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The salinization and alkalization of soil are widespread environmental problems. Sugar beet (B. vulgaris L.) is a moderately salt tolerant glycophyte, but little is known about the different mechanisms of sugar beet response to salt and alkaline stresses. The aim of this study was to investigate the influence of neutral salt (NaCl:Na2SO4, 1:1) and alkaline salt (Na2CO3) treatment on physiological and transcriptome changes in sugar beet. We found that a low level of neutral salt (NaCl:Na2SO4; 1:1, Na+ 25 mM) or alkaline salt (Na2CO3, Na+ 25 mM) significantly enhanced total biomass, leaf area and photosynthesis indictors in sugar beet. Under a high concentration of alkaline salt (Na2CO3, Na+ 100 mM), the growth of plants was not significantly affected compared with the control. But a high level of neutral salt (NaCl: Na2SO4; 1:1, Na+ 100 mM) significantly inhibited plant growth and photosynthesis. Furthermore, sugar beet tends to synthesize higher levels of soluble sugar and reducing sugar to cope with high neutral salt stress, and more drastic changes in indole acetic acid (IAA) and abscisic acid (ABA) contents were detected. We used next-generation RNA-Seq technique to analyze transcriptional changes under neutral salt and alkaline salt treatment in sugar beet. Overall, 4,773 and 2,251 differentially expressed genes (DEGs) were identified in leaves and roots, respectively. Kyoto encyclopedia of genes and genomes (KEGG) analysis showed that genes involving cutin, suberine and wax biosynthesis, sesquiterpenoid and triterpenoid biosynthesis and flavonoid biosynthesis had simultaneously changed expression under low neutral salt or alkaline salt, so these genes may be related to stimulating sugar beet growth in both low salt treatments. Genes enriched in monoterpenoid biosynthesis, amino acids metabolism and starch and sucrose metabolism were specifically regulated to respond to the high alkaline salt. Meanwhile, compared with high alkaline salt, high neutral salt induced the expression change of genes involved in DNA replication, and decreased the expression of genes participating in cutin, suberine and wax biosynthesis, and linoleic acid metabolism. These results indicate the presence of different mechanisms responsible for sugar beet responses to neutral salt and alkaline salt stresses.

Keywords: salt stress, sugar beet, physiological analysis, transcriptomic analysis, differentially expressed gene


INTRODUCTION

Soil salinization is one of the major environment problems that limit agricultural production worldwide and cause environmental hazards (Shabala et al., 2015). K+, Na+, Ca2+, Mg2+, Cl–, HCO3–, CO32–, and SO42– are the main ions in natural soil. Soil salinization and alkalization frequently occur at the same time in nature (Zhang et al., 2018). Saline soils comprise high levels of neutral salts, which mainly include NaCl and Na2SO4, causing salt stress. However, alkalization of soils is related to alkaline salts (Na2CO3/NaHCO3) and associated with high pH (Yu et al., 2014). Stress resulting from saline soils induces osmotic stress and ion injury by disrupting ion homeostasis in plant cells (Yang and Guo, 2018a). Alkaline soils not only induce ion toxicity or injury but also CO32–/HCO3– stress and high pH stress. Thus, salt-alkaline stress causes several types of damage to plants as a result of salt ions and high pH (Yu et al., 2014). It is therefore urgent to understand the molecular and physiological mechanisms of plant response to saline-alkali stress. Elucidating the molecular mechanisms of plant adaptation would be useful for cultivating crops with strong salt and alkali tolerance.

To cope with saline-alkaline stress, plants have evolved a variety of strategies to adapt to the saline-alkali environments. In general, the adaptive strategies of plants to neutral salt stress mainly include accumulating of osmotic adjustment substances, enhancing the reactive oxygen species (ROS) scavenging system and maintaining ion homeostasis (Yang and Guo, 2018b; Lv et al., 2019). Many genes associated with these salt tolerant physiological and biochemical processes were identified through genomics or transcriptomic tools (Prerostova et al., 2017; Geng et al., 2019). However, insufficient information is available regarding alkaline tolerance-related genes and the mechanisms of plant alkaline salt tolerance. Knowledge about the difference between salt and alkaline stress is especially limited. A comparative analysis of the responses of plants to high salinity and alkalinity conditions should therefore be useful for identifying the genes or metabolic pathways specifically elicited by salt and alkaline stress.

Sugar beet (Beta vulgaris L.) is an important crop, which is primarily cultivated for extracting sugars from its tap root (Ji et al., 2019). It is not only used in the food industry, but also for production of bioethanol (Magaña et al., 2011). Sugar beet is considered a moderately salt tolerant plant as it can tolerate salinity of up to 500 mM sodium chloride (NaCl) for 7 days without losing viability (Yang et al., 2012). Recently, genome information on sugar beet has been released, making it good material for studying the mechanism of salt tolerance in plants (Dohm et al., 2013). However, the study on the mechanism of sugar beet salt tolerance mainly focuses on the physiological and molecular response changes in response to neutral salt (NaCl) (Hossain et al., 2017; Wang et al., 2019). Little is known about the influence of alkaline salt stresses. Few researches have been conducted to explore the different responses to neutral salt and alkaline salt stresses in sugar beet. In this study, we systematically analyzed the physiological and transcriptomic response of plants to neutral salt and alkaline salt. RNA-seq technology was applied to analyze the expression profiles of leaves and roots under neutral salt and alkaline salt stresses. The objectives of the study are identifying the different mechanisms of response to neutral and alkaline salt stress. This study provides new insights for understanding sugar beet tolerance to salt-alkaline stress.



MATERIALS AND METHODS


Plant Materials and Salt Stress Treatment

The seeds of Beta vulgaris cv. H004 were used as the plant material in this experiment and were obtained from Advanta Company of Netherlands. The sugar beet seeds were sown in plastic pots contained 0.8 kg of soil (vermiculite: washed sands: black soil, 1:1:3), and the detail of the soil was listed in Supplementary Table 1. In this study, each pot was added 30 mL of one half Hoagland nutrient solutions and was sown with twenty seeds. The control group refers to the seeds sown in soil without salt. In the salt treatment group, seeds were planted in pots containing different kinds of salt. The salinity treatments used in this experiment were divided into neutral salt (NS) (NaCl and Na2SO4, at 1:1 Na+ molar ratio) and alkaline salt treatments (AS) (Na2CO3). The neutral salt or alkaline salt treatments contained two concentrations of each respective salt (total 25 mM Na+ and 100 mM Na+), resulting in a total of 4 kinds of treatment (NS25, NS100, AS25 and AS100) with varying salinity and pH (Table 1). After sowing, emergence was observed and recorded every day. Five days after sowing, four seedlings were selected and remained in each pot. Each pot was considered as a single replicate, and there were three replicates of each kind of salt treatment. All seedlings were cultivated in a growth chamber, with a 16 h/8 h photoperiod at 24°C/19°C (day/night) and 75% relative humidity at photoflux density of 450 μmol m–2 s–1. The plants in each pot were irrigated with 50 mL water every 4 days. After 25 days, all the seedlings were harvested. For transcriptomic or physiological analysis, roots or leaves of four seedlings from each treatment or control were pooled as a replicate, and each treatment group contained three independent biological replicates. Samples were frozen immediately in liquid nitrogen and stored at −80°C for physiological measurement and RNA extraction.


TABLE 1. pH and electrical conductivity (EC) of the neutral salt and alkaline salt treatment.
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Determination of Growth and Photosynthetic Indices

After harvesting leaf area was estimated by a LI-3000C portable area meter (LI-COR Biosciences, Lincoln, NE, United States). Total root length was determined by a root measuring system based on an optical scanner (WinRHIZO). Using a LI-6400 portable photosynthesis system (LI-COR Biosciences, Lincoln, NE, United States), net photosynthetic rate, stomatal conductance and intercellular carbon dioxide concentration were measured on harvest day (in the morning, 9:00 am). Chlorophyll content was measured using the method described by Kaur et al. (2016). 100 mg of fresh leaves were homogenized in liquid nitrogen. Then 1.5 mL of 80% acetone was added and the mixture was incubated in the dark for 1.5 h. The homogenate was centrifuged at 16,000 r min–1 for 4 min. The supernatant was collected and absorbance was measured spectrophotometrically at 645 and 663 nm against 80% acetone as blank.



Measurement of Indole Acetic Acid (IAA), Abscisic Acid (ABA) and Gibberellic Acid (GA)

The IAA, ABA, and GA contents were measured by enzyme-linked immunosorbent (ELISA) kits provided by China Agricultural University (Wang et al., 2017). Fresh leaves (1 g) were homogenized in liquid nitrogen and hormones were extracted by 2 mL extraction buffer (80% methanol with 1 mM butylated hydroxytoluence). The mixture was stored at 4°C for 4 h and centrifuged at 3,500 r min–1 for 8 min at 4°C. The resulting supernatant was treated with C-18 solid phase extraction column, and the analyses were eluted from the column by 2.5 mL 100% (v/v) methanol from the column. The extract was vacuum evaporated to remove methanol, and the evaporated residue was dissolved with 2ml PBS buffer containing Tween 20 (0.1% [v/v]) and 1 g L–1 gelatin. ELISA measurement was performed on a 96-well microtitration plate provided by the manufacturer. Each well had 50 μL of extracts or standards added, and 50 μL of 5 μg mL–1 antibodies against GA, IAA, and ABA, respectively. The plate was incubated for 1 h at 37°C, and then washed four times with washing buffer (PBS buffer containing 0.1% Tween 20). 100 μL of 1.25 μg mL–1 IgG-horseradish peroxidase substrate was added to each well and the reaction lasted 30 min at 30°C. The microtitration plate was washed four times as above, and then 100 μL color-appearing solution containing 1 mg mL–1 O-phenylenediamine and 0.008% (v/v) H2O2 was added to each well. The reaction was stopped by adding 50 μL of 2M H2SO4. The OD values at 490 nm of each sample were determined by ELISA Reader.



Determination of Sucrose and Reducing Sugars

Leaf tissue (0.1 g, dry weight) was used to extract soluble sugar in 7 mL of 80% ethanol and repeated three times at 80°C for 1.5 h. Ethanol was evaporated in the boiled water bath. Then 5 mL of 0.15% anthrone solution was added. The reaction mixture was incubated at 95°C for 20 min and left at room temperature for 20 min. The absorbance was measured at 620 nm. The content of soluble sugar was estimated using a standard curve. To assess the reducing sugars, the DNSA reagent (1 mL 3, 5-dinitrosalicylic acid) was mixed with ethanol extract (1 mL). The reaction mixture was heated for 12 min, and then 2 mL of distilled water was added (Jawad Hassan et al., 2020).



Proline and Free Amino Acid Content Measurement

Proline content was determined using the method given by Bates et al. (1973). Leaf tissue (0.1 g, dry weight) was homogenized in 3% aqueous sulfosalicyclic acid and centrifuged at 12000 r min–1 for 15 min. 2 mL of supernatant was then mixed with 2 mL acid ninhydrin and 2 mL glacial acetic acid, and the mixture was incubated for 30 min at 95°C. 4 mL of toluene was next added to the reaction mixture with full shaking, and the proline content was determined by measuring absorbance of the toluene at 520 nm. The free amino acid contents were estimated by detecting the absorbance at 570 nm. The amount of free amino acid was determined using the amino acid standard curve (Jawad Hassan et al., 2020).



cDNA Libraries Preparation and RNA-Seq

Total RNA was extracted from root and leaves using TRIzol Reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions, and RNA was digested with DNaseI (TaKaRa, Japan) at 37°C for 30 min. The quantity and quality of total RNA were determined by NanoDrop ND2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States) and 2100 Bioanalyser (Agilent), and the poly (A) mRNA was enriched through the oligo (dT) magnetic bead method. The cDNA library for transcriptome sequencing was constructed following TruSeqTM RNA sample preparation kit from Illumina (San Diego, CA, United States). A total of thirty RNA samples were used to construct the transcriptome sequence library and each library was prepared using 5 μg of total RNA. After quantifying by TBS380, the thirty paired-end libraries were sequenced using Illumina HiSeq PE 2 bp × 151 bp high-throughput sequencing platform.



Identification of Differentially Expressed Genes (DEGs) and Functional Analysis

Raw data generated by the sequencing platform was subjected to quality control (QC) to remove low-quality sequences, which include reads with adapter contamination, reads <70 bp after removing adapter sequences, reads containing more than 8% unknown bases, and reads in which >50% of the bases have a quality score <5. The clean reads were then mapped to the reference sequence (RefBeet-1.2.2) using Hisat21. The expression of each gene was calculated by FRKM (Fragments Per Kilobase of exon model per Million mapped reads). The Cuffdiff2 software was used to identify genes that were differentially expressed between two samples. The false discovery rate (FDR) was used to determine the threshold of the p-value. Genes with FDR ≤ 0.05, | log2(fold change)| ≥ 1 and FRKM ≥ 1 were considered as significant differentially expressed genes (DEGs).

To investigate the function and biological pathways involved in the differentially expressed genes, Gene Ontology (GO) functional and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analyses were conducted by Goatools3 and KOBAS4 (Mao et al., 2005). DEGs were significantly enriched in metabolic pathways when their Bonferroni-corrected p-value was less than 0.05.



Validation of DEGs Expression With Quantitative Real-Time PCR (qRT-PCR)

In order to evaluate the reliability of RNA-Seq experiments, six genes were selected (three in roots and leaves) to validate the transcriptome analysis using qRT-PCR. Total RNA from the roots and leaves of sugar beet was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, United States) and cDNA was synthesized using a reverse transcription kit from TOYOBO (Japan) according to the manufacturer’s instructions. The qRT-PCR analysis was performed using Bio-Rad Quantitative PCR System (Bio-Rad, Hercules, CA, United States) and the SYBR Green Real-time PCR Master Mix Kit (TOYOBO, Osaka, Japan). PCR amplification was performed under the following conditions: 20 s at 95°C, followed by 40 cycles of 95°C for 15 s, 55°C for 30 s and then 72°C for 20 s. Three biological replicates were carried out in each reaction, and normalization was done using 18S rRNA gene as an internal control gene (Wang et al., 2019). All primer sequences were designed using PRIMER5 software and are listed in Supplementary Table 2.



Statistical Analysis

The data obtained were expressed as means and standard errors, and all of the experiments were repeated three times. Analysis of variance (ANOVA) between the physiological parameters of plants in the control and salt treatments were performed using SPSS 13.0 (SPSS Inc., Chicago, IL, United States). The qRT-PCR data of the 6 genes were subjected to ANOVA analyses.



RESULTS


Phenotypic and Physiological Response to Neutral Salt and Alkaline Salt Treatments

Sugar beet exposed to four kinds of salt treatment for 25 days showed different phenotypes and growth status (Figure 1). A low level of neutral salt and alkaline salt (NS25 and AS25) promoted the growth of seedlings. Under a high concentration of alkaline salt (As100), the growth of plants was not significantly affected. An obvious growth inhibition occurred under a high level of neutral salt (NS100), although the electrical conductivity of the two kinds of salt treatment is similar (Table 1). Consistently, the dry weight, fresh weight, leaf area and the total root length of seedlings increased significantly in NS25 and AS25 as compared to the control group (Figures 2A–D). In AS100, the dry weight, fresh weight, leaf area and total root length of seedlings had no significant change compared with the control group. However, these indexes decreased obviously in NS100 compared with the control group (Figure 2).


[image: image]

FIGURE 1. Morphological change in sugar beet under neutral salt (NS) and alkaline salt (AS) treatment.



[image: image]

FIGURE 2. Effects of neutral salt (NS) and alkaline salt (AS) on fresh weight (A), dry weight (B), leaf area (C), and total root length (D) of sugar beet. Values represent the means of three biological replicates. Different letters indicate significantly different at p < 0.05.


Several photosynthesis-related indicators were also detected to evaluate the response of sugar beet to neutral salt and alkaline salt. Chlorophyll content only showed a significant increase in As25 (Figure 3A). Net photosynthetic rate, intercellular CO2 concentration and stomatal conductance increased significantly in both NS25 and AS25 (Figures 3B–D). The photosynthetic rate in AS100 had no significant change as compared with the control, but photosynthetic rate reduced by 31.3% in NS100. High level of alkaline and neutral salt significantly reduced intercellular CO2 concentration and stomatal conductance. However, the effect of neutral salt stress was more significant compared with alkaline salt treatment. Our results showed that low concentration of neutral salt and alkaline salt can promote the photosynthesis of sugar beet seedlings. A high level of neutral salt stress exerted strongly negative effects on photosynthesis compared with high alkaline salt.


[image: image]

FIGURE 3. Effects of neutral salt (NS) and alkaline salt (AS) on chlorophyll content (A), net photosynthetic rate (B), intercellular CO2 concentration (C), and stomatal conductance (D) in sugar beet. Values represent the means of three biological replicates. Different letters indicate significantly different at p < 0.05.


Plants can synthesize and accumulate osmotic adjustment molecules to maintain cell turgor and osmotic equilibrium in different compartments, especially when they are exposed to salt stress (Wang et al., 2013; Sui et al., 2015). In this study, the levels of proline and free amino acids in sugar beet leaves showed significant decreasing in AS25 and no change in AS100, NS25, and NS100 (Table 2). The levels of soluble sugar and reducing sugar in the leaves of sugar beet increased significantly in NS100 compared with the control, but the contents of soluble sugar and reducing sugar in AS100 were not changed (Table 2). Therefore, sugar beet tends to synthesize higher levels of soluble organic solutes to cope with neutral salt stress.


TABLE 2. Amounts of soluble sugar, reducing sugar, free amino acids, proline occurring in leaves of sugar beet treated with different level neutral salt (NS) or alkaline salt (AS).

[image: Table 2]As the response of plants to salt stress is closely influenced by plant hormone signaling, the influence of neutral and salt stress on the levels of GA, ABA, and IAA were examined in sugar beet (Table 3). Both low neutral salt and alkaline salt led to increasing the GA contents. Moreover, the production of IAA was significantly lower in NS100 than that under control conditions, and there was no significant difference in leaf content between AS100 and the control group. The decrease of IAA content caused by high concentration of neutral salt may lead to the inhibition of sugar beet growth. Moreover, the level of ABA increased remarkably in NS100 and AS100 compared with the control group, and the increase of ABA in NS100 was significantly higher than that in AS100 (46.3 vs. 26.9%). Thus, neutral salt causes more drastic changes in ABA level.


TABLE 3. The levels of indole acetic acid (IAA), abscisic acid (ABA), and gibberellic acid (GA) in leaves of sugar beet treated with different level neutral salt (NS) or alkaline salt (AS).

[image: Table 3]


Transcriptome Sequencing and Alignment

To obtain a comprehensive overview of the sugar beet transcriptome pattern in response to neutral and alkaline salt, RNA-Seq analyses were conducted on the seedlings under neutral and alkaline salt treatment. Between 39 and 64 million 150 bp paired-end raw reads approximately were obtained for each library, and the Q30 of the base ratio was higher than 92.25% (Supplementary Table 3). After removing adapter and low-quality reads, clean reads were mapped to the Beta Vulgaris referenced genome, and between 87.96 and 92.63% of the clean reads were mapped to the reference database in each of the thirty libraries (Supplementary Table 3). These results indicated that the quality of sequencing data is robust for subsequent analysis.



Analysis of Differentially Expressed Genes Under Neutral or Alkaline Salt Treatments

To identify differentially expressed genes (DEGs) during each salt treatment, we compared the expression level of each gene between salt treatment and control samples. The expression of each gene was calculated by fragments per kilobase of exon model per million fragments mapped (FPKM) based on the gene length and its mapped fragments count. All annotated genes that were used to further identify DEGs in sugar beet response to neutral and alkaline salt treatment are listed in Supplementary Tables 4, 5. The differentially expressed genes (DEGs) under salt treatment, were selected according to a threshold FDR < 0.05, fold change ≥2 (log2 fold change (FC) ≥ 1 or log2 FC ≤ -1 and FPKM ≥ 1) between the three salt-treated and control samples. This analysis revealed variations between different salt treatments (Figure 4). Compared with the control, a total of 402, 403, 737, and 3231 genes were identified to be differentially regulated in the leaves of AS25, AS100, NS25, NS100, respectively (Figure 4A and Supplementary Table 6). Moreover, we found that there were 346, 374, 489, and 1042 DEGs for roots in AS25, AS100, NS25, NS100 (Figure 4B and Supplementary Table 7). DEGs at different salt treatments were therefore dramatically different. For example, higher numbers of DEGs were observed in the comparisons of NS100 with control in leaves (1954 up and 1277 down), but the lowest number of DEGs was found in the comparison of AS100 with the control in leaves (224 up and 179 down) (Figure 4A). Thus, in sugar beet, neutral salt stress elicits greater transcriptomic changes than alkaline stress and it results in a higher number of DEGs compared to the latter. Furthermore, overlapping studies found that there were 100, 83, 180, and 2560 unique genes in the leaves of AS25, AS100, NS25, NS100, and a total of 135, 137, 130, 634 DEGs were unique for each salt treatment in roots, respectively (Figures 4C,D). These DEGs may have contributed to the phenotypic differences in different salt treatments.
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FIGURE 4. Differentially expressed genes (DEGs) in the leaves and roots of sugar beet in response to neutral salt (NS) and alkaline salt (AS) treatment. Numbers of DEGs in leaf (A) and root (B) at different salt treatments. Venn diagrams of DEGs among different salt treatments in leaf (C) and root (D).




GO Enrichment Analysis for the DEGs in Response to Neutral Salt and Alkaline Salt

To investigate possible biological functions of DEGs that determine the response of sugar beet under different salt treatments, GO enrichment analysis were conducted and DEGs were assigned to GO terms in three ontologies involved in cellular components, biological processes and molecular function (Supplementary Tables 8, 9). Based on the GO enrichment results, catalytic activity (GO:0003824), transmembrane transporter activity (GO:0015144), glucosyltransferase activity (GO:0046527) and hydrolase activity (hydrolyzing O-glycosyl compounds) (GO:0004553) were the most dominant terms in the molecular function category for the leaves of AS25, AS100, NS25, NS100, respectively (Supplementary Table 8). Moreover, inorganic anion transmembrane transporter activity (GO:0015103) were identified as the most dominant GO terms in molecular function category for roots in AS25, AS100, and NS100, but glucosyltransferase activity (GO:0046527) were found as the most dominant terms in the roots of NS100 (Supplementary Table 9). In cellular component category, extracellular region (GO:0005576), cell wall (GO:0005618), and external encapsulating structure (GO:0030312) were all significantly enriched in the roots and leaves of AS25, AS100, NS25, NS100 (Supplementary Tables 8, 9).



KEGG Enrichment Analysis for the DEGs in Response to Neutral Salt and Alkaline Salt

In order to elucidate the major biological pathways that are affected by different salt treatments, we performed a gene enrichment analysis of the DEGs based on the KEGG to identify significantly enriched biological pathways. KEGG enrichment analysis revealed that different salt treatments led to the enrichment of DEGS in different KEGG pathways (Figures 5, 6). For example, pathways involved in flavonoid biosynthesis, plant-pathogen interaction and monoterpenoid biosynthesis were significantly enriched among the DEGs of leaves in AS100 (Figure 5). However, DNA replication, phenylpropanoid biosynthesis, flavonoid biosynthesis, starch and sucrose metabolism, cutin, suberine and wax biosynthesis, and phenylalanine metabolism were significant enrichment pathways among DEGS in leaves at NS100 treatment. In addition, the KEGG pathway enrichment analysis of DEGS in roots under different salt treatments was also performed (Figure 6). Compared with the pathway enriched in leaves, several KEGG pathways were specially enriched in roots, such as protein processing in endoplasmic reticulum, nitrogen metabolism and tyrosine metabolism (Figure 6). In summary, the DEGS in sugar beet were enriched to different metabolic pathways under different salt treatments that may explain the phenotypic differences in sugar beet under neutral and alkaline salt treatment.
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FIGURE 5. The KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg) pathway enrichment analysis of DEGs (differentially expressed genes) in the leaves of sugar beet in response to neutral salt (NS) and alkaline salt (AS) treatment. KEGG enrichment pathways in the leaves of sugar beet at AS25 (alkaline salt, 25 mM Na+) (A), AS100 (alkaline salt, 100 mM Na+) (B), NS25 (neutral salt, 25 mM Na+) (C), and NS100 (neutral salt, 100 mM Na+) (D).
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FIGURE 6. The KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg) pathway enrichment analysis of DEGs (differentially expressed genes) in the roots of sugar beet in response to neutral salt (NS) and alkaline salt (AS) treatment. KEGG enrichment pathways in the roots of sugar beet at AS25 (alkaline salt, 25 mM Na+) (A), AS100 (alkaline salt, 100 mM Na+) (B), NS25 (neutral salt, 25 mM Na+) (C), and NS100 (neutral salt, 100 mM Na+) (D).




Pathways Related to Sugar Beet Response to Different Level of Neutral Salt and Alkaline Salt

As a low level of neutral salt and alkaline salt (NS25 and AS25) can enhance the growth of sugar beet seedlings, the enrichment pathways of DEGS at NS25 and AS25 treatments were compared in our study. Cutin, suberine and wax biosynthesis, sesquiterpenoid and triterpenoid biosynthesis were simultaneously enriched in DEGS of leaves at AS25 and NS25 treatment (Figure 5). Several DEGS involved in cutin, suberine and wax biosynthesis, and sesquiterpenoid and triterpenoid biosynthesis were up-regulated in the leaves of NS25 and AS25 (Figure 7 and Supplementary Table 10). Furthermore, we found that the pathway of flavonoid biosynthesis was enriched among DEGS of roots in NS25 and AS25 (Figure 7 and Supplementary Table 10). For example, chalcone synthase (LOC104902217) was down-regulated in the roots of NS25 and AS25 (Figure 7). Therefore, these pathways may participate in the stimulation of sugar beet growth by a low level of neutral salt and alkaline salt.
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FIGURE 7. Schematic presentation of the potential mechanism of low neutral salt or alkaline salt enhanced sugar beet growth. Red and blue highlighted genes indicate simultaneous increase or decrease in both low neutral salt and alkaline salt.


Because sugar beet showed different phenotype and physiological changes under high concentration of neutral salt and alkaline salt, we hypothesized that some metabolic pathways with specific enrichment of DEGS in AS100 may be involved in the alkaline salt tolerance phenotype of sugar beet. In this study, the pathway of monoterpenoid biosynthesis was specifically enriched in leaves at AS100 treatment, meanwhile, amino acids metabolism and starch and sucrose metabolism were specifically found in the roots at AS100 treatment compared with NS100 (Figure 8 and Supplementary Table 11). Several genes involved in these metabolic pathways were found to be differentially expressed in sugar beet treated with a high concentration of alkaline salt (Figure 8 and Supplementary Table 11).
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FIGURE 8. Schematic presentation of the potential mechanism of sugar beet alkaline salt tolerance. Red and blue highlighted genes indicate specifically increased or decreased in high alkaline salt compared with high neutral salt.


Compared with alkaline salt treatment, a high level of neutral salt (NS100) obviously inhibited the growth status of sugar beet. Therefore, several genes may be only differentially expressed in response to a high level of neutral salt environment. It is noteworthy that pathways involved in DNA replication were only enriched significantly in leaves under NS100 condition compared with AS100. Moreover, pathways related to cutin, suberine and wax biosynthesis, and linoleic acid metabolism were only identified in roots at NS100 (Figure 9 and Supplementary Table 12). We speculated that a high level of neutral salt affected the expression of genes related to these metabolic pathways and induced specific response to high neutral salt stress response, leading to the phenotype changes.
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FIGURE 9. The specific pathways of sugar beet response to high neutral salt stress. Red and blue highlighted genes indicate specifically increased or decreased in high neutral salt compared with high alkaline salt.




Validation of RNA-Seq Analysis Using Quantitative RT-PCR

To validate the reliability of the expression profiles obtained by RNA-Seq, six candidate DEGS were selected for qRT-PCR assays. The six genes were involved in the metabolic pathways mentioned obviously (Figures 7–9). Similar expression patterns were found for all selected genes, although the fold-changes detected by RNA-Seq and qRT-PCR did not match perfectly (Figure 10 and Supplementary Tables 6, 7). For example, qRT-PCR analyzes found the DNA replication licensing factor showed significant increase in transcript level, which was consistent with transcriptome data (Figure 10 and Supplementary Table 6). These results indicate that the RNA-Seq data were largely reliable and truly reflected gene expression in response to salt stress.
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FIGURE 10. Expression level of the selected six genes by qRT-PCR (quantitative real-time PCR) validation. (A,D) Indicate differentially expressed genes (DEGs) involved in low neutral salt or alkaline salt enhanced sugar beet growth. (B,E) Indicate DEGs involved in sugar beet alkaline salt tolerance. (C,F) Indicate DEGs involved in specific pathways of sugar beet response to high neutral salt stress. Values represent the means of three replicates. Different letters indicate significantly different at p < 0.05. Three biological replicates were performed.




DISCUSSION


Phenotypic and Physiological Response to Neutral Salt and Alkaline Salt Treatments

Sugar beet is a glycophyte with strong salt tolerance. Several studies on exploring and comparing the morpho-anatomical responses of plants to alkaline and salt stress have been conducted, but few have investigated the sugar beet response to salt and alkaline stress. Sugar beet inherited the salt tolerance trait from its ancestor sea beet (B. vulgaris ssp. Maritima), which grows naturally along the Atlantic coasts of Western Europe (Lv et al., 2019). We consistently found that low concentrations of neutral and alkaline salts stimulated growth. As the net photosynthetic rate, intercellular CO2 concentration and stomatal conductance increased significantly in low levels of neutral and alkaline salts, enhancing photosynthesis is involved in stimulating the growth. In comparison with the situation under high levels of neutral and alkaline salts, seedlings suffered more changes under neutral salt stress. For example, a high concentration of neutral salt caused severe growth inhibition (Figure 1) and a sharp decline in photosynthetic indices, but these parameters were not significant affected by a high concentration of alkaline salt (Figure 3). Moreover, the high level of neutral salt can also cause drastic change in hormone content as well as some osmotic adjustment substance content (Tables 2, 3). This study indicated that sugar beet showed stronger alkaline salt resistance compared with neutral salt. Our results are in contrast with previous studies on other plants, which found that injurious effects of alkali stress on plants are more severe than those of salt stress (Guo et al., 2017). The injurious effect of neutral salt is commonly caused by osmotic stress and ion toxicity. By contrast, alkaline salt stress involves high-pH stress, in addition to these two stress factors. Furthermore, high pH also caused decline of protons and the destruction of transmembrane electrochemical potential gradients in cells (Paz et al., 2014). Therefore, this result implied that sugar beet had a distinct adaptive mechanism to cope with alkaline salt stress.



DEGs Related to Sugar Beet Response to Different Level of Neutral Salt and Alkaline Salt

RNA-seq analysis of roots and leaves under neutral and alkaline salts stresses was performed to investigate different molecular mechanisms under salt and alkaline stress. From our analysis, we found many genes related to different phenotypes under different neutral salt and alkaline salt treatments.


DEGS Involved in the Stimulation of Sugar Beet Growth by Low Level Neutral and Alkaline Salts

Several genes involved in cutin, suberine and wax biosynthesis, sesquiterpenoid and triterpenoid biosynthesis were simultaneously up-regulated in leaves treated with low level neutral and alkaline salt. The cuticle is a continuous hydrophobic layer that coats most aerial surfaces of terrestrial plants (Rowland et al., 2006). The main function of the cuticle is to restrict non-stomatal water loss and repel rainwater. It was also related to protecting the plant from desiccation, UV light and pathogens (Lee and Suh, 2015). Structurally, the cuticle consists primarily of cutin and waxes. Cuticular waxes are complex mixtures of very long chain fatty acids, primary and secondary alcohols, esters and so on. Fatty acyl-CoA reductase (FAR) is the key enzyme in the process of wax synthesis, which reduces fatty acyl-CoAs to primary alcohol. It was found that drought stress induced the expression of TaFAR1 in wheat (Wang et al., 2015). Moreover, the up-regulation of TaFAR1 leads to an accumulation of primary alcohol in cuticular wax. In our study, low levels of neutral and alkaline salt all induced the expression of two FAR genes (LOC104901470; LOC104900340) in leaves of sugar beet, respectively. Thus we speculated that the accumulation of primary alcohol in cuticular wax was involved in growth stimulation under a low level of salt treatment.

Triterpenoids, containing carbon skeleton based on six isoprene units, constitute one of the largest groups of secondary metabolites in plants (Shang and Huang, 2019). Triterpenoids are implicated in various plant processes, including respiration, photosynthesis and the response to both environmental stimuli and biotic stress challenges (Laranjeira et al., 2015). 2,3-oxidosqualene is an important compound in the early steps of triterpenoid biosynthesis in plants. Squalene monooxygenase has been identified as a fundamental enzyme converting squalene into 2,3-oxidosqualene. Moreover, for oleanolic acid biosynthesis, 2,3-oxidosqualene is cyclized to the pentacyclic oleanane-type triterpenoid backbone bamyrin by the b-amyrin synthase (BAS) (Abe, 2007). In this study, squalene monooxygenase (LOC104908747) and b-amyrin synthase (LOC104901642) were induced to express in the leaves of sugar beet under low concentration of neutral salt and alkaline salt. Thus, the biosynthesis of triterpenoids and oleanolic acid may be related to promoting growth.

Flavonoids are the major component of plant polyphenolic secondary metabolites, and they perform a wide range of functions, such as antioxidant activity, UV-light protection and defense against phytopathogens (Petrussa et al., 2013). However, it is found that several kinds of flavonoid could negatively regulate plant tolerance to salinity (Pi et al., 2019). In our study, the expression of chalcone synthase (LOC104902217) and flavonol synthase (LOC104883093) were down-regulated in root under a low level of alkaline salt treatment, and chalcone synthase (LOC104902217; LOC104887632; LOC104887630) and cytochrome P450 (LOC104886776) decreased the expression in root under a low level of neutral salt treatment (Supplementary Table 8). These changes may lead to a lower accumulation of several kinds of flavonoid at low salt level, which negatively regulated plant salt stress tolerance.



DEGS Involved in the Sugar Beet Tolerance to High Level Alkaline Salt

Plant monoterpenoids belong to a large family of plant secondary metabolites and are crucial for many biological activities of plants, such as defense against herbivores, pollination and stress signal transduction (Mendoza-Poudereux et al., 2014). Geranyl diphosphate (GPP) is the universal precursor of monoterpenoids. The GPP is further transformed into diverse monoterpenoids (Degenhardt et al., 2009). Linalool synthase catalyzes the conversion of GPP to linalool, which is an important monoterpene substance. It was found that transgenic sweet orange (Citrus sinensis L. Osbeck) plants over-expressing a linalool synthase gene led to the accumulation of linalool. Moreover, transgenic plants exhibited strong resistance to citrus canker and up-regulation of defense-related genes (Shimada et al., 2017). In this study, we found a special significant up-regulation of linalool synthase (LOC104901071) under high level of alkaline salt stress in sugar beet leaf. The induced expression of linalool synthase may cause the high level of linalool and lead sugar beet to adapt to alkaline salt stress. In addition, neomenthol dehydrogenase (LOC104888569), an important enzyme in the metabolism of monoterpenes, is also specifically induced to express under alkaline salt stress in leaf. Neomenthol dehydrogenase participates in the conversion L-menthone to neomenthol (Davis et al., 2005). It is not clear whether neomenthol is involved in plant response to salt stress. Overall, the induced expression genes participating in monoterpenoids biosynthesis may make a concerted effort for adaptation of plants to high levels of alkaline salt stress.

Starch and sucrose metabolism products have many roles in higher plants; in particular, they are important for seed germination, shoot growth and transient carbon reserves. It was previously reported that starch and sucrose metabolism was involved in the process of plant response to salt stress (Sui et al., 2015). For example, starch and sucrose might be pivotal for salt tolerance of Thellungiella halophila, which is a model halophyte used to study plant salt tolerance (Wang et al., 2013). After treatment with high level of alkaline salt, the expression of DEGs related to starch and sucrose metabolism were enhanced in the roots of sugar beet. In this study, the expression of pectinesterase 11 (LOC104890721) was only found to increase in the roots of AS100 compared with that of NS100. Pectinesterase acts in the modification of cell walls via demethylesterification of cell wall pectin (Yan et al., 2018). Recently a link has been established between Pectinesterase 31 (PME31) and salt stress tolerance. Salt stress significantly increased PME31 expression, and knock-down mutants in PME31 adapted hypersensitive phenotypes to salt stress (Yan et al., 2018). Furthermore, sugar transporter ERDL6 (LOC104891046) participated in the transport and utilization of sugar, was characterized as a drought stress responsive gene in Arabidopsis (Kiyosue et al., 1998). In this study, sugar transporter ERDL6 is specifically induced to express in the roots of sugar beet in AS100, which may be involved in resistance to high alkaline salt stress in sugar beet. These results illustrate that these starch and sucrose metabolism DEGs may regulate the mechanical strength of the cell wall to adapt to high alkaline salt environment.



DEGS Involved in the Sugar Beet Specific Response to High Level Neutral Salt

DNA replication is the biological process by which can exact copy of a DNA molecule is created and genetic information is faithfully transmitted in all living organisms. It is evident that salinity stress affects the cellular molecules involved in DNA replication including helicases, DNA polymerase and DNA replication licensing factor (Sanan-Mishra et al., 2005; John et al., 2016). In our study, transcriptomic analysis also showed that several DEGS required for DNA replication process were only up-regulated in the leaves of sugar beet treated with high neutral salt. For example, the expression of seven minichromosome maintenance (MCM) (LOC104901820; LOC104904296; LOC109135811; LOC104894762; LOC104901364; LOC104898787; LOC104883739) genes were dramatically increased in NS100. MCM protein functions as DNA replication licensing factor which ensures that DNA in the genome is replicated only once per cell division cycle. Recently, the transcript of pea MCM6 was reported to be up-regulated in response to salt and cold stress, and over-expression of MCM6 enhanced salinity stress tolerance without affecting yield (Dang et al., 2011). In addition, DNA helicases unwind duplex DNA and participate in the process of DNA replication. A pea DNA helicase 45 was induced in pea seedlings in response to high salt, and in tobacco plants its over-expression exhibited strong salinity tolerance (Sanan-Mishra et al., 2005). Similarly, DNA replication ATP-dependent helicase (LOC104883951), only had specially increasing expression in the leaves of sugar beet in NS100. This report suggested that the DNA replication pathway was specifically involved in sugar beet in response to high neutral salt stress, and provided a new pathway for manipulating neutral salt stress tolerance.

