19 + 4.47a
Baiyan 2 First leaf Nat/Mg?* 1.88+0.18d 1.824+0.16d 58.39+4.22b 33.76+0.12¢c 78.55 + 2.35a 77.42 +13.62a
Second and third leaves ~ Na*/Mg®*  2.06 £ 0.48c  2.26 +0.43c 52.05+1.96b  46.61 +5.16b 69.36 + 0.96a 63.89 + 5.28a
stem Nat/Mg®*  1.96+0.34d 205+0.39d 62.35+2.49b 53.60+ 9.63c 71.41 £ 5.00a 64.00 + 1.24ab
root Nat/Mg?*  1.80+0.24c 1.69+0.05c 19.50+2.20b  16.24 +3.15b 3119+ 7.77a 28.33 + 1.36a

CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM
salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd. Different lowercase letters indicate significant differences between treatments at 0.05 level.
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Variety Organ Ratio Treatment
CK Cs S1 SS1 S2 S§S2

Caoyou 1 First leaf Nat/K+ 0.29 £ 0.05d 0.35 £0.11d 7.86 £1.01b 4.30 £ 0.37¢c 15.83 £ 0.45a 156.80 £1.01a
Second and third leaves Na*/K* 0.19 £ 0.05e 0.22 £ 0.03e 8.15+ 0.59¢ 6.74 £0.41d 127564+ 032a 11.90 £ 0.57b
stem Nat/K+ 0.37 £ 0.08d 0.36 £+ 0.02d 7.07 £ 0.46b 6.48 £ 0.29¢ 9.07 £ 0.36a 9.31 £0.32a
root Nat/K+ 0.34 £ 0.07c 0.38 £ 0.10c 3.97 £0.11b 2.95 £ 0.30b 6.64 +1.48a 6.47 £ 0.69a

Baiyan 2 First leaf Nat/K+ 0.30 £ 0.02d 0.30 £+ 0.04d 9.84 £1.13b 5.62 +£ 0.31¢ 13.97 £ 0.82a 13.48 £1.01a
Second and third leaves Nat/K+ 0.38 £ 0.09¢ 0.41 £0.07¢c 8.31 £0.76b 7.73+0.72b 11.45 £ 0.46a 10.88 £ 0.58a
stem Nat/K+ 0.35 £ 0.04d 0.37 £ 0.09d 10.22 £0.47b 8.98 £+ 0.89¢ 11.55 £ 0.48a 10.75 £ 0.69ab
root Na*/K+ 0:38 + 0.06¢ 0.36 £ 0.04c 3.55 £ 0.34b 2.92 +£0.36b 536+ 1.37a 4.74 £0.34a

CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM

salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd. Different lowercase letters indicate significant differences between treatments at 0.05 level.
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Variety Organ Ratio Treatment

CK Ccs S1 SS1 S2 §S2
Caoyou 1 First leaf Na*/Ca®* 0.71 4 0.09d 0.85 £ 0.26d 24.92 + 3.88b 13.63 £+ 2.04¢c 5217 £ 1.11a 49.98 + 1.70a
Second and third leaves Na+/Ca?* 0.49 +0.11a 0.57 £ 0.08a 28.36 +1.79b 22.50 £+ 1.96¢ 46.89 + 1.09d 42.86 + 4.78d
stem Nat/Ca®* 1.40 & 0.30c 1.32 £ 0.09¢ 38.46 £4.72b 31.64 £1.01b 58.73 £ 6.70a 56.39 £+ 9.37a
root Nat/Ca®* 1.47 £0.36d 1.65 &+ 0.49d 27.71 £ 3.09b 19.65 £+ 2.98¢ 48.24 + 6.01a 44.72 + 3.85a
Baiyan 2 First leaf Nat/Ca?* 0.71 4+ 0.06d 0.69 £ 0.10d 23.00 +2.18b 13.04 £ 0.37¢c 30.70 + 1.88a 29.12 £ 3.40a
Second and third leaves Na*/Ca®* 0.88 £0.21d 0.98 4 0.20d 23.38 £ 2.89c 21.06 £ 2.56¢ 33.69 £ 1.17a 30.59 £+ 0.25b
stem Nat/Ca®* 0.80 £ 0.12e 0.87 £ 0.21e 27.37 +1.05¢ 23.16 + 1.72d 38.56 + 3.09a 34.25 + 3.13b
root Na*/Ca?* 1.07 £ 0.10c 0.98 +£0.11¢c 14.87 £1.85b 12.08 £ 1.16b 20.40 + 2.83a 19.33 £ 2.17a