Linoleic acid is known as an important polyunsaturated fatty acid, required for normal plant growth. Lipoxygenase catalyzes the oxygenation of linoleic acid (18:2), which is a key reaction in biosynthesis of plant oxylipins (Vellosillo et al., 2007). It is known that oxylipins have participated in stimulating plant defense gene expression, and play an important role in the adaptation of plants to adverse environments (Jalloul et al., 2002). In this study, the expression of two linoleate 9S-lipoxygenase 5 (LOC104890834; LOC104890829) was only down regulated in the roots of NS100, which may lead to decreasing the level of oxylipins and tolerance of sugar beet to high neutral salt stress. Furthermore, different from low concentration of neutral salt and alkaline salt, high concentration of neutral salt inhibited the expression of genes related to cutin, suberine and wax biosynthesis, such as alcohol-forming fatty acyl-CoA reductase (LOC104901603; LOC104900337) and omega-hydroxypalmitate O-feruloyl transferase (LOC104893839). These results indicate that the effect of neutral salt stress on epidermal wax synthesis may lead to growth inhibition in sugar beet.



CONCLUSION

In this study, we found a low level of neutral or alkaline salts can enhance photosynthesis and stimulate the growth of sugar beet. Moreover, it indicated that high neutral salt and alkaline salt stresses are different, and the inhibitory effects of high level of neutral salt on sugar beet growth and photosynthesis were greater than those of alkaline salt. On the other hand, the high level of neutral salt induced the hormone content as well as some drastic change in osmotic adjustment substance content. Besides, the pathways of cutin, suberine and wax biosynthesis, sesquiterpenoid, and triterpenoid biosynthesis and flavonoid biosynthesis were involved in low salt treatment enhancing sugar beet growth. Our findings suggest the presence of different mechanisms involved in plant responses to neutral salt and alkaline salt stresses. The pathways of monoterpenoid biosynthesis, amino acids metabolism and starch and sucrose metabolism were specifically enriched in sugar beet at high alkaline salt and related to alkaline salt tolerance of sugar beet. However, high level of neutral salt only significantly affected the expression of genes participating in DNA replication, cutin, suberine and wax biosynthesis, and linoleic acid metabolism compared with high alkaline salt. These findings will enhance our understanding of sugar beet response mechanisms under neutral salt and alkaline salt stresses.
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NF-YA transcription factors function in modulating tolerance to abiotic stresses that are serious threats to crop yields. In this study, GmNFYA13, an NF-YA gene in soybean, was strongly induced by salt, drought, ABA, and H2O2, and suppressed by tungstate, an ABA synthesis inhibitor. The GmNFYA13 transcripts were detected in different tissues in seedling and flowering stages, and the expression levels in roots were highest. GmNFYA13 is a nuclear localization protein with self-activating activity. Transgenic Arabidopsis plants overexpressing GmNFYA13 with higher transcript levels of stress-related genes showed ABA hypersensitivity and enhanced tolerance to salt and drought stresses compared with WT plants. Moreover, overexpression of GmNFYA13 resulted in higher salt and drought tolerance in OE soybean plants, while suppressing it produced the opposite results. In addition, GmNFYA13 could bind to the promoters of GmSALT3, GmMYB84, GmNCED3, and GmRbohB to regulate their expression abundance in vivo. The data in this study suggested that GmNFYA13 enhanced salt and drought tolerance in soybean plants.
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INTRODUCTION

As types of osmotic stress, salt and drought stresses are major challenges to growth and development of plants, resulting in severe yield losses (Zhu, 2002; Golldack et al., 2014). Many changes related to metabolism and physiology occur when plants are subjected to osmotic stresses (Golldack et al., 2011). These stresses are negatively affecting the available arable land, which is paralleled by the pressing need for food all over the world (Golldack et al., 2011). The signaling pathways of salt and drought stresses have been uncovered in previous researches (Zhu, 2002; Golldack et al., 2011; Lawlor, 2013). Abscisic acid (ABA) is produced in plants under abiotic stresses, especially salt and drought stresses, and the accumulation level of ABA is positively related to salt and drought tolerance of plants (Nakashima and Yamaguchi-Shinozaki, 2013). ABA signaling is complex, including receptors PYR/PYL/RCARs, PP2Cs, SnRK2s, AREB/ABFs, and ABA-responsive genes (Ma et al., 2009; Park et al., 2009; Vlad et al., 2009). Moreover, NCED3 was certified as a key ABA synthetase (Barrero et al., 2006; Hao et al., 2009; Sussmilch et al., 2017; Zhang et al., 2020). Many transcription factors (TFs) were identified to play vital roles in regulating osmotic stress via an ABA-dependent pathway, such as NAC, WRKY, MYB, ERF, and bZIP (Hu et al., 2006; Zhou et al., 2008; Lippold et al., 2009; Peng et al., 2009; Zhang et al., 2009; Amir Hossain et al., 2010; Hsieh et al., 2010; Ren et al., 2010).

NF-Y TFs function in affecting plant growth and development (Kwong et al., 2003; Miyoshi et al., 2003; Xu et al., 2005; Wenkel et al., 2006; Cai et al., 2007; Mu et al., 2008; Wei et al., 2010; Ballif et al., 2011; Stephenson et al., 2011; Hackenberg et al., 2012; Hou et al., 2014; Myers et al., 2016) and are essential in abiotic stress responses. Overexpression of NFYA5 (Li et al., 2008), GmNFYA3 (Ni et al., 2013),GmNFYB1 (Li et al., 2017), and NF-YB2 and NF-YB3 (Sato et al., 2019) conferred drought tolerance to transgenic Arabidopsis plants. Transgenic rice plants overexpressing OsNFYA7 (Lee et al., 2015), OsHAP2E (Alam et al., 2015), and Cdt-NFYC1 (Chen et al., 2015) showed enhanced tolerance to osmotic stresses.

Enhanced tolerance to osmotic stresses is associated with increased transcript levels of stress-related genes. For example, overexpression of SOS1, SOS2, SOS3 (Qiu et al., 2002), GmSALT3 (Guan et al., 2014), GmSOS1, and GmNHX1 (Zhang W. et al., 2019) resulted in enhanced salt tolerance in plants. In addition, DREB2A (Nakashima et al., 2000), ABI3 (Mittal et al., 2014), RD29A (Bihmidine et al., 2013), GmMYB84 (Wang N. et al., 2017), GmDREB2 (Chen et al., 2007), and GmWRKY46 (Luo et al., 2013) were vital genes that positively regulated drought tolerance in plants. During osmotic stresses, reactive oxygen species (ROS) are produced and result in oxidative damage to cells, especially cytomembranes (Uchida et al., 2002; Zhou et al., 2018; Cui et al., 2019). A respirator burst oxidase homolog B (RbohB) gene in soybean, GmRbohB, was determined to function in ROS scavenging (Wang N. et al., 2017). Therefore, these genes are indispensable for tolerance to salt and drought stresses in plants.

Soybean is an important oil-bearing crop all over the world, and its production is constrained by salt and drought stresses. In this study, overexpression of an NF-Y gene in soybean, GmNFYA13, conferred enhanced salt and drought tolerance to transgenic soybean plants, while its abolition resulted in opposite results. Considering these results, GmNFYA13 should be a candidate gene in molecular breeding of soybean.



MATERIALS AND METHODS


Plant Growth and Treatments

Seeds of the soybean (Glycine max L. Merr.) cultivar Williams 82 were grown in plastic pots (14 cm diameter, 15 cm depth) containing nutrient soil and grown for 20 days in a tissue culture room at 28/18°C day/night with a 14-h photoperiod and 70% relative humidity as described previously (Ma et al., 2020), which are considered as normal conditions for soybean plants. The seedlings were used to assess gene expression patterns under several treatments. For H2O and salt treatment, the seedlings were subjected to H2O and 200 mM NaCl solution for 12 h; for drought treatment, the seedlings were pulled out from soil and placed on a plastic plate for 12 h; for ABA and H2O2 treatment, the roots were immersed in 100 μM ABA and 10 mM H2O2 for 12 h. The leaves under various treatments were harvested at 0, 1, 2, 4, 8, and 12 h and frozen at −80°C for isolation of RNA. To test whether an ABA synthesis inhibitor (tungstate) could affect salt-induced GmNFYA13 transcripts, two detached leaves of soybean plants were placed into ddH2O to eliminate the effect of wound stress for 1 h, and then transferred into ddH2O and 2 mM tungstate for 3 h, followed by being subjected to 200 mM NaCl solution for 1 h. To determine whether tungstate could suppress the drought-induced expression level of GmNFYA13, the “drought + tungstate” treatment was performed as described previously (Ma et al., 2020) and 1 mM naproxen was replaced with 2 mM tungstate. The leaves immersed in ddH2O were used as the control. Samples were collected and frozen at −80°C.

To evaluate the transcription levels of GmNFYA13 in different tissues, the tissues of 20-day-old and 50-day-old soybean plants were collected and stored as described previously (Ma et al., 2020). All of the experiments were performed in a tissue culture room at 28/18°C day/night with a 14-h photoperiod and 70% relative humidity.



Cloning of GmNFYA13

Williams 82 soybean plants were used for RNA isolation, followed by reverse transcription to cDNA. The full-length coding sequence (CDS) of GmNFYA13 was isolated using PrimerSTAR Max DNA polymerase (Takara, Japan) and primer set 5′-GGTAGTCAATAGTCATCACTT-3′ and 5′-CAAGTTGGATGAGATAAAGCC-3′. The PCR products were cloned into the vector pEASY-Blunt (TransGen, China) and sequenced; the correct clone was stored at −80°C for isolation of the CDS of GmNFYA13.



Generation of Transgenic Arabidopsis Lines

The CDS without the termination codon was fused in pCAMBIA1302 vector and ligated with NcoI site to generate the pCAMBIA1302:GmNFYA13 fusion construct, which is driven by the promoter of cauliflower mosaic virus 35S (CaMV35S). The primer set used in this assay was 5′-GGGACTCTTGACCATGATGCCAGGGAAACCT-3′ and 5′-TCAGATCTACCATGGCTTTGAAATCCCCATT-3′. The pCAMBIA1302:GmNFYA13 fusion constructs were transformed into Agrobacterium tumefaciens strain GV3101, followed by infection of Arabidopsis flowers. Hygromycin (Roche, Germany) was used to screen the positive transgenic lines to obtain the T3 homozygotes. The 35S:GmNFYA13-2, 35S:GmNFYA13-4, and 35S:GmNFYA13-5 transgenic Arabidopsis lines were used to explore the function of GmNFYA13.



Subcellular Localization

Five-day-old 35S:GmNFYA13 and WT Arabidopsis plants on 1/2 MS medium were used to determine the localization of GmNFYA13 in cells. Roots of 35S:GmNFYA13 plants could express GFP-GmNFYA13 fusion protein. Roots of 35S:GmNFYA13 and WT Arabidopsis plants were detached and observed using a confocal laser scanning microscope (Zeiss, LSIM700) as described previously (Liu et al., 2013; Ma et al., 2020).



Promoter:GUS Analysis

The 2000-bp DNA fragment upstream of cDNA was amplified to obtain the GmNFYA13 promoter using PrimerSTAR Max DNA polymerase (Takara, Japan) with the primer set 5′-GGACACGTGTCTCGATCTTCG-3′ and 5′-CTTAGCACAACTTTTCCCTAT-3′. The products were cloned into a modified pCAMBIA1305 vector to generate the pCAMBIA1305:PGmNFYA13 fusion construct with the forward primer 5′-CCATGATTACGAATTCGGACACGTGTCTCGATCTTCG-3′ and reverse primer 5′-CTCAGATCTACCATGGCTTAGCACAA CTTTTCCCTAT-3′ as previously described (Ma et al., 2020). The A. tumefaciens strain GV3101 harboring pCAMBIA1305:PGmNFYA13 was used to infect Arabidopsis flowers. The positive seeds were screened with hygromycin to obtain the T3 homozygotes. T3-generation transgenic Arabidopsis plants were used to carry out further experiments. The PGmNFYA13:GUS analysis was performed as described previously (Jefferson et al., 1987).

To measure the transcripts of GUS in PGmNFYA13:GUS transgenic Arabidopsis plants under normal condition, the rosette leaves, cauline leaves, roots, flowers, and siliques were sampled and used for RNA isolation. The special primer set of GUS was listed in Supplementary Table 1.



Transactivation Activity Assay in Yeast Strains

The full-length CDS of GmNFYA13 was ligated into the NdeI restriction site of the pGBKT7 vector to generate the BD:GmNFYA13 construct with the forward primer 5′-AGGAGGACCTGCATATGATGCCAGGGAAACCT-3′ and reverse primer 5′-GCCTCCATGGCCATATGTTATTTGAAATC CCC-3′. The construct was transformed into yeast strain AH109. The yeast strains were grown on SD -Trp plates at 30°C for 3 days and then transferred to SD -Trp/-His/-Ade and SD -Trp/-His/-Ade with 4 mg/ml α-Gal. The yeast strains harboring the empty pGBKT7 construct were used as the negative control.



Germination and Root Growth of Arabidopsis Plants

35S:GmNFYA13 seeds were sterilized as described previously (Ma et al., 2020). For the germination assay, the sterilized seeds were sown on 1/2 MS medium containing 50–80 mM NaCl, 0.5–0.8 μM ABA, and 8–10% PEG 6000 (PEG), followed by stratification for 2 days at 4°C, and then the mediums were transferred in a greenhouse at 22°C with a 16-h photoperiod and 70% relative humidity, which are considered normal conditions for Arabidopsis plants. The seeds sown on 1/2 MS medium were set as the control.

For the root growth assay, sterilized seeds were sown on 1/2 MS medium and stratified for 2 days, and then the mediums were transferred into a greenhouse under normal conditions. The 3-day-old seedlings were grown on 1/2 MS medium containing 100–120 mM NaCl, 0.5–0.8 μM ABA, and 10–12% PEG for 7 days, respectively, and then the root lengths were measured using a straightedge.



Salt and Drought Treatment of Arabidopsis Lines

The stratified seeds were grown for 7 days under normal conditions, and then 7-day-old seedlings were transferred into plastic pots (4.5 cm in length and width, 5 cm in depth) for 2 weeks. For salt treatment, the 3-week-old seedlings were irrigated with 350 mM NaCl solution; for drought treatment, water supply was shut off until significant difference was detected between 35S:GmNFYA13 and WT Arabidopsis plants, and then the seedlings were watered and allowed to recover for a week.

To assess the transcription levels of salt-responsive genes in the 35S:GmNFYA13 transgenic Arabidopsis plants, the leaves of 3-week-old seedlings were collected at 1 h after salt treatment. To assess the transcription levels of drought-related genes in 35S:GmNFYA13 lines, the leaves of 3-week-old seedlings were sampled at 2 h after drought treatment. The collected leaves were immediately frozen with liquid nitrogen for RNA isolation. The leaves of 3-week-old seedlings under normal conditions were set as the control.



Generation of Transgenic Soybean Plants

To generate transgenic soybean plants overexpressing GmNFYA13, the CDS of GmNFYA13 without the termination codon was introduced into the vector pCAMBIA3301 to generate the pCAMBIA3301:GmNFYA13 construct driven by the CaMV35S promoter and ligated with NcoI and BstEII sites with the primer set 5′-GGACTCTTGACCATGATGCCAGGGAAACCTGAC-3′ and 5′-ATTCGAGCTGGTCACCTTTGAAATCCCCATTAGG-3′. To generate transgenic soybean plants suppressing GmNFYA13, a 705-bp RNA interference fragment (Supplementary Figure 1) was artificially synthesized and inserted into the same vector to generate the pCAMBIA3301:RNAi-GmNFYA13 construct. The pCAMBIA3301:GmNFYA13 (OE), pCAMBIA3301:RNAi-GmNFYA13 (RNAi), and pCAMBIA3301 empty vector (EV) were transformed into A. rhizogenes K599 and stored at −80°C.

Soybean seeds were sown into nutrient soil in plastic pots (14 cm diameter, 15 cm depth) and the hypocotyls of 5-day-old seedlings were infected by A. rhizogenes K599 harboring OE, RNAi, and EV construct with a syringe tip, and then covered by plastic cups for 24 h without light. The soybean plants were uncovered, and the infected hypocotyls were surrounded by peat and vermiculite mixture (1:1, v/v). They were irrigated with enough water to create a warm and humid environment for 2 weeks, and then hairy roots were induced. The principal roots were cut off, and soybean plants with positive hairy roots screened by QuickStix kit (EnviroLogix, America) and qRT-PCR were used to perform subsequent experiments; they were, respectively, named OE, RNAi, and EV transgenic soybean plants.



Salt and Drought Treatments of Transgenic Soybean Plants

The transgenic soybean plants with positive hairy roots were planted in plastic pots (14 cm diameter, 15 cm depth) containing nutrient soil for 7 days to establish normal growth. It is difficult to complete the entire growth period using plants with only a few positive hairy roots under salt and drought stresses. However, the transgenic soybean plants are sufficient for drought tolerance at the seedling stage.

For salt treatment, the soybean plants were irrigated with 500 mM NaCl solution; for drought treatment, the water supply to soybean plants was shut off until significant difference was observed among the three transgenic soybean lines.

To evaluate the transcription level of salt/drought-related genes in transgenic soybean plants, for salt and drought treatments, the positive hairy roots were sampled at 1 h after salt stress and 2 h after drought stress. The control was the non-treated positive hairy roots.



Quantitative Real-Time PCR (qRT-PCR) Analysis

The qRT-PCR analysis was performed using an Applied Biosystems 7500 real-time PCR system and the data were analyzed with the 2–ΔΔCT method based on CT values (Ni et al., 2013). The specific primers for qRT-PCR in this study are in Supplementary Table 1.



Measurement of Water Loss, Soil Water Potential (SWP), and Proline Content

In 35S:GmNFYA13 Arabidopsis and three transgenic soybean lines, water loss and SWP were measured as described previously (Li et al., 2008; Ma et al., 2020). The proline content was measured as described previously (Cui et al., 2019) after drought treatment for 4 days and 5 days with respect to 35S:GmNFYA13 Arabidopsis and transgenic soybean plants, respectively.



Measurement of Relative Water Content (RWC), Malondialdehyde (MDA), Chlorophyll, and Ion Leakage

In 35S:GmNFYA13 Arabidopsis and three transgenic soybean lines, RWC, MDA, chlorophyll, and ion leakage were measured after drought and salt treatment as described previously (Ni et al., 2013; Ma et al., 2020).



Measurement of ABA Concentration and Stomatal Aperture

Abscisic acid concentration was measured when 35S:GmNFYA13 transgenic Arabidopsis plants were subjected to salt and drought treatment for 4 days as described previously (Wang et al., 2018). Leaves of 3-week-old 35S:GmNFYA13 plants were detached and immersed into stomatal opening buffer, which was prepared for 3 h as previously reported (Tian et al., 2015); leaves were then transferred to 0, 5, and 10 μM ABA solution for 2 h. Stomatal apertures were detected using a confocal laser scanning microscope (Zeiss, LSIM700) and measured with the ruler tool in Adobe Photoshop CS5.



Transcriptional Activation Assay in Tobacco Plants

Tobacco seeds were sterilized with 1% sodium hypochlorite for 15 min, washed three times using sterile water, and then sown on 1/2 MS medium. Seven-day-old seedlings were transferred into nutrient soil in a greenhouse at 25/22°C (day/night) with a 16-h photoperiod and 50–60% relative humidity as described previously (Zhang et al., 2017). Tobacco plants with four leaves were infected.

The promotors of target genes were inserted into pGreen II 0800 as previously described (Ma et al., 2020). The primer set for GmSALT3 was 5′-GTCGACGGTATCGATAAGCTTCGATGATACTACATAAGT-3′ and 5′-CAGGAATTCGATATCAAGCTTGGCCAAAGACTC AGTGCT-3′, with 5′-GTCGACGGTATCGATAAGCTTCCTGG TCCACTCTAGTAG-3′ and 5′-CAGGAATTCGATATCAAGCT TGGTGAATGGTCGGTTGAA-3′ for GmNCED3. Primers for GmMYB84 were 5′-GTCGACGGTATCGATAAGCTTCTCAG CTTCAATTACAAT-3′ and 5′-CAGGAATTCGATATCAAGCT TGGCTATTCTCACTCACTA-3′; primers for GmRbohB were 5′-GTCGACGGTATCGATAAGCTTACGACACAGTCTGAGAAT-3′ and 5′-CAGGAATTCGATATCAAGCTTCTCCTCGTCGTCC TTGAA-3′. The fusion constructs pGreen II 0800:PGmSALT3/GmNCED3/GmMYB84/GmRbohB were transformed into A. tumefaciens strain GV3101. GV3101 harboring the pCAMBIA1302 empty vector and pCAMBIA1302:GmNFYA13 fusion construct were co-transformed into tobacco leaves with GV3101 harboring pGreen II 0800:PGmSALT3/GmNCED3/GmMYB84/GmRbohB. The GUS fluorescence was observed using LB985 NightSHADE (Berthold, Germany) following the manufacturer’s instructions.

To quantify the LUC activity in the tobacco leaves of equal weight, the protein was extracted. The extraction buffer consisted of 50 mM Tris, 0.5 M sucrose, 1 mM MgCl2, 10 mM EDTA, and 5 mM DTT, and then pH was adjusted to 8.0. The LUC expression levels of the protein solution were evaluated with GloMax Multi Jr (Promega, America) according to the manufacturer’s instructions.



Statistical Analysis

The data in this research were subjected to Duncan’s tests using SPSS Statistics 22 (IBM, United States). The data of germination rate, water loss, and SWP were assessed with Student’s t-test. Three biological replications were performed for each experiment in this study.




RESULTS


Expression Pattern of NF-YA Genes in Soybean

As described previously, the transcription level of GmNFYA5 was the highest among all 21 GmNFYAs under drought conditions (Ma et al., 2020). To determine whether GmNFYAs were induced by salt treatment, the transcription levels of 21 GmNFYAs were analyzed by qRT-PCR. The results showed that 12 members were highly responsive to salt stress and the transcript level of GmNFYA13 was the highest (Figure 1A). In addition, the GmNFYA13 transcript was higher than other GmNFYAs except GmNFYA5 and GmNFYA11 under drought treatment (Ma et al., 2020). Moreover, the transcript level of GmNFYA13 was induced by H2O2 and ABA treatment (Figures 1C,D) but not by H2O (Figure 1B). To further explore whether ABA was involved in salt- and drought-induced GmNFYA13 transcription, detached leaves were subjected to tungstate solution, which is an ABA biosynthesis inhibitor, followed by salt treatment for 1 h, or drought treatment for 2 h. Compared with the control condition, the GmNFYA13 transcript under salt/drought treatment was similar to the above expression pattern (Figure 1E). However, pretreatment with tungstate suppressed the induction of GmNFYA13 expression (Figure 1E). These results showed that ABA played an essential role in salt- and drought-induced GmNFYA13 transcription.
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FIGURE 1. GmNFYA13 transcripts were induced by treatment of salt, H2O2, and ABA. (A) The expression levels of 21 NF-YA members in Glycine max were evaluated with qRT-PCR under salt treatment. (B–D) H2O, H2O2, and ABA induced GmNFYA13 transcripts. (E) Tungstate suppressed salt- and drought-induced GmNFYA13 transcripts. Control, salt, salt + tungstate, drought, and drought + tungstate are indicated by CTR, ST, ST + T, DH, and DH + T, respectively. GmCYP2 was used as the internal control and transcripts of all genes used in the assay were normalized to the non-treated expression level, which was set as 1.0. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05.


The coding sequence of GmNFYA13 (Glyma12g36540) is 912 bp in length, encoding a 34.06-KD polypeptide with an isoelectric point (pI) of 9.50. The conserved core regions of GmNFYA13, which consists of an NF-YB/C binding subdomain and CCAAT binding sequences, are similar to those of Arabidopsis (Supplementary Figure 2A). Phylogenetic analysis of conserved amino acid sequences showed that GmNFYA13 clustered with AtNFYA2 and AtNFYA10 in Arabidopsis (Supplementary Figure 2B).



Tissue-Specific Expression Analysis and Characterization of GmNFYA13

The transcription of GmNFYA13 was detected in various tissues at seedling and flowering growth phases based on qRT-PCR (Figures 2A,B). The GmNFYA13 transcript was highest in roots in both stages and significantly improved in leaves of the former period compared with that of the latter (Figures 2A,B). To better evaluate the tissue-specific expression of GmNFYA13, T3-generation transgenic Arabidopsis plants overexpressing PGmNFYA13:GUS were generated. GUS staining was observed in Arabidopsis seedling, rosette leaf, cauline leaf, root, flower, and silique (Figure 2C). The GUS expression level in leaves was lower than that in roots (Figure 2C), consistent with the data of qRT-PCR in soybean plants.
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FIGURE 2. Analysis of tissue-specific expression, self-activating activity, and subcellular localization of GmNFYA13. (A,B) GmNFYA13 transcripts were assessed in various tissues at two growth periods. The expression level of GmNFYA13 in roots was set as 1.0, and GmCYP2 was the internal control. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05. (C) GUS staining in each tissue in PGmNFYA13:GUS transgenic Arabidopsis plants. a, 5-day-old seedling; b, rosette leaf (RL); c, cauline leaf (CL); d, root (R); e, flower (F); f, silique (S); g, transcripts of GUS were measured in various tissues of transgenic Arabidopsis by qRT-PCR. Scale bar = 4 mm. The transcripts of GUS in roots were set as 1.0, and AtTub8 was the internal control. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05. (D) Self-activating activity analysis of GmNFYA13. (E) GFP fluorescence was detected in roots of WT and 35S:GmNFYA13 Arabidopsis plants. Scale bar = 200 μm. Each experiment had three biological replicates.


To test whether GmNFYA13 independently regulated downstream genes, the self-activating activity was evaluated in yeast strains. The yeast strains harboring BD:GmNFYA13 fusion construct could grow on SD -Trp/-His/-Ade and SD -Trp/-His/-Ade with α-Gal, where no yeast strains harboring BD empty vector could grow. The results implied that GmNFYA13 had self-activating activity (Figure 2D).

To observe the localization of GmNFYA13 in plant cells, roots of WT and 35S:GmNFYA13 Arabidopsis plants were detached. The GFP fluorescence in roots of 35S:GmNFYA13 plants was exclusively detected in the nuclei with no fluorescence observed in roots of WT plants (Figure 2E), which showed that GmNFYA13 was a nuclear localization protein.



Sensitivity of 35S:GmNFYA13 Arabidopsis Plants to ABA, NaCl, and PEG

Three 35S:GmNFYA13 Arabidopsis lines (35S:GmNFYA13-2, 35S:GmNFYA13-4, and 35S:GmNFYA13-5) were used to carry out further assays based on RT-PCR analysis (Figure 3B and Supplementary Figure 5). In the germination assay, there was no significant difference between 35S:GmNFYA13 and WT Arabidopsis seeds with respect to germination rates under control conditions (Supplementary Figure 3A). However, in comparison to WT Arabidopsis seeds, the germination rate of 35S:GmNFYA13 seeds was higher when subjected to different concentrations of NaCl and PEG, but lower under treatment of ABA (Supplementary Figures 3B–G).
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FIGURE 3. Root growth of WT and 35S:GmNFYA13 transgenic Arabidopsis seedlings under treatments of salt, drought, and ABA. (A) The root elongation of WT and 35S:GmNFYA13 with/without treatments. Scale bar = 2 cm. (B) The transcript levels of GmNFYA13 in WT and 35S:GmNFYA13 lines were evaluated with RT-PCR. AtTub8 was the internal control. (C–E) The root lengths of WT and 35S:GmNFYA13 lines subjected to various concentrations of NaCl, PEG, and ABA. Data indicate three biological replicates (n = 18) ± SD. Different letters above the columns represent significant differences at P < 0.05. Three biological replicates were used in each experiment.


In the root elongation assay, there was no significant difference between root lengths of 35S:GmNFYA13 and WT seedlings prior to these three treatments (Figure 3A). Consistent with the germination assay results, under treatments of salt and PEG, the root elongation of WT seedlings was more severely suppressed in comparison to that of 35S:GmNFYA13 lines (Figures 3A,C,D). Under ABA treatments, the root length of WT seedlings was significantly longer than that of 35S:GmNFYA13 seedlings (Figures 3A,E).



Tolerance of 35S:GmNFYA13 Arabidopsis Lines to Salt Treatment

To elucidate the function of GmNFYA13 in regulating salt tolerance of Arabidopsis plants, 3-week-old 35S:GmNFYA13 and WT plants were subjected to 350 mM NaCl solution for 7 days. Leaves of WT plants were bleached, whereas most leaves from 35S:GmNFYA13 plants remained green with no significant difference observed between the former and latter sets of plants under control conditions (Figure 4A). Consistently, compared with 35S:GmNFYA13 plants, the survival rate and chlorophyll content were lower, and the ion leakage and MDA contents in WT plants were apparently higher (Figures 4B–E). No significant difference was noted between 35S:GmNFYA13 and WT Arabidopsis lines with respect to physiological indices under control conditions (Figures 4B–E).
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FIGURE 4. 35S:GmNFYA13 Arabidopsis seedlings showed enhanced salt tolerance compared to WT lines. (A) Assessment of salt tolerance in WT and 35S:GmNFYA13 transgenic Arabidopsis plants. Three-week-old seedlings were treated with 350 mM NaCl solution for 7 days. (B–E) The survival rate, ion leakage, MDA, and chlorophyll content of WT and 35S:GmNFYA13 lines were measured after salt treatment. (F) The ABA concentration of WT and 35S:GmNFYA13 lines were measured following salt treatment for 4 days. (G–J) The expression levels of SOS1, SOS2, SOS3, and NCED3 in WT and 35S:GmNFYA13 lines were evaluated under control and salt treatments. Transcript levels of these genes were normalized to those in WT plants under control conditions, and AtTub8 was used as the internal control. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05. Each experiment had three biological replicates.


To determine how GmNFYA13 regulated salt tolerance of 35S:GmNFYA13 Arabidopsis plants, salt-related genes were analyzed in 35S:GmNFYA13 and WT lines by qRT-PCR under control and salt treatments. Under control conditions, transcript abundance of SOS1, SOS2, and SOS3 in 35S:GmNFYA13 lines were higher than those in WT lines with no significant difference detected for the NCED3 transcript. However, under salt conditions, transcript levels of SOS1, SOS2, SOS3, and NCED3 in 35S:GmNFYA13 plants were markedly higher compared with WT plants (Figures 4G–J).



Tolerance of 35S:GmNFYA5 Arabidopsis Lines to Drought Treatment

To evaluate the role of GmNFYA13 in drought tolerance, water supply was shut off for 9 days. More extreme wilting was observed in WT seedlings compared with 35S:GmNFYA13 seedlings with no difference detected under control conditions (Figure 5A). During drought treatment, the SWP was measured. Compared with WT lines, the SWP of 35S:GmNFYA13 lines fell more slowly, and the minimum level was reached at 5 and 6 days after drought treatment with respect to the former and latter sets of seedlings (Figure 5B). Consistently, in comparison to WT lines, detached leaves in 35S:GmNFYA13 lines lost water more slowly (Figure 5C). The survival rate and RWC of WT lines was lower compared with that of 35S:GmNFYA13 lines (Figures 5D,E). The proline and ABA contents were measured at 4 days after drought stress, and proline content was higher in 35S:GmNFYA13 lines compared with WT lines (Figure 5F).
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FIGURE 5. 35S:GmNFYA13 Arabidopsis seedlings showed enhanced drought tolerance compared to WT lines at the seedling stage. (A) Evaluation of drought tolerance in WT and 35S:GmNFYA13 transgenic Arabidopsis plants. Three-week-old seedlings were subjected to drought treatment for 9 days and recovered for 7 days. (B) The SWP of the soil where WT and 35S:GmNFYA13 were grown. (C) The water loss of detached leaves from WT and 35S:GmNFYA13 Arabidopsis seedlings. (D) The survival rate of WT and 35S:GmNFYA13 Arabidopsis seedlings after recovery from drought treatment. (E,F) The relative water content and proline content of WT and 35S:GmNFYA13 Arabidopsis seedlings after drought treatment. (G) The ABA concentration of WT and 35S:GmNFYA13 Arabidopsis seedlings following drought treatment for 4 days. (H–K) Transcript levels of DREB2A, ABI3, NCED3, and RD29A under control and drought treatment. Transcript levels of these genes were normalized to those in WT plants under control conditions, AtTub8 was used as the internal control. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05. Three biological replicates were used in each experiment.


In addition, ABA was produced in Arabidopsis plants treated with drought and salt stresses and ABA accumulation in 35S:GmNFYA13 lines was higher than WT lines (Figures 4F, 5G). ABA triggers stomatal pore closure in leaves (Nakashima and Yamaguchi-Shinozaki, 2013), so the stomatal apertures were observed and measured. When treated with different concentrations of ABA, the stomatal apertures of detached leaves in WT seedlings were significantly bigger than those in 35S:GmNFYA13 seedlings with no difference noted under control conditions (Supplementary Figures 4A,B).

To further understand how GmNFYA13 functioned in regulating drought tolerance of 35S:GmNFYA13 Arabidopsis plants, the drought-responsive genes were evaluated by qRT-PCR. Under control and drought conditions, expression levels of DREB2A, ABI3, RD29A, and NCED3 in 35S:GmNFYA13 Arabidopsis plants were higher than those in WT plants with no significant difference detected for the NCED3 transcript under control conditions (Figures 5H–K).



Tolerance of Transgenic Soybean Plants to Salt Treatment

To explore the functions of GmNFYA13, OE, RNAi, and EV transgenic soybean lines with positive hairy roots were generated. Compared with EV lines, the expression levels of GmNFYA13 in OE and RNAi lines were significantly higher and lower, respectively (Figure 6B). The transgenic soybean lines were subjected to 500 mM NaCl solution for 7 days. Under salt treatment, the RNAi plants showed chlorosis, and the EV plants displayed less damage than RNAi lines with turgor maintained in OE plants (Figure 6A); the survival rate of OE plants overexpressing GmNFYA13 was significantly higher than EV plants, while its abolition resulted in the opposite effect (Figure 6C); compared with EV plants, the ion leakage and MDA content in OE and RNAi plants were significantly lower and higher, respectively (Figures 6D,E). However, no significant difference was detected among these indices in OE, EV, and RNAi plants under control conditions (Figures 6C–E).
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FIGURE 6. OE and RNAi transgenic soybean plants, respectively, displayed improved and decreased salt tolerance compared with EV plants. (A) Assessment of salt tolerance in RNAi, EV, and OE transgenic soybean plants. Soybean plants with positive hairy roots were subjected to 500 mM NaCl solution for 7 days. Scale bar = 6 cm. (B) GmNFYA13 transcript was evaluated in RNAi, EV and OE transgenic soybean plants. GmCYP2 was used as the internal control and transcripts of GmNFYA13 were normalized to the expression level in RNAi transgenic soybean plants, which was set as 1.0. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05. (C–E) The survival rate, ion leakage, and MDA content in RNAi, EV, and OE transgenic soybean plants. Data indicate three biological replicates (n = 18) ± SD. Different letters above the columns represent significant differences at P < 0.05.




Tolerance of Transgenic Soybean Plants to Drought Treatment

To assess the role of GmNFYA13 in drought tolerance, OE, RNAi, and EV transgenic soybean lines were deprived of water for 15 days. The OE plants displayed less wilting compared with EV plants, while RNAi plants showed the opposite results (Figure 7A). During drought treatment, the SWP of the soil was measured. After initiation of drought stress, SWP of OE, EV, and RNAi lines declined to the minimum levels at 8, 7, and 6 days, respectively (Figure 7B).
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FIGURE 7. OE and RNAi transgenic soybean plants, respectively, displayed increased and decreased tolerance to drought stress compared with EV plants. (A) Drought tolerances were evaluated in RNAi, EV, and OE transgenic soybean plants. Soybean plants were subjected to drought treatment for 15 days and recovery for 5 days. Scale bar = 6 cm. (B) The SWP of the soil where RNAi, EV, and OE transgenic plants grew were assessed. Asterisks represent significant differences at P < 0.05 in comparison to the corresponding controls. (C) The survival rate was measured in RNAi, EV, and OE transgenic plants after recovery from drought treatment. (D–F) The relative water content, proline, and MDA content were measured in RNAi, EV, and OE transgenic plants after drought treatment. Data indicate three biological replicates (n = 18) ± SD. Different letters above the columns represent significant differences at P < 0.05. Each experiment had three biological replicates.


Compared with EV plants, the survival rate, RWC, and proline content of OE and RNAi plants were significantly higher and lower, respectively (Figures 7C–E). The OE plants overexpressing GmNFYA13 produced significantly lower MDA content, while RNAi plants where it was abolished showed the opposite results (Figure 7F). No significant difference was noted among physiological indices of OE, RNAi, and EV plants under control conditions (Figures 7C–F).



Transcript Levels of Salt/Drought-Responsive Genes

To investigate how GmNFYA13 functioned in salt/drought tolerance in transgenic soybean plants, three salt-related genes (GmSALT3, GmSOS1, and GmNHX1) (Guan et al., 2014; Zhang W. et al., 2019), one key gene involved in ABA synthesis (GmNCED3) (Zhang X. Z. et al., 2019), three drought-responsive genes (GmDREB1, GmWRKY46 and GmMYB84) (Chen et al., 2007; Luo et al., 2013; Wang N. et al., 2017; Ma et al., 2020), and one gene, GmRbohB, related to oxidative stress (Wang N. et al., 2017), were selected for further analysis.

Under control conditions, no significant difference was detectable for transcript abundance of GmNCED3 among OE, EV, and RNAi soybean plants (Figures 8A,B); transcript levels of GmSALT3, GmNHX1, GmSOS1, GmDREB1, GmWRKY46, GmMYB84, and GmRbohB in OE plants were higher compared with EV plants (Figure 8A); the opposite results were detected in RNAi plants (Figure 8B). Under salt and drought treatments, compared with WT plants, expression levels of all genes in OE plants were significantly higher and those in RNAi plants were significantly lower (Figures 8A,B).


[image: image]

FIGURE 8. The expression levels of GmSALT3, GmNHX1, GmSOS1, GmNCED3, GmMYB84, GmDREB2, GmWRKY46, and GmRbohB in RNAi, EV, and OE transgenic soybean plants under control, salt, and drought conditions. (A) Transcripts of GmSALT3, GmNHX1, GmSOS1, GmNCED3, GmMYB84, GmDREB2, GmWRKY46, and GmRbohB in EV and OE transgenic lines under control, salt, and drought conditions. (B) Transcript levels of these genes in RNAi and EV transgenic lines under control, salt, and drought conditions. GmCYP2 was used as the internal control and transcripts of GmNFYA13 were normalized to the expression level in EV transgenic soybean plants under control conditions, which was set as 1.0. CTR represents the control condition, and salt and DH represent salt and drought treatment, respectively. For salt treatment, roots were subjected to 500 mM NaCl solution for 1 h; for drought treatment, roots were placed on a plastic plate for 2 h; roots under normal condition were used as the control sample. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05.




Transcriptional Activation Assays

To test whether GmNFYA13 could directly regulate the downstream genes in vivo, LUC activity in the tobacco leaves harboring recombinant pCAMBIA1302:GmNFYA13 or pCAMBIA1302 empty vector in consort with pGreen II 0800:PGmSALT3/GmNCED3/GmMYB84/GmRbohB were assessed. Consistent with our expectation, the LUC expression levels in the former sets of leaves were significantly higher than those in the latter sets, which showed that GmNFYA13 could positively modulate the expression levels of GmSALT3, GmMYB84, GmNCED3, and GmRbohB by binding to their promotors (Figures 9A–H).
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FIGURE 9. LUC activity was enhanced due to the regulation of GmNFYA13 on promoters of GmSALT3, GmNCED3, GmMYB84, and GmRbohB. (A–D) The LUC activity was evaluated in tobacco leaves with LB985 NightSHADE. (E–H) The LUC expression levels of the protein solution extracted from the leaves, indicated by ratio of LUC/REN, were measured with GloMax Multi Jr. The ratio of LUC/REN of GFP-GmNFYA13 + PGmSALT3/GmNCED3/GmMYB84/GmRbohB was normalized to that of GFP + PGmSALT3/GmNCED3/GmMYB84/GmRbohB, which was set as 1.0. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05.





DISCUSSION

Compared with Arabidopsis and rice plants, the soybean genome is larger, containing 115 NF-Y genes and 21 NF-YA members (Thao and Tran, 2012). However, only GmNFYA3 (Ni et al., 2013) and GmNFYA5 (Ma et al., 2020) had been functionally characterized. In addition, overexpression of GmNFYA3 and GmNFYA5 could only confer drought tolerance to transgenic plants (Ni et al., 2013; Ma et al., 2020). In this study, transgenic Arabidopsis and soybean plants carrying extra copies of GmNFYA13 displayed improved salt and drought tolerance.

The GmNFYA13 transcript was highest among 21 NF-YA genes in soybean following salt treatment (Figure 1A) and higher than other NF-YA genes except GmNFYA5 and GmNFYA11 when subjected to drought treatment (Ma et al., 2020). In addition, the expression level of GmNFYA13 was highest in roots compared with other tissues (Figure 2A). Likewise, GmNFYA3, AtNFYA5, and Cdt-NFYC1 (Li et al., 2008; Ni et al., 2013; Chen et al., 2015), which were induced by osmotic stresses with high levels in roots, functioned in modulating salt or drought tolerance of plants. These results implied that GmNFYA13 could play important roles in regulating salt and drought tolerance in plants.

In addition, GmNFYA13 was induced by ABA treatment (Figure 1D), and pretreatment with tungstate suppressed the salt- and drought-induced GmNFYA13 transcript (Figure 1E), showing that ABA was involved in response to osmotic stresses of GmNFYA13. ABA is a hormonal molecule produced during drought and salt stresses (Zhu, 2002; Barrero et al., 2006; Nakashima and Yamaguchi-Shinozaki, 2013). Under salt and drought treatments, higher NCED3 transcripts in 35S:GmNFYA13 plants (Figures 4J, 5J) resulted in increased ABA biosynthesis and accumulation (Figures 4F, 5G), causing smaller stomatal apertures (Supplementary Figure 4) and less water loss in leaves (Figure 5C) to enhance tolerance to osmotic stresses. Moreover, 35S:GmNFYA13 Arabidopsis seeds and seedlings displayed higher sensitivity to ABA compared with WT lines (Figure 3A and Supplementary Figure 3). Enhanced drought and salt tolerance was accompanied by ABA hypersensitivity (Ni et al., 2013; Chen et al., 2015; Ma et al., 2020). These results indicated that overexpression of GmNFYA13 enhanced tolerance to osmotic stresses in an ABA-dependent manner. In addition, compared with corresponding lines with the normal GmNFYA13 transcript, the higher expression levels of DREB2A and GmDREB2 in 35S:GmNFYA13 Arabidopsis and OE soybean lines (Figures 5H, 8A) showed that overexpression of GmNFYA13 also enhanced osmotic stresses through another mechanism, an ABA-independent pathway.

The functional studies of GmNFYA3 and GmNFYB1 in transgenic Arabidopsis plants were professional (Ni et al., 2013; Li et al., 2017). However, the functions of these genes were determined in transgenic Arabidopsis plants. Introduction of SWP in this study (Figures 5B, 6B) during drought treatment was not performed in some other reports (Li et al., 2008; Chen et al., 2015; Li et al., 2017; Du et al., 2018; Li et al., 2019). Moreover, the genes in soybean should be identified in transgenic soybean plants.

Consistently, in comparison to EV soybean lines, the OE lines overexpressing GmNFYA13 and RNAi lines suppressing it, respectively, displayed increased and decreased tolerance to osmotic stresses. The analysis of qRT-PCR (Figure 8) and LUC activity (Figure 9) indicated that GmNFYA13 could positively and directly regulate the transcript levels of downstream genes by binding to the promoters in vivo. GmRbohB was determined to be a key gene scavenging ROS to improve tolerance to abiotic stresses in soybean plants (Wang N. et al., 2017). Consistent with this result, transcript levels of GmNFYA13 were induced by H2O2 solution (Figure 1C). In contrast to EV plants, the lower content of MDA (Figures 6E, 7F), which reflected the degree of the damage of ROS on membranes (Imahori et al., 2016; Wang X. Y. et al., 2017), was associated with the lower level of oxidative stress in OE transgenic soybean lines under salt and drought treatments. These results showed that overexpression of GmNFYA13 enhanced tolerance to osmotic and oxidative stresses in OE transgenic soybean plants.

In conclusion, physiological indices and expression levels of stress-related genes shed light on the essential roles of multifunctional GmNFYA13 and give further insights into the modulation of responses to osmotic stresses in soybean plants. Accordingly, GmNFYA13 should be a positive regulator of tolerance to osmotic stresses in soybean and has application value to improve salt and drought tolerance in other plants.
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Supplementary Figure 1 | The synthetic fragment RNAi-GmNFYA13. The hairpin structure contained three parts: the positive sequence in blue, the reverse complementary sequence in green and the intron of GmNFYA13 in purple.

Supplementary Figure 2 | The sequence alignment and phylogenetic analysis of GmNFYA13 and ten NF-YA genes in Arabidopsis. (A) Sequence alignment of GmNFYA13 and ten NF-YA genes in Arabidopsis with conserved domains highlighted in black. The linker and two subdomains are underlined. Critical amino acids were indicated by asterisks. (B) Phylogenetic analysis of GmNFYA13 and ten NF-YA genes in Arabidopsis. MEGA 7.0 was used to construct the neighbor joining tree.

Supplementary Figure 3 | Germination rate of WT and 35S:GmNFYA13 transgenic Arabidopsis lines under treatment of control, salt, drought and ABA. (A) Germination rates on 1/2 MS medium. (B–C) Germination rates on 1/2 MS medium with 50 and 80 mM NaCl. (D–E) Germination rates on 1/2 MS medium with 8 and 10% PEG6000. (F–G) Germination rates on 1/2 MS medium with 0.5 and 0.8 μM ABA. Asterisks represent significant differences at P < 0.05 in comparison to the corresponding controls. Each experiment had three biological replicates.

Supplementary Figure 4 | Stomatal apertures of the leaves in WT and 35S:GmNFYA13 transgenic Arabidopsis lines were measured under control and ABA treatments. (A) Stomatal apertures subjected to 0 and 5 μM ABA solution. (B) The ruler tool developed in Adobe Photoshop CS5 was used to measure width/length of the stomatal aperture with 0, 5, and 10 μM ABA. Data indicate three biological replicates ± SD. Different letters above the columns represent significant differences at P < 0.05.

Supplementary Figure 5 | The transcript levels of GmNFYA13 in WT and 35S:GmNFYA13 lines were evaluated with RT-PCR. AtTub8 was the internal control.

Supplementary Table 1 | The primer sets and gene accessions for qRT-PCR used in this study.
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Melatonin, widely found in various plants as a new antioxidant, could protect plants from various biotic and/or abiotic stresses, including salt stress. MzASMT 1 (KJ123721), a gene from Malus zumi Mats, is a key enzyme required for melatonin synthesis. However, whether the overexpression of MzASMT 1 could regulate the synthesis of melatonin and improve the salt tolerance in tobacco remains unknown. In this study, the overexpression of MzASMT 1 in tobacco increased the melatonin content, and the transgenic lines owned higher salt tolerance capacity. The transgenic lines overexpressing MzASMT 1 exhibited lower degree of leaf wilting; much more fresh weight; higher plant height; longer root; higher relative water content (RWC) of leaves, stem, and root; and higher chlorophyll content and Fv/Fm, which makes transgenic lines better adapt to salt stress. The transgenic lines also had higher accumulation of proline, lower accumulation of malondialdehyde (MDA), and improved antioxidant systems, which protected plants from cell damage and oxidative stress due to excess reactive oxygen species (ROS) accumulation under salt treatment. The transcription of salt response genes was much more highly activated in transgenic lines than in wild type under salt stress. The above results contributed to the understanding of functions for MzASMT 1 in tobacco under salt stress and provided a new choice for the application of MzASMT 1 in improving plant salt tolerance.

Keywords: melatonin, MzASMT 1, salt tolerance, ROS, antioxidant enzyme system


INTRODUCTION

Salinity is one of the common adversities plants endure, which limits the geographical distribution of plants and reduces crop productivity and quality. Up to now, more than 1/3 of the world’s irrigated lands are subjected to different levels of salinization, leading to serious agricultural production loss (Arzani, 2008; Fahad et al., 2015). Due to climate change in the world (such as increase of temperature and decrease of average annual rainfall), salinization continues to occur worldwide. Salt stress has adverse effects on plants through the regulation of photosynthesis, specific ion toxicity, osmotic stress, reactive oxygen species (ROS), and so on (Zhu, 2001; Hasanuzzaman et al., 2014; Abbasi et al., 2016; Liang et al., 2018). The cells and organs of plants could generate excessive ROS when plants are subjected to high salinity stress, and excessive ROS lead to worse growth including programmed cell death and eventually plant death (Dat et al., 2003; Krishnamurthy and Rathinasabapathi, 2013). Therefore, it is of vital importance to explore the molecular mechanism of salinity tolerance in order to regulate the growth and development of plants in salinized soil.

Melatonin, first reported in plants in 1995, has various physiological functions in plants, including formation of the rhizome; promotion of explant growth; and regulation of circadian rhythms, photosynthesis, flowering, and seed germination (Murch and Saxena, 2002; Hernández-Ruiz et al., 2004, 2005; Arnao and Hernández-Ruiz, 2006, 2007, 2009a, 2018; Tan et al., 2012; Reiter et al., 2015). Melatonin could scavenge ROS and reactive nitrogen species (RNS) in the cells of plants, which can protect plants from various biotic/abiotic stresses as a scavenger (Tan et al., 2012; Yu et al., 2018). As melatonin is an amphiphilic molecule, it can remove the excess ROS in all cellular compartments including the cytoplasm, membrane, nucleus, and mitochondria, which is different from the classic antioxidants, such as the enzymes of peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) (Venegas et al., 2012; Reiter et al., 2013). In addition, the metabolites of melatonin can also remove the ROS of cells, which enhances the anti-oxidative capacity of melatonin (Galano et al., 2013). The ability of neutralizing ROS for both melatonin and its metabolites is referred as the scavenging cascade reaction (Rosen et al., 2006).

Many researches indicated that exogenous melatonin treatment could relieve plants from various biotic and abiotic stresses (Gu et al., 2017; Yu et al., 2018; Zhao et al., 2018; Aghdam et al., 2019; Zhan et al., 2019), and more and more researchers focused on the functions of endogenous melatonin in plants through genetic engineering. The biosynthesis of melatonin in plants is as follows: firstly, tryptamine is formed through the decarboxylation of tryptophan; secondly, serotonin is formed through the hydroxylation of tryptamine; thirdly, N-acetyl serotonin is acquired by serotonin N-acetyltransferase (SNAT) from serotonin, and then melatonin is obtained through two kinds of enzymes: acetyl serotonin methyl transferase (ASMT) or caffeic acid O-methyltransferase (COMT) from N-acetyl serotonin (Fujiwara et al., 2010; Byeon et al., 2014a; Lee et al., 2014; Wang et al., 2014). However, Byeon et al. (2014b) observed that the catalytic activity of COMT was more than 700-fold that of ASMT during melatonin synthesis in rice, and the overexpression of COMT could increase the concentration of melatonin and enhance the salt stress tolerance in various plants. As the catalytic activity of ASMT is not high in plants, the N-acetylserotonin methyltransferase (ASMT) is considered the rate-limiting step in the melatonin synthesis process (Park et al., 2013; Byeon et al., 2014a). Recently, many researchers focus on the functions of COMT in various plants under salt treatment (Liu D.D. et al., 2019; Sun et al., 2019; Zhang et al., 2019). However, few studies reported the functions of ASMT in plants under various stress, especially under salt stress. MzASMT1, a gene from a salt-tolerant apple species Malus zumi, overexpression could enhance drought tolerance in transgenic Arabidopsis thaliana (Zuo et al., 2014). Compared with the function analysis of COMT under salt stress, the functions of ASMT in plants under salt treatment need to be further explored.

In present study, MzASMT 1 was synthesized, and the functions of which in tobacco under salt stress have been investigated. The transgenic tobacco overexpressing MzASMT 1 had better growth status compared with wild type (WT) under salt stress condition. The photosynthetic efficiency, proline and malondialdehyde (MDA) content, H2O2 and O2⋅– content, activities of antioxidant enzymes, and the expression level of stress-related genes in transgenic tobacco under salt stress were evaluated. The results could enhance our understanding of MzASMT 1 functions in plants under salt stress in theory and facilitate practical applications to improve salt tolerance of tobacco and other plants.



MATERIALS AND METHODS


Plant Materials

Tobacco (Nicotiana tabacum L.) cultivar K326 was used as experimental material in this study. All plant materials were provided by the College of Horticulture, Nanjing Agricultural University, Nanjing, China.

For tobacco explant preparation, the WT tobacco seeds were surface sterilized using 75% (v/v) ethanol for 30 s and then immersed for 10 min in 12% (v/v) NaClO solution. After that, the sterilized seeds were washed five times with sterilized water. The sterilized seeds were sowed on horizontal plates containing Murashige and Skoog (MS) medium at pH 5.8 ± 0.5, and the plates were placed under 25 ± 2°C with a 16-h light and 8-h dark photoperiod cycle for 2 weeks. The strong and healthy tobacco seedlings were transferred into tissue culture bottles containing MS medium at 1 month for genetic transformation.



Vector Construction

The cDNA fragment of MzASMT 1 gene including restriction enzyme sites XbaI and PastI was synthesized by GenScript (Nanjing, China) and then inserted into pCAMBIA2300 vector with XbaI and PastI restriction enzyme sites to construct the recombined vector pCAMBIA2300-MzASMT 1. The sequence of cDNA fragment for MzASMT 1 gene was obtained from NCBI1, and the accession number is KJ123721. The constitutive expression system included Cauliflower mosaic virus (CaMV) 35S promoter, nopaline synthase (NOS) terminator system, β-glucuronidase gene (GUS), and kanamycin-resistant gene in the recombined vector pCAMBIA2300-MzASMT 1.



Tobacco Transformation and Identification

The pCAMBIA2300-MzASMT 1 was transformed into Agrobacterium tumefaciens EHA105. Transgenic tobacco plants were obtained using the Agrobacterium-mediated method as previously described (Guo et al., 2012). Transgenic tobacco lines were selected on MS medium containing 50 mg l–1 kanamycin (Kan) and 100 mg l–1 Timentin (Tim). The candidate transgenic T0 lines were screened from regenerated Kan-resistant plants, and the positive transgenic T0 plants were further verified by GUS staining and polymerase chain reaction (PCR) detection. WT plants were used as controls.



Salt Stress Treatment

For salt treatment, three lines (OE-1, OE-2, and OE-3) were selected from transgenic lines overexpressing MzASMT 1, and WT were used as control. Each line contained 10 plants to conduct the salt treatment, and three independent experiments were performed for each parameter measurement. Firstly, tissue culture seedlings were grown for 20 days in the tissue culture room. Secondly, they were placed in a growth chamber for adaption to grow better. After that, they were transplanted into soil in plastic pots (30 cm × 25 cm × 22 cm) in the greenhouse. They were watered continuously every 3 days for 10 days to maintain healthy growth. The tobacco seedlings were irrigated with 200 mM NaCl solutions every 2 days for salt treatment and with water every 2 days as control. After 14 days of the treatment, the plants were carefully photographed. Seven days after 14 days of salt treatment, the survival rate of transgenic lines and WT was evaluated. In addition, the tissues of leaves and roots were also collected and then frozen in liquid nitrogen for further analysis, such as the evaluation of physiological index and gene expression analyses. Three independent experiments were performed for each parameter measurement.



Determination of Plant Growth Index and Physiological Trait

After 14 days of salt treatment, plant height, root length, and fresh weight were measured with a Vernier caliper and scale. The relative water content (RWC) of the leaves, stem, and root was calculated according to protocols described by Virginia et al. (2012). Total chlorophyll contents were evaluated with a method previously described (Gao and Peng, 2006). The maximum quantum efficiency of photosystem II photochemistry, Fv/Fm, was determined after dark adaptation for 30 min with an Open FluorCam 701MF imaging fluorometer (Photon Systems Instruments, Brno, Czechia) as described by Baba et al. (2012).

To explore the effects of physiological changes caused by the overexpression of MzASMT 1 in transgenic tobacco lines under salt treatment, similar leaves were collected from WT and transgenic plants after 14 days of salt treatment. The content of proline and MDA and the activities of POD, SOD, and CAT were determined according to a previous method (Zong et al., 2009; Duan et al., 2012; Zhao et al., 2013; Ryu et al., 2014). The histochemical assay of hydrogen peroxide (H2O2) and superoxide anion (O2⋅–) was carried out with diaminobenzidine (DAB) and nitrotetrazolium blue chloride (NBT) as chromogenic substrates, respectively (Kumar et al., 2013), and the content of H2O2 and O2⋅– was determined with the method described by Zhou et al. (2014).



Determination of Melatonin by Enzyme-Linked Immunosorbent Assay

Wild type and transgenic tobacco lines with uniform growth potential were weighed, and 0.1 g of fresh leaves in both WT and transgenic tobacco lines were used to determine the melatonin content. Melatonin content in the leaves was measured using an enzyme-linked immunosorbent assay (Shanghai Enzyme Biotechnology, Shanghai, China). The standard, blank, and sample wells were assayed individually, and the absorbance at 450 nm was measured. The standard curve was generated after measuring the standard products, and the transgenic tobacco lines and WT were assayed individually.



RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR Analysis

Total RNA was extracted according to manufacturer instructions, and the extracted RNA was then reverse transcribed using a PrimeScriptTM 1st Strand cDNA Synthesis Kit according to the kit instructions. Quantitative real-time PCR (qRT-PCR) was performed using TB GreenTM Premix Ex TaqTM II (Tli RNaseH Plus) (Takara). Each 20-μl quantitative real-time PCR contained 10 μl of TB GreenTM PCR master mix, 0.2 mM of each primer, and 10 ng of cDNA with the following PCR program: 95°C for 5 min, followed by 40 cycles of 95°C for 15 s, and 62°C for 1 min in an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, United States). NtTubulin (N181029A17) was used as a house-keeping gene to investigate gene expression in transgenic tobacco lines overexpressing MzASMT 1 and WT. All gene-specific primers were designed with Primer 5 software and are listed in Supplementary Table S1. The relative abundance of the genes was determined with 2−ΔΔCT method (Livak and Schmittgen, 2001). Each qRT-PCR analysis was repeated three times.



Statistical Analysis

The experiments were repeated three times with three biological replicates. All data were expressed as mean ± standard error (SE). Differences among means of the various treatments were determined by the least significant difference test. Significance analysis was performed using SPSS 17.0 software. Means were considered to be significantly different when P ≤ 0.05. Significance analysis was performed using SPSS 17.0 software. DNAMAN, Microsoft Excel, and GraphPad Prism 5.0 software were used for data analysis and charting.




RESULTS


Generation and Identification of Transgenic Tobacco Lines

To characterize the functions of MzASMT 1 gene in plants under salt stress, several transgenic tobacco lines overexpressing MzASMT 1 were generated. The transgenic tobacco lines were further verified by GUS staining and genomic PCR. The results indicated that transgenic lines OE-1, OE-2, and OE-3 had a positive GUS staining compared with WT (Figure 1A), and the target fragment of MzASMT 1 with special primers (1077 bp) was amplified from transgenic lines OE-1, OE-2, and OE-3 by genomic PCR (Figure 1B). GUS histochemical assays revealed that the staining in stems and roots in transgenic tobacco plants is much more intense than that in leaves (Figure 1C). Therefore, transgenic lines OE-1, OE-2, and OE-3 were further used to explore the functions of MzASMT 1 gene in tobacco under salt stress.
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FIGURE 1. GUS staining (A) and genomic detection (B) of transgenic tobacco lines overexpressing MzASMT 1 (M, marker; P, positive control by using pCAMBIA2300-MzASMT 1 plasmid DNA as PCR template; WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3). The GUS staining of different tissues (roots, stems, and leaves) in transgenic tobacco plants (C).




MzASMT 1 Overexpression Contributes to Salt Tolerance in Transgenic Tobacco Under Salt Stress

Under control conditions, there were no significant differences in plant growth between the transgenic plants overexpressing MzASMT 1 and WT, such as plant height and fresh weight (Figures 2A,C,E). After 7 days of salt treatment, there were no significant differences between the phenotypes of transgenic lines and WT. However, after 14 days of salt treatment, the transgenic lines exhibited lower degrees of leaf wilting than WT (Figure 2A). To better understand the functions for MzASMT 1 in tobacco under salt stress, the physiological data of transgenic lines and WT after 7 days of salt treatment were also evaluated. The plant height and fresh weight of transgenic lines were much higher than those of WT (Figures 2C,E), and the root of transgenic lines was much longer than that of WT (Figures 2B,D) after 14 days of salt treatment. The survival rate of transgenic lines is significantly higher than that of WT after 1 week of salt stress recovery (Figure 2F). The above results showed that transgenic lines exhibited higher growth potential than WT under salt treatment, which indicated that transgenic tobacco plants overexpressing MzASMT 1 enhanced their salt tolerance under salt treatment.
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FIGURE 2. Growth status of transgenic lines and WT after salt treatment and water treatment (A). Root growth (B), plant height (C), root length (D), fresh weight (E), and survival rate (F) of transgenic lines and WT after salt treatment and water treatment. Data are means ± SE of three biological replicates and means followed by different letters are significantly different (P < 0.05) (WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3).


Relative water content is one of the several indexes to measure plant water status and can be used as physiological parameter to indicate salt tolerance of plants. In the present study, the RWC of transgenic plants overexpressing MzASMT 1 and WT was determined to analyze their salt tolerance under 200-mM NaCl treatment and water treatment. There was no significant difference in RWC in the leaves, stem, and root between transgenic lines overexpressing MzASMT 1 and WT under water treatment (Figure 3). After 7 days of 200-mM NaCl treatment, there was a slight reduction in the RWC of the leaves, stem, and root in both transgenic lines and WT, and there was no significant difference in RWC in the leaves, stem, and root between transgenic lines overexpressing MzASMT 1 and WT (Figure 3). After 14 days of 200-mM NaCl treatment, the RWC of the leaves, stem, and root in WT was significantly reduced compared with that in transgenic lines, and transgenic lines had much higher RWC of the leaves, stem, and root compared with that in WT (Figure 3).
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FIGURE 3. RWC of the root, stem, and leaves in transgenic lines and WT after salt treatment and water treatment. Data are means ± SE of three biological replicates, and means followed by different letters are significantly different (P < 0.05) (WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3).


The chlorophyll content and the maximum quantum efficiency of photosystem II photochemistry, Fv/Fm, were quantified to determine the extent of stress in transgenic lines overexpressing MzASMT 1 and WT. The chlorophyll content had no significant differences between transgenic lines and WT under water treatment. After 7 days of 200-mM NaCl treatment, there was a slight reduction of chlorophyll content for both transgenic lines and WT but there was no significant differences between them (Figure 4A). After 14 days of 200-mM NaCl treatment, the chlorophyll content of WT decreased much more compared with that of transgenic lines, and there were significant differences between the chlorophyll content of transgenic lines and WT (Figure 4A). Fv/Fm, the most widely used parameter, could be used to detect the stress status of plants subjected through a rapid non-destructive method. The higher the Fv/Fm value, the lower the stress status of plants. In the present results, there was no significant difference in Fv/Fm between transgenic lines overexpressing MzASMT 1 and WT under water treatment. After 7 days of 200-mM NaCl treatment, the Fv/Fm value in WT decreased significantly, while the transgenic lines maintained a higher level (Figure 4B). After 14 days of 200-mM NaCl treatment, the Fv/Fm value in WT decreased much more than that in transgenic lines, and there were significant differences in the Fv/Fm value between transgenic lines and WT (Figure 4B), which indicated that transgenic lines had an enhanced salt tolerance compared with WT.
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FIGURE 4. Chlorophyll content (A) and Fv/Fm (B) in transgenic lines and WT after salt treatment and water treatment. Data are means ± SE of three biological replicates, and means followed by different letters are significantly different (P < 0.05) (WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3).




MzASMT 1 Overexpression Enhanced Antioxidant Capacity of Plants Under Salt Stress

Under normal conditions, O2⋅– and H2O2 accumulation was not significantly different between the transgenic lines and WT (Figures 5A–D); however, salt treatment induced the significant accumulation of O2⋅– and H2O2 in both transgenic lines and WT (Figures 5A–D). After 7 days of 200-mM NaCl treatment, the content of O2⋅– and H2O2 was induced quickly, and the content of O2⋅– and H2O2 in WT was much higher than that in transgenic lines. After 14 days of 200-mM NaCl treatment, the content of O2⋅– and H2O2 increased slowly, and the content of O2⋅– and H2O2 in WT was also much higher than that in transgenic lines (Figures 5A–D). Similarly, under normal condition, the activities of POD and SOD had no significant difference between the transgenic lines and WT, which is consistent with the expression level of POD and SOD genes under normal conditions (Figures 6A,B). After 7 days of 200-mM NaCl treatment, the activities of POD, SOD, and CAT for both transgenic lines and WT increased quickly and had a slight increase after 14 days of 200-mM NaCl treatment. However, the activities of POD, SOD, and CAT in transgenic lines are much higher than those in WT (Figure 6A), which was also in agreement with the expression level of POD, SOD, and CAT genes under salt treatment (Figure 6B).
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FIGURE 5. Histochemical staining with DAB for detection of H2O2 (A) and with NBT for detection of O2⋅– (B) in transgenic lines and WT after salt treatment and water treatment. The content of H2O2 (C) and O2⋅– (D) in transgenic lines and WT after salt treatment and water treatment. Data are means ± SE of three biological replicates, and means followed by different letters are significantly different (P < 0.05) (WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3).
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FIGURE 6. Antioxidant enzyme activities (A) and gene expression level (B) in transgenic lines and WT after salt treatment and water treatment. Data are means ± SE of three biological replicates, and means followed by different letters are significantly different (P < 0.05) (WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3).


Melatonin, a naturally potent scavenger in plants, could protect plants from various biotic and abiotic stresses through removal of excess ROS. In our results, the overexpression of MzASMT 1 in tobacco enhanced their melatonin content, and salt treatment also induced the accumulation of melatonin (Figure 7A). In accordance with the melatonin content, the expression level of MzASMT 1 in transgenic lines increased significantly after salt treatment (Figure 7B). The higher content of melatonin in transgenic lines could reduce the ROS accumulation due to the salt stress. Therefore, transgenic lines overexpressing MzASMT 1 had an enhanced salt tolerance compared with WT.
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FIGURE 7. The melatonin content in transgenic tobacco lines and WT after salt treatment and water treatment (A), and the expression level of MzASMT 1 in transgenic tobacco lines overexpressing MzASMT1 after salt treatment (B). Data are means ± SE of three biological replicates, and means followed by different letters are significantly different (P < 0.05) (WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3).




Overexpression of MzASMT 1 Increases Proline Accumulation and Decreases MDA Accumulation in Tobacco Plants Under Salt Stress

There was no significant difference in proline and MDA content between transgenic lines and WT under water treatment (Figure 8). After 7 days of 200-mM NaCl treatment, the MDA content is much lower in transgenic lines than that in WT, and the MDA content is also much lower in transgenic lines than that in WT after 14 days of 200-mM NaCl treatment (Figure 8A). After 7 days of 200-mM NaCl treatment, the proline content in transgenic lines is much higher than that in WT, and the proline content is also much lower in transgenic lines than that in WT after 14 days of 200-mM NaCl treatment (Figure 8B). The above results indicated that transgenic lines had higher salt tolerance compared with WT.
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FIGURE 8. MDA (A) and proline (B) content in transgenic lines and WT after salt treatment and water treatment. Data are means ± SE of three biological replicates, and means followed by different letters are significantly different (P < 0.05) (WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3).




Expression Level of Stress-Related Genes in Tobacco Plants Under Salt Stress

In response to environmental stress, plants modulate the expression of a large number of stress response genes, constituting an important molecular basis for the response and adaptation of plants to stresses. To further investigate the gene expression pattern of transgenic tobacco lines overexpressing MzASMT 1 under salt stress, transcript levels of salt stress-related genes were examined in transgenic lines and WT under normal and salt stress conditions, including genes associated with stress defense (NtERD10C, NtERD10D, and NtLEA5), biosynthesis of proline (NtP5CS), and dehydration-responsive element-binding (DREB) transcription factor.

As shown in Figure 9, under normal conditions, the relative expression levels of all eight genes in transgenic lines OE-1, OE-2, and OE-3 were similar with those in WT. The expression levels of genes associated with stress defense in transgenic tobacco lines overexpressing MzASMT 1 were much higher than those in WT under salt treatment. Although the expression of NtP5CS gene in WT increased sharply after 14 days of salt treatment, its expression in transgenic tobacco lines overexpressing MzASMT 1 was also much higher than that in WT. The higher expression of NtP5CS may further lead to increased proline production in transgenic tobacco, which contributed to its salt tolerance. The DREB transcription factors, identified in a wide variety of plants, play important roles in plant stress response through the regulation of multiple stress response genes. There was a higher level of expression of NtDREB in transgenic lines compared with WT after salt treatment, which might further regulate the expression of other stress defensive genes, such as NtERD10C, NtERD10D, and so on. Overall, these results indicated that overexpression of MzASMT 1 in transgenic tobacco lines enhanced salt tolerance by regulating the expression level of salt stress-related genes.
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FIGURE 9. Expression level of salt-related genes in transgenic lines and WT after salt treatment and water treatment. Data are means ± SE of three biological replicates, and means followed by different letters are significantly different (P < 0.05) (WT, wild type; OE-1, transgenic line OE-1; OE-2, transgenic line OE-2; OE-3, transgenic line OE-3).





DISCUSSION

Melatonin, widely found in animals and plants, plays an important role in plants, especially when plants are subjected to a variety of abiotic stresses including drought, cold, salt, and extreme temperature (Lei et al., 2004; Tan et al., 2007; Wang et al., 2013). Extensive studies have revealed the crucial and indispensable roles that exogenous melatonin treatment play in increasing salt tolerance in diverse plant species (Campos et al., 2012; Liang et al., 2015; Jiang et al., 2016; Wang et al., 2016; Chen et al., 2018; Zeng et al., 2018). However, the effects of endogenous melatonin on the salt tolerance through genetic engineering have been reported much little. Recently, many reports indicated that the overexpression of various COMT in plants could increase melatonin production and enhance their salt tolerance (Liu D.D. et al., 2019; Sun et al., 2019; Zhang et al., 2019). However, few works have been conducted on the functions of ASMT in plant under salt stress. MzASMT 1, a drought-inducible gene, was cloned from M. zumi Mats, and the overexpression of which in A. thaliana enhanced melatonin production and improved their drought tolerance (Zuo et al., 2014). However, whether the overexpression MzASMT 1 in tobacco could enhance their melatonin content and improve their salt tolerance has not been elucidated. In our results, the melatonin content in transgenic tobacco lines overexpressing MzASMT 1 was significantly higher than that in WT (Figure 7), which was consistent with previous results in A. thaliana. The transgenic tobacco lines overexpressing MzASMT 1 displayed better phenotypic morphology, such as much lower degrees of leaf wilting, much more fresh weight, higher plant height, and longer root under salt treatment, concomitant with higher RWC, chlorophyll content, and Fv/Fm value (Figures 2–4), indicating that transgenic lines had an enhanced salt tolerance compared with WT.

Reactive oxygen species are key signal molecules for plants, which benefit plant growth, especially when plants are subjected to environmental stresses. However, excessive ROS would damage membrane systems and negatively affect the normal growth of plants (Yang et al., 2017). Once the plant is under environmental stresses, the content of superoxide, hydrogen peroxide, and proline will increase. To alleviate or eliminate these oxidative stresses, its cells simultaneously initiate a series of response mechanisms and stress signals, such as the activation of cellular ROS scavenging mechanism, which can trigger the production of reactive oxygen scavenging enzymes and antioxidants, including POD and SOD which scavenge excessive ROS (Miller et al., 2010). In our results, there was no significant difference in H2O2 and O2⋅– content between the transgenic lines and WT before salt treatment. Under salt treatment, the transgenic tobacco lines overexpressing MzASMT 1 accumulated much lower H2O2 and O2⋅– compared with WT, and the histochemical staining results are consistent with the above results (Figure 5). In accordance with the H2O2 and O2⋅– content, there was a marked increase in POD, SOD, and CAT activities in transgenic lines compared with WT under salt treatment, and the corresponding gene expression level of NtPOD, NtSOD, and NtCAT is also consistent with the POD, SOD, and CAT activities (Figure 6).

Melatonin is a broad-spectrum antioxidant, and its primary function is to act as a free radical scavenger to protect plants from various environmental stresses, including salt stress. Different from the other conventional antioxidants, a single melatonin molecule can scavenge up to 10 ROS/RNS through the free radical scavenging cascade (Campos et al., 2012). Exogenous melatonin treatment significantly reduced salinity-induced ROS by melatonin or activating antioxidant enzymes, which has been confirmed in many plant species, such as soybean, Malus hupehensis, and kiwifruit (Campos et al., 2012). In cucumber, the activity of major protective antioxidant enzymes including SOD, CAT, POD, and APX in melatonin pre-treated plants was significantly higher than that in control plants (Wang et al., 2016). Under salt stress, exogenous melatonin application also significantly increased the activities of APX, CAT, SOD, POD, GR, and GPX in melatonin-treated seedlings compared to their non-treated counterparts (Jiang et al., 2016; Chen et al., 2018; Zeng et al., 2018). Sun et al. (2019) also indicated that the overexpression of SlCOMT 1 alleviated antioxidant enzyme activity inhibition by salt stress, which could have been due to the accumulation of endogenous melatonin. Above all, endogenous or exogenous melatonin could increase the concentrations of antioxidants under stress conditions and improve stress tolerance (Wang et al., 2012; Cui et al., 2017; Li H. et al., 2017). In our results, the overexpression of MzASMT 1 enhanced the content of melatonin in tobacco (Figure 7), and the MzASMT 1 overexpression might also alleviate antioxidant enzyme activity inhibition by salt stress through the increase of melatonin content.

The accumulation of ROS will lead to serious oxidative damage and peroxidation of membrane lipids, which produces redundant MDA (Xie et al., 2008). The accumulation of MDA can cause damage to the cell membranes to some extent, which can reflect the degree of damage suffered by plant cells and the degree of membrane lipid damage. Therefore, the content of MDA can be used as a common indicator to judge the degree of stress experienced by the cells (Esfandiari et al., 2007). When plants subjected to various environmental stresses such as salt stress, drought, and low temperature, the content of MDA increased, whereas plants with a low MDA content might have a strong salt tolerance capacity (Xie et al., 2008; Zhang et al., 2019). In our results, the content of MDA was lower in the transgenic tobacco plants overexpressing MzASMT 1 than that in WT under salt stress (Figure 8), indicating that the membrane system of the transgenic tobacco lines was slightly damaged, and the cell membrane of WT was seriously damaged. In addition, proline in small amount plays multiple roles, such as stabilization of membrane and proteins, redox homeostasis, and regulation of salt stress-responsive gene expression, which also plays important roles when plants encounter environmental stresses. In our results, all the transgenic plants had higher proline production and lower MDA content compared with WT (Figure 8), indicating that transgenic tobacco lines overexpressing MzASMT 1 might enhance salt tolerance by inducing an increase in content of proline and a decrease in content of MDA.

It is well-known that stress-induced genes in plants are involved in the response to various environmental stresses and play important roles when plants encounter adverse environment (Li J. et al., 2017). Sun et al. (2019) indicated that the higher level of expression of stress-related genes in tomato plants might be one of the major mechanisms of improving the salt tolerance in tomato plants. Gao et al. (2018) also reported that melatonin-mediated induction of antioxidant responses might require the activation of ROS and MAPK. Actually, the three transgenic lines in our results had a higher level of expression of antioxidant-related genes (NtPOD, NtSOD, and NtCAT) in comparison with WT under salt stress, which was consistent with the greater activities of these antioxidant enzymes, indicating that antioxidant-related genes play important roles in melatonin-mediated salt tolerance. NtERD10C and NtERD10D encode late-embryogenesis abundant proteins of group 2, which partially bind water, stabilize labile enzymes, protect cellular and macromolecular structures, and reduce extensive membrane damage (Liu X. et al., 2009). In our study, three stress-responsive genes including NtERD10C, NtERD10D, and NtLEA5 are induced in MzASMT 1 transgenic tobacco lines under salt treatment, and the expression level of these three genes are much higher than that in WT (Figure 9). The Δ-pyrroline-5-carboxylate synthetase (P5CS), the rate-limiting enzyme in proline biosynthesis in plants, can control the level of proline in plants under both normal and stress conditions, which plays critical roles in improving the stress tolerance of plants (Hussain et al., 2000; Xu et al., 2011). There was a significant increase in the expression level of transgenic lines compared with WT under salt treatment, and the content of proline in transgenic lines is also much higher than that in WT under salt treatment (Figure 9), indicating that P5CS might play important roles in plants under salt treatment. The dehydration-responsive element-binding (DREB) transcription factors play important roles in regulating stress-related genes. Overexpressing OsDREB2A in soybeans enhanced salt tolerance by accumulating osmolytes, such as soluble sugars and free proline, and improving the expression levels of some stress-responsive transcription factors and key genes (Zhang et al., 2013). VrDREB2A, a DREB transcription factor from Vigna radiata, increased drought and high-salt tolerance in transgenic A. thaliana via transcriptional regulation of downstream genes containing the cis-element dehydration-responsive element (DRE) (Chen et al., 2016). The overexpression of GmDREB2 activated the expression of downstream genes in transgenic Arabidopsis, resulting in enhanced tolerance to drought and high-salt stresses and did not cause growth retardation (Chen et al., 2007). A cotton (Gossypium hirsutum) DRE-binding transcription factor gene, GhDREB, confers enhanced tolerance to drought, high salt, and freezing stresses in transgenic wheat (Gao et al., 2009). In our results, the expression level of gene NtDREB in transgenic tobacco lines was much higher than that in WT under salt stress (Figure 9), indicating that MzASMT 1 might improve plant salt tolerance by regulating the expression of stress marker genes.

Taken together, the present study focused on the functional roles of MzASMT 1 in tobacco under salt treatment. The overexpression of MzASMT 1 in tobacco increased the melatonin content compared with WT, and the transgenic lines overexpressing MzASMT 1 also had higher accumulation of proline, lower accumulation of MDA concentration, and H2O2 and O2⋅– content under improved antioxidant systems (including antioxidant enzyme system and corresponding genes), which contributed to their salt tolerance. The expression of the salt stress-related genes in transgenic lines overexpressing MzASMT 1 was much higher than that in WT under salt treatment. Therefore, the transgenic lines overexpressing MzASMT 1 exhibited lower degrees of leaf wilting; much more fresh weight; higher plant height; longer root; higher RWC of leaves, stem, and root; higher chlorophyll content; and Fv/Fm, indicating that the transgenic lines had higher salt tolerance capacity (Figure 10). The present study provided a theoretical basis for the application of MzASMT 1 in improving plant salt tolerance, and the gene MzASMT 1 may be a potential candidate gene in the functional exploration of salt tolerance mechanism in future studies.
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FIGURE 10. Proposed mechanisms of overexpression of MzASMT 1 to enhance salt tolerance in tobacco.
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Grape (Vitis vinifera L.) is a fruit tree with high salt tolerance and high nutritional value, medicinal value, and economic value. Suberin in roots is characterized by long-chain fatty acids and is thought to be related to the salt tolerance of grape. The key enzyme in the fatty acid elongation process is β-ketoacyl-CoA synthase (KCS). The function and the regulatory mechanism of VvKCS in response to salt stress in grape are unclear. In this study, VvKCS was isolated from V. vinifera L. A real-time quantitative polymerase chain reaction analysis showed that salt stress enhanced VvKCS transcription levels in grapes. Overexpression of VvKCS increased the tolerance to salt stress in Arabidopsis during the germination and seedling stages. The improved salt tolerance was the result of the combined contributions of multiple mechanisms including the regulation of expression of ion transporters and channels, accumulation of osmotic regulating substances, and maintenance of membrane stability. The results of this study are valuable information on plant salt tolerance and provide a theoretical basis for the molecular mechanism of grape salt tolerance.

Keywords: VvKCS11, suberin lamellae, salt stress, Vitis vinifera L., salt tolerance


INTRODUCTION

Soil salinization is a global ecological problem. Salt stress is not only a major abiotic stress in agriculture development but is also a major factor causing environmental deterioration worldwide (Munns and Tester, 2008; Yao et al., 2013). Identifying of salt-tolerance-related genes and cultivating of salt-tolerant plants are regarded as the most effective ways to improve and utilize salty land.

Grape (Vitis vinifera L.) is a fruit with high nutritional value, medicinal, and economic value. It is used as fresh food, and to prepare raisins, wine, and various health products. Among fruit species widely grown around the world, grape shows a relatively higher tolerance to salt stress (Daldoul et al., 2008; Walker et al., 2010). The salt tolerance of many species is characterized by lower Na+ content in leaves and higher Na+ content in roots. This salt exclusion characteristic of the plant is helpful in resisting salt stress in grape (Bing et al., 2006; Mozafari et al., 2018). Plants have several ways to exclude salt. (A) The root apoplast barriers are composed of the casparian bands (CB) and the suberin lamellae (SL), which can block ions that transport to the shoots (Pollard et al., 2008; Krishnamurthy et al., 2011). The most efficient pathway for water and solutes to enter to the shoots is apoplast transpiration bypass flow (Chloé et al., 2019). (B) Na+ that has been transported into the xylem can be transported back into the xylem parenchyma cells. Then, the high-affinity K+ transporter (HKT) catalyzes the efflux of Na+ through the cortex to the epidermis (Byrt et al., 2007). (C) Additionally, Na+ in the epidermis can be transported back to the soil. The SOS1 gene encodes a plasma membrane Na+/H+ antiporter, which catalyzes Na+ efflux (Shi et al., 2003).

The root endodermal cells of grapevines enhance exclusion of Na+ and Cl– under salt stress and show greater K+ selectivity (Storey et al., 2010), suggesting that endodermal cells play a key role in salt exclusion in grape. The root apoplastic barriers, which is located in the endodermis, contribute to salt exclusion by blocking the transport of solutes and water. Suberin is an essential ingredient of the apoplast barrier. Suberization of the apoplast barriers has been reported under salt stress in a variety of plants (Schreiber, 2010; Mozafari et al., 2018). Therefore, the apoplast barriers in roots play an important role in protecting plants from stresses, and suberization of the apoplast barriers may enhance the survival of plants (Schreiber, 2007; Krishnamurthy et al., 2011).

Suberin is deposited in the cell walls of plants as a lipid-phenolic biopolyester (Franke et al., 2012; Nawrath et al., 2013). The suberin polymer is characterized by long-chain fatty acids (Pollard et al., 2008) and serves as a protective barrier to block uncontrolled water and solute diffusion (Hose et al., 2001; Enstone et al., 2002). It has also been demonstrated to be a stress-induced barrier (Krishnamurthy et al., 2011; Franke et al., 2012).

Two characteristic processes of suberin biosynthesis are ω-carbon oxidation and fatty acid elongation. β-Ketoacyl-CoA synthase (KCS) catalyzes the extension of fatty acid chains (Millar and Kunst, 2010). The key role of KCS is to catalyze condensation of malonyl-CoA with acyl-CoA. Hence, KCS is an important rate-limiting enzyme in the synthesis of suberin (Kolattukudy, 1981; Smirnova et al., 2013).

Many previous studies have suggested that changes in KCS encoding genes can lead to changes in suberin components and environmental responses. Serra et al. reported silencing potato StKCS6 results in a reduction in suberin chain length (Olga et al., 2009). The abnormal lamellation (SL) of the suberin lamellae in the endodermis is observed in roots of the Arabidopsis kcs20 and kcs2 double mutant. Additionally, a significant reduction of C22 and C24 and an accumulation of C20 derivatives of aliphatic suberin was observed (Lee et al., 2010). The upregulation of KCS in algae under salt stress increased the salt tolerance of the plant (Azachi et al., 2002). KCS1 activity also increases in response to powdery mildew fungus in barley (Chao et al., 2018). The expression of KCS2 is induced in Arabidopsis under osmotic stress conditions, indicating that KCS2 may help plants resist to drought stress (Lee et al., 2009).

Although numerous studies have investigated KCS function, the function and the molecular mechanism of KCS in response to salt stress in grape (V. vinifera L.) remain unknown. In the present study, we isolated the VvKCS11 gene from the Crimson Seedless grape variety. Then, the VvKCS11 gene was transformed into wild-type (WT) Arabidopsis to study the salt tolerance function of the KCS gene. Studying the mechanism of the VvKCS response to salt tolerance might provide a theoretical basis for plant stress resistance.



MATERIALS AND METHODS


Plant Materials, Cultivation, and Treatment

The study was carried out using cv. Crimson Seedless and 1103P grape (V. vinifera L.).

The WT control was Arabidopsis Col-0. The Arabidopsis Biological Resource Center was the source for the Arabidopsis mutant atkcs11. The atkcs11 (AT2G26640) homozygous mutants were verified by screening using polymerase chain reaction (PCR).

The grape stock was uniformly grown in a tissue culture bottle containing Murashige and Skoog (MS) medium and indole-3-butytric acid (0.2 mg/L) at 25 C. The stock was subcultured at 1 month intervals. Each bottle was planted with two seedlings. The salt treatment was performed after the grape tissue culture seedlings were cultured for 1 month by exposing the seedlings to 0 or 50 mM NaCl for 2 days. Then, the roots, stems, and leaves were used to determine the VvKCS expression pattern.

Plump seeds of the WT and mutant were selected and sterilized in by 75 and 95% ethanol for 3 and 1 min, respectively. The seeds were washed three to five times in sterilized water and were sown on half-strength MS (1/2 MS) medium with 0, 75, 100, or 125 mM NaCl. They were transferred to a culture room after 3 days of vernalization at 4 C. The length of the roots and fresh weight (FW) of the germinated seeds were measured 7 days after planting.

Arabidopsis seeds were planted in red square plastic pots for the adult-stage experiment. Four-leaf stage seedlings were treated with Hoagland solution for 14 days containing 0 or 100 mM NaCl.



Expression Patterns and Gene Screening by qRT-PCR

We investigated the expression profiles of ten genes related to the synthesis and regulation of suberin in salt-tolerant Crimson Seedless and the salt-sensitive 1103P cultivars to determine the expression pattern and screen the genes related to the salt stress response. Relative expression level was determined by qRT-PCR in roots, stems, and leaves of the two grape cultivars after treatment with 0 or 50 mM NaCl for 2 days.

The primers of the ten genes were designed using Beacon Designer software (Supplementary Table 1). The internal standard gene was actin.



VvKCS11 Cloning and Sequencing

Total RNA was isolated from roots of Crimson Seedless and 1103P seedling using the Plant RNA Extraction Kit (Karroten). The full-length VvKCS11 gene was determined using the National Center for Biotechnology Information reference genome. We obtained two VvKCS11 with the forward (5′-ACGCGTCGACAGGGTTGTGGCGTTAGAG-3′) and reverse (5′-CGCGGATCCGCTAACAACCACCCTCCTC-3′) primers.



VvKCS11 Bioinformatics Analysis

A sequence alignment analysis was performed, the functional domains were predicted, and a phylogenetic tree was constructed using DNAstar, MegAlign, DNAman, and SMART online software, respectively.



Transformation of Arabidopsis

The pRI 101 vector was constructed to form pRI 101-VvKCS11. Then, the VvKCS11 gene was transformed into Arabidopsis. The transgenic plants were verified with the gene-specific 35S forward primer (5′-GACGCACAATCCCACTATCC-3′) and the VvKCS11 reverse primer (5′-CGCGGATCCGCTAACAACCACCCTCCTC-3′) by PCR after screening with kanamycin. The positive overexpression lines OE2, OE3, and OE13 were randomly selected for use in subsequent experiments.

We evaluated the effects of VvKCS11 expression in OE lines by qRT-PCR. OE line seedlings were grown on 1/2 MS medium for 7 days. The VvKCS11 gene (forward primer: 5-AAGCAGATGGAAGATAGC-3 and reverse primer: 5′-AGTAACGAAGACAGAACCT-3′) was amplified.



Detecting of the KCS11 Arabidopsis Mutant

Plants homozygous for the T-DNA insertion were selected utilizing specific primers for atkcs11, LP: 5′-CTTCAGACCGTCTAAACGCAG-3′, RP: 5′-CTTTTTCGCAACACTAGTGGC-3′, and T-DNA left border specific primer LBb1: 5′-ATTTTGCCGATTTCGGAAC-3′.



Analysis of Germination Rate, Root Length, and Fresh Weight of Arabidopsis

The germination rate (GR), germination energy (GE), and germination index (GI) of the WT, OE lines, and mutants were measured. GR, GE, and GI were calculated using the following formulae:
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where Gt is the number of seeds germinated on the tth day, T is the total number of seeds, Dt is the number of days up to the tth day.

The root length and FW of the different lines were measured after 7 days.



Determination of Na+ and K+ Content

The shoots and roots of the Arabidopsis lines were weighed (0.1 g). Na+ and K+ concentrations were measured by Flame photometer (Sui et al., 2015).



Determining of Malondialdehyde Content

Leaves samples (0.1 g) were ground into a homogenate with 3 mL of 10% trichloroacetic acid. The homogenate was added to 3 mL of 0.6% thiobarbituric acid and centrifuged at 6,000 rpm for 15 min. The absorbance of the supernatant was measured at 532 and 600 nm. Malondialdehyde (MDA) (mM/g FW) = (△A × V)/(155 × W). △A = 532-600, V = Volume of supernatant, FW = Fresh weight.



Determining of Soluble Proline Content

Leaf samples (0.1 g) were ground into a homogenate with 1.5 mL 3% aqueous sulfosalicylic acid. The solution was incubated at 100°C for 10 min and then centrifuged at 3,000 rpm for 5 min to obtain the proline extract. Finally, the reaction mixture was added into 1 mL of toluene, and the absorbance was measured at 520 nm. A standard curve was prepared. The proline content (mg g–1 FW) = [(mg proline mL–1 × mL toluene)/[(g sample)/0.1] (Abrahám et al., 2015).



qRT-PCR of the Stress-Responsive Genes

The expression profiles of 12 salt-responsive genes in WT and transgenic Arabidopsis lines were evaluated by qRT-PCR. The qPCR primers are showed in Supplementary Table 2.



Statistical Analysis

The results are from three independent experiments, and the values are presented as mean ± standard deviation. A p values <0.05 were considered significant.



RESULTS


Expression Pattern of Suberin-Related Genes in V. vinifera L. in Response to Salt Stress

We determined the relative expression levels of ten suberin-related genes (CYP86B1, KCS11-1, KCS11-2, KCS11-3, KCS4, CYP86A22, CYP86A8, MYB36, MYB39, and AS1) in roots, leaves, and stalks of the Crimson Seedless and 1103P cultivars under the 0 or 50 mM NaCl treatments for 48 h. As shown in Supplementary Figure 1, CYP86B1 and KCS11-1 were not detected in either cultivar. Most of these genes showed higher expression level in roots of 1103P cultivar than in leaves or stalks with or without the salt treatment (Supplementary Figure 1A). However, the expression levels of these genes in different Crimson Seedless tissues were not significantly different in the two salt treatments. KCS11-2 expression was significantly upregulated by salt stress only in roots (Supplementary Figure 1B).



Sequence Alignment and Analysis of VvKCS11

The full-length sequence alignment between VvKCS11 of Crimson Seedless and 1103P was obtained by PCR and the NCBI (Supplementary Figure 2). The gene and amino acid sequences of VvKCS11 in Crimson Seedless were identical to those given at the NCBI. However, there were seven bases and one amino acid different in 1103P. This may be related to the difference in salt tolerance between the two cultivars, which will be further studied in the future. In the present study, we selected the KCS11 gene of salt-tolerant Crimson Seedless for subsequent experiments to reveal the mechanism of VvKCS11 in the salt stress response. The VvKCS11 gene amplified from Crimson Seedless contained 547 amino acids (Supplementary Figure 3). A phylogenetic tree of the peptide sequence was constructed using the neighbor-joining method. The Crimson Seedless VvKCS11 gene showed the highest identities with the VvKCS11 gene from V. vinifera L. (Supplementary Figure 4).



Identification of VvKCS11 Overexpression Lines

VvKCS11 was overexpressed in Arabidopsis, and T3 homozygous transgenic lines were generated (OE2, OE3, and OE13; Supplementary Figure 5).

The relative expression level of VvKCS11 increased significantly in the Arabidopsis OE lines. OE2, OE3, and OE13 increased significantly (Supplementary Figure 6).



Identification of the atkcs11 T-DNA Insertion Mutant

The atkcs11 T-DNA insertion mutants were identified by PCR analysis. Lanes 1–5 represent homozygous Arabidopsis mutant kcs11. kcs11 was expressed at low levels in the mutant Arabidopsis lines (Supplementary Figure 7), indicating that Arabidopsis mutant atkcs11 has been showed a homozygous mutant in AT2G26640.



The Phenotype, Fresh Weight, and Root Length of Different Arabidopsis Lines Treated With Different Salt Concentrations at the Germination Stage

As shown in Figure 1, no significant differences were found in the phenotype, FW or root length (RL) of the WT and Arabidopsis OE lines under the control condition. Under the different NaCl treatments, FW and RL of the WT and overexpressed Arabidopsis lines were inhibited, which were more severe in WT, particularly under the higher NaCl concentration (100 and 125 mM; Figure 1A). FW of the WT, OE2, OE3, and OE13 decreased by 61, 34, 34, and 28%, respectively, in the 75 mM NaCl treatment. FW of WT, OE2, OE3, and OE13 plants decreased by 66, 50, 58, and 49%, respectively, after being treated with 100 mM NaCl. FW of the WT, OE2, OE3, and OE13 plants decreased by 70, 54, 59, and 47%, respectively, in the 125 mM NaCl treatments (Figure 1B). The RL of the WT, OE2, OE3, and OE13 decreased by 35, 20, 21, and 28%, respectively, in the 75 mM NaCl treatment. The RL of the WT, OE2, OE3, and OE13 decreased by 55, 44, 41, and 44%, respectively, in the 100 mM NaCl treatment. The RL of the WT, OE2, OE3, and OE13 decreased by 64, 53, 50, and 55%, respectively, in the 125 mM NaCl treatment (Figure 1C). Hence, overexpression of VvKCS11 enhanced the growth of Arabidopsis during the germination stage under salt stress.
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FIGURE 1. The phenotype (A), fresh weight (B), root length (C), Na+/K+ ratio in shoot (D), and root (E), proline content (F), and MDA content (G) of the WT and transgenic Arabidopsis plants lines under different NaCl concentrations for 7 days.




Germination Percentages of the Different Arabidopsis Lines Under Salt Stress

The germination rates of the WT and the VvKCS11 OE lines were not different under the control condition. The germination indicators of the different Arabidopsis lines were inhibited at 75 mM NaCl, particularly the GI. In contrast, the overexpressed lines maintained relatively higher levels of the germination indicators. After treatment, the GI of OE2, OE3, and OE13 decreased by 66, 20, 19, and 28%, respectively. In addition, the GR of OE2, OE3, and OE13 decreased by1.08, 1.2, and 0.9 times of the WT in the 125 mM NaCl treatment, respectively. These results indicate that overexpression KCS11 could protect plants from salt stress during the germination stage (Supplementary Figure 8).



The Na+/K+ Ratio in the Different Arabidopsis Lines Under Salt Stress at the Germination Stage

The Na+/K+ ratio in the OE lines and WT plants was not significantly different under the control condition (Figures 1D,E). Na+/K+ trended to increase in all lines under the salt treatments. However, Na+/K+ in the three OE lines was lower than that in the WT. Hence, overexpression KCS11 could protect plants from salt stress during the germination stage (Figures 1D,E).



Changes in Proline and MDA Content in the Different Arabidopsis Lines Under Salt Stress at the Germination Stage

Proline content was not significantly different between the WT and OE lines in the control group (Figure 1F). Proline content increased after the salt treatment. Proline content of the WT, OE2, OE3, and OE13 increased by 98, 278, 202, and 111%, respectively (Figure 1F).

MDA content did not change in any of the Arabidopsis lines in the control group (Figure 1G). The MDA content of the WT, OE2, OE3, and OE13 increased by 85, 23, 46, and 60%, respectively, in NaCl treatment (Figure 1G).



The Phenotype and Fresh Weight in the Different Arabidopsis Lines Under Salt Stress at the Seedling Stage

As shown in Figure 2, the WT and OE Arabidopsis lines grew well overall in the control group. Growth of the Arabidopsis lines was inhibited after the salt treatment. However, the phenotype of the OE lines was less suppressed than that of WT (Figure 2A).
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FIGURE 2. The phenotype (A), and fresh weight in shoot (B) and root (C), proline content (D), and MDA content (E) of the WT, transgenic Arabidopsis plants lines under 0 and 100 mM NaCl concentrations for 14 days.


The FW of the shoots of the WT, OE2, and OE3 Arabidopsis lines decreased by 59, 32, and 21%, respectively, in the 100 mM salt treatment. However, OE13 shoot FW increased by 6%. FW of WT roots decreased by 46% under salt stress, while FW of roots in OE2, OE3, and OE13 increased by 65, 32, and 58%, respectively (Figures 2B,C).



Changes in Proline and MDA Contents in Different Arabidopsis Lines Under Salt Stress at the Seedling Stage

The proline content was not different between the WT and OE lines in the control group (Figure 2D). The proline content of the WT, OE2, OE3, and OE13 increased by 190, 290, 345, and 556%, respectively, after treatment with 100 mM NaCl (Figure 2D).

MDA content was relatively low in all the Arabidopsis lines in the control group (Supplementary Figure 10B). The MDA increased but was not significantly different between the Arabidopsis lines under any of the NaCl treatments (Figure 2E).



The Phenotype, Fresh Weight, and Root Length in WT and atkcs11 Under Salt Stress at the Germination Stage

The phenotypes of the WT and atkcs11 in the control group were not different. However, the growth rates of the WT and mutant were affected by salt stress (Figure 3A). The root length of the WT and atkcs11 decreased by 28 and 39%, respectively, after treatment with 100 mM NaCl. FW of the WT and atkcs11 decreased by 28 and 38%, respectively (Figure 3B). The root length of the WT and atkcs11 plants decreased by 42 and 54%, respectively, under the 125 mM NaCl treatment (Figure 3C). The FW of the WT and atkcs11 decreased by 28 and 38%, respectively, after treatment with 100 mM NaCl. FW of the WT and atkcs11 plants decreased by 35 and 46%, respectively (Figure 3C).
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FIGURE 3. The phenotype (A), root length (B), fresh weight (C), proline content (D), and MDA content (E) in the WT and T-DNA mutant Arabidopsis lines under different NaCl concentrations for 7 days.




Changes in Proline and MDA Content in WT and atkcs11 Under Salt Stress at the Germination Stage

The proline content observed in the WT and T-DNA mutant Arabidopsis lines was not significantly different in the control group (Figure 3D). However, the proline content of the different Arabidopsis lines increased, and the proline content of the WT and atkcs11 increased by 98 and 134% in the salt treatment groups (Figure 3D).

MDA is a product of membrane peroxidation. MDA content was not different in the WT oratkcs11 from the control group (Figure 3E). Under NaCl treatment, the MDA content of the WT and atkcs11 increased by 85 and 32% under the NaCl treatment (Figure 3E).



The Phenotype and Fresh Weight in the WT and T-DNA Mutant Arabidopsis Lines Under Salt Stress at the Seedling Stage

As shown in Figure 4A, the WT and T-DNA mutant Arabidopsis lines grew well in the control group. However, the growth of the different Arabidopsis lines was inhibited by the salt treatment. However, the phenotype of atkcs11 was more suppressed than that of WT (Figure 4A).
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FIGURE 4. The phenotype (A), and fresh weight in shoot (B) and root (C), proline content (D), MDA content (E) of the WT and T-DNA mutant Arabidopsis lines treated with 0 and 100 mM NaCl for 14 days.


FW of the shoots of the WT and atkcs11 decreased by 59 and 28% (Figure 4B), and the FW of roots in the WT and atkcs11 Arabidopsis lines increased by 45 and 17% under 100 mM salt treatment (Figure 4C).



Changes in Proline and MDA Content in the WT and atkcs11 Under Salt Stress at the Seedling Stage

Proline content was not different between the WT and atkcs11 in the control group (Figure 4D). Proline content in the WT and atkcs11 increased by 198 and 109%, respectively, in response to the salt treatment (Figure 4D).

Additionally, MDA content was not different between the WT and atkcs11 in the control group (Figure 4E). MDA content increased significantly in the WT and atkcs11 after treatment with 100 mM NaCl, but no significant difference was observed between them (Figure 4E).



Expression of Ion Transport-Related Genes in VvKCS11 Transgenic Arabidopsis Plants

The relative expression levels of genes related to 12 ion transporters were determined in the transgenic lines and WT. As shown in Figure 5, the AKT1 expression level in OE3 and OE13 was higher than that in the WT. AKT1 expression was slightly lower in OE2 than that in the WT. However, the expression of CBLl9 and CIPK23 was significantly upregulated. The SOS1 result was similar to that of AKT1. The expression level of SOS1 in OE3 and OE13 was upregulated and no significant change was observed in OE2. Additionally, OE2, OE3, and OE13 exhibited high expression levels of HKT1 compared with WT.
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FIGURE 5. Relative expression levels of genes related ion transport in VvKCS11 transgenic Arabidopsis plants.




DISCUSSION

Grape (V. vinifera L.) is an important agricultural product worldwide, which is mainly used as a fresh food or in wine, raisins, and health products (Mnari et al., 2016; Colombo et al., 2019). Some vineyards are located in semiarid areas accompanied by soil salinization (Benjak et al., 2005). Grape is relatively tolerant to salinity (Daldoul et al., 2010; Mozafari et al., 2018). Salt tolerance is correlated with salt exclusion, which limits the transportation of Na+ from the roots to the shoots (Bernstein, 1977). Salt exclusion is an important way for grapes to resist salt stress (Bernstein, 1980).

The root apoplastic barriers are composed of Casparian band and suberin lamella, and they play an important role in blocking apoplastic bypass flow of water and ions into the stele and Na+ transport into the shoots. The root apoplastic barriers are strengthened by stress (Krishnamurthy et al., 2011; Vishal et al., 2019). Additionally, it has been reported that the suberin content of salt-tolerant plant species increases in response to salt stress (Beisson et al., 2007; Krishnamurthy et al., 2009).

In plants, the function of the SL in blocking water and ions is mainly dependent on aliphatic domains (Bernards, 2002). The main components of the suberin aliphatic domains are long chain ω-hydroxy fatty acids (Gandini et al., 2006). The main function of KCS is to catalyze acyl chain elongation for fatty acid chain elongation (Beisson et al., 2007; Lee et al., 2009). Some studies have shown that the expression of KCS is upregulated under salt stress (Azachi et al., 2002).

In the present study, many genes were upregulated in 1103P and Crimson Seedless under salt stress (Supplementary Figure 1). CYP86B1, KCS11-1, KCS11-2, KCS11-3, KCS4, CYP86A22, and CYP86A8 are genes associated with suberin precursor synthesis. MYB36 and MYB39 participated in the regulation of suberin synthesis. The transcription factor AS1 promotes gene expression. Some showed root-specific expression trends, which may be related to formation of the root apoplastic barriers. However, the expression patterns of these genes were different in the two varieties. In the salt-sensitive 1103P, these genes were expressed at higher levels in the control group and were slightly upregulated after salt stress (Supplementary Figure 1A). In the salt-tolerant Crimson Seedless, the expression level of the control group was very low and extremely enhanced by the salt stress (Supplementary Figure 1B). These results indicate that the VLCFA synthesized by VvKCS11 may play different roles in the two grape varieties. In 1103P, VvKCS11 had a high background expression level under the control treatment. The VLCFA may mainly participate in other biosynthetic or metabolic processes rather than the formation of the SL. However, the background expression level of VvKCS11 was much lower in Crimson Seedless. In addition, the expression level was significantly induced by salt stress. Salt stress was a direct inducer of VvKCS11 in Crimson Seedless, suggesting that the VLCFA catalyzed by KCS11 may be involved in the salt stress response, such as participation in the formation of SL in roots. Most studies of this gene have focused on plant development, so little is known about its function in the salt response. In order to reveal the role of VvKCS11 in response to salt stress, we screened and identified heterologous OE lines of VvKCS11 in Arabidopsis (OE2, OE3, and OE13) and a T-DNA insertion mutant (Supplementary Figure 7).

Studying the effect of salt stress on seed germination is of great significance (Atská, 1976). In the present study, we determined that the GR, FW, and root length of all lines were inhibited in the NaCl-treated groups. The degree of inhibition in the WT was more severe than that in the OE lines but slightly less than that of the mutant, indicating that overexpression of VvKCS11 may increase salt tolerance. We obtained similar results in the seedling stage experiments to those in the germination stage. The phenotype and FW of shoots and roots in all lines were inhibited under the 100 mM NaCl treatment. The degree of inhibition in the WT was the highest showing that that overexpression of VvKCS11 may help the plants increase salt tolerance.

The increased Na+ content in plant cells during salt stress has been well established (Rus et al., 2001). Salt stress destroys the permeability of cell membranes. Hence, the ionic balance of cells is destroyed (Amar et al., 2000; Tester and Davenport, 2003). Therefore, the Na+/K+ ratio is an important indicator of the ability of plants to maintain their ion balance and salt tolerance (Wang et al., 2020). In the present study, the Na+/K+ ratio increased in the WT and OE lines, but the increases were much lower in the OE lines, suggesting that overexpression VvKCS11 may lead to a stronger control of ionic homeostasis in response to salt stress. Ions are taken up by ion channels or transporters on the plasma membrane. Overexpression of the VvKCS11 gene may play a role in regulating the expression of these ion transport-related genes.

The thickened SL mat that developed after the salt treatment and overexpression of the suberin-related gene VvKCS11 effectively blocked the water and ions entering the plant through the apoplastic pathway. This ensures that the Na+ concentration in the plant is maintained at a relatively lower level. However, the SL is not selective in blocking ions, as it also blocks beneficial ions necessary for plant growth. Thus, the genes involved in ion transport need to be regulated to ensure the growth of the plant. According to our results, the genes related to ion transport changed in the OE lines.

The expression levels of AKT1 in OE3 and OE13 were higher than that in the WT, indicating that the overexpression of VvKCS11 induced expression of the K+ channel protein, which increases K+ under salt stress. Calcineurin B-like proteins (CBL) and CBL-interacting protein kinases (CIPK) have been proven to mediate plant responses to a variety of external stressors. Although much effort has gone into understanding the role played by CIPKs in the response to stress, the functions of only a few CIPKs are clear. CIPK23 maintains ion homeostasis under salt stress (Luan, 2009). The CBL9-CIPK23 complex is required to activate the Arabidopsis K+ transporter 1 (AKT1) channel (Li et al., 2006; Xu et al., 2006). Although the expression level of AKT1in OE2 was slightly lower than that in the WT, the expression levels of CBLl9 and CIPK23 were significantly upregulated. This indicates that overexpression of VvKCS11 could induce activation of the K+ channel protein in the OE2 line, which would increase absorption of K+.

OE2, OE3, and OE13 showed high expression levels of HKT1 compared with the WT indicating that overexpression of VvKCS11 induced the expression and function of HKT1, which may further promote unloading of Na+ from aboveground parts and transport to underground parts, leading to relatively lower Na+ content in the aboveground parts. In addition, the expression levels of SOS1 in OE3 and OE13 were upregulated. Na+ transported underground by HKT1 can be transported out through the SOS1 Na+/H+ antiporter. The SOS1 expression level in OE2 did not change significantly, which may be related to the difference in VvKCS11 expression and the insertion site among the three lines.

Plants under stress adapt to the environment by accumulating compatible osmolytes (Dreier, 1983; Ábrahám et al., 2003). Proline acts as important osmolyte that accumulates in plants under stress conditions (Rejeb et al., 2015). Additionally, proline plays an important role stabilizing the structure of macromolecules and regulating the cellular redox potential (Szekely et al., 2010). Proline content increased under salt stress in all lines and that the highest is in the OE lines. These results showed that overexpressingVvKCS11 may increase the osmotic adjustment rate in Arabidopsis.

NaCl stress leads to the accumulation of MDA, an end-product of membrane peroxidation (Li et al., 2012; Wang et al., 2019). Therefore, lower MDA content may reflect stronger resistance to salt stress (Zahra et al., 2017). In the present study, MDA content increased under salt stress. The MDA content was lower in the OE lines. These findings are consistent with those of Guo et al. and suggest that overexpression VvKCS11 may play a key role in salt stress.

In conclusion, we demonstrated that the expression of KCS in Crimson Seedless was activated by salt stress. Overexpression of VvKCS11 increased the tolerance to salt stress in Arabidopsis during the germination and seedling stages. The improved salt tolerance was the result of the combined contributions of multiple mechanisms, including the regulation of ion transporters and channels, accumulation of osmoregulating substances, and maintenance of membrane stability. This study provides a theoretical basis to study resistance to stress in plants.
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The effects of climate change and soil salinization on dryland ecosystems are already widespread, and ensuring food security is a crucial challenge. In this article, we demonstrate changes in growth performance and seed quality of a new high-yielding quinoa genotype (Q5) exposed to sodium chloride (NaCl), sodium sulfate (Na2SO4), and mixed salts (NaCl + Na2SO4). Differential responses to salt stress in growth performance, seed yield, and seed quality were identified. High salinity (mixed Na2SO4 + NaCl) reduces plant height by ∼30%, shoot and root dry weights by ∼29%, head panicle length and panicle weight by 36–43%, and seed yield by 37%, compared with control conditions. However, the 1,000-seed weight changes insignificantly under salinity. High content of essential minerals, such as Fe, Zn, and Ca in quinoa Q5 seeds produced under salinity, gives the Q5 genotype a remarkable advantage for human consumption. Biomarkers detected in our studies show that the content of most essential amino acids is unchanged under salinity. The content of amino acids Pro, Gly, and Ile positively correlates with Na+ concentration in soil and seeds, whereas the content of squalene and most fatty acids negatively correlates. Variation in squalene content under increasing salinity is most likely due to toxic effects of sodium and chlorine ions as a result of the decrease in membrane permeability for ion movement as a protective reaction to an increase in the sodium ion concentration. Low squalene accumulation might also occur to redirect the NADPH cofactor to enhance the biosynthesis of proline in response to salinity, as both syntheses (squalene and proline) require NADPH. This evidence can potentially be used by the food and pharmaceutical industries in the development of new food and health products.

Keywords: Chenopodium quinoa, Amarantaceae, squalene, fatty acids, amino acids, proline, saline stress, desertification


INTRODUCTION

Rapidly increasing soil salinization in the world’s drylands is a major constraint in enhancing climate resilient ecosystem function and improving food security. The use of halophytes may be a viable solution for reducing pressure on freshwater resources and to utilize land affected by salinity (Toderich et al., 2018; Nikalje et al., 2019; Yamanaka and Toderich, 2020). Halophytes are salt-loving plants that possess an exceptional adaptation mechanism to abiotic stressors. Arthrocnemum macrostachyum (a coastal halophyte of Amaranthaceae) foliar extract application minimized the negative impacts of chloride salinity on soybean plants by increasing the proline, total free amino acids, total phenols, and ascorbic acid content (Osman et al., 2020).

Quinoa (Chenopodium quinoa), a facultative pseudocereal halophyte, has attracted worldwide interest because of its tolerance to harsh environments and superior nutritional value of seeds (Nowak et al., 2016; Nanduri et al., 2019). It, like other halophytes, can produce an economically valuable seed yield in a high range of salinities in which conventional crops cannot grow. Genetic enhancements of quinoa cultivars from its native Andes habitats were performed by different researchers in order to adapt this crop to different geographic conditions found in different dryland countries.

As a result, various cultivars of quinoa have been shown to exhibit different degrees of tolerance to abiotic and in particular saline stress (Peterson and Murphy, 2015; Hinojosa et al., 2018). Among the 121 germplasm accessions from the US Department of Agriculture (USDA), which were evaluated at the experimental station of the International Center for Biosaline Agriculture (ICBA), UAE, the quinoa Q5 improved genetic line has shown high plant growth performance, uniform early maturation, and stable high yield seed production. On-farm multilocation trial evaluations of quinoa germplasms under various climatic and soils salinity variables of Arabian Peninsula, Middle East North African, and Aral Sea Basin countries confirmed the exceptional adaptability of the (Q5) cultivar (Choukr-Allah et al., 2016).

There are more than 3,000 quinoa ecotypes whose potential and nutritional value have not been explored outside the Andes. Many studies have been performed to analyze the tolerance of different quinoa genotypes to abiotic stress in terms of its agronomic performance (Adolf et al., 2013; Ruiz et al., 2016; Mamedov et al., 2020), whereas a few have been conducted to explore the effects of high salinity response on the nutritional profile of quinoa seeds (Sampaio et al., 2020).

Information about the mechanisms involved in quinoa salinity tolerance is scarce and focuses on seed germination differences and physiological features response by comparing cultivars of different geographical origin (Shabala et al., 2013). Andean cultivars, for example, show high adaptability to NaCl stress due to proline production, the content of which was significantly higher than that of the control group seeds. Among the salts, Na2CO3 had the most detrimental effects on the germination of quinoa seeds, inhibiting the germination by ∼50%. Wilson et al. (2002) observed a significant reduction in plant height, when quinoa was grown in saline soil with a mixture of MgSO4, Na2SO4, Na2SO4, NaCl, and CaCl2 (3–19 dS m–1).

Intervarietal and intravarietal differences in seed mineral concentrations strongly suggest that both genotype and environmental factors were responsible for the mineral content variation among the quinoa cultivars along a geographical gradient. In conformity with studies of Iqbal et al. (2020) quinoa regulates excessive Na+ loads efficiently by sequestering it in leaf vacuoles and translocating it to older leaves. In another study, the mineral content of calcium (Ca), magnesium (Mg), zinc (Zn), and manganese (Mn) in quinoa seeds decreased in response to saline–sodic soil, e.g., in Larissa, Greece croplands (Karyotis et al., 2003). An X-ray microanalysis found high Na+ accumulation in the pericarp of quinoa seeds, but low amounts in the perisperm and embryo tissue (Sayed et al., 2017). According to Ali Hanan et al. (2017), concentrations of essential minerals such as Fe increase under high salinity conditions. The chemical composition of metabolites plays an important role in the osmotic adjustment to salinity stress in quinoa seeds (Aloisi et al., 2016). Seeds were also described as a good source of antioxidant compounds, although phenolic content and antioxidant and antimicrobial activities also varied among genotypes of quinoa (Park et al., 2017; Razzeto et al., 2019).

Recently, increased total polyphenolic content and antioxidant activity (AA) in methanol extracts of quinoa seeds harvested from plants grown under salinity have been observed, suggesting that stressful conditions may positively affect the seed’s content of these important bioactive compounds (Ruiz et al., 2016). Flour and the protein concentrate (PC) of seeds of amaranth, a close relative of quinoa, have been shown to contain polyphenols and to possess AA (Palombini et al., 2013; Aloisi et al., 2016).

Quinoa oil can also be used in cosmetics as a moisturizing agent of the skin due to a powerful combination of natural essential fatty acids (FAs) and vitamin E. This makes it a potent antioxidant/anti-inflammatory complex that helps restore barrier function of the skin epidermis and prevents premature signs of aging by enhancing collagen and elastin production. To date, these parameters have not been investigated in quinoa seeds, grown under arid and hyper-arid landscapes affected by inland salinization, which differs significantly from coastal salinization. In the last few decades, the incidence of abiotic stress has been accentuated by the increase in unpredictable weather patterns in the Central Asian landlocked lowlands areas. Investigation of quinoa response to chloride, sulfate, and mixed (chloride–sulfate) soil salinization that frequently occurs in this region can bring important information for more precise use, introduction, and outscaling of this climate-resilient superfood crop. There is concern that the chemical composition of local soils, which usually represents a mixture of salts, may alter the valuable nutritional profile of quinoa with a negative impact on the chemical compositions of quinoa seeds. Furthermore, abiotic stresses in these arid and hyper-arid areas habitually occur as combinations of two or more abiotic stress factors.

Quinoa varieties (e.g., CO407D, UDEC-1, Baer, and QQ 065) growing in Andes lowland environments exhibited extremely high tolerance to Na2SO4 and relatively high tolerance to NaCl in terms of agronomic performance, such as yield, plant height, and leaf greenness (Peterson and Murphy, 2015; Wu et al., 2016). However, seed nutritive quality under salinity stress remains to be evaluated when this crop is introduced in environments outside the Andes (Repo-Carrasco et al., 2003). We need to determine the underlying mechanisms of quinoa salinity tolerance and whether the content and quality of nutrients are influenced. The mechanisms causing differences in tolerance to chloride salts, sulfate salts, and mixed (chloride–sulfate) salts are still not well understood.

The current study aims to evaluate the seed quality profile of an improved genetic line of quinoa (Q5), introduced in salinized landlocked drylands, which radically differ from coastal salinized soil and Andes lowlands environments. Specific objectives were to investigate (i) quinoa plant performance under NaCl, Na2SO4 and the most frequently found mixed (NaCl + Na2SO4) salinity, which reflects the natural soil salinization in this region; (ii) mineral composition of the grain; (iii) amino acid profile of the grain; (iv) qualitative and quantitative analysis [chemical identification using total ion current (TIC) (thin-layer chromatography)] of FA methyl esters (FA-ME) composition, oil/fat proportion of non-saturated (NS) to saturated (ST) FA, and squalene content in a response to NaCl, Na2SO4, and mixed (NaCl + Na2SO4) types of salinity.



MATERIALS AND METHODS


Experiment Area and Soil Analysis

The experiments were conducted during the 2017 and 2018 growing seasons, in the greenhouse of the Nukus branch of Agrarian University, in Karakalpakstan, Uzbekistan (42°28′N 59°36′E). For the present studies, three different types of soils representing the most common types of salinity found in the area were used.

These included chloride type soil (moderate level of salinization: 2.6 ± 0.21 Na+ mM/100 g soil), picked up from an abandoned rice field (N41°28′ E60°09′); sulfate-type soil (moderate level of salinization: 1.0 ± 0.09 Na+ mM/100 g soil), collected from a farmer’s field under forage crops (N42°36′ E 59°28′); and chloride–sulfate mixed soil (high level of salinization of 16.2 ± 2.03 Na+ mM/100 g soil), collected from the margins of a field with a strong saline crust (N42°36′ E59°28′) (Table 1). Non-saline soil collected from an overgrazed desert pasture (N 42°50′ E 60°00′) served as the control. The soils used in the experiments were obtained from a depth of 0–30 cm from representative fields. The soil in the region is characterized by a high proportion of fine sand and is moderately alkaline (pH 8.4) with a low humus content (0.6–1.08%) (Table 1). Humus content was determined by oxidation of soil organic matter with chromic acid to form carbon dioxide.



TABLE 1. Ion composition in the different type soils used in the experiment (mM/100 g soil).
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Concentrations of main mineral ions were determined in water extracts of the seed mass (0.2 g dry mass/100 mL deionized water, shaken for 1 h and filtered). Sodium, potassium, and chloride ions were measured in the extracts using a pH/ion meter (“Expert-001.3”) in accordance with standard electrometric methods of measurement for ion-selective electrodes [Elit-031 (Kþ); Elit-261 (Cl_), Elis-112Na (Naþ)]. Sulfate–ion concentrations were measured in the same water extracts using UV/VIS Spectrophotometer V-530 (“Jasco”) by standard method with BaCl2 (Vorobyova and Makarenko, 2005).



Plant Growth

The Q5 quinoa seeds used in these studies were provided by the ICBA, Regional Branch for Central Asia and Caucasus (ICBA-CAC). Five new salt- and drought-tolerant lines, named Q1–Q5, were developed by ICBA UAE through mass selections from accessions received from the USDA. Original seeds were from Bolivia (from where the collection was obtained by USDA), but they did not group with the other Bolivian lines when genotyped.

Instead, the Q1–Q5 lines grouped between Chilean lowland and Andean highland lines, so it is thought that these lines are probably a hybrid between the Andean highland and lowland types or an entirely new ecotype. Evaluation of these Q1–Q5 lines under marginal environments of Uzbekistan during 2015–2018 demonstrated a high performance of the Q5 line. Therefore, Q5 seeds were used in this study. Seeds were sown in 20-L plastic containers filled with 15 kg of soil collected from fields representing the four different soil types, including the control.

A total of six pots were used for each soil type, giving us six replications. Plants (one plant per pot) were grown under natural daylight conditions from April to end of September; the day temperature was maintained at 30°C, and night temperature at 22°C (16 h L/8 h D). Plants were also watered with 100–200 mL water supplemented with fertilizers (N:P:K 10:10:27; 0.4 g L–1) in the daytime. Seeds were collected at maturity starting from 91 days and up to 110 days, weighed, and stored in an airtight container at 4°C. Plant growth performance parameters—the height of the plant, shoot lengths, panicle weight, seed yield, and 1,000-seed weight—were then measured.



Seed Chemical Analysis


Determination of Total Oil Content

Chemical analysis of quinoa seeds was carried out at the Institute of Bioorganic Chemistry, Tashkent. About 1 g of dry seed sample was crushed with pestle and mortar, and the homogenized mass was placed into an envelope through the filter article. The envelope with the sample was loaded into the Soxhlet extractor, and seed lipids were extracted with 50-mL boiling pure hexane (for gas chromatography MS SupraSolv < cps:sup > ®) by more than 20 repetitive Soxhlet cycles. Hexane-extracted seed samples were dried in a vacuum desiccator until constant weight, and oil content was calculated (in%) as loss of mass after Soxhlet processing (Wood et al., 1993).



Total Protein Determination

Protein content in the seeds was calculated as amino acids yield from acidic and alkaline hydrolysate’s chromatogram. Determination of amino acid content after both acidic and alkaline hydrolyses of defatted seed and free amino acids in deproteinated seed samples was carried out using reverse–high-performance liquid chromatography (RP-HPLC) [Agilent 1200, combined variable wavelength detector (VWD) and fluorescence detector (FLD)] after precolumn derivatization of the samples with o-phthalic aldehyde and phenylthiocyanate (Dai et al., 2014).



Free Amino Acid Content

Fifty milligrams of dry seeds was ground with 5 mL 40% methanol, containing 7.5% trichloroacetic acid (TCA) using mortar and pestle. The homogenate was centrifuged at 12,000 rpm for 3 min, and the deproteinizated solution containing amino acids was collected. TCA in solution was neutralized by concentrated NaOH (pH 8–10, controlled with indicator paper). Ten microliters of this deproteinizated extract was mixed with 190 μL of phenylisothiocyanate (PITC)–based derivatization reagent (5 μL PITC, 500 μL of 4 M Na-tetraborate, pH 10.5 and 495 μL of Acetonitrile). Derivatization in the form of phenylthiocarbamoil (PTC)–amino acids was completed by shaking at room temperature for 5 min. PTC derivatives were diluted by adding equal volume of 40% acetonitrile and loaded in HPLC column. Separation of PTC–amino acids was carried out using the HPLC equipment (VWD used as single detector at 280 nm) on RP column 0.46 × 25 cm XDB Zorbax C18.5 μm.



Total Amino Acid Content

Ten milligrams of defatted dry seed sample (protein content approximately 2 mg) was hydrolyzed with 2 mL of acidic mixture containing 6 M HCl (2 volumes), anhydrous trifluoroacetic acid (1 volume), and 0.5% 2-mercaptoethanol (2-ME). Hydrolysis was carried out at 170°C, 40 min under N2 in sealed ampules (Darbre, 1986). The hydrolysate was then evaporated to dryness using evaporator or SpeedVac system, suspended in 1 mL of distilled water, and centrifuged at 12,000 rpm, 2 min, to remove the insoluble contents. The amino acid content in acidic hydrolysate was determined by RP-HPLC using precolumn derivatization with o-phtalaldehyde (OPA) (Dorresteijn et al., 1996).



Determination of the Elementary Composition of Seeds

The seed samples were washed to remove surface contamination and dried in an oven at a temperature of 60°C. The samples were ground in a porcelain mortar to a homogenous state, and then two samples were weighed, one of 40 mg for analysis by short-lived radionuclides and the second of 90–100 mg to analyze medium- and long-lived radionuclides in labeled packets and packaged in plastic bags. The samples were then analyzed by neutron activation analysis method (De Soete et al., 1972). To determine the content of long-lived radionuclides, the samples were irradiated for 15 h. Samples were measured 1 month after irradiation by the relevant radionuclides. All measurements were performed on a germanium detector and spectrometer, connected to the PC. The determination of the elements of the different standards was used: interlaboratory, obtained by applying a known amount of the element on ash-less filter paper and the standard reference samples taken from IAEA Sabbage, IAEA Lichen, IAEA 359 and 336, and the comparator method (Parry, 1991; Abdurakhimov and Makhmudov, 2014).



Fatty Acid Composition of Quinoa Seed Oil

Anhydrous Na2SO4 was added to prepare the anhydrous hexane extract of FAs. The solvent and FA-ME were removed by evaporating, as described by Wirasnita et al. (2013). Fifty milligrams of oil was emulsified in 3 mL of alkaline methanol, containing 0.4 M KOH. The alkaline–methanol emulsion of oil was stirred using mechanical stirrer at 60–65°C for 10 min. After cooling with tap water, the reaction mixture was neutralized by adding an appropriate amount of conc. H2SO4 and then diluted with an equal volume of water. FA-ME was extracted from the reaction mixture three times with 1 mL of pure hexane for gas chromatography MS SupraSolv < cps:sup > ®. Hexane layers were combined and dehydrated with Na2SO4 by evaporation to dryness. Dry samples of FA-ME were dissolved in 1 mL of hexane prior to GC-MS analysis.



GC-MS Analysis of Fatty Acids

Two microliters of FA-ME sample was loaded to the GC-MS system in a split ratio of 1:20 to analyze the FA composition of the oil. Analyses were carried out using the TRACE 1310 TSQ 8000 (Thermo Fisher Scientific, United States) GC-MS system. The chromatographic conditions established were as follows: capillary column HP 5MS (30 m × 250 μm × 0.25 μm) and impregnated with a 5% biphenyl–dimethylsiloxane. The carrier gas was helium with a constant flow of 1.5 mL/min. The initial column temperature was set at 100°C with a delay of 1 min. Then the thermostat was heated to 180°C at a rate of 10°C/min, holding it at 230°C for 6 min, followed by a decrease in temperature to the initial state for 6 min at a rate of 40°C. The temperature of the injector and mass spectrometric detector was set at 250°C. The ionization method was performed by electron impact mode at 70 eV. Registration of chromatographic profile was generated after 3 min from the start to remove the signals of solvent. The chromatographic process was controlled by the XCalibur program in the interval of m/z 10–1,000 mass ranges. Identification of components was made using a combined reference library of mass spectrometric data of natural compounds “NIST” and Wiley. Total analysis time was 22.33 min. FA composition of quinoa seed oil samples was calculated from a TIC chromatograms of FAME Standard Calibration Mix C8:0–C24:0 (NuChek-Prep GLC 461C). TIC area of FA-ME peak was accepted as% content of the corresponding FAs. To calculate the quantity of squalene, we used an analytical standard of Squalene 111-02-4 Supelco.




Statistical Analysis

Statistical analysis of the data was performed (analysis of variance with CropStat program), and means were compared using the Tukey test. Because differences among the various parameters in 2017 and 2018 were insignificant, the values were pooled before subjecting to the statistical analysis. Statistical software package R was used to perform a multivariate statistical approach using a principal component analysis (PCA) model.




RESULTS


Plant Growth and Seeds Yield

Data analysis indicated a negative impact of soil salinity on plant growth and panicle weight (Table 2). High salinity content (mix of Na2SO4 + NaCl) reduces plant height by ∼30%, shoot and root dry weights by ∼29%, panicle height and panicle weight by 36–43% and seed output of each plant by 36.6% as compared to control group (Table 2). At the same time, the weight of 1,000 seeds has decreased only by a small amount (11.8%). The average salt content, both sulfate and chloride, had no effect on the accumulation of dry shoot biomass and panicle weight, but had a negative correlation with panicle height and seed output of the plant. Average chloride salinity significantly reduced plant height and root dry weight, in contrast to average sulfate salinity (Table 2).



TABLE 2. Quinoa growth parameters at maturity stage under different soil conditions.
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Fatty Acids and Squalene Contents in Quinoa Seeds

Data on FA-ME, oil/fat proportion of NS to ST FA, and squalene content in the seed oil of quinoa grown under different salinized conditions are shown in Table 3. The range of total lipid content in the seed samples varied between 4.95 and 6.42% per absolute dry mass of seeds. In quinoa grain, squalene content ranged between 0.148 and 0.256 g per 100 g of the seed mass. Figure 1 shows the TIC chromatogram of quinoa seed oil FA content. The squalene was detected at 18.77 min. Peak identification of FA composition was completed by using the Wiley reference mass spectra library and comparing retention indices of peaks before calculation of FA percentage content. Structural analysis by NIST library confirmed all the eluted peaks to be the substances of FAs and squalene. The probability of matching of the squalene peak with this substance was almost 90–95%. Values of oil/fat proportion of NS to ST FAs were considered the main criteria in evaluation of nutritive significance of quinoa grain. Oil of seeds extract of quinoa has favorable characteristics in terms of FA NS/ST proportion ratio that varies at 5.8–6.0. Quinoa seed oil is rich on polyunsaturated FA C18:3 (ω−3) and C18:2 (ω−6) content (Table 3). The palmitic acid (PA) C16:0 value was higher in quinoa grown in under control conditions (11.54 ± 0.30%), compared to the samples from sodium chloride (9.46 ± 0.25%), sodium sulfate (8.77 ± 0.30%), and the high mixed salinity (8.49 ± 0.30%) (Table 3). Salinity had also affected the quantity of oleic acid (OA) C18:1. While the samples from the control group had 23.95 ± 0.70% per absolute seed dry mass, those from the sodium chloride, sodium sulfate, and the mixture of salts had 19.34 ± 0.60%, 18.81 ± 0.60%, and 16.81 ± 0.60% OA, respectively. Similarly, linoleic acid (LA) C18:2 was also found to be higher in quinoa grown under normal conditions (53.98 ± 1.80%), and the concentration decreased to 43.01 ± 2.00%, 41.52 ± 2.00%, and 38.51 ± 1.70% under sodium chloride, sodium sulfate, and the mixed salinity, respectively (Table 3). Analysis of the data revealed differences in FA and squalene contents of the quinoa seeds under different soil conditions. High salinity (mixed Na2SO4 + NaCl) decreases nearly all studied FAs except stearic C18:0 and arachidic C20:0. Thus, the content of linolenic acid (C18:3) decreased by 53.4%, palmitoleic acid C16:1 by 35.7%, and other acids by 25–30% compared with the control conditions. The content of stearic acid C18:0 increased by ∼90%, and arachidic acid increased C20:0 by 11.4% (Table 3). Average salinity, both sulfate and chloride, did not affect the content of palmitoleic acid C16:1, but significantly reduced the content of oleic C18:1 and linoleic C18:2 acids. Medium sulfate salinity had a stronger effect on myristic C14:0, palmitic C16:0, stearic C18:0, and linolenic C18:3 acids, compared to medium chloride salinity. Conversely, chloride salinity has a stronger effect on arachidic acid C20:0 than sulfate salinity (Table 3). The squalene content decreased by 22% under conditions of strong (mixed Na2SO4 + NaCl) salinity, by 16% under conditions of medium sulfate salinity, and by 11.6% under conditions of medium chloride salinity (Table 3). Thus, the content of FAs and squalene is significantly influenced by the level of salinity, and the average sulfate salinity has a greater negative effect than chloride salinity.



TABLE 3. Fatty acids and squalene contents in quinoa seed oil from plants grown under different soil salinity (in g/100 g seed mass).
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FIGURE 1. TIC chromatogram of fatty acids (FA) derived from Quinoa seed oil. Identification of FA was according to reference MS library analysis. Inserted table (right)—RT and the names of fatty acid methyl esters.



PCA has shown that there are three clear groups of FA in the seeds (Figure 2A): plants grown under controlled conditions (1), plants grown in either moderate sulfate or moderate chloride salinization (2), and plants grown in strong sulfate–chloride salinization (3). The main contribution to the division into three groups by the first main factor (PC1) is the content of C18:1 acid and squalene (Table 4). The second factor (PC2) separates plants grown at sulfate and chloride salinization from the control plants and plants grown at strong sulfate–chloride salinization. The main contribution to this division is the content of C16:1 and C20:0 acids (Table 4). Multiple correlation analyses also showed no principal difference between the FA content of quinoa seeds and the salinity chemistry (Figure 2B). At the same time, there was a strong positive correlation between the content of C18:0 and a negative correlation between the content of C16:1 in quinoa seeds and the content of sodium, chlorine, and sulfate ions in soil. There was also a negative correlation between the C20:0 acid content of quinoa seeds and the potassium ion content of soil. To varying degrees, negative correlations are observed between the content of other FAs and squalene in the seeds and the content of sodium, chlorine, and sulfate ions in the soil, as well as positive correlations with the weight of seeds and the content of humus in the soil.
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FIGURE 2. Principal component analysis (PCA) (A) score plot results comparing parameters of fatty acids and squalene (Squ) in quinoa seeds under different soil salinity and (B) multiple correlations of fatty acids and squalene in quinoa seeds, weight 1,000 seeds (Ws) and Na+, K+, Cl–, SO42–, humus (H) contents in soil.





TABLE 4. Factor loading of fatty acids (FA) and amino acids (AA) variables on axes 1 and 2 of the principal component analysis.
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Amino Acid Composition of Quinoa Seeds

Soil salinity, regardless of degree and chemistry, did not affect the content of amino acids Arg, Asx, Glx, His, Phe, Trp, and Val/Met, but significantly increased the content of Gly (by 6–23%), Tyr (by 27–38%), and Pro (12–48%) in quinoa seeds compared to control conditions. Under strong salinity (mixed Na2SO4 + NaCl), the Lys content decreased by 22%, and the Gly, Tyr, Ala, and Ile in quinoa seeds increased by 19–60%, as compared to the control conditions (Table 5). Under conditions of moderate sulfate salinity, a significant increase in the content of Thr (by 12–17%), Ser (by 26%), and Cys (by 61%) was observed, while under conditions of moderate chloride salinity, a significant increase in the content of Leu (by 32%) was observed in quinoa seeds vs. control conditions.



TABLE 5. Amino acid contents in quinoa seeds produced under different soil salinity (in g/100 g seed mass).
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PCA has shown that there are three clear groups of amino acid contents (Figure 3A): from plants grown under control conditions (1), from plants grown in both sulfate and chloride salinization (2), and from plants grown under strong sulfate–chloride salinization (3). The main difference between the three groups is the Tyr and Lys content (PC2) (Table 4). Multiple correlation analysis also showed that there was no difference between the amino acid content and the salinity chemistry of quinoa seeds (Figure 3B). In doing so, a positive relationship was found between Ala, Gly, Pro, Ile, and Unk and a negative relationship between Glx, His, Asx, and Lys content in quinoa seeds and the content of sodium, chloride, and sulfate ions in soil (Figure 3B). Despite the negative correlation between total amino acids in quinoa seeds and the content of sodium, chloride, and sulfate ions in soil (Figure 3B), no significant differences were found between the content of total amino acids under salinity and under control conditions (Table 5).
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FIGURE 3. Principal component analysis (PCA) (A) score plot results comparing parameters of amino acids in quinoa seeds under different soil salinity and (B) multiple correlations of amino acids in quinoa seeds, weight 1,000 seeds (Ws) and Na+, K+, Cl–, SO42–, humus (H) contents in soil.





Element Content in Quinoa Seeds

Analysis of the elemental composition of quinoa seeds under conditions of different chemistry and salinity showed an increase in the content of Na (by 13–31%), Cl (by 90–133%), Fe (by 3–77%), and Zn (by 8–33%) compared to control (Table 6). At the same time, the content of K (by 12–23%), Cu (by 4–44%), and Sb (by 84–87%) decreased. With strong salinity (mixed Na2SO4 + NaCl), a decrease in the content of Br (by 81%) and Co (by 52%) was observed, and an increase in the content of Ca (by 92%), Cr (by 33%), and Sc (by 44%). With a moderate salinity, both sulfate and chloride, a twofold increase in the Ba content in quinoa seeds was observed in comparison with the control conditions (Table 6). Na, K, Ca, and Cl contents in quinoa seeds positively correlated with Na+, K+, Ca2+, and C– contents in soils, respectively. However, the Mg content in quinoa seeds did not correlate with its content in soils (Figure 4A).



TABLE 6. Mineral content (μ/g) in quinoa seeds produced under different soil salinity.
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FIGURE 4. Principal component analysis (PCA) of multiple correlations Na. K, Ca, Mg, and Cl contents in soils and in quinoa seeds (A); Na, K, Ca contents in quinoa seeds and (B) amino acids and (C) fatty acids in quinoa seeds under different soil salinity.






DISCUSSION

Although pseudocereals such as quinoa (C. quinoa) are valuable sources of nutrients, they are relatively understudied in terms of agronomic performance and elementary compounds composition response to harsh arid and hyper-arid landlocked saline environments. The strongly genotype-dependent responses to salinity confirm that quinoa is a rich source of genetic variation with respect to stress tolerance and that they are useful for further improving adaptation of this species to diverse environments (Nanduri et al., 2019). The pot experiment (Abdelaziz and Redouane, 2020) has shown that heat and water stress affected all phenotypic and physiological traits in Q1–Q5. Our current and previous findings (Mamadrahimov et al., 2016; Nanduri et al., 2019) show that, in some cases, abiotic stresses, e.g., soil salinity along a geographical gradient, induce changes in the nutritional properties of quinoa grains. Quinoa Q5 improved genetic line and not only endured salinity but produced good-quality seeds under saline conditions to a higher or similar degree to quinoa from the Andean native habitats.

Regarding the effects of Na2SO4 stress, there are studies showing that for many plants there is a trend of greater sulfate tolerance than chloride tolerance (Wilson et al., 2002; Peterson et al., 2015). Such tolerance was not confirmed by our results. Quinoa Q5 cultivar shows that the germination rate at 100 and 200 mM (Na2SO4) was, respectively, 10 and 25% lower, compared with the germination rate at the same concentrations of NaCl. Medium sulfate salinity in Q5, as was determined in this study, has more impact on the FA content of seeds than sodium chloride. Also, as in the case of NaCl, the germination of Q5 line seeds in the presence of Na2SO4, regardless of the concentration used, was significantly affected compared to the untreated seeds.

Choukr-Allah et al. (2016) reported a detrimental effect of water salinity (2.3, 16.3, and 18.9 dSm–1) on the chemical composition of quinoa seeds, particularly in the mineral content of the seeds. The results of this experiment also showed a high degree of variability in the performance of the nutritional profiles of quinoa seeds under various salinity stress. We have detected high sodium (Na) content in the quinoa seeds harvested from saline conditions as described earlier by Choukr-Allah et al. (2016). Quinoa seeds are recognized as a nutritious food source, owing to their high protein content with all essential amino acids, lack of gluten, and richness in several minerals such as Ca, Mg, Cu, Mn, P, Fe, and others (Peterson and Murphy, 2015). More importantly, even under the saline growing conditions, the nutritional value of quinoa seeds, especially the high protein content and all essential amino acids, high mineral content (e.g., Ca, Mg, Fe), and health-promoting compounds, such as flavonoids, remained mostly unaltered (Vega-Gálvez et al., 2010). In our experiments, no significant changes were observed in the content of Mg, Mn, Cu, Co, Ca, Se, Zn, and Fe under moderate chloride and sulfate soil salinity, when compared with those under control conditions (Table 6). The increases in Mn (by 58%), Fe (by 77.4%), and Ca (by 92%) contents in seed extracts from the strong mixed soil salinity do not support the earlier findings of Karyotis et al. (2003), who found a decrease in the mineral content of Ca, Mg, Zn, and Mn in quinoa seeds in response to saline-sodic soils. Under strong mixed salinity of NaCl and Na2SO4, a significant 1.3- to 2.3-fold accumulation of Cl and Na in quinoa seeds is also observed (Table 6 and Figure 4A). And at a given salinity, the highest level of reduction of quinoa nutritional compounds was detected. This might be due to the response of the plant protective system, or the mixed saline type of soil probably has more of these microelements.

An overview of literature has shown that the protein quantity and quality of quinoa are generally superior to those of cereal grains, while offering gluten-free property and high digestibility. Quinoa grain contains a balanced composition of essential amino acids with a high proportion of lysine, an amino acid deficient in cereal crops (FAO, 2013; U.S. Department of Agriculture, 2018). Protein/amino acid content are essential bioactive compounds of the food value of plant seeds. Performance of amino acid, FA contents, and nutritional quality of quinoa seeds under extreme growing environment will give a clear idea of how to advance this crop in marginal conditions. The major components of amino acids in whole seeds are included in storage protein/peptide and other proteinaceous constituents. However, some minor amounts can also be found as free amino acids. In this study, we determined total amino acid content after acidic/alkaline hydrolysis of defatted seed and free amino acids in deproteinized seed samples. Comparing the amino acids profiles of seeds under control and salinity showed that even strong mixed Na2SO4 + NaCl soil salinity did not affect the content of many essential amino acids (Arg, Asx, Glx, His, Phe, Trp, Val/Met) and increase in content of Gly, Tyr, Pro, Gly, Tyr, Ala, and Ile (Table 5 and Figure 3B), which is confirmed by significant correlations with the sodium content in seeds (Figure 4B). Of all the studied amino acids, only the content of Lys was decreased under heavy salinity (mixed Na2SO4 + NaCl). Overall, results show that salinity does not lower the seed amino acid content.

The accumulation of organic osmolytes, such as proline (a multifunctional amino acids), from the late embryogenesis plays a key role in maintaining the low intracellular osmotic potential of plants and in preventing the harmful effects of salinity stress on embryo development (Wang et al., 2015). Proline content, as described (in Amaranthus mangostanus) by Bhargava and Srivastava (2020), was significantly increased at high salt concentrations (90–120 mmol L_1). Some of authors indicated that the capacity to accumulate more storage proteins in quinoa seeds plays an important role in the initial stages of seed germination and seedlings establishment, one of the most sensitive to salinity stress seed ontogenetic development stages (Koyro and Eisa, 2008). Increase in proline may influence seed viability (Sano et al., 2016) and can ultimately lead to the production of protein to be used in the food industry and as dietary complements for their high protein level, functional properties, and low content of antinutritional factors (Escudero et al., 2011). By taking into consideration that quinoa, like other closely related chenopods, is characterized by a deep physiological seed dormancy, i.e., has short-term seed viability, we assumed that extending the seed dormancy period might play a crucial role in seed breeding and seed production programs. Proline accumulation was found to be dependent on the species and the plant organs (Verbruggen and Hermans, 2008; Bhargava and Srivastava, 2020); moreover, the genotypic differences in the proline concentration have been previously reported in sunflower (Canavar et al., 2014). As it was described by Abbas et al. (2014), the highly accumulated proline genotypes were more tolerant to abiotic stress. Proline accumulation in response to stress could be utilized in biosynthesis of proline-rich proteins. These proteins protect the plants from various stresses and help plants to recover from stress more rapidly (Hayat et al., 2012).

Quinoa (C. quinoa Willd.) seeds store about 12–15% of proteins with high biological value (Capraro et al., 2020). Our current studies show that soil salinity affected the amino acid content in quinoa seeds to a much lesser extent than the FA content. The content of most essential amino acids for human consumption and child development in quinoa seeds did not change under salinity conditions. Moreover, increases in content of major Fe, Mn, and Ca in combination with an increase in ST FAs, stearic acids, and amino acids (Ala. Pro., Gly, ILE, LEU) under mixed salinity (NaCl + Na2SO4) in quinoa (e.g., Q5) seed extract confirm the outstanding nutritional value of seeds with respect to salinity stress tolerance Further investigation of new quinoa germplasm will open avenues for improving adaptation of this species to diverse harsh environments. The accumulation of proline is often observed in response to salt stress, and it is most pronounced in roots (Hmidi et al., 2018). In this case, proline can perform a stress-protective function from the toxic effects of salts. Proline can destabilize double-helix DNA by lowering its melting point and increasing sensitivity to SI nuclease (Rajendrakumar et al., 1997). Under saline conditions, osmolyte destabilization of DNA has important cellular effects. Salts that accumulate during salt stress can also overstabilize the double helix, which can adversely inhibit DNA function in replication and transcription (Scott et al., 2019). Proline can also be a substitute energy source if necessary; proline degrades and releases energy as a reducing agent (Polavarapu et al., 2014).

Peiretti et al. (2013), in their studies revealed that the chemical composition of quinoa is closely connected to development of the plant with the quality of crop decreasing with increasing morphological stages. The pattern of FAs in the seed was characterized by PA (C16:0), OA (C18:1 n–9), and LA (C18:2 n–6). Among main FAs of the plant during growth, α-linolenic acid (ALA, C18:3 n–3) was the most abundant FA. The increase in ALA in plant seed content plays an important role in regulating intracellular FA unsaturation to resist salt stress (Upchurch, 2008). Syntheses of oil and FAs of chenopods were largely influenced by salinity effect and pronounced during seed maturity developmental stage that induced the declining of seed yield value (Elferjani and Soolanayakanahally, 2018). Multiple correlation analysis in our experiment showed no principal difference between the FA content of quinoa seeds and the salinity chemistry (Figure 2B). The value of OA pattern in quinoa seeds was 22.8 ± 29.5%, which is higher than described early by other authors (Altuna et al., 2018). Interestingly, the values of LA from the control were found to be higher than those reported in literature (48.1 ± 52.3%, respectively). Arachidic acid appears to be largely associated with climatic conditions, and the oil content, oil quality, and seed yield of canola significantly increase with increasing organic matter content of soil during seed development. At the same time, there was a positive correlation between the content of C18:0 and a negative correlation between the content of C16:1 in quinoa seeds and the content of sodium, chlorine, and sulfate ions in soil. However, a comparative analysis of the content of these FAs and the Na, K, and Ca accumulation in seeds showed a greater dependence of the content of these FAs on Ca than on sodium content (Figure 4C). Perhaps this is due to the role of these FAs in the activation of embryo Ca2+ -regulated protein kinase at different Ca concentrations (Lucantoni and Polya, 1987). There was also a negative correlation C20:0 content of quinoa seeds with the potassium ion content of soil (Figure 2B), as well as with K content in seeds (Figure 4C). To varying degrees, negative correlations are observed between the content of other FAs and squalene in the seeds and the content of sodium, chlorine, and sulfate ions in the soil, and this was confirmed by the same negative correlation with Na content in seeds (Figure 4C).

The results also show that the seed yield (weight of 1,000 seeds), oil content, and oil quality of Quinoa positively correlate with humus content in soil. This study revealed that the nutrient matter content of poor saline soils should be ameliorated not only to obtain higher crop yields but also to improve the quality of production. The results of this study will be useful for agronomic and genetic research in determining the optimal harvest period. The significance of the results lies in the demonstration of the feasibility of seed growth stages at which developing quinoa seed could be modified to change oil and FA contents. A similar conclusion was made by Fadul (2015), where increase in arachidic acids appears to be largely associated with climatic conditions, and the oil content, oil quality, and seed yield of canola significantly increase with increasing organic matter content of soil during seed development. Results of this study showed that quinoa seeds are rich on polyunsaturated FA C18:3 (ω-3) and C18:2 (ω-6) and contain a considerable amount of squalene, which make them invaluable nutritional food for daily consumption. Incidentally, this is the first detailed report on the occurrence of squalene in the seed of quinoa, exposed to high soil salinity chemistry. The content of squalene in Quinoa (e.g., Q5) grains detected by using ion chromatography (TIC) varied from 2.69 to 3.45 g/100 g seed mass. Our results demonstrated that the total amount of squalene was changed in response to salinity stress. There was negative correlation between the content of squalene and the content of sodium, chlorine, and sulfate ion in the soil (Figure 2B) and a strong negative correlation with the accumulation of sodium and chlorine in the seeds (Figure 5A). A literature overview shows that plans containing squalene are olive oil (564 mg/100 g), soybean oil (9.9 mg/100 g), grape oil (19.1 mg/100 g), and Amaranthus (5,942 mg/100 g). However, of these species, olive seeds is used only for extracting commercial squalene despite the highest content is reported for Amaranthus (He et al., 2002). Several authors pointed out that squalene content in amaranth could be affected by environmental conditions, such as drought and water availability (He et al., 2002; Bozorov et al., 2018). Quinoa like Amaranthus, buckwheat, are important grains that provide a high quality of lipids and have health-promoting compounds. Squalene has a unique ability to saturate cells with oxygen. Allegedly, this is because squalene as an NS compound is unstable. However, the significance of squalene for the plant metabolism is not clear yet and requires further experimental studies. Like many other terpenoids, squalene is soluble in fats. Antitumoral and antiaging effects of squalene make it one of the powerful biological substances (Hill and Connolly, 2015). These physiological effects are generally well-tolerated and safe. The mechanisms of antitumor effects of squalene studied so far include decreasing farnesyl pyrophosphate (FPP) and free radical levels in cells, inhibition via negative feedback to the HMG-CoA enzyme, lessening the synthesis of FPP (Newmark, 1999; Reddy and Couvreur, 2009). The rich squalene content in quinoa seeds supports the levels and patterns of seed development and maturation stages due to its extraordinary antioxidant properties (Peiretti et al., 2013). Thus, the results of this study showed that the content of FAs and squalene in quinoa seeds is more influenced by the level of salinity than by chemistry, but moderate sulfate salinity has a greater negative effect than chloride salinity. Strong salinity (mixed Na2SO4 + NaCl) resulted in an increase in the content of two FAs (C18:0 and C20:0) and a decrease in the content of the remaining FAs and squalene.
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FIGURE 5. Principal component analysis (PCA) of multiple correlations squalene and elements contents in quinoa seeds (A); squalene and amino acids in quinoa seeds under different soil salinity (B).



The negative correlation of squalene content with the content of amino acids Pro, Gly, and Ile (Figure 5B) may be secondary, as the contents of amino acids Pro, Gly, and Ile positively correlate with the level of soil salinity (Figure 3B). Negative effects of salinization on plants may be due to low osmotic potential of the soil solution (osmotic stress) or toxic ionic effects (ionic stress) or a combination of these factors. Decrease in squalene content when salinity is increased is most likely due to toxic effects of sodium and chlorine ions. Squalene, an isoprenoid, is an important precursor for the biosynthesis of sterols, steroids, and ubiquinones. However, only 10% of the total quantity of squalene in the membrane is metabolically active for sterol synthesis, whereas the rest of it is stored, together with triacylglycerides and complex sterol esters as lipid droplets (Spanova et al., 2012). Because of its unpolarized nature, squalene is found in the hydrophobix center of the lipid bilayer, and it increases the hardness and size of the cell membrane when it assumes a hexagonal shape. Research of the lipid–protein interactions in cell membranes showed that squalene increases the polarity and hydrophobic interactions; it aids in regeneration of cell membranes, functional regulation of proteins, and ion transport (Orsini et al., 2011). The key cell membrane components are NS lipids, which, together with squalene, can regulate biophysical properties, passive diffusion, and dynamic organization of the membranes. Membrane viscosity and diffusion also depend on the presence of ST FAs and sterols, of which squalene is a precursor. In addition, squalene synthase is a putative branching point in the isoprenoid biosynthetic pathway, capable of directing carbon flux specifically to sterol biosynthesis, and therefore is considered a potential regulatory point of sterol metabolism (Devarenne et al., 2002). Based on the present results, this study demonstrated that salinity differently affects various components of quinoa seeds (Figure 6).
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FIGURE 6. Schematic presentation of the pathway for certain important seed chemical compounds as affected by salinity in Chenopodium quinoa Willd (e.g., Q5 genotype). The red represents decreased, whereas the green represents increased.



There are several possible reasons for the decrease in squalene content: (1) possible inhibition of squalene synthase; (2) redirection of the carbon flux from the biosynthesis of squalene to the biosynthesis of sterol; (3) a change in the ratio of NS/ST LCDs to preserve the fluidity and functionality of membranes; (4) a decrease in membrane permeability for ion movement as a protective reaction to an increase in the concentration of sodium ions; and (5) redirection of the NADPH cofactor to enhance the biosynthesis of proline in response to salinity, as both syntheses (squalene and proline) require NADPH.



CONCLUSION

The new quinoa Q5 is a stress-tolerant line, with a high nutritional value and unique phytochemical composition. Despite some plant growth performance and grain quality decline, its outstanding nutritional value along with its biochemical traits makes it a suitable candidate for direct incorporation into the human diet, especially in resource-poor rural areas. It is generally agreed that the amino acid and FA composition of quinoa is the primary indicator determining the nutritional composition and illustrates its value as a food source. This quinoa line also presented a high content of squalene, which might be responsible for the positive results of the seeds’ bioactivities. Further work is needed to investigate the role of the environmental stress levels on the FA biosynthetic enzymes in different genotypes of quinoa for better understanding the mechanism by which FAs accumulate in the seeds. This work contributes to the growing discussion on alternative sustainable and healthier foods by presenting new information regarding this climate-resilient and salinity-adapted new line of quinoa. This information can potentially be used by the food and pharmaceutical industries in the development of new food and health products.
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The intensive use of groundwater in agriculture under the current climate conditions leads to acceleration of soil salinization. Given that almond is a salt-sensitive crop, selection of salt-tolerant rootstocks can help maintain productivity under salinity stress. Selection for tolerant rootstocks at an early growth stage can reduce the investment of time and resources. However, salinity-sensitive markers and salinity tolerance mechanisms of almond species to assist this selection process are largely unknown. We established a microscopy-based approach to investigate mechanisms of stress tolerance in and identified cellular, root anatomical, and molecular traits associated with rootstocks exhibiting salt tolerance. We characterized three almond rootstocks: Empyrean-1 (E1), Controller-5 (C5), and Krymsk-86 (K86). Based on cellular and molecular evidence, our results show that E1 has a higher capacity for salt exclusion by a combination of upregulating ion transporter expression and enhanced deposition of suberin and lignin in the root apoplastic barriers, exodermis, and endodermis, in response to salt stress. Expression analyses revealed differential regulation of cation transporters, stress signaling, and biopolymer synthesis genes in the different rootstocks. This foundational study reveals the mechanisms of salinity tolerance in almond rootstocks from cellular and structural perspectives across a root developmental gradient and provides insights for future screens targeting stress response.

Keywords: almond rootstocks, ion exclusion, vacuolar sequestration, suberin, lignin, endodermis, exodermis, salinity tolerance


HIGHLIGHTS

This study reveals potential mechanisms of salt stress tolerance in almond via ion exclusion and sequestration and cellular barrier differentiation across a root developmental gradient.



INTRODUCTION

Soil salinization is one of the major environmental factors limiting agricultural productivity. Both natural and human activities have exacerbated this critical problem over the years (Rengasamy, 2002; Munns and Tester, 2008), resulting in a decrease in agricultural productivity in the affected areas. Worldwide almond production is a rapidly growing sector, with a 45% global increase in production from 2017 to 2018.1 However, the low salinity tolerance of almond plants is a significant hurdle negatively affecting almond production (Zrig et al., 2011; Kaundal et al., 2019). Therefore, selection of rootstocks with improved salinity tolerance is required to maintain the current production rate despite the trend of increasing soil salinity.

Plant roots are characterized by high developmental plasticity, facilitating adaptation to adverse environments (Liu et al., 2015). The root responds to salinity stress via inhibition of root growth, as a result of a decrease in the amount of cell expansion in the root elongation zone (Zhong and Läuchli, 1993; West et al., 2004; Jiang et al., 2017). Root adaptation to salinity stress involves development changes of the meristematic zone at the root tip, which is the most developmentally active region and one that plays a lead role in determining root system architecture (Julkowska et al., 2017). Salt stress leads to a reduction of root meristem size, coinciding with a shift in the ratio of lateral root to main root growth (Duan et al., 2013; Geng et al., 2013). Therefore, the different developmental layers in roots – the meristematic zone, the elongation zone, and the maturation zone – are expected to show different responses to salt stress. Currently, there is limited knowledge on salt tolerance mechanisms in a way that corresponds to developmental stages, especially in woody nut crops.

Known mechanisms of salinity tolerance include salt exclusion, vacuolar ion sequestration, and salt transportation (Munns and Tester, 2008; Zhang et al., 2010). Glasshouse experiments of citrus species indicated rootstock varieties that were able to exclude sodium ions (Na+) or chloride ions (Cl−) to minimize ion accumulation in the leaves (Sykes, 1992), a crucial feature in evaluating salt tolerance in citrus (Hussain et al., 2012).

Na+ sequestration is one of the well-studied mechanisms in salinity tolerance (Apse et al., 1999; Roy et al., 2014; Wu et al., 2019). In woody plants such as citrus, the vacuoles of root cortical parenchyma cells can sequester Na+ under salinity stress. Their ability to sequester salt in the root has been associated with salt reduction in the shoots, contributing to salinity tolerance (Gonzalez et al., 2012; Martínez-Alcántara et al., 2015). The ion antiporter encoded by NHX1/2 (Blumwald and Poole, 1985; Adabnejad et al., 2015), which is involved in vacuolar sodium sequestration, has been associated with increased salinity tolerance in diverse species such as tomato, mung bean, wheat, and rice (Moghaieb et al., 2014; Kumar et al., 2017; Zeng et al., 2018). In contrast to wide studies in diverse species, the capacity of vacuolar sodium sequestration in almond rootstocks, especially the difference between high salinity tolerance and low salinity tolerance genotypes, is currently unknown.

One of the key families of genes involved in salinity stress response is the SALT OVERLY SENSITIVE (SOS). Originally identified through a forward genetics study in Arabidopsis thaliana, SOS1 has been shown to encode a Na+/H+ antiporter at the plasma membrane responsible for efflux of salt from the cytoplasm to the apoplast. SOS1 activity is induced by salt stress and is mediated by the calcium-activated SOS2–SOS3 protein kinase complex (Shi et al., 2000; Qiu et al., 2002). The SOS genes also coordinate with high-affinity K+ channels (HKT; Yang and Guo, 2018). HKT, together with the low-affinity K+ channels (AKT), help maintain ion homeostasis by controlling sodium and potassium flux at the plasma membrane. HKT and AKT therefore play a role in regulating Na+ entry into the roots by selectively transporting K+ under salt stress (Rus et al., 2001; Apse and Blumwald, 2007). A recent study showed that PpHKT1, the HKT1 ortholog in almond rootstock “Nemaguard” (Prunus persica × Prunus davidiana), is able to rescue athkt1 salt-sensitive phenotype (Kaundal et al., 2019), suggesting a conserved role in almond.

Apoplastic barriers regulate solute and water transport in roots. The endodermis and the exodermis are two cell layers located in the innermost and outermost border of the root cortex, respectively. Both cell layers contain two components that make up the root apoplastic barrier: (1) the Casparian strip enriched in lignin and (2) the suberin lamellae (Enstone et al., 2002).

Lignin is primarily responsible for the diffusion barrier located at the Casparian strip of the endodermis (Naseer et al., 2012). Its deposition along the wall at the exodermis and the endodermis forces water and solutes to pass from the less regulated apoplastic route into the more controlled symplastic transport route (Naseer et al., 2012). Therefore, the deposition of lignin and the development of the Casparian strip in response to salt stress have been of significant interest in salinity tolerance studies (Yeo et al., 1999; Chen et al., 2018). Previous studies of 4-Coumarate 3-hydroxylase (C3H), an enzyme that catalyzes the formation of phenolic acids in lignin synthesis (Goujon et al., 2003), indicated that C3H may contribute to salt stress tolerance by regulating the production of reactive oxygen species and improving oxidase activity in broccoli plants (Jiang et al., 2017). Similarly, over-expression of the C3H gene improves salt tolerance in tobacco (Guo et al., 2009) and tamarisk (Wang et al., 2019).

The suberin lamellae is deposited in the endodermis and exodermis in more mature root zones, following the deposition of the Casparian strip, and plays an important role in the bidirectional regulation of solute transportation (Enstone et al., 2002; Barberon 2017; Doblas et al., 2017). The suberin lamellae is also developmentally plastic and highly responsive to nutrient (Barberon et al., 2016) and abiotic stress (Reinhardt and Rost, 1995; Tylová et al., 2017). In Oryza sativa, roots can increase the apoplastic barrier suberin deposition in response to salinity stress, which, in turn, reduces total sodium accumulation in shoots (Krishnamurthy et al., 2009). The expression of lignin and suberin biosynthesis genes (C3H, ASFT1, and KCS1; Rains et al., 2018) is highly upregulated in response to osmotic stress in barley (Kreszies et al., 2019). Among these genes, KCS1 is a 3-ketoacyl-CoA synthase responsible for fatty acid chain elongation in suberin biosynthesis (Todd et al., 1999). ASFT1, a feruloyl-CoA transferase, catalyzes the transfer of the phenolic head towards the acyl-chain in suberin biosynthesis and has been implicated in salinity tolerance in Arabidopsis (Zhang et al., 2020).

In addition to salt ion transport, sequestration, and minimizing salt ion entry via apoplastic barriers, plants counter the osmotic stress induced by high soil salinity with the use of osmolytes, such as proline (Gupta and Huang, 2014; Yang and Guo, 2018). P5CS1 is a delta1-pyrroline-5-carboxylate synthase that catalyzes the rate-limiting step in the biosynthesis of proline, whose cellular levels are associated with osmotic homeostasis (Maghsoudi et al., 2018). Because leaf chlorosis is often associated with salinity stress (Husain et al., 2003), the long-distance coordination of systemic responses is necessary. Phospholipid signaling under salinity stress involves SAL1, also known as FRY1, which represents a point of crosstalk between stress homeostasis and stress detoxification pathways (Zhu, 2002). Currently, it is unknown whether proline-dependent osmotic protection or retrograde chloroplast signaling is part of the salinity tolerance mechanism in almonds.

The main goal of this study was to characterize the salinity stress responses in three almond rootstocks. The study was based on the hypothesis that the first defense under salinity takes place in the root system and that sodium uptake and sequestration and apoplastic barrier differentiation contribute to salinity response. The expression of genes involved in related pathways can reflect these changes. Our study has altogether provided new insights into the cellular salt tolerance mechanisms of almond plants, generated a reference map for further root analysis, and identified differences in salinity stress response across a root developmental gradient.



MATERIALS AND METHODS


Growth Conditions and Treatments

Three genotypes, including Empyrean®-1(E1; Prunus persica × Prunus davidiana), Controller-5 (C5; Prunus salicina × Prunus persica), and Krymsk®-86 (K86; Prunus cerasifera × Prunus persica), were used for the experiments. Clonally propagated rootstocks were transferred from the rooting medium (supplied by Sierra Gold Nurseries, Yuba City, CA, USA) to soil and grown for 2 months in controlled environmental chambers with 55–65% humidity at 28°C and with light intensity of 800 μM/cm2/s. Subsequently, the plants were watered with 50 ml half-strength Hoagland solution containing 0, 50, and 150 mM NaCl per pot per day. Leaf weight, root weight, and root length were measured at harvest after 13 days of treatment. The shoots and roots were imaged at harvest.



Root Tip Harvest and Sections

After treating the plants for either 3 or 13 days, the root tips were harvested from three plants per genotype per treatment for staining. The root tips were harvested in 1-cm sections from the distal root tip to 3 cm above the root tip and immobilized in 5% agarose using sectioning blocks as mold (Electron Microscopy Sciences, 70180-AS). Next, the agarose-embedded root tips were sectioned at 100-μm thickness using a Vibratome (Vibratome 1,000 Plus Sectioning System, Richmond, IL, USA). The sections were transferred to an incubation buffer (20 mM MOPS, 0.5 mM CaSO4, and 200 mM sorbitol) and kept at 4°C for up to 1 week.



Sodium and Fluorescein Diacetate Staining

The vibratome sections were transferred into CoroNa Green sodium staining solution. Fifty micrograms of CoroNa Green reagent (ThermoFisher, Waltham, MA, USA) was dissolved in 100 μl dimethyl sulfoxide and further diluted to 0.1 mM working solution in the aforementioned incubation buffer to constitute the sodium staining solution. The samples were incubated overnight in sodium staining solution at room temperature in the dark prior to imaging with a Zeiss confocal microscope (Zeiss LSM 700).

Because both CoroNa Green signal and sodium sequestration require live cells for dye processing and high salinity stress may induce cell death, we analyzed the cell viability of the root sections after the 3‐ and 13-day salt treatments. We used fluorescein diacetate (FDA) as a viability stain because its fluorescence depends on cell membrane integrity (Jones et al., 2016). A stock solution of 0.2% FDA (w/v; Sigma-Aldrich, F7378) was made in acetone and then diluted to 4 μg/ml in incubation buffer. Immediately following sectioning, fresh samples were transferred to the staining solution and incubated in the dark at 22°C for 20 min. The FDA-stained samples were imaged with a Zeiss confocal microscope (Zeiss LSM 700) within 30 min.



Suberin and Lignin Staining

To investigate apoplastic barriers in the salinity tolerance of almond rootstocks, we first observed suberin deposition with Nile red, a lipophilic stain (Ursache et al., 2018). Stock solutions of 0.1% (w/v) Nile red were made in acetone and subsequently diluted to 2 μg/ml in 75% glycerol (in double-deionized water) to form the staining solution. Fresh sections were incubated in the staining solution at room temperature in the dark for 30 min. The sections preserved in the incubation buffer were rinsed twice with deionized water before staining. We measured the signal intensity at the endodermis and the exodermis and recorded the number of suberized cells in the endodermis to quantitatively analyze the suberin differences between rootstocks and across the root developmental gradient upon salt stress.

The dominant biopolymer of cellular barriers, lignin, was assessed using an established protocol based on Fuchsin Basic staining using the ClearSee sample preparation (Ursache et al., 2018). Our adapted ClearSee solution contains 10% (w/v) xylitol (Sigma-Aldrich), 15% (w/v) sodium deoxycholate (Sigma-Aldrich), and 25% (w/v) urea (Sigma-Aldrich) to reduce chlorophyll auto-fluorescence (Kurihara et al., 2015). Then, 0.2% (w/v) Fuchsin Basic was dissolved in ClearSee solution for the lignin staining solution. The sections were stained in basic fuchsin staining solution overnight at room temperature in the dark. Before imaging, the stained samples were de-stained with ClearSee solution overnight at room temperature in the dark.



Confocal Laser Scanning Microscopy

LSM700 (Carl Zeiss), Axio Imager 2 was used for imaging. A 488-nm laser was used for FDA‐ and CoroNa-stained samples (at 2 and 10.58% laser power, respectively), while a 555-nm laser was used to image the suberin‐ and lignin-stained samples (40 and 6% power, respectively). Emissions were collected over a wavelength range of 493 to 800 nm for FDA and CoroNa Green and 560–800 nm for Fuchsin Basic and Nile red. All images were collected using the Plan-Apochromat × 20 0.8 M27 objective. The pinhole setting was 1.32 U for FDA, 1.40 U for sodium, 1.54 U for lignin, and 1.96 U for suberin. The Z-series of the root tip sections were imaged at 2-μm intervals. Zen 3.1 (Zeiss) software was used for imaging and image export.



Gene Expression Analysis

Candidate gene expression levels in the root tips were determined by qPCR. After 3 days of salt treatment, 3 cm of whole root tips were collected for all genotypes, rinsed with deionized water, and flash-frozen in liquid nitrogen. Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA). cDNA was synthesized using the High Capacity cDNA Reverse Transcription kit (ThermoScientific, Waltham, MA, USA). The relative quantification method was used for analyzing the abundance of transcripts (Schmittgen and Livak, 2008). ACTIN2 was used as a reference gene. The coding sequences of Arabidopsis NHX1, NHX2, SOS1, SOS2, SOS3, P5CS1, SAL1, HKT1, and AKT1 (Shi et al., 2000; Rus et al., 2001; Qiu et al., 2002; Apse and Blumwald, 2007; Bassil et al., 2011; Estavillo et al., 2011; Barragan et al., 2012; Maghsoudi et al., 2018) and barley ASFT1, KCS1, and C3H (Kreszies et al., 2019) were used in a homolog search using BLAST against the Prunus persica transcriptome. The primers targeting these genes are listed in Supplementary Table 1. Quantitative analysis was performed by real-time RT-PCR using the PowerSYBR Green PCR Master Mix (Thermo Scientific).



Data Analysis and Figure Assembly

All the images obtained with the Zeiss confocal microscope (Zeiss LSM 700) were analyzed with ImageJ. Analysis across the root developmental gradient was performed by dividing the root tips into three developmental zones staged by tracking xylem development as follows: Z0, defined by the initiation of protoxylem largely overlapping with the meristematic zone; Z1, defined by a fully developed protoxylem; and Z2, defined by the presence of metaxylem and being the more mature zone (Figure 1).
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FIGURE 1. Schematic representation of root sections in almonds roots. Schematic of almond root in longitudinal and transverse sections indicating the designation of zones utilized in this analysis, staged based on xylem developmental anatomy.


Statistical analyses were performed using Microsoft Excel 2016 (Microsoft, Redmond, WA, USA) and SPSS ver. 11.0 (SPSS Inc., Chicago, IL, USA). Means were computed from a minimum of three biological replicates and subjected to analysis of variance (ANOVA) to determine statistical significance. Two-way ANOVA was performed for plant growth data, and three-way ANOVA was performed for the image quantification data. Means were compared using Duncan’s multiple-comparison tests (SPSS Inc., Chicago, IL, USA). Microsoft Excel was used to perform t-tests and generate graphs. The relative fluorescence intensity of sodium, FDA, suberin, and lignin staining was obtained after subtracting the unstained controls. All figures were assembled using Affinity Designer (Serif Europe Ltd., UK).




RESULTS


Phenotypic Responses of Different Rootstocks in Salinity Stress

In order to evaluate the salinity response of the three selected rootstocks, we first assessed the shoot phenotypes. During the first week of treatment, there were no discernable differences between the different NaCl concentrations and the no-treatment controls. However, genotype-specific salinity stress responses were observed by day 13 under 150-mM-NaCl treatment (Figure 2). Empyrean-1 (E1) showed minimal chlorosis on the young leaves compared to the untreated controls (Figure 2A). In contrast to E1, leaf senescence and wilting were apparent in Controller-5 (C5) and Krymsk-86 (K86) after 13 days of 150-mM-NaCl treatment (Figure 2A). Leaf weight analysis showed that there was no significant decrease in E1 after either 50‐ or 150-mM treatment, while both C5 and K86 showed a significant decrease of leaf weight under 150-mM-NaCl treatment (Figure 2C).
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FIGURE 2. Phenotypic comparisons of E1, C5, and K86 under salt treatment. Phenotype comparisons between E1, C5, and K86 plants before and after treatment with 0, 50, and 150 mM NaCl for 13 days. (A) Representative images of whole plants of E1, C5, and K86. Scale bar, 5 cm. (B) Representative root images of E1, C5, and K86. Scale bar, 5 cm. (C) Quantification of leaf weight, (D) root weight, and (E) root length suggests that E1 has superior salt tolerance compared to C5 and K86. Values are means ± SE (n = 5). Different lowercase letters indicate a significant difference at p < 0.05, two-way ANOVA.


We next examined the overall root phenotype (Figure 2B). Under control conditions, there was no significant difference in root length or weight between the three genotypes, and neither E1 nor C5 showed a significant decrease in root length and weight even after the 150-mM-salt treatment (Figures 2D,E). K86 showed the strongest response to salinity among the three genotypes, with a significant reduction in root mass after the 150-mM-NaCl treatment (Figures 2B,D). Our results altogether show that E1 outperformed the other two genotypes based on the salinity stress symptoms.



Sodium Transport and Sequestration in Almond Rootstocks

In order to gain insight into the mechanisms contributing to salinity tolerance, we visualized the localization of sodium across a developmental gradient at the root tip, where most salt absorption takes place. C5 and K86 showed a higher sodium signal intensity compared to E1 in cortical tissues under 50‐ and 150-mM-NaCl treatments for all zones (Z0–Z2; Figure 3A). Quantification of the sodium staining signal confirmed our cellular observations, with higher staining in the cortical parenchyma tissue of C5 and K86, compared to E1, and with C5 showing the highest sodium signal under the 150-mM-NaCl treatment (Figure 3C). This suggested a higher amount of sodium in the roots of K86 and C5 compared to E1 and that E1 may be more efficient in minimizing salt ion entry.
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FIGURE 3. E1 shows lower sodium accumulation under salinity stress compared with C5 and K86. (A) Representative images of CoroNa Green staining in different root developmental zones of E1, C5, and K86 treated with 0, 50, and 150 mM NaCl for 3 days. White arrows highlight sodium vacuolar localization in C5. Scale bars, 100 μm. (B) Quantification of sodium signal in the exodermis, (C) cortical parenchyma, and (D) endodermis shows lower fluorescent signal, etc. Values are means ± SE (n = 15). Different lowercase letters indicate significant differences at p < 0.05, three-way ANOVA.


Thus, we next focused on the sodium signal at the apoplastic barriers, the exodermis, and the endodermis under salt treatment. Interestingly, the sodium staining intensity at the apoplastic barrier showed a reverse trend of that for cortical parenchyma staining in the exodermis. In the exodermis, E1 clearly showed the strongest sodium staining signal of the three genotypes for all zones (Figures 3A,B). In the endodermis, E1 showed the strongest sodium signal in Z0 and Z1, while K86 showed the weakest signal at these zones for both salt treatments. However, at Z2, K86 showed the highest endodermis sodium signal at both 50‐ and 150-mM treatments (Figures 3A,D). Our data altogether indicate that apoplastic cell barriers may contribute differently to salinity tolerance based on the root developmental stage and that the role of the exodermis and the endodermis may be differentially regulated under salinity stress.

We observed a high sodium signal in the cortical parenchyma cells of C5 rootstocks and what appears to be vacuolar sodium signal. Because vacuolar sequestration of sodium has previously been shown in other species (Gonzalez et al., 2012; Roy et al., 2014), we also analyzed the vacuolar localization of sodium across genotypes and treatments. There was a noticeable increase in sodium accumulation in the vacuoles of cortical parenchyma tissue in C5 under 50-mM-NaCl treatment in all zones compared to the untreated control (Figure 3A). However, vacuolar sequestration was not observed following 150-mM-NaCl treatment, suggesting that C5 likely possesses a limited capacity for sodium sequestration. No obvious vacuolar sodium sequestration was observed in either E1 or K86 under these experimental conditions (Figure 3A).

Our results altogether show that E1 exhibits the least amount of sodium accumulation in root cortical parenchyma cells for all zones under both salt treatments, while C5 has limited potential in vacuolar sodium sequestration under relatively lower salt (50 mM) treatment.



Cell Viability Staining of the Root Meristematic Cells of Three Rootstocks Upon Salt Treatment

In order to verify the biological relevance of our results, we analyzed the cell viability of the root sections after the 3‐ and 13-day salt treatments using FDA staining. As shown in Figures 4, 5, both 50‐ and 150-mM-NaCl treatments led to a decrease in cell viability, with the 150-mM-NaCl treatment causing the greatest reduction. Under control conditions, Z2 showed a lower FDA fluorescence than Z0 for all genotypes (Figure 5). There was no significant difference among the three genotypes without NaCl treatment (Figures 4, 5). However, under both 3‐ and 13-day salt treatments, E1 showed the highest number of viable cells compared to C5 and K86 under both 50‐ and 150-mM-NaCl treatments (Figures 5A,B). Since FDA indicates the integrity and the activity of cells, it is likely that, among the three genotypes, E1 roots are able to maintain the highest number of viable cells under salinity stress. Therefore, based on our cell viability analysis, our results suggest that E1 has the highest and K86 the lowest salt tolerance.
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FIGURE 4. Cell viability across a root developmental gradient in salt-stressed rootstocks. Cell viability analysis in E1, C5, and K86 treated with 0, 50, and 150 mM NaCl shows decreased viability with increased length of treatment (A) and (B). Representative images of fluorescein diacetate (FDA) staining in the root of E1, C5, and K86 under a 3-day (A) and a 13-day (B) salt treatment. White arrows highlight live cells in E1. Yellow arrows indicate a reduction in the number of live cells in K86. Scale bar, 100 μm. Representative images of n = 15.


[image: Figure 5]

FIGURE 5. Quantification of cell viability across the root developmental gradient of E1, C5, and K86. Quantification of cell viability indicates that E1 has the highest number of viable cells under salt treatments. Fluorescence quantification of fluorescein diacetate (FDA) staining in the roots of E1, C5, and K86 treated with 0, 50, and 150 mM NaCl for 3 days (A) and 13 days (B). Analysis shows a reduction in cell viability concomitant with increased salt concentration and duration of treatment. Values are means ± SE (n = 15). Different lowercase letters indicate a significant difference at p < 0.05, three-way ANOVA.




Suberin Deposition in Response to Salt Treatment

To gain insight into the potential salt exclusion mechanism at apoplastic barriers in almond rootstocks, we observed suberin deposition between the different genotypes under salt treatment (Figure 6A). We measured the signal intensity at the endodermis and exodermis (Figure 6B) and recorded the number of suberized cells in the endodermis to quantitatively analyze the suberin differences between rootstocks and across the root developmental gradient. As expected, the deposition of suberin increased with the increasing maturity of the developmental zones examined (Figure 6A). E1 showed the greatest increase in suberin deposition in the exodermis in response to all salt treatments across all zones (Figure 6C). In contrast, C5 showed a significant increase between control and 50-mM treatment in Z0, but no further increase between 50‐ and 150-mM treatments, and only minimal increases in Z1 and Z2 in response to both salt treatments (Figure 6C). K86 showed the lowest exodermis suberin signal of the three genotypes. Although it did show an increase in suberization in response to rising salt concentrations in Z0, it failed to respond to salt treatment in Z1 and Z2 (Figure 6C).
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FIGURE 6. Suberin deposition across a developmental gradient in almond rootstocks. Suberin deposition across a developmental gradient in E1, C5, and K86 treated with 0, 50, and 150 mM NaCl for 3 days. (A) Representative images of suberin staining in the root of E1, C5, and K86 across different developmental zones. Scale bar, 100 μm. Yellow box highlights the exodermis; cells highlighted by a green box are quantified for fluorescence intensity. Blue box highlights the endodermis; cells highlighted by a green box are quantified for fluorescence intensity. White arrows indicate the suberized cells in exodermis and endodermis in E1. Yellow arrows indicate the reduced number of suberized cells in K86. (B) Representative diagrams of almond root in transverse section indicating the location of apoplastic barriers and phi cells. Quantification of suberin staining in exodermis (C) and endodermis (D) of E1, C5, and K86 indicates higher suberization and increased salinity stress response in E1. (E) Quantification of suberized cell number in endodermis of E1, C5, and K86. Values are means ± SE (n = 15). Lowercase letters indicate a significant difference at p < 0.05, three-way ANOVA.


Under control conditions, minimal to no suberin signal was detected in the endodermis of C5 or K86 at Z0. In contrast, E1 showed suberin deposition as early as Z0, even under control conditions (Figures 6A,D). In addition, E1 showed the highest suberization signal for each treatment in all zones (Figure 6D). In contrast, C5 showed increased suberin deposition under 50-mM-NaCl treatment compared to the control in Z0, yet no significant increase in Z1 and Z2 (Figure 6D). Similarly, K86 increased suberin deposition only in Z0 upon 150-mM treatment, while no significant changes were observed in Z1 and Z2 (Figure 6D). These data suggest a higher response to salinity stress in Z0, reflecting the plasticity of this developmental zone.

We then analyzed the number of suberized cells in the endodermis (Figure 6E) and showed that, in all three zones, E1 had the highest number of suberized cells, with the increase in the number of suberized cells corresponding to an increase in sodium concentration. However, the number of suberized cells did not increase in the other genotypes in Z1 and only minimally in Z2. Our data altogether show that, among the three genotypes, E1 is the most responsive to salinity stress with respect to suberin deposition, both in the exodermis and the endodermis across all developmental zones.



Lignin Deposition in Response to Salt Treatment

We examined lignin, the dominant polymer of cellular barriers, both in the exodermis and the endodermis of the root sections (Figure 7A). In control conditions, E1 and C5 showed stronger signals compared to K86 for all zones in both the exodermis and the endodermis (Figures 7B,C). Then, we analyzed the intensity of lignin signal by zone for all treatments in both the exodermis and the endodermis (Figures 7B,C). There was a correlation of lignin staining intensity with salt concentration in both the exodermis and the endodermis of E1 in all developmental zones. Although the same trend was also observed in C5 exodermis and endodermis, only the 150-mM-NaCl-treated samples of C5 showed a significant difference compared to the control, in both Z1 and Z2 (Figures 7B,C). K86, in contrast, showed the weakest lignin signal among the three genotypes, even under control conditions. Unlike E1 and C5, K86 did not show any increase in lignin deposition in any of the salt treatments in either the exodermis or the endodermis, indicating a lower responsiveness to salinity stress in apoplastic barrier development (Figures 7B,C). Notably, lignified phi cells, a cortical cell type hypothesized to contribute to salt ion uptake regulation (Fernandez-Garcia et al., 2009), were stained in some, but not all, sections in all three genotypes across all developmental zones (Figure 7A).
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FIGURE 7. Lignin deposition across a developmental gradient in almond rootstocks. Lignin deposition across the developmental gradient in E1, C5, and K86 treated with 0, 50, and 150 mM NaCl for 3 days. (A) Representative images of lignin staining in the roots of E1, C5, and K86. Scale bar, 100 μm. Yellow box highlights the exodermis; cells highlighted by a green box are quantified for fluorescence intensity. Blue box highlights the endodermis; cells highlighted by a green box are quantified for fluorescence intensity. White arrows indicate the lignified cells in exodermis and endodermis in E1. Yellow arrows indicate that K86 shows a reduction in the number of lignified cells. Quantification of lignin staining in exodermis (B) and endodermis (C) of E1, C5, and K86 shows increased lignification in response to salinity stress in both E1 and C5, but not in K86. Values are means ± SE (n = 15). Lowercase letters indicate a significant difference at p < 0.05, three-way ANOVA.




Expression of Genes Associated With Rootstock Salt Tolerance

To better understand the effect of salt treatments on ion transporters, sodium sequestration, signaling, and biopolymer synthesis, we performed expression analysis of candidate genes in almond, i.e., homologs to salinity-responsive genes characterized in other species. Quantitative real-time PCR indicated that SOS1 (Figure 8A), NHX1 (Figure 8D), HKT1 (Figure 8G), P5CS1 (Figure 8H), and ASFT1 (Figure 8K) were all upregulated upon salinity stress in the three tested genotypes, while SOS2 and SOS3 (Figures 8B,C), AKT1 (Figure 8F), and KCS1 (Figure 8L) were more highly upregulated in E1. This supports our hypothesis that E1 has an increased capacity to exclude salt, as the higher expression of SOS2 (Figure 8B) and SOS3 (Figure 8C) can lead to activation of the SOS1 antiporter to extrude sodium. NHX2 (Figure 8E), a vacuolar antiporter responsible for sodium sequestration into the vacuole, was dramatically upregulated in C5, corroborating sodium vacuolar sequestration (Figure 3A). SAL1, part of the retrograde abiotic stress signaling pathway from the chloroplast to the nucleus (Figure 8I), was only upregulated in E1, while P5CS1, involved in the synthesis of the osmotic stress-protectant proline (Figure 8H), was upregulated in both C5 and E1. This suggests that, while both SAL1 and P5CS1 may be involved in salinity response in almond rootstocks, SAL1 may play a more critical role in salinity tolerance. C3H, part of the lignin biosynthesis pathway, did not significantly change upon salt treatment in E1 (Figure 8J), which is in line with similar observations in Arabidopsis (Chun et al., 2019). These gene expression patterns provide additional evidence for the molecular mechanisms behind salt tolerance in these almond rootstocks and valuable targets for future studies.
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FIGURE 8. Expression analysis of candidate genes in salinity stress in almond rootstocks. RT-qPCR analysis of the expression level of candidate salinity stress genes in E1, C5, and K86 under control conditions and 150 mM NaCl treatment for 3 days. (A-C) SOS genes show a significant upregulation in salt-treated samples in E1. (D,E) Candidate genes involved in the sequestration of Na+ in vacuoles. NHX1 is upregulated in all genotypes in response to salinity stress. NHX2 is upregulated threefold in C5 plants. (F,G) Candidate genes involved in Na+ transport are upregulated in response to salinity stress, with AKT1 showing a higher upregulation in E1. (H) Proline biosynthesis is upregulated in response to salinity stress in all three genotypes, with a weaker response in K86. (I) The abiotic stress signaling pathway is highly upregulated in E1, but not C5 or K86. (J-L) Candidate genes involved in suberin biosynthesis show more significant upregulation compared to lignin biosynthesis. KCS1 shows a significant upregulation of expression in E1 compared to downregulation in C5 and K86. Values are means ± SE (n = 12). *p < 0.05.





DISCUSSION


Tolerant Rootstocks Exhibit Significant Phenotypic Evidence of Salinity Tolerance at the Early Growth Stage

The root is the first organ exposed to salinity stress and plays an important role in salt sensing and salt avoidance behavior (Galvan-Ampudia et al., 2013; Robbins et al., 2014; Koevoets et al., 2016; Julkowska et al., 2017). Salinity stress induces programmed cell death in the root and slows down cell activity, resulting in growth reduction and stress symptoms in the aerial parts of the plant (West et al., 2004; Koevoets et al., 2016). Exclusion and sequestration of salt ions by the root are known mechanisms that affect the ion concentration in shoot sap and the accumulation of toxic ions in the leaves (Tester and Davenport, 2003). This can be a result of more effective vacuolar compartmentalization of sodium ions, increased production of osmoprotectants such as proline, or more effective salt ion retrieval from shoot via ion transporter pathways. Because roots are the first defense layer under high salt conditions, we first assessed the three rootstocks for overall salt tolerance phenotypes in order to select rootstocks and analyze them in greater depth at the root level. Our root phenotypic analysis was used to generate hypotheses on possible tolerance mechanisms and inform our further molecular experiments.

An analysis of 3-month-old E1 rootstocks suggested multiple mechanisms of protection from salinity stress compared to other genotypes. E1 exhibited unaffected root growth and largely maintained root cell viability in salt stress compared to the control. In contrast, K86 had a significant reduction in both root length and weight, with minimal cell viability in the root cortex, in response to salinity stress. To draw conclusions on overall plant health and performance, we also observed salt stress symptoms in aerial tissues of all three rootstocks. While the aerial tissues of both C5 and K86 showed multiple symptoms of salt stress, including severe chlorosis and wilting shoot (Figure 2A), E1 exhibited only minor leaf chlorosis, verifying the salt tolerance of this genotype.

Our holistic analysis provided strong evidence for salinity tolerance in E1 over the two other rootstocks tested as well as provided both the experimental conditions and framework to better understand the mechanisms of salinity tolerance based on cellular and molecular responses in root tissues. Towards this end, we measured sodium uptake and sequestration across a root developmental gradient (Figure 3), while paying attention to root anatomical structures in almond that could contribute to salt tolerance.



Vacuolar Sequestration in Response to Salinity Treatment Is Genotype Specific

Vacuolar sodium sequestration decreases sodium concentration in the cytoplasm and minimizes sodium transport to the shoot (Munns and Tester, 2008). Vacuolar sodium sequestration is a well-studied salt tolerance mechanism across several crop species (Blumwald et al., 2000; Barragan et al., 2012; Wu et al., 2019) but has not been assessed in almond. Of the three genotypes, C5 exhibited the most prominent vacuolar sodium sequestration effect. Vacuolar sodium signal was observed in C5 samples under the 50-mM-NaCl treatment but notably not in samples under the 150-mM-NaCl treatment (Figure 3). It is likely that higher concentrations of salt, as tested with the 150-mM-salt treatment, exceed the salt tolerance threshold and sequestration capacity of C5. Combined with our cell viability assay, it is plausible that high salt concentrations induce cell senescence that, in turn, hinders the cell’s ability to initiate or maintain vacuolar sequestration of NaCl (Figures 4, 5).

In contrast, E1 and K86 have no vacuolar sodium signal in any sample with or without NaCl treatment (Figure 3). The high salt tolerance phenotype of E1 roots suggests that alternative mechanisms for salinity tolerance, such as osmoprotectants and salt exclusion, may be in place and that vacuolar sequestration was not the primary strategy of tolerance under our treatment conditions and concentrations. Although a similar mechanistic explanation is possible for K86, the significantly diminished root growth and cell viability suggest that K86 may simply be far more salt sensitive than either C5 or E1 (Figures 4, 5). In this case, the cortical parenchyma cells of K86 are likely unable to sequester sodium due to a high rate of cell senescence and death (Figures 4, 5). Future studies with salt concentrations below 50 mM NaCl can provide further insights on the salt sensitivity of K86.