CK, Nutrient solution + distilled water; CS, Nutrient solution + 0.75 mM Spd; S1, 70 mM salt + distilled water; SS1, 70 mM salt + 0.75 mmol/L Spd; S2, 100 mM
salt + distilled water; SS2, 100 mM salt + 0.75 mmol/L Spd. Different lowercase letters indicate significant differences between treatments at 0.05 level.
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D log2FC Up/down p-value Padj

JP-JCK  BnaA05GO31320028 2364280808  Up 0002052 0024353 Potassium ion export
BnaC06G00976002S 5330866753  Up 0002052 0024353 Potassium ion export
Bnascaffold0075G00001002S  2.568542631  Up 0002052 0024353 Potassium ion export

YPYCK  BnaA09GO7149002S 165256347 Up 3.56E-05 0000419 Regulation of potassium ion transport
BnaA10G0007700ZS 1666847884 Up 3.56E-05 0000419 Regulation of potassium ion transport
BnaC05G0009300ZS 1816344608 Up 00000356 0000419 Regulation of potassium ion transport
BnaA0BGO07600ZS 2593684063  Up 0003059 0016765 Potassium ion export
BnaC05G03260002S 1.999559697  Up 0003059 0016765 Potassium ion export
BnaC08G00945002S 2523855231 Up 0003059 0016765 Potassium ion export

JP-YP BnaC03G0308500ZS 3.195992075 Up 7.37E-03 0.167847 Sodium ion transport
BnaA02G01872002S -1.50476608  Down 2.74E-03 0033256 Potassium ion transmembrane transport
BnaA09G0699100ZS 1.963472502  Down 2.74E-03 0033256 Potassium ion transmembrane transport
BnaC01G01298002S 1842244827  Down 0002742 0033256 Potassium ion transmembrane transport
BnaC01G0494100ZS 6399754121 Down 0002742 0033256 Potassium ion transmembrane transport
BnaC02G04970002S 2181474533 Down 0002742 0033256  Potassium ion transmembrane transport
BnaA01G0087300ZS 8179790725 Down 0009008 0071687 Potassium ion import
BnaC07G04162002S 2270572634 Down 0009008 0071687 Potassium ion import
BnaA01G0219900ZS 2947017252 Down 0005989 0091784 Potassium ion binding
BnaA10G0095200ZS 4371192662 Down 5.99E-03 0091784 Potassium ion binding
BnaC01G02795002S 2906459361  Down 5.99E-03 0091784 Potassium ion binding
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item Value
pH 825
Gation exchange capacity (CEC) 17.32 coml kg™
Organic matter content 12.5gkg™!
Alkali-hydirolyzable nitrogen content 54mgkg
Available phosphorus content 11.7mgkg!
Available potassium content 218mgkg"
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Parameters 100 mM NaCI* 200 mM NaCI** Total**

PC1 PC2 PC1 PC2 PC1 PC2
W -0.2759 -0.0784 -0.2841 -0.0738 -0.3257 0.0707
Pro 0.4089 0.0433 -0.3264 0.2970 -0.3361 —-0.0704
Na* 0.3938 —-0.1557 0.3593 0.0984 0.3607 0.1428
K* 0.0388 0.0687 -0.1898 0.5394 -0.1645 -0.3701
K*/Na* -0.3932 0.1598 -0.3633 -0.0410 -0.3654 -0.1713
PS 1 0.2834 0.2675 0.1065 0.2446 0.1884 -0.3047
PS 11 —-0.3247 0.2552 0.0076 -0.0637 0.0926 -0.4815
Rub -0.2379 —0.3682 0.2770 0.3592 0.1942 -0.0533
PEPC 0.0741 -0.4082 0.2886 0.1771 0.0812 0.4795
Rub/PEPC -0.2171 0.1707 0.1544 0.2857 0.1357 -0.4495
A -0.1177 0.4526 -0.2326 -0.3501 -0.2627 0.0646
Rd 0.1717 0.2300 -0.2689 0.3127 -0.2574 -0.1515
E -0.2985 -0.0726 -0.3045 0.0026 -0.3652 0.0761
WUE 0.1344 0.4543 0.3183 -0.2788 0.3389 -0.1044

W, water content; Pro, proline content; PS I, PS II, photosystems I and II; Rub, Rubisco, ribulose-1.5-bisphophate carboxylase/oxygenase; PEPC, phosphoenolpyruvate carboxylase; A,
apparent photosynthesis; Rd, dark respiration; E, transpiration; WUE, water use efficiency. The main significant factors are bold.