Vacuolar sodium sequestration is dependent on the activity of the vacuolar antiporter, NHX1/2, responsible for sodium sequestration (Barragan et al., 2012; Yamaguchi et al., 2013). In agreement with our vacuolar sodium staining results, we observed that NHX2 was upregulated twofold in C5 in response to salt treatment but only slightly upregulated in E1 and K86 (Figure 8E). NHX1 showed a twofold upregulation in both E1 and C5 (Figure 8E). This suggests that both genes may contribute to the sequestration observed in C5. However, because C5 exhibited a significantly higher level of vacuolar sequestration paired with significant upregulation of NHX2, we conclude that NHX2 is likely the dominant antiporter for vacuolar sodium sequestration in almond rootstocks.



Apoplastic Barriers Contribute to High Salinity Tolerance

The exodermis and the endodermis serve as two apoplastic barriers contributing to protection against abiotic stress, such as drought and salinity, by regulating the uptake and transport of water and ions from the soil (Seago et al., 2000; Enstone et al., 2002; Lux et al., 2004). The sodium localization data of E1 showed a significant accumulation in the cell walls of exodermis and endodermis (Figure 3), suggesting that sodium ion transport to the stele may be restricted by these two apoplastic barriers. Specifically, the enhancement of suberization at both exodermis and endodermis restricts ion transport from the rhizosphere to the stele by limiting apoplastic transport (Baxter et al., 2009). An anatomical analysis of suberin deposition showed that E1 exhibits a striking increase of suberin deposition at both exodermal and endodermal cells under salinity stress compared to the other two genotypes (Figure 6). Notably, the analysis across a root developmental gradient in E1 showed an increased number of suberized cells in the endodermis of the youngest developmental zone in E1 under 50‐ and 150-mM-salt stress. In contrast, C5 and K86 showed very few suberized cells in the endodermis of Z0 under both salt treatment conditions (Figure 6E). These data together suggest that E1 may be more efficient in salt exclusion in the root not only by increasing the amount but also by earlier suberin deposition, as it has been documented in other species under osmotic stress (Kreszies et al., 2019). Considering our vacuolar data, we reason that sufficient reduction in salt ion entry may be enough to reduce the sodium concentration in E1 cortical cells, such that vacuolar sequestration may not be necessary. Future analysis of salt ion concentration in both shoots and roots is necessary to determine if this is the case.

Our gene expression analysis confirmed the suberin detection experiments in that the 3-ketoacyl-CoA synthase, KCS1, involved in suberin and cutin biosynthesis (Mustroph and Bailey-Serres, 2010), is dramatically upregulated in E1, but not in C5 or K86 (Figure 8L). Notably, our root zone-dependent investigation method allowed us to examine the developmental time point of suberization initiation. E1 exhibited suberin lamellae deposition in zone 0 under mild and strong salt stress earlier than the other two more sensitive genotypes (C5 and K86; Figure 6). The early suberization in almond rootstocks, in contrast to the late suberin development in Arabidopsis (Naseer et al., 2012), indicates a mechanism for higher salinity tolerance in this woody species. We conclude that the combination of early suberization initiation and enhanced suberin lamellae deposition in E1 contributes to its high salinity tolerance by restricting sodium uptake.

Similar to suberin lamellae deposition, lignin deposition, particularly at the Casparian strip, is also critical for the regulation of solute transport at apoplastic barriers (Naseer et al., 2012). An anatomical analysis showed higher lignin deposition in E1 in both exodermal and endodermal cell walls compared to C5 and K86, which further supports our conclusion that limiting salt uptake contributed to salinity tolerance in E1. While C3H, a gene active in lignin biosynthesis, is upregulated in other species under osmotic stress (Barros et al., 2019; Kreszies et al., 2019), C3H did not significantly change upon salt treatment in E1 (Figure 8J). Considering that lignin biosynthesis genes are differentially regulated in response to abiotic stress in various species (Moura et al., 2010; Chun et al., 2019), the enhanced lignin deposition in E1 may be a result of other gene upregulations. Future work will assess which lignin biosynthesis genes are involved in the increased lignin in E1 under salt stress.



Sodium Transporter Genes and Stress Signaling Genes Are Strongly Upregulated in Tolerant Rootstocks

In addition to the anatomical and cellular adaptations observed among the three rootstocks in response to salt stress, we also assessed the expression changes of key sodium transporter genes. The export of sodium at the plasma membrane is mediated by the ion transporter SOS1 and regulated by SOS2 and SOS3 (Qiu et al., 2002; Shi et al., 2002; Martínez-Alcántara et al., 2015), while overexpression of SOS genes has been shown to increase salt tolerance (Yang et al., 2009). The observed increased expression of all three SOS genes in E1 under salt stress (Figures 8A–C) strongly suggests that minimizing salt entry into cells, at the level of the plasma membrane, contributes to the salinity tolerance of E1, in addition to minimizing salt entry via apoplastic barriers. The sodium transporter HKTs are known to control the retrieval of sodium from the xylem and reduce sodium accumulation in shoots in response to salinity stress (Rus et al., 2001; Davenport et al., 2007; Kaundal et al., 2019; Khan et al., 2020). The upregulation of HKT1 in all three rootstocks (Figure 8E) indicates that this transporter is conserved in salt stress response. The potassium channel AKT increases osmotic and drought tolerance by facilitating an increase in potassium uptake in rice and barely (Ahmad et al., 2016; Feng et al., 2020). We found that AKT1 was upregulated significantly only in E1 (Figure 8D), suggesting that an increase in potassium uptake may be important in almond rootstock’s salt tolerance. The overall investigation of ion transport-associated genes indicates that ion balancing via exporting sodium and importing potassium is beneficial in almond salt tolerance. SOS and AKT genes therefore can be used as candidate reporters for the selection of salt-tolerant almond rootstocks.

SAL1, the phosphatase regulating the signal molecule 3'-polyadenosine 5'-phosphate level, is a negative regulator of drought tolerance in Arabidopsis (Wilson et al., 2009). The downregulation of SAL1 in C5 (Figure 8I) upon salt stress suggests that SAL1 plays a similar role in C5. However, the fourfold upregulation of SAL1 in E1 (Figure 8I) indicates that a differential regulation of SAL1 might be depending on genotype, as it has been shown between two poplar species under drought stress (Street et al., 2006). This is likely due to the association of SAL1 with the altered root architecture in plants (Hirsch et al., 2011). This suggests that the root architectural features of E1 (Figure 2B) provide an advantage in response to salinity treatment compared to the other two genotypes.

P5CS1, involved in proline biosynthesis for drought adaptation (Muzammil et al., 2018), is significantly upregulated in E1 and C5 after salinity treatment, in contrast to K86 (Figure 8H), suggesting that protection against osmotic stress is a key feature of salt tolerance in almond rootstocks.

In summary, our molecular evidence showed that there are several mechanisms of salt tolerance at play in the almond rootstocks tested, including sodium ion transport, stress signaling, and osmotic balance. Among those, upregulation of genes involved in these pathways leads to increased salt tolerance, as shown with our E1 expression data.




CONCLUSION

Our phenotypic and cellular analyses revealed that E1 achieves superior salt tolerance via multiple mechanisms focusing on the exclusion of sodium ions from the root vasculature. We observed evidence of apoplastic and symplastic salt exclusion through enhanced suberin lamellae and lignin deposition and upregulation of ion transporters. In contrast, our data suggest that vacuolar sequestration reaches a certain threshold beyond which other mechanisms are required for salinity tolerance. Additionally, a developmental gradient is critical for investigating salt stress response in the root. Our analysis across a root development gradient shows that apoplastic barriers, particularly in early developmental zones, play an important role in the salinity tolerance of these woody plant species. Our data suggest that K86 employs fewer salt tolerance strategies of the other two genotypes, which corroborates its relatively salt-sensitive phenotype.

In conclusion, our study addresses a long-standing limitation of identifying salt-tolerant rootstocks at an early growth stage. We report plantlet and cellular phenotypes and molecular evidence of salt tolerance, any of which can be used as markers in the selection of salt-tolerant genotypes. Additionally, this work provides a foundational study of a root anatomy map in almond rootstocks that can be applied beyond salinity to studies on other abiotic stresses. Furthermore, we have provided a new perspective on rootstock analysis and identified genes that can provide a basis of selection and modification of root characteristics towards salinity tolerance.
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High salinity is one of the major abiotic stresses limiting rice production. Melatonin has been implicated in the salt tolerance of rice. However, the molecular basis of melatonin-mediated salt tolerance in rice remains unclear. In the present study, we performed an integrated transcriptome and metabolome profiling of rice seedlings treated with salt, melatonin, or salt + melatonin. The application of exogenous melatonin increased the salt tolerance of rice plants by decreasing the sodium content to maintain Na+/K+ homeostasis, alleviating membrane lipid oxidation, and enhancing chlorophyll contention. A comparative transcriptome analysis revealed that complex molecular pathways contribute to melatonin-mediated salt tolerance. More specifically, the AP2/EREBP–HB–WRKY transcriptional cascade and phytohormone (e.g., auxin and abscisic acid) signaling pathways were activated by an exogenous melatonin treatment. On the basis of metabolome profiles, 64 metabolites, such as amino acids, organic acids, nucleotides, and secondary metabolites, were identified with increased abundances only in plants treated with salt + melatonin. Several of these metabolites including endogenous melatonin and its intermediates (5-hydroxy-L-tryptophan, N1-acetyl-N2-formyl-5-methoxykynuramine), gallic acid, diosmetin, and cyanidin 3-O-galactoside had antioxidant functions, suggesting melatonin activates multiple antioxidant pathways to alleviate the detrimental effects of salt stress. Combined transcriptome and metabolome analyses revealed a few gene–metabolite networks related to various pathways, including linoleic acid metabolism and amino acid metabolism that are important for melatonin-mediated salt tolerance. The data presented herein may be useful for further elucidating the multiple regulatory roles of melatonin in plant responses to abiotic stresses.
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HIGHLIGHTS


-An exogenous melatonin treatment enhances rice salt tolerance by activating distinct transcriptional cascades and phytohormone signaling in concert with multiple antioxidants and unique metabolic pathways.





INTRODUCTION

Melatonin is a low-molecular-weight indoleamine compound that was first discovered in the pineal gland in 1958 (Lerner et al., 1958). It was characterized as a neurohormone exclusive to animals and associated with diverse physiological systems (Reiter, 1991). In 1995, melatonin was detected in a few edible plants based on mass spectrometry combined with fluorescence detection and other techniques (Dubbels et al., 1995; Hattori et al., 1995). Subsequent research revealed that melatonin is widely distributed in the plant kingdom and has multiple biological activities (Arnao and Hernández-Ruiz, 2015). There are five types of genes involved in the melatonin biosynthesis and catabolism in plants. Specifically, genes encoding four consecutive enzymes, tryptophan decarboxylase, tryptamine 5-hydroxylase, serotonin N-acetyltransferase, and N-acetylserotonin O-methyltransferase, are related to melatonin biosynthesis, whereas one gene encoding melatonin 2-hydroxylase helps mediate melatonin catabolism (Arnao and Hernández-Ruiz, 2015; Wei et al., 2016). Most of these genes have been identified and characterized in plants and animals, with a few genes named differently and encoding proteins with diverse functions between plants and animals (Arnao and Hernández-Ruiz, 2014).

There is considerable evidence that melatonin has multiple regulatory effects on plant growth and development (Arnao and Hernández-Ruiz, 2014). Most importantly, melatonin is a key factor influencing the regulation of plant tolerance to biotic and abiotic stresses. For example, its strong antioxidant activity helps maintain reactive oxygen species homeostasis to protect plants from damages caused by environmental stresses (Kolář and Macháčková, 2005; Sun et al., 2020a). Melatonin can also activate various antioxidant enzymes, such as superoxide dismutase, catalase, peroxidase, and ascorbate peroxidase, to mitigate oxidative stress in plants (Shi et al., 2015b; Khan et al., 2020). Plant photosynthesis is very sensitive to environmental stresses, including extreme temperatures, drought, and salinity. Melatonin can increase chlorophyll contents as well as enhance electron transport and stomatal conductance to restrict the adverse effects of abiotic stresses on photosynthesis (Wang et al., 2013, 2018; Zhang et al., 2015). Exogenous melatonin reportedly inhibits chlorophyll degradation, suppresses the expression of senescence-associated genes, and delays leaf senescence by regulating a few transcription factors (TFs), including senescence-related SGR and NAC TFs (Liang et al., 2015). The application of exogenous melatonin can modulate the expression of endogenous genes in plants exposed to abiotic stresses. Several studies revealed that TF genes, including those encoding drought-responsive element-binding (DREB), WRKY, MYB, bHLH, NAC, and HSF TFs, are significantly regulated in plants by melatonin (Weeda et al., 2014; Shi et al., 2015a; Li et al., 2016). These melatonin-activated TF genes under abiotic stress conditions are important for regulating the downstream stress-response genes. Melatonin can alleviate the inhibitory effects of abiotic stress on gene expression, with many downstream genes related to primary and secondary metabolism differentially expressed following a melatonin pre-treatment (Shi et al., 2015a; Hu et al., 2020).

With the development of metabolome-profiling platforms, global changes to metabolites in response to a melatonin treatment have been investigated based on gas chromatography–mass spectrometry and liquid chromatography–mass spectrometry (LC-MS) analyses. Previous studies confirmed that several primary metabolites, including amino acids, organic acids, and sugars, are involved in melatonin-mediated responses to biotic and abiotic stresses (Shi et al., 2015a; Hu et al., 2016). Additionally, secondary metabolites, such as linoleic acid, flavonoids, and intermediates of melatonin biosynthesis, increase in abundance after an exogenous melatonin treatment of plants under stress conditions (Yu et al., 2018; Debnath et al., 2020; Hu et al., 2020).

Rice is one of the most sensitive cereal crops to salinity. Earlier research indicated that the application of diverse exogenous biochemical compounds, including phytohormones, growth regulators, and antioxidants, can improve rice salt tolerance (Wang et al., 2016; Ganie et al., 2019). Melatonin alleviates salinity stress in rice by detoxifying the H2O2 accumulated in cells and enhancing the activity of the plasma membrane K+ transporter to maintain K+ homeostasis (Liang et al., 2015; Liu et al., 2020). However, there is little information regarding the melatonin-mediated metabolomic and transcriptomic responses of rice plants to salt stress. To characterize the molecular mechanisms underlying the effects of melatonin more comprehensively on salt stress tolerance, we comparatively analyzed the transcriptome and metabolome of rice seedlings following control, melatonin, salt stress, and salt stress plus melatonin treatments. The combined global gene expression and metabolite profiles revealed exogenous melatonin can enhance rice salt tolerance by activating distinct transcriptional cascades and unique metabolic pathways. The results of this study provide novel insights into the complex regulatory activities underlying melatonin-mediated salt stress tolerance in rice.



MATERIALS AND METHODS


Plant Growth and Treatments

A highly salt-sensitive Oryza sativa L. ssp. Geng (japonica) rice variety, 02428, was used as the study material. The seeds were surface-sterilized with 4% sodium hypochlorite for 20 min, rinsed with distilled water, and then germinated in an incubator. The germinated seeds were placed in the wells (containing tap water) of 96-well PCR plates and incubated for 7 days, after which they were transferred to Yoshida nutrient solution (Yoshida et al., 1976). The rice seedlings at the 3-leaf stage were independently subjected to the following four treatments, with five replicates per treatment: control (normal nutrient solution), salt (nutrient solution + 100 mM NaCl), melatonin (nutrient solution+10 μM melatonin), and salt + melatonin (nutrient solution + 100 mM NaCl + 10 μM melatonin). The seedlings were grown in a phytotron (size: 4.0 m × 2.5 m × 2.5 m) with a day (29°C)/night (22°C) cycle, an irradiance of about 700 μmol quanta m–2 s–1, and a minimum relative humidity of 70%. The pH of the nutrient solution was adjusted daily to 5.5 by adding sulfuric acid and the nutrient solution was refreshed weekly. Leaf samples were collected at 7 days post-treatment for the transcriptome and metabolome analyses. Freshly harvested leaves were quickly frozen in liquid nitrogen and stored at −80°C until the total RNA and metabolite extractions.



Physiological Trait Analysis

The 02428 seedlings were collected at 7 days post-treatment for physiological analysis. The leaf chlorophyll content of five plants per treatment was measured with the SPAD-502 meter (Minolta Camera Co., Ltd., Japan) according to the instruction. The chlorophyll meter reading was detected in the first fully expanded leaf, and five SPAD readings were taken around the midpoint of each leaf and averaged its values. The Na+ and K+ contents of the shoots and roots were measured at 7-days post-treatment as described by Zang et al. (2008). Briefly, shoots and roots were dried under 80?, weighed and extracted in acetic acid (100 mmol/L) at 90? for 2 h. Na+ and K+ levels in the acid-digested samples were estimated using the flame photometer (S2, Thermo Finnigan, Waltham, MA United States). The concentrations of Na+ and K+ were determined at 589 and 766.5 nm, respectively. The malondialdehyde (MDA) content was measured using thiobarbituric acid (TBA) as described by Zhang et al. (2019). Specifically, MDA was extracted using chilled TBA and quantified by determining the absorbance of the supernatant at 532 nm.



Melatonin Extraction and Detection

The shoot melatonin concentration of the 02428 seedlings was measured based on ultra performance liquid chromatography (UPLC) as previously described (Sun et al., 2020b) with minor modification. Leaf samples were ground in liquid nitrogen and extracted with 1.5 mL methanol solution under precooled conditions. After sonication and centrifugation, the supernatant was collected and dried under nitrogen. The residue was redissolved in 2 mL of 5% methanol-water solution for further isolation of melatonin using the solid phase extraction (SPE). The C18 SPE cartridge was activated as described by Chen et al. (2003). The 2 mL prepared sample was added to the column, after drying, 10 mL of 5% methanol-water solution was used to elute the interference impurities, then retained melatonin was eluted at a low flow-rate using 1 mL of 80% methanol-water solution, the eluate was then filtered and subjected for UPLC/MS analysis.

The analytes were separated using Agilent Z0RBAX Eclipse XDB-C18column (4.6 mm × 250 mm, 5 μm) with water (solvent A) and methanol (solvent B) as mobile phases at a flow rate of 0.8 mL/min. Ten μL extracted sample was injected for the analyses. The excitation wavelength was selected at 286 nm and the emission wavelength was selected as 352 nm for melatonin detection using fluorescence.



RNA Extraction, Library Construction, RNA Sequencing, and Data Analysis

Total RNA was extracted from frozen leaf samples using the TRIzol reagent, after which it was purified and concentrated with the RNeasy MinElute Cleanup kit (Qiagen). For each sample, 1 μg RNA was used as the input material for preparing sequencing libraries using the NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB, United States). Index codes were added to attribute sequences to each sample. The median insert size was set at 200–300 bp. The prepared libraries were sequenced with the Illumina HiSeq 4000 system, with three biological replicates per sample. The raw sequence data have been deposited in the Genome Sequence Archive in National Genomics Data Center, Beijing Institute of Genomics, Chinese Academy of Sciences, under accession number CRA003581 that are publicly accessible at1.

Raw reads in the fastq format were first processed with in-house perl scripts. Clean reads were obtained by removing reads containing adapters, reads with poly-N sequences, and low-quality reads from the raw data. The clean reads were then mapped to the reference genome sequence using HISAT2. Gene expression levels were estimated based on the fragments per kilobase of transcript per million fragments mapped. The genes differentially expressed between the treated and control samples (false discovery rate < 0.01 and fold-change ≥2) were identified using EBseq (Leng and Kendziorski, 2020).

A Gene Ontology (GO) enrichment analysis of the differentially expressed genes (DEGs) was performed using the agriGO toolkit2 Tian et al., 2017). The KOBAS software (Xie et al., 2011) was used to identify the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched among the DEGs. A quantitative real-time PCR (RT-qPCR) analysis was performed to confirm the expression levels of selected genes involved in melatonin biosynthesis and catabolism. Details regarding the analyzed genes and the gene-specific primers are listed in Supplementary Table 1.



Metabolite Profiling and Data Analysis

Metabolite profiles were determined using the same materials that were used for the transcriptome analysis. Metabolites were extracted from 12 leaf samples (i.e., three biological replicates for each of the four treatments). The frozen samples were freeze-dried and ground for 1.5 min at 30 Hz using the MM 400 mixer mill (Tetsch). Metabolites were extracted by adding 1.0 mL 70% aqueous methanol to 100 mg ground material and incubating overnight at 4°C. Samples were centrifuged at 10,000 × g for 10 min, after which the extracts were filtered with the SCAA-104 filter (0.22 μm pore size) prior to the LC-MS analysis.

The metabolite profiling was completed using a platform that combined UPLC and tandem mass spectrometry (MS/MS) as previously described (Guo et al., 2019). Metabolites were characterized using the Metware database (Metware Biotechnology Co., Ltd., Wuhan). Additionally, they were quantified based on the peak areas with the multiple reaction monitoring mode. The metabolite data have been deposited in the National Genomics Data Center, Beijing Institute of Genomics, Chinese Academy of Sciences, under accession number OMIX220 that are publicly accessible at3.

The metabolite profiling data were normalized for a principal component analysis (PCA) (Jolliffe, 2002). The metabolites that were differentially abundant between the control and treated 02428 seedlings were detected based on the following criteria: variable importance in projection (VIP) ≥1 and a fold-change ≥1.5. The significantly enriched KEGG pathways were identified with Fisher’s exact test using a FDR < 0.05.



Correlation Analysis of Metabolite and Transcript Profiles

The metabolite and transcript data were converted to log2 values for subsequent analyses. Pearson correlation coefficients (PCCs) were used to analyze the metabolites and transcripts for the combined metabolome and transcriptome analysis. Correlations were determined based on the following criteria: PCC > 0.80 and corresponding p-value < 0.05.




RESULTS


Melatonin Improved the Physiological Traits of Rice Seedlings Under Salt Stress Conditions

To investigate the physiological effects of exogenous melatonin on rice plants exposed to salt stress, the 02428 seedlings at the 3-leaf stage were treated with 100 mM NaCl, 10 μM melatonin, or 100 mM NaCl + 10 μM melatonin for 7 days. There were no phenotypic differences between the melatonin-treated seedlings and the control seedlings (Figure 1). However, the exogenous melatonin alleviated the detrimental effects of salt stress, with the survival rate of the seedlings that underwent the salt + melatonin treatment (80%) significantly higher than that of the seedlings treated with salt alone (45%) (Figure 1B). Under normal growth conditions, the application of exogenous melatonin increased the K+/Na+ ratio in the roots as well as the chlorophyll contents in the shoots (Figures 2E,G). Under salt stress conditions, the exogenous melatonin mitigated the overall effect of salt stress. In contrast to the significantly increased endogenous melatonin level (Figure 2I), the sodium contents in the shoots and roots decreased in response to exogenous melatonin (Figures 2C,D). Additionally, exogenous melatonin increased the chlorophyll content, but decreased the MDA content in the shoots under salt stress conditions (Figures 2G,H). These results indicate that exogenous melatonin may offset the effects of salt stress by decreasing the sodium concentration, enhancing chlorophyll contention, and maintaining membrane stability.
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FIGURE 1. Melatonin effects on the 02428 seedlings under salt stress conditions. (A) Phenotypes of the 02428 seedlings after different treatments. (B) Survival rates of the treated seedlings after a 5-day recovery period. Data were collected from three independent replicates, and values are presented as the mean ± standard deviation of 30 measurements. *p ≤ 0.05 (Student’s t-test). C, control; M, 10 μM melatonin; S, 100 mM NaCl; M+S, 100 mM NaCl + 10 μM melatonin.
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FIGURE 2. Physiological traits of the 02428 seedlings after different treatments. C, control; M, 10 μM melatonin treatment; S, 100 mM NaCl treatment; M+S, 10 μM melatonin + 100 mM NaCl treatment; SH, shoots; R, roots; Na+, sodium concentration; K+, potassium concentration; K/Na, ratio of potassium to sodium; MDA, malondialdehyde. Data are presented as the mean ± standard error (n = 5). Different letters above the columns indicate significant differences between treatments at p < 0.05 (Tukey’s range test).




Genome-Wide Transcriptomic Responses of 02428 Seedlings to Melatonin, Salt, and Salt + Melatonin Treatments

The global transcriptional changes in rice seedlings induced by different treatment conditions were analyzed by RNA sequencing (RNA-seq) to identify the DEGs. There were only 16 DEGs (11 up-regulated, 5 down-regulated) detected in 02428 under exogenous melatonin treatment relative to control, and 189 DEGs (150 up-regulated, 39 down-regulated) identified under salt + melatonin relative to melatonin treatment (Table 1); More specifically, 3,274 (2,279 up-regulated and 995 down-regulated) and 3,995 (2,573 up-regulated and 1,422 down-regulated) genes were significantly differentially expressed in the 02428 seedlings after the salt and salt + melatonin treatments, respectively, compared with the control levels (Table 1 and Supplementary Tables 2, 3). The expression levels of 11 genes involved in melatonin biosynthesis and catabolism were determined by RT-qPCR to verify the RNA-seq data. The RT-qPCR results were consistent with the RNA-seq data (r2 = 0.79; Supplementary Figure 1 and Supplementary Table 1).


TABLE 1. Summary of the differentially expressed genes in the 02428 seedlings treated with salt and salt + melatonin.
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Table 1 and Figure 3 summarize the number of up- and down-regulated genes in the seedlings under different treatments, revealing general patterns of transcriptomic responses of 02428 to melatonin, salt, and salt + melatonin. More genes were differentially regulated by salt + melatonin than by salt alone, and there were more up-regulated genes than down-regulated genes in the seedlings following the salt and salt + melatonin treatments. Cluster analysis differentiated these DEGs into two major clusters by stress effect (melatonin + salt vs control, salt vs control) and melatonin effect (melatonin vs control, melatonin + salt vs melatonin) (Figure 3A). Further Venn diagram analysis showed that the DEGs in the comparison of melatonin + salt vs melatonin were mostly included in those of the comparison of melatonin + salt vs control (Figures 3B,C). Therefore, further analyses for the melatonin-mediated molecular pathways in the following section were focused on comparative analysis of the DEGs in comparisons of salt vs control and melatonin + salt vs control.
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FIGURE 3. Cluster analysis of all DEGs in 02428 seedling under different treatments (A) and Venn diagram analysis of differentially up-regulated (B) and down-regulated (C) genes in the 02428 seedlings under different treatments. M, melatonin treatment; M+ S, melatonin + salt treatment; S, salt treatment; Up, up-regulated genes; Down, down-regulated genes. The differentially expressed genes under different treatments were identified based on the following criteria: fold-change ≥2 and FDR < 0.01.




Exogenous Melatonin Mitigates the Salt Stress Effects on Rice Plants by Specifically Regulating Various Genes With Diverse Functions

The application of exogenous melatonin up- and down-regulated the expression of 11 and 5 genes, respectively, in the 02428 seedlings under control conditions (Table 1). The up-regulated genes included OsEXPB2 (Os10g0555700), Hsp40 (Os01g0927400), and several putative protein coding genes, whereas the down-regulated genes were OsBBX20 (Os06g0654900), OsLTP2.12 (Os10g0505700), and three protein coding genes with unknown functions. Accordingly, the exogenous melatonin only slightly affected the global gene expression in the 02428 seedlings under normal growth conditions.

The salt and salt + melatonin treatments substantially affected genome-wide gene expression. A comparison of the up- and down-regulated genes in a Venn diagram indicated that 816 and 559 genes were exclusively up- and down-regulated, respectively, in the 02428 seedlings that underwent the salt + melatonin treatment (Figures 3B,C), reflecting the considerable effect of the exogenous melatonin on the global gene expression in rice plants under saline conditions.

A GO enrichment analysis was performed for these exclusive DEGs using the agriGO online tool4. The following four GO categories were enriched among the up- and down-regulated genes (Supplementary Figure 2): receptor activity (GO:0004872), mitochondrion (GO:0005739), intrinsic to membrane (GO:0031224), and chloroplast (GO:0009507). The most enriched categories among the 816 up-regulated genes were developmental process (GO:0032502), response to hormone stimulus (GO:0009725), response to abiotic stimulus (GO:0009628), cell wall organization or biogenesis (GO:0071554), regulation of transcription (GO:0006355), carbohydrate metabolic process (GO:0005975), and apoplast (GO:0048046). Thus, genes encoding functionally diverse proteins contribute to melatonin-mediated rice plant responses to salt stress. The main enriched GO categories among the down-regulated genes were membrane part (GO:0044425), photosynthetic membrane (GO:0034357), signal transducer activity (GO:0004871), generation of metabolites and energy (GO:0006091), and electron transport chain (GO:0022900). Therefore, a wide range of genes with diverse functions were uniquely differentially regulated by the salt + melatonin treatment.



The Expression of a Unique Set of Genes Was Highly Induced Exclusively in the Salt-Stressed 02428 Seedlings Treated With Melatonin

We identified a set of genes with up-regulated expression exclusively in exogenous melatonin-treated rice seedlings under salt stress conditions, including genes encoding 30 TFs and 23 phytohormone- or stress-responsive proteins (Table 2). Thirty identified TF genes included 11 AP2/EREBP family members (OsERF53, OsERF62, OsERF71, OsERF59, OsERF124, OsCRL5, and other AP2 genes), 14 Homeobox (HB) TFs (OSH1, OSH3, OSH6, OSH10, OSH15, OSH71, OSHB4, OsHOX8, OsHOX14, OsHOX21, OsHOX24, SH5, and ROC7), 3 WRKY TFs (OsWRKY36, OsWRKY66, and OsWRKY79), and OsHsfA7 (Table 2). The up-regulated expression of these TF family’s genes only in response to the salt + melatonin treatment implies these TFs may be involved in the melatonin-mediated transcriptional regulation of salt stress responses in rice.


TABLE 2. Genes with up-regulated expression levels exclusively in the 02428 seedlings under salt + melatonin treatment relative to control condition.
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Phytohormones are crucial for plant responses to environmental stresses (Verma et al., 2016). The exogenous melatonin treatment of the 02428 seedlings under salt stress conditions increased the expression of genes responsive to different phytohormones, including auxin (OsIAA18, OsARF5, OsARF6, OsGH3-1, OsGH3-4, and OsSAUR10), brassinosteroids (OsBLE3 and OsDWARF), and abscisic acid (ABA) (OsSAPK7, OsSAPK9, and OsEM1). Moreover, the expression of several genes related to abiotic stress responses was exclusively induced by melatonin, including OsFKF1, OsPPDKA, OsLEA23, and five OsLEA genes (OsLEA25, OsLEA26, OsLEA27, OsLEA28, and OsLEA29) clustered on chromosome 11 (Table 2).



Global Metabolite Changes in the 02428 Seedlings After the Salt and Salt + Melatonin Treatments

To assess the overall metabolic changes due to the exogenous melatonin treatment of the 02428 seedlings exposed to salt stress, we performed a comparative metabolite profiling analysis of 02428 leaf samples following the control, melatonin, salt, and salt + melatonin treatments. A total of 632 metabolites were detected in all samples, of which 308 were significantly differentially abundant in at least one comparison group of melatonin vs control, salt vs control, salt + melatonin vs control, or salt + melatonin vs melatonin (Supplementary Table 4). The results of Pearson’s correlation analysis reflected the reproducibility among the biological samples (Figure 4A), whereas the PCA was used to determine the contribution of the first two primary components (70.19%). The materials for the four treatments were clearly separated into distinct clusters (Figure 4B). These findings confirmed that the reproducibility among the biological samples was sufficient for further analyses.
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FIGURE 4. Overall analysis of the metabolite profiling data. (A) Pearson correlation coefficients among the samples. (B) Principal component analysis of the samples. The x-axis represents the first principal component and the y-axis represents the second principal component. C, control; M, melatonin treatment; S, salt treatment; M + S, salt + melatonin treatment.


An examination of the effects of the application of exogenous melatonin revealed 12 metabolites that were differentially abundant between the treated and control samples (Supplementary Table 5). This was consistent with the fact that the expression of only a few genes in the 02428 seedlings was affected by the melatonin treatment. Exogenous melatonin significantly increased the gallic acid, N1-acetyl-N2-formyl-5-methoxykynurenamine (AFMK), syringaldehyde, isoquercitrin, 6-hydroxymusizin-8-O-B-D-glucoside, and endogenous melatonin contents. These metabolites reportedly function as antioxidants (Maharaj et al., 2002; Kim, 2007; Hobbs et al., 2018; Shahzad et al., 2018), indicating their possible roles during salt stress responses.

The abundance of 43/96 and 112/139 metabolites increased and decreased, respectively, in the 02428 seedlings following the salt/salt + melatonin treatments, relative to the control levels (Figure 5 and Supplementary Tables 6, 7). These differentially abundant metabolites under both conditions were analyzed in a Venn diagram, which indicated that the contents of 64 and 41 metabolites increased and decreased, respectively, only in the 02428 seedlings after the salt + melatonin treatment (Figures 5B,C). Thus, the application of exogenous melatonin induced distinct changes to the metabolome of the 02428 seedlings exposed to salt stress. Of these metabolites, the abundances of various amino acids (valine, arginine, aspartic acid, phenylalanine, lysine, and glutamine), organic acids (gallic acid, anchoic acid, hydroxyisobutyric acid, 5-aminovaleric acid, and 4-acetamidobutyric acid), nucleotides (cytosine, pseudouridine, deoxyguanosine, deoxycytidine, deoxyadenosine, and 2-dimethylamino-guanosine), and many secondary metabolites clearly increased in response to exogenous melatonin (Supplementary Table 8).
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FIGURE 5. Cluster analysis of all differentially expressed metabolites in 02428 seedlings under different treatments (A) and Venn diagram analysis of metabolites with significantly increased (B) and decreased (C) abundances in the 02428 seedling leaves under different treatments. M, melatonin treatment; M+S, melatonin + salt treatment; S, salt treatment; Up, up-regulated metabolites; Down, down-regulated metabolites.


To examine the main metabolic pathways related to the 02428 seedling responses to exogenous melatonin under salt stress conditions, we assigned the differentially abundant metabolites to KEGG biological pathways. The 64 metabolites with increased abundance only following the salt + melatonin treatment were assigned to 10 KEGG pathways (Supplementary Table 9), including metabolic pathways (ko01100), pyrimidine metabolism (ko00240), phenylalanine metabolism (ko00360), biosynthesis of secondary metabolites (ko01110), and biosynthesis of amino acids (ko01230). In contrast, the 41 metabolites with decreased abundance only after the salt + melatonin treatment were assigned to seven KEGG pathways, including flavone and flavonol biosynthesis (ko00944), fatty acid biosynthesis (ko00061), flavonoid biosynthesis (ko00941), isoflavonoid biosynthesis (ko00943), and tyrosine metabolism (ko00350) (Supplementary Table 10).



Analysis of the Association Between the Transcriptome and Metabolome Data

To determine the relationships between the genes and metabolites related to melatonin-mediated salt stress tolerance, the differentially regulated genes and differentially abundant metabolites in the two comparison groups (i.e., salt treatment vs control and salt + melatonin vs control treatment) were simultaneously assigned to KEGG pathways (p < 0.05). A total of 62 and 64 enriched KEGG pathways were identified for the salt stress and salt + melatonin treatments, respectively (Supplementary Figure 3). Of these pathways, alanine, aspartate and glutamate metabolism (ko00250), amino sugar and nucleotide sugar metabolism (ko00250), cutin, suberine and wax biosynthesis (ko00073), and linoleic acid metabolism (ko00591) were significantly enriched only for the salt + melatonin treatment. The metabolites involved in these four pathways are listed in Table 3. The transcriptome and metabolome data were also compared by a Pearson correlation analysis. Gene–metabolite correlation networks were constructed for these four enriched pathways (Figure 6 and Supplementary Table 11). Five genes encoding lipoxygenases (LOXs) and one gene encoding phospholipase A2 (PLA2) were highly positively or negatively correlated with 9-oxooctadeca-10, 12-dienoic acid (9-KODE), which is involved in linoleic acid metabolism. Three genes encoding cytochrome P450s, two genes encoding NAD-dependent epimerases, and three genes encoding GMC oxidoreductase, fatty acid hydroxylase, and transferase were negatively correlated with hexadecenoic acid, which is related to cutin, suberin, and wax biosynthesis. Additionally, 22 genes involved in amino sugar and nucleotide metabolism were correlated with glucose-1-phosphate, whereas 13 genes [encoding nine aminotransferases (ATs), glutamine amidotransferase (GAT), FAD-dependent oxidoreductase (FOXRED), glutamine synthetase (GS), and pyridine nucleotide-disulfide oxidoreductase (PYROX)] involved in amino acid metabolism were correlated with succinic acid, L-aspartic acid, glutamic acid, L-glutamine, and N-acetylaspartate (Supplementary Table 11). These results suggest that the differentially regulated genes related to the metabolism of amino acids, sugars, and linoleic acid and wax biosynthesis were highly correlated with the corresponding metabolites, indicative of their importance for melatonin-mediated salt stress responses in rice.


TABLE 3. Co-mapped molecular pathways based on an integrated comparison of metabolite and transcript profiling data for 02428 seedlings under salt + melatonin treatment relative to control condition.
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FIGURE 6. Gene–metabolite correlation network representing the genes and metabolites co-enriched in KEGG pathways involved in melatonin-mediated salt tolerance. (A) pathway of alanine, aspartate and glutamate metabolism; (B) pathway of amino sugar and nucleotide sugar metabolism; (C) pathway of Cutin, suberine and wax biosynthesis; (D) pathway of linoleic acid metabolism. The gene–metabolite pairs are connected within the network by edges. Blue and yellow nodes indicate genes and metabolites, respectively.





DISCUSSION

In plants, melatonin is a relatively recently discovered phytohormone with multiple biological functions. It stimulates plant growth and development and mediates adaptive responses to biotic and abiotic stresses (Sun et al., 2020b). In the present study, rice seedlings were treated with exogenous melatonin to improve salt tolerance. The results of various analyses indicated that melatonin-treated seedlings grew better and were more able to maintain relatively low sodium contents under salt stress conditions than the untreated seedlings. Accordingly, melatonin-mediated salt tolerance may be associated with ion homeostasis. This is consistent with the results of a previous study, in which melatonin improved rice salt tolerance by modulating potassium homeostasis (Liu et al., 2020). In the current study, the detrimental effects of salt stress, including decreased chlorophyll contents and increased MDA contents, in 02428 seedlings under saline conditions were mitigated by the application of exogenous melatonin. These findings provide evidence that melatonin can function as a general stress regulator that maintains ion homeostasis, prevents membrane lipid oxidation, and enhances photosynthetic activities (Wang et al., 2018).

A global gene expression analysis conducted to investigate the molecular basis of melatonin-mediated salt stress tolerance revealed that an exogenous melatonin treatment only slightly affects gene expression in 02428 seedlings under control conditions. Specifically, 16 genes, including OsEXPB2, OsHsp40, and OsBBX20, were differentially expressed. Earlier functional analyses proved that OsEXPB2, OsHsp40, and OsBBX20 are involved in cell wall loosening, stress responses, and growth regulation, respectively (Huang et al., 2012; Zou et al., 2015; Wang et al., 2019). Thus, melatonin has diverse functions related to plant growth and development. The relatively limited change in global gene expression is consistent with the lack of observable phenotypic differences between the control and melatonin-treated 02428 seedlings.

Melatonin reportedly has multiple functions related to plant responses to abiotic stresses (Liang et al., 2015; Wang et al., 2018; Liu et al., 2020). In the present study, the application of exogenous melatonin alleviated the adverse effects of salt stress on the salt-sensitive 02428 seedlings, reflecting the activation of melatonin-mediated systems related to salt tolerance. A GO enrichment analysis of the genes with up- or down-regulated expression levels exclusively in response to the salt + melatonin treatment revealed that exogenous melatonin substantially induces the expression of genes involved in developmental processes, hormone and abiotic stress responses, transcriptional regulation, and carbohydrate metabolic processes (Supplementary Figure 2), implying multiple molecular pathways contribute to the melatonin-mediated salt tolerance of rice.

Transcription factors are critical regulators of plant development and essential plant activities such as responses to environmental stresses and hormones (Baillo et al., 2019). Previous studies identified several genes encoding TFs, including DREB/CBF, WRKY, and MYB TFs, involved in melatonin-mediated stress signaling pathways in plants (Shi et al., 2015a, 2016; Wang et al., 2018). In this study, the expression levels of a unique set of TF genes, including 11 AP2/EREBP, 14 HB, and 3 WRKY genes, were significantly up-regulated in the salt-stressed seedlings treated with exogenous melatonin, implying that melatonin-mediated salt tolerance might partially rely on the AP2/EREBP–HB–WRKY transcriptional cascade. Some of these 11 AP2/EREBP TFs, including OsERF103, OsERF62, and OsERF71, are reportedly important for abiotic stress tolerance (Dietz et al., 2010; Lee et al., 2016; Xiong et al., 2018). Moreover, several of the identified HB TFs, such as OSH1, OSH15, OSH6, and OsHOX24, were previously revealed to affect growth and development as well as responses to environmental stimuli (Sato et al., 1996; Park et al., 2007; Bhattacharjee et al., 2017; Yoon et al., 2017). Whereas the WRKY proteins are important regulators of various physiological processes, including pathogen defense, senescence, and trichome development (Eulgem et al., 2000). The melatonin-mediated up-regulated expression of the genes encoding these TFs in rice seedlings under saline conditions suggests that the salt-induced inhibition of growth and development was offset and stress-responsive downstream cascades were activated by the exogenous melatonin. Notably, a few of the AP2/EREBP and HB family TFs were previously reported to participate in the biosynthesis of endogenous melatonin in plants (Wei et al., 2018) and in animals (Rohde et al., 2014, 2019). Whether these two types of TFs are related to melatonin biosynthesis in rice plants exposed to salt stress remains to be determined.

Melatonin is crucial for the modulation of gene expression related to plant hormones (Arnao and Hernández-Ruiz, 2018). The genes identified in this study with up-regulated expression levels specifically in rice seedlings that underwent the salt + melatonin treatment are involved in phytohormone responses. These genes included the auxin-responsive genes OsIAA8, OsARF5, OsARF6, OsGH3-1, OsGH3-2, and OsSAUR10 (Jain et al., 2006; Wang et al., 2007; Song et al., 2009; Fu et al., 2011; Kong et al., 2019), the ABA-responsive genes OsSAPK7, OsSAPK9, and OsEM1 (Xu et al., 2013; Yu et al., 2016), and the brassinosteroid-responsive genes OsBLE3 and OsDWARF (Hong et al., 2002; Yang et al., 2006). Therefore, exogenous melatonin may activate auxin/ABA/brassinosteroid signaling pathways. A recent study confirmed that melatonin responses in rice are closely associated with the auxin signaling pathway (Liang et al., 2017). Additionally, ABA may serve as a downstream signal of melatonin during responses to abiotic stresses (Banerjee and Roychoudhury, 2019). Hence, melatonin and phytohormones may synergistically function as key regulators of plant stress responses.

Our comparative metabolite profiling revealed melatonin induced distinct changes to metabolite contents in the 02428 seedlings. The abundances of a few metabolites, including gallic acid, syringaldehyde, AFMK, and isoquercitrin, increased substantially following the exogenous melatonin treatment of the 02428 seedlings under control conditions. These metabolites were previously reported to function as antioxidants (Maharaj et al., 2002; Kim, 2007; Hobbs et al., 2018; Shahzad et al., 2018), reflecting their intrinsic role in melatonin-mediated stress responses. However, the salt + melatonin treatment affected the metabolite contents more than the salt treatment alone. Specifically, 64 metabolites were more abundant in the melatonin-treated salt-stressed rice plants than in the salt-stressed plants (Supplementary Table 9). Six of these metabolites (gallic acid, diosmetin, cyanidin 3-O-galactoside, AFMK, 5-hydroxy-L-tryptophan, and melatonin) function as important antioxidants in response to environmental stresses (Tan et al., 2001; Kim, 2007; Bazghaleh et al., 2018; Yang et al., 2018; Vigliante et al., 2019), suggesting that melatonin activates multiple antioxidant pathways to protect seedlings from damages due to salt stress. Moreover, other metabolites, such as amino acids, organic acids, nucleotides, and their derivatives, were highly accumulated in the seedlings that underwent the salt + melatonin treatment, suggestive of their beneficial physiological roles during melatonin-mediated responses to salt stress. Physiologically, many of these metabolites may function as osmolytes in the cytoplasm under salt stress conditions (Slama et al., 2015). Alternatively, they may compensate for ionic imbalances and contribute to nitrogen/carbon metabolism (Parida and Das, 2005). These results indicate that the melatonin-induced accumulation of these metabolites might directly lead to the improved salt tolerance of the 02428 seedlings.

Combining transcriptome and metabolome analyses enabled a more comprehensive investigation of the molecular processes associated with gene–metabolite networks related to plant responses to abiotic stresses (Kaplan et al., 2007). As the end products of gene expression, metabolites serve as a direct link between the genotype and phenotype, implying metabolite profiling data may be useful for elucidating the molecular basis of melatonin-mediated salt tolerance. In the present study, several gene–metabolite correlations were identified in the 02428 seedlings treated with melatonin under salt stress conditions. For example, six genes (five LOX genes and PLA2) were correlated with 9-KODE, which is related to linoleic acid metabolism. Furthermore, 9-KODE, which is produced in a reaction catalyzed by LOX, is an intermediate in the jasmonic acid biosynthesis pathway (Babenko et al., 2017; Nishiguchi et al., 2018), implying the jasmonic acid signaling pathway is involved in the melatonin-mediated salt stress response. Moreover, 13 genes (encoding nine ATs, GAT, GS, FOXRED, and PYROX) related to amino acid metabolism were highly correlated with succinic acid and three amino acids (L-aspartic acid, glutamic acid, and L-glutamine). Both GAT and GS are involved in arginine biosynthesis (Holden et al., 1998), L-glutamine biosynthesis, and nitrogen cycling (Suzuki and Knaff, 2005; Yang et al., 2016). A previous study indicated that ATs are important for amino acid biosynthesis and catabolism as well as carbon and nitrogen shuttles (Liepman and Olsen, 2004). This enriched gene–metabolite network provides further evidence that amino acid metabolism is a major part of the mechanism underlying the melatonin-mediated salt tolerance of rice. Notably, metabolites such as succinic acid, L-aspartic acid, glutamic acid, glucose-1-phosphate were decreased in 02428 seedlings under melatonin + salt treatment relative to control (Table 3), these decreased metabolites are energy-associated metabolites, which are essential for plant growth and response to various stresses (Less et al., 2010; Ludewig and Flügge, 2013), implying melatonin could activate energy-saving program to response stress by inhibiting the biosynthesis of metabolites. However, further experiments are required to confirm the melatonin-mediated gene-metabolite networks of rice response to salt stress.



CONCLUSION

In conclusion, this study provided useful evidence of the protective effect of exogenous melatonin in rice seedlings response to salt stress. Exogenous melatonin could enhance the salt tolerance of rice plants by activating unique TFs transcriptional cascade, multiple antioxidant pathways, and modulation of metabolite homeostasis.
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Supplementary Figure 1 | Validation of the expression of 11 genes related to melatonin biosynthesis and catabolism by RT-qPCR. (A) RT-qPCR analysis of the genes involved in melatonin biosynthesis and catabolism. The genes and the corresponding PCR primers are listed in Supplementary Table 1. Rice seedlings were maintained under control (C) conditions or treated with 100 mM salt (S), 10 μM melatonin (M), or 100 mM salt + 10 μM melatonin (M+S). ∗, ∗∗, and ∗∗∗ indicate significant differences between the treated and control samples at p < 0.05, p < 0.01, and p < 0.001, respectively. (B) Correlation analysis revealing the consistency between the RNA sequencing and RT-qPCR data. The RNA sequencing data (x-axis) were plotted against the RT-qPCR data (y-axis).

Supplementary Figure 2 | Gene Ontology (GO) enrichment analysis of the genes with up- and down-regulated expression levels exclusively in the 02428 seedlings that underwent the salt + melatonin treatment. The x-axis presents the GO function classifications and the y-axis presents the number of differentially expressed genes.

Supplementary Figure 3 | Analyses of the association between the genes and metabolites related to melatonin-mediated salt stress tolerance. The differentially regulated genes and differentially abundant metabolites in the two comparison groups (control vs salt treatment and control vs salt + melatonin treatment) were simultaneously mapped to KEGG pathways (p < 0.05). (A) Enriched pathways for the salt + melatonin treatment. (B) Enriched pathways for the salt treatment.

Supplementary Table 1 | Genes and the corresponding primers for the quantitative real-time PCR analysis.

Supplementary Table 2 | Genes differentially expressed in the 02428 seedlings under salt stress conditions.

Supplementary Table 3 | Genes differentially expressed in the 02428 seedlings after the salt + melatonin treatment.

Supplementary Table 4 | Metabolites detected in the 02428 seedlings after different treatments.

Supplementary Table 5 | Differentially abundant metabolites in the 02428 seedlings after the exogenous melatonin treatment.

Supplementary Table 6 | The differentially abundant metabolites in 02428 seedlings under salt stress.

Supplementary Table 7 | The differentially abundant metabolites in 02428 seedling under salt plus melatonin treatment.

Supplementary Table 8 | Sixty-four metabolites exclusively increased in 02428 seedling under salt and melatonin treatment.

Supplementary Table 9 | KEGG annotation of the exclusively increased metabolites in 02428 seedling under salt + melatonin treatment relative to control.

Supplementary Table 10 | KEGG annotation of the exclusively decreased metabolites in 02428 seedling under salt + melatonin treatment relative to control.

Supplementary Table 11 | Gene-metabolite correlation networks identified by Pearson’s correlation analysis.


FOOTNOTES

1https://bigd.big.ac.cn/gsa

2http://bioinfo.cau.edu.cn/agriGO/

3https://bigd.big.ac.cn/omix

4http://systemsbiology.cau.edu.cn/agriGOv2/index.php
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PP2C protein phosphatase family is one of the largest gene families in the plant genome. Many PP2C family members are involved in the regulation of abiotic stress. We found that BpPP2C1 gene has highly up-regulated in root under salt stress in Betula platyphylla. Thus, transgenic plants of Betula platyphylla with overexpression and knockout of BpPP2C1 gene were generated using a zygote transformation system. Under NaCl stress treatment, we measured the phenotypic traits of transgenic plants, chlorophyll-fluorescence parameters, peroxidase (POD) activity, superoxide dismutase (SOD) activity, and malondialdehyde (MDA) content. We found that BpPP2C1 overexpressed lines showed obvious salt tolerance, while BpPP2C1 knocked out plants were sensitive to salt stress. Transcriptome analysis identified significantly amount of differentially expressed genes associated with salt stress in BpPP2C1 transgenic lines, especially genes in abscisic acid signaling pathway, flavonoid biosynthetic pathway, oxidative stress and anion transport. Functional study of BpPP2C1 in Betula platyphylla revealed its role in salt stress.

Keywords: Betula platyphylla, birch, transcriptome, salt tolerance, Cas9/gRNA, CRISPR, protein phosphatase 2C


INTRODUCTION

Protein phosphatase 2C (PP2C) is a branch of protein phosphatase (Protein phosphatase, PP), encoded by PP2C gene family which is one of the largest gene families in plants (Xue et al., 2008). Phosphorylation and dephosphorylation of regulatory proteins and enzymes are general mechanisms to transmit signals from the extracellular environment to the interior of the cell (Xiu-Yun and Tian, 2017). Protein phosphatases counteract the action of the protein kinases, catalyze the dephosphorylation of phosphorylated protein molecules, play an important role in the modulation and reversibility of the phosphoregulatory mechanism (Rodriguez, 1998).

PP2C is widely involved in a variety of signaling pathways in plants, including ABA regulated stress acclimation, plant growth and development, and disease resistance (Sang-Kee et al., 2006; Sari and Palva, 2010; Carrasco et al., 2014). The protein phosphatase 2C (PP2C) family in the Arabidopsis genome contained 80 members are divided into 13 subfamilies (A-H) (Xue et al., 2008). AtPP2CA belongs to subfamily A of Arabidopsis thaliana, together with ABI1 inhibits SnRK2.4 activity and regulates the growth of roots, thereby regulating the salt tolerance of plants (Krzywińska et al., 2016b). OsPP108 belongs to subfamily A of rice, transgenic Arabidopsis thaliana with overexpression of OsPP108 is insensitive to ABA and has strong resistance to salt stress and drought stress (Singh et al., 2015). TaPP2C1, a Group F2 Protein Phosphatase 2C Gene, confers resistance to salt stress in transgenic tobacco. Overexpression TaPP2C1 transgenic tobacco showed ABA insensitivity (Hu et al., 2015). As can be seen, many members of the PP2C gene family have potential application prospect in plant stress resistance.

White birch (Betula platyphylla Suk) is one of the most important and precious broad-leaved trees. The wood of birch is hard and has a fine white texture, a wide range of uses in furniture, building materials and papermaking. However, birch is sensitive to salt stress. Results showed that the lethal salt concentration for birch is only 0.6%, among the lowest of 14 main afforestation species (Guifeng et al., 1998). Breeding new birch varieties with high salt tolerance has great significance to explore the suitable area for birch afforestation. It also helps to improve the ecological environment of arid and saline-alkali areas in western Northeast China.

In the current study, we identified and cloned a gene which had PP2C-type phosphatase domain from the birch transcriptome, and named it as BpPP2C1. Quantitative real-time PCR showed BpPP2C1 had significantly response under salt stress and ABA treatment. The function of BpPP2C1 gene was verified by both overexpression and knockout via transgenic experiments. During salt stress, overexpression lines showed obvious salt tolerance compared with the control, and knockout lines were sensitive to salt stress. The mechanism of salt tolerance associated with BpPP2C1 is discussed.



MATERIALS AND METHODS


Cloning and Bioinformatics Analysis of BpPP2C1

Total RNA was extracted from leaves of wild type Betula platyphylla according to manufacture protocol using RNA pure High-purity Total RNA Rapid Extraction Kit (BioTeke). cDNA synthesis was made using ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, China). Protein coding sequence (CDS) of BpPP2C was obtained from reference genome of Betula platyphylla1. PCR primers P1 were designed for PCR cloning (All primer sequences used in this study were shown in Supplementary Table S1). PCR products were detected by 1% agarose gel electrophoresis and purified using TIAN gel Purification Kit (TIANGEN, Harbin, China) and sequenced (TSINGKE Biological Technology, Harbin, China). Physicochemical properties of amino acids of BpPP2C1 were analyzed using ExPASy2. Protein secondary structure was predicted using PredictProtein3. Based on annotation of birch genome, 34 PP2C family genes including BpPP2C1 were found. 80 PP2C family genes of Arabidopsis were found in TAIR4. The above PP2C family gene sequences are compared by ClustalX and infer phylogenetic trees by MEGA5.2.



Subcellular Localization of BpPP2C1 Protein

The CDS sequence of BpPP2C1 gene was amplified with primer P2, and the PCR product fragment was digested and fused to the expression vector pCAMBIA1300. The onion epidermis was bombarded by a Gene Gun System PDS-1000/He and then cultured in the dark for 1 day to observe the fluorescent markers of GFP with a Zeiss Axio Imager A2 LED upright microscope.



Expression Analysis of BpPP2C1

The birch seeds were sowed and cultured in growing pots (25 ± 3L). When the seedling height was about 10 cm, the stem tip, first leaf, second leaf, third leaf, fourth leaf, the upper part of the stem, lower part of the stem and the root were harvested. Each tissue was mixed with 5 seedlings, and 3 biological replications were set up for the analysis of tissue expression. To study the response of BpPP2C1 to stress, 200 mM NaCI solution and 20% Polyethylene glycol (PEG) solution were used to irrigate the roots of birch seedlings, the root and the above ground are taken separately. To check for NaCl stress induction in the roots, we detected the expression levels of two SOD genes and three POD genes of roots after NaCI stress, and their expression levels showed varying degrees of up-regulation (Supplementary Figure S2). As for ABA treatment, plant leaves were sprayed with 100 mM concentration of ABA solution. The control group was sprayed with water. The time points were 0, 3, 6, 12, 24, 36, 48 h for all three treatments.

The total RNA of above tissues was extracted and reverse transcribed into cDNA as a template for qRT-PCR. Using primer 18S as internal reference gene, primer PP2C1-qPCR was used to amplify the BpPP2C1. qRT-PCR analysis was performed with PCR reaction system (SYBR® Green Realtime PCR Master Mix - Plus-, Toyobo, volume 20 μl) and reaction program (95°30 s; 95°15 s 60°1 min 40 cycles; 95°30 s) running on the ABI7500 Real-time PCR (Thermo Fisher). Three technical repetitions were made for each reaction. The qRT-PCR results were analyzed by the 2–ΔΔCt method.



Construction of Overexpression Vector and Knockout Vector

The construction of overexpression vector was designed with primers P3 containing adapter. The full-length CDS sequence of BpPP2C1 was amplified by PCR and ligated into 35S:PP2C1 overexpression vector by homologous cloning (Catalog. No. VK011-05, Beijing Viewsolid Biotech, China). A CRISPR Gene Knockout Kits based on SaCas9/gRNA system was used to construct BpPP2C1 gene knockout vector (Catalog. No. vk005-101, Beijing Viewsolid Biotech, China). In the first exon of BpPP2C1, we determine the target-sgRNA next to protospacer adjacent motif (PAM). The primers P4 were designed at both ends of the target site to clone this fragment in wild-type Betula platyphylla. Sequencing confirmed that there was no single nucleotide polymorphism (SNP). Based on result of enzyme digestion in vitro, knockout efficiency of the gRNA target was 98%, which is much higher than the standard (Catalog. No. vk012, Beijing Viewsolid Biotech, China). Subsequently, we synthesized primers P5 according to the target site, and oligo dimer was formed by annealing primer then inserted into knockout vector.



Transgenic Plants

The genetic transformation of birch was performed according to the previously publications (Huixin et al., 2019; Wang et al., 2019a,b). Seeds were collected from open pollination trees in seed orchard of Betula platyphylla in Northeast Forestry University. The seeds were dried, and sealed in plastic bags and stored in −20°C refrigerator. The wild type birch seeds were immersed in water for 2 or 3 days, and sterilized in 30% hydrogen peroxide for 15 min and rinsed with sterile water, before seeds were prepared to be used as the transgenic explants. Agrobacterium tumefaciens containing the 35s:BpPP2C1 and BpPP2C1- knockout vector was used to infect the longitudinally cut seeds. Eventually, the explants were placed onto co-cultivation medium (WPM with 0.8 mg/L 6-BA, 0.02 mg/L NAA) under dark for 2 days and then planted on selective medium (WPM with 2.0 mg/L 6-BA, 0.02 mg/L NAA, 5.5mg/L hygromycin or glufosinate ammonium and 200 mg/L cefotaxime). After 30 days, resistant adventitious buds were induced (WPM with 2.0mg/L 6-BA, 0.02 mg/L NAA, 0.5mg/L GA,5.5mg/L hygromycin or glufosinate ammonium and 200 mg/L cefotaxime) and rooted (WPM + 0.4mg/L IBA) (Liu et al., 2019). After raised to 5 cm high in growth chamber, transgenic plants were transferred to the greenhouse. In May 2017, the seedlings were transplanted into the seedling pot for growth. At the beginning of May 2018, 30 plants with the similar growth trend were selected from each line of wild type (WT), overexpression (OE), and knockout (KO) and planted in a 21 × 21 cm growth pot. The substrate was peat soil, river sand and black soil (V/V) with ratio of 4:2:2. Transgenic plants were placed under the plastic greenhouse for routine management.



Identification of Transgenic Plants

Since the genetic background of the seed used for transgenic is a half-sib family, we set up three wild type lines to get more accurate traits. In order to test whether the T-DNA is integrated in the plant genome, total DNA was extracted (DNAquick Plant System, TIANGEN) from leaves of 2-year-old transgenic Betula platyphylla. The primers P6 were designed from the resistance genes BAR contained in the T-DNA of over expressing vector, the primers P7 were designed from the resistance genes HPT for knock out vector. The PCR product was detected using 1% agarose gel. RNA was extracted from overexpression plants and WT plants for reverse transcription, and gene expression of BpPP2C1 was detected by qRT-PCR. For BpPP2C1 knockout plants, the primer P8 were used to amplify the target site and its adjacent sequences from transgenic plant DNA, PCR products were sequenced and the sequencing results were compared with wild-type by SeqMan5.



Measurement of Physiological Traits of Transgenic Lines Under Salt Stress

Two years old BpPP2C1 OE, KO and WT birch were subjected to salt stress treatment. There were 24 plants in each line. Half of them, 12 plants were irrigated with 0.4% NaCI solution for 12 days, and 12 plants were treated with water as controls. The soil was maintained at ion concentration 30 and 130 mol/L for control and NaCI treatment, respectively. The chlorophyll fluorescence kinetic parameters were measured by PAM-2500 chlorophyll fluorometers (WALZ, Germany). The sixth leaf counted from top of shoot was taken for measurement and were kept in dark for 20 min. Five biological replications were used. Salt damage index (d) was calculated as (d) = Σ (salt damage series × number of plants with corresponding salt damage level)/(highest salt damage level × total number of plants tested) (Zhao et al., 2017). Severity of salt damage: grade 0: no symptoms of salt damage; grade 1: mild salt damage, with a few leaf blade, Leaf tips, leaf margins or leaf veins turn yellow; grade 2: moderate salt damage, with 1/2 scorched leaf blade, leaf tip and edge; grade 3: severe salt injury, most of the leaf blade, leaf tip, leaf edge and vein turn yellow; grade 4: extremely severe salt damage, the leaves are scorched, and fall, plant death. The leaves were collected and freezed in liquid nitrogen for transcriptome and physiological indexes. Superoxide dismutase (SOD) activity was measured by SOD test kit (Nanjing Jiancheng Bioengineering Institute, A001-1), peroxidase (POD) activity was measured by peroxidase POD assay kit (Nanjing Jiancheng Bioengineering Institute, A084-3) and MDA content was measured by MDA test kit (Nanjing Jiancheng Bioengineering Institute, A003-1). After rehydration, plant height was recorded on July 4 and survival rate was investigated on October.



Transcriptome Analysis

Nine leaf samples were collected from WT, OE, and KO under salt stress and each line had three biological replications. RNA was extracted from 27 samples by CTAB method, and the quality of RNA was detected by 1% agarose gel, NanoDrop 2000, and Agilent 2100 Bioanalyzer. Oligo (DT)—magnetic beads were used to enrich poly (a) mRNA. Fragment buffer was used to fragment the poly (a) mRNA. The fragments were reverse transcribed into cDNA library using test kit (Illumina, San Diego, United States). Illumina platform PE150 (Annoroad, China) was used for sequencing. TopHat was used to map clean reads against the reference birch genome6. The transcripts were assembled by Cufflink7. The expression matrix of fpkm value of each gene was obtained. Principal component analysis (PCA) was used to reduce the dimension of all samples, and the repeatability of each sample was evaluated, follow up analysis was conducted based on the three replications in each line. EdgeR was used to analyze the differentially expressed genes. log2 (fold change) ≥ 1 and FDR < 0.05 was up-regulated expression. log2 (fold change) ≤ −1 and FDR < 0.05 was down-regulated expression. Go function was enriched by Goatools8. When the corrected P-value (P_FDR) ≤ 0.05, it is considered that the go function has significant enrichment. Heatmap was produced by HemI_1.0.



RESULTS


Bioinformatics Analysis of BpPP2C1 Gene

The CDS sequence of CCG027169.1 gene of Betula platyphylla was compared in NCBI website. It was found that CCG027169.1 gene contained a PP2C conserved domain and belonged to PP2C protein phosphatase family, then we named it BpPP2C1 gene (Figure 1A). The BpPP2C1 gene of Betula platyphylla is 2,190 bp in length, encodes 729 amino acids. The molecular weight of BpPP2C1 is 81.13 kda; theoretical isoelectric point is 5.51; residual number of positive and negative charges is 84 and 105, respectively; molecular formula is C3538H5510N1022O1121S26; total number of atoms is 11,217; instability coefficient is 40.97; fat coefficient is 71.69; total average hydrophilicity is 0.564. BpPP2C1 protein is composed of 20 kinds of amino acids, among them, serine (Ser) and leucine (Leu) have a higher content, 11.4 and 8.1%, respectively. Protein secondary structure prediction belongs to the mixed type protein, in which helix (H) accounted for 15.23%, fold (E) accounted for 13.44%, and ring (L) accounted for 71.33%. Besides, BpPP2C1 protein contains 11 disulfide bonds, and each disulfide bond has a high prediction score, so it is predicted that the protein conformation is relatively stable. Thirty four genes were annotated as protein phosphatase 2C in Betula platyphylla in comparison with 79 PP2C family genes in Arabidopsis thaliana. It was found that PP2C family in Betula platyphylla and PP2C family in Arabidopsis thaliana had universal similarity (Figure 1B). The similarity of DNA sequence between BpPP2C1 and AtPLL5 gene was 64.7%, the highest in all candidate. Both and AtPOL, AtPol-like (PLL)1–4 genes converge into one branch which belong to PP2C subfamily C.
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FIGURE 1. Bioinformatics analysis of BpPP2C1. (A) Sequence alignment of BpPP2C1 using BlastX. (B) Phylogenetic tree of PP2C family genes in Arabidopsis thaliana and Betula platyphylla.




BpPP2C1 Protein Was Localized in Both Nucleus and Cell Membrane

The fluorescence signal of 35S:BpPP2C1-GFP appeared in both cell membrane and nucleus (Figure 2), while the 35S:GFP appeared in the cytoplasm, nucleus and cell membrane. This indicates that the BpPP2C1 protein is localized to the membrane and nucleus of plant cell.
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FIGURE 2. BpPP2C1-GFP was located in cell membrane and nucleus by analyzing for subcellular localization in onion epidermal cells. The scale is 50 μm.




Expression of BpPP2C1 Gene

The expression of BpPP2C1 gene in roots, stems and leaves of 2 month-old wild-type Betula platyphylla (Figure 3A) was widely expressed, but the expression levels were significantly different in different organs (Figure 3B). Taking the expression of apical bud as a control, the expression in roots highly significantly increased, which is more than 7 times that of apical buds, while the expression level in leaves and stems did not change significantly.
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FIGURE 3. (A) Schematic drawing of the wild birch from 2 months old, stem is truncated from the middle divided into upper and lower stem. (B) BpPP2C1 gene expression in different parts of leaf, stem, and root based on 2–△△t method. Under NaCI stress, BpPP2C1 gene expression in leaves (C), and root (D) at different stress time points. BpPP2C gene expression in leaves (E), and root (F) at different stress time points under Polyethylene glycol (PEG) stress. (G) BpPP2C1 gene expression under ABA treatment at different time points. Asterisks indicate significant differences between transgenic lines and WT1 (Duncan multiple comparison method, *P < 0.05, **P < 0.01).


We also investigated the response process of BpPP2C1 under salt and drought stress. Under NaCI stress, BpPP2C1 gene expression in roots was still much higher than that of leaves (data not shown), but highly up-regulated in leaves. At time point 36 h, the expression level in the leaves was 10 times higher than that of the control group (Figure 3C). At the same time, the expression trend of roots was consistent with that in the leaves, reaching the highest at 36 h, 1.6 times higher than that of control roots (Figure 3D). Moreover, BpPP2C1 gene was up-regulated under PEG stress, in roots, the expression level reached the highest at 6 h, which was 3.8 times than that of control (Figure 3F); in leaves, the expression level reached the highest at 12 h, which was 2.5 times higher than that of the control (Figure 3E). Under ABA hormones treatment, we found that BpPP2C1 decreased significantly at 6 h, then recovered to a certain level in comparison with control (Figure 3G). BpPP2C1 gene had the highest response to NaCI stress for wild type birch.



Molecular Identification of Transgenic Plants

To study the function of the BpPP2C1, we constructed an overexpression vector and a knockout vector of the BpPP2C1, Agrobacterium-mediated method was used to transform the vector into wild-type birch zygotic embryos. DNA and RNA were extracted from leaves of 2-year-old transgenic BpPP2C1 overexpression line (OE), BpPP2C1 knockout line (KO) and control (WT). The phosphinothricin resistance gene (BAR) in the overexpression vector T-DNA was amplified by PCR (Supplementary Figure S1A). The results showed that all three OE lines had amplified bands, while three WT lines were had no band. It indicated that the T-DNA successfully integrated into the white birch genome. RT-qPCR showed that BpPP2C1 gene expression in the overexpression line OE4, OE9 and OE10 was 77, 223, and 271 times higher than that of the WT, respectively (Supplementary Figure S1B). For KO lines, the PCR results of the co-transformed hygromycin resistance gene HPT showed that the T-DNA successfully integrated into the birch genome (Supplementary Figure S1C). In addition, the knockout target site and surrounding sequences were amplified by PCR, and PCR products were sequenced. The results showed that the sequence of the target site of the knockout lines did change. Compare to the original sequence, KO4 had an additional base A at the fourth base of the target site, making mutant BpPP2C1 gene encodes 142 amino acids instead 729 amino acids. KO15 had multiple A at the fourth base followed by overlapping peaks in the sequencing signal. KO18 had an overlapping peak after the fourth base in target site. The overlapping peaks showed that there was multiple coding mode of nucleic acid sequence at the target site, so that the original protein encoded was reduced. The target site sequence of WT1, WT2, and WT3 did not change (Supplementary Figure S1D).



Overexpression and Knockout of BpPP2C1 Under Stress Treatment


Phenotypic Response Under NaCI Stress

When plants were in the vigorous growth period in June, the 0.4% NaCI solution was applied to each line. At day 7, the KO line first developed salt damage symptom with a few leaf edges at the bottom of plant began to turn yellow. As the salt stress continued, the damage of the blade gradually spread from the leaf base to the entire blade, finally the leaves withered and dropped off; the WT lines was better than that of the KO strain, and its salt damage symptoms appeared 2 days later than that of the KO lines. At day 12, about 1/3 of the lower leaves of the KO lines dropped, and the leaves below about 1/2 height turned yellow. About 1/4 of the leaves of the WT lines were shed, while the overexpression lines only had yellow and fallen leaves near the base of the plant (Figure 4A). Comparing the salt damage index of each strain, it was found that the salt damage index of the overexpression lines was the lowest after the control, while the salt damage index of the knockout strain was the highest than that of other lines (Figures 4B,C).
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FIGURE 4. Phenotype observation of wild-type and transgenic birch after NaCI stress. (A) Phenotypic observation on transgenic and WT lines during salt stress treatment. (B) The leaf salt injury index of transgenic and WT lines after salt stress treatment. The error bars represent the standard deviation, asterisks indicate significant differences between transgenic lines and WT1 (n = 12, Duncan multiple comparison method, **P < 0.01). (C) Salt damage grade standard: Grade 0, leaves are healthy and undamaged; Grade 1, the edges of the leaves begin to turn yellow or wilting (the damaged area is less than 20% of the total leaf area); Grade 2, 50% of the total leaf area appears Yellow and wilting symptoms; level 3, yellowing and wilting symptoms appear in more than 80% of the total leaf area; level 4, leaf death. (D) Survey survival rate of wild-type and transgenic birch (n = 12) lines.


Birch stressed by NaCI were rehydrated in water. Plant height growth and the relative height growth before and after stress were compared (Table 1). Among the WT, OE, and KO lines, the OE lines has the highest high growth after rehydration, especially OE9 and OE10 are significantly higher than the WT and KO lines (P < 0.05). The average height growth of the OE lines was 21.2 and 79.5% higher than that of the WT and KO lines, respectively. The height growth of KO lines was the lowest. KO15 and KO18 were significantly lower than WT and OE (P < 0.001). As for relative seedling height growth, the OE lines were also significantly higher than the WT and KO lines (P < 0.05). The average relative height growth of OE was 24 and 79% higher than those of WT and KO, respectively.


TABLE 1. Plant height growth of OEX, KOX, and NT lines during salt stress.

[image: Table 1]The survival rate of plants after re-watering revealed that the OE lines were higher than that of WT and KO (Figure 4D). Results indicated that under the stress of NaCI, OE showed strong resistance to salt compared with WT, while KO showed sensitivity. This suggested that BpPP2C1 confers the salt tolerance of white birch.



Chlorophyll Fluorescence Parameters

The chlorophyll fluorescence parameter is regarded as an internal probe to study the relationship between plant photosynthesis and environment. Here, PAM-2500 (WALZ, Germany) chlorophyll fluorometer was used to measure Fv/Fm (Maximum photochemical quantum yield of PS II), Y(ll) (effective photochemical quantum yield of photosystem II), qP (Coefficient of photochemical fluorescence quenching), and ETR (Electron transport rate) of each line before and after NaCI stress to analyze the salt tolerance of the transgenic lines. Fv/Fm reflects the potential maximum light energy conversion efficiency, which is the most important parameter of chlorophyll fluorescence. Under non-stress conditions, the change of Fv/Fm was very small, constant at about 0.8, while under stress conditions, this parameter decreases significantly (Figure 5A). However, comparing the Fv/Fm between different lines, the OE strain had the highest Fv/Fm, with an average value of 0.76, which was 10.1% higher than WT and 35.7% higher than KO, respectively.
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FIGURE 5. Chlorophyll fluorescence dynamic parameters of wild-type and transgenic birch before and after stress. (A) Fv/Fm (the maximum photochemical efficiency of PSII). (B) Y(ll) (effective photochemical quantum yield of photosystem II). (C) qP (Coefficient of photochemical fluorescence quenching). (D) ETR (electron transfer rate). The error bars represent the standard deviation, asterisks indicate significant differences between transgenic lines and WT1 (n = 12, Duncan multiple comparison method, *P < 0.05, **P < 0.01).


The Y(II) value estimates the photochemical use of excitation energy in the light. There was no significant difference in the Y(II) value of each line in the unstressed control group, but after salt treatment, the Y(II) of each line decreased (Figure 5B). However, OE was slightly higher than that of the WT, while the knockout strain had the largest decrease, and its Y(II) value was about 50% lower than that of the WT.

qP is coefficient of photochemical fluorescence quenching, which to some extent reflects the oxidation degree of QA, the primary electron acceptor of PS II. The decrease of qP was the result of the PS II reaction center being shut down. In the control group there was no significant difference in the qP value of each line. Under stress, the qP value of the OE lines was higher than others, and the overall qP of the KO strain was lower than that of WT and OE (Figure 5C). The KO15 line reached extremely significant Level.

ETR reflects the efficiency of electron transfer. The ETR in the control group did not change significantly. Under stress, the average ETR of OE lines is 29.5 and 33.9% higher than WT and KO lines, respectively. KO was significantly lower than WT (Figure 5D).

The overexpressing BpPP2C1 transgenic birch maintains better photosynthetic fluorescence characteristics under salt stress, while the birch with the knocked out was sensitive to salt. Chlorophyll fluorescence parameters were greatly reduced.



Physiological Indicators

Peroxidase (POD) catalyzes H2O2 to oxidize other substrates to produce H2O. It is an important enzyme to eliminate the damage of oxygen free radicals in plants, and associated with the resistance to salt stress of plants. There is no significant difference in the POD activity of control lines Supplementary Figure S3A. Under stress, the POD activity increased. The POD activity of OE is 41.9% larger than that of WT. OE4 and OE9 were the highest lines. POD activity of KO was 19.4 and 43.2% lower than WT and OE, respectively.

Superoxide dismutase (SOD) can reduce the damage of active oxygen or other peroxides to the cell membrane system by catalyzing the disproportionation reaction of superoxide anion free radicals, thereby effectively improving the anti-stress function of plants. There is no significant difference in the SOD activity for the control lines Supplementary Figure S3B. Under salt stress, the SOD activity of each line increased. but compared to WT and OE, the SOD activity of KO was the lowest, reduced by 28.2 and 35.8% in comparison with WT