“Factor loading of parameters on axes 1 and 2 of PCA on Figure 6, **Factor loading of parameters on axes 1 and 2 of PCA on Figure 7, ***Factor loading of parameters on axes 1 and 2 of
PCA on Figure 8.
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Parameters YCK P JoK JP

Root dry 901+072b 127+111a 989x133 13100852

weight (g)
Stemdly ~ 40.43+289b 5899x6.95a 39.69x258b 59.87=522
weight (g)
Leat dry 1804+196b 28771708 16562030 26.37+088a
weight (g)

Different lowercase letters after the data indicate significant difference at p<0.05.
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D log2FC  Up/down p-value Padj Description
JP-JCK  BnaA09GO129500ZS  2.201133591 Up 0000712 0023299 Superoxide dismutase copper chaperone actity
BnaAG9G0647100ZS  1.960363331  Up 0000712 0023299 Superoxide dismutase copper chaperone actity
BnaC09GO1375002S  3.148717758  Up 0000712 0023299 Superoxide dismutase copper chaperone activity
YPYCK  BnaAO1GOS72800ZS ~ -2.278459345  Down 9.54E-05 0004568 Peroxiredoxin activty
BnaA10G0269200Z8 1667701649  Down 9.54E-05 0004568 Peroxiredoxin activity
BnaC01GO4653002S 1701344159 Down 9.54E-05 0004568 peroxiredoxin actiity
BnaC05G00227007S  ~5.226903086  Down 9.54E-05 0004568 Peroxiredoxin activty
JOK-YCK  BnaA0BGO1616002S 506716999 Down 0018744 0056788 Peroxidase activity
BnaA07G03269002S 750301758 Down 0018744 0056788 Peroxidase activity
BnaC05G0035900ZS 689632711 Down 0018744 0056788 Peroxidase activity
BnaC05G05379002S ~ ~1.907631862  Down 0018744 0056788 Peroxidase activity
BnaC06G03827002S 1516621483  Down 0018744 0056788 Peroxidase activity
JP-YP  BnaA10G0269200ZS 1644640075 Up 6.08E-05 0008337 Peroxiredoxin activty
BnaC01GO4653002S  1.699869986  Up 6.08E-05 0008387 Peroxiredoxin activity
BnaC04G03405002S  3.398139077  Up 6.08E-05 0008337 Peroxiredoxin activity
BnaC06G03262002S  5.060488968  Up 6.03E-05 0008337 Peroxiredoxin activty
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Treatments

Control (CK)

ABA (A)
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Chromosome Tolerant Tolerant Sensitive Sensitive

up-regulated down- up-regulated down-
regulated regulated
1H 395 332 86 264
2H 473 499 94 327
3H 485 411 97 255
4H 347 336 69 197
5H 476 504 73 319
6H 304 357 52 219
7H 433 375 84 261
Unassigned 110 178 25 147
Mitochondrion 2 6 0 12
Plastid 0 25 0 29

Total 3025 3023 580 2030
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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
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Tolerant Sensitive

Trait

Control Salt stress Control Salt stress
Shoot dry weight 0.572* 0.37° 0.472 0.18°
(@)
Root dry weight (g) 0.912 0.11¢ 0.55P 0.08°
Plant height (cm) 532 43P 4952 34.33¢
MSI (%) 98.022 75.8° 92.55% 22.65°
RWC (%) 95.622 72.42 89.882 43.91°
Leaf Na 0.62° 1.78b 0.64° 4572
concentration
(mmol/g DW)
Leaf K 1.012 0.73° 1.0467 0.45°
concentration
(mmol/g DW)
Leaf K/Na ratio 1.622 0.42b 1.712 0.10°
Root Na 1.081¢ 1.49b 1.06° 2.78
concentration
(mmol/g DW)
Root K 0.622 0.36%° 0.26% 0.15°
concentration
(mmol/g DW)
Root K/Na ratio 0.642 0.25% 0.28% 0.05°
Leaf MDA content 4.59P 6.43° 20130 11.802
(nmol/g FW)

*Means with the same letter in each row are not significantly different using Tukey’s
HSD test at p < 0.05.
MSI, membrane stability index; RWC, relative water content.
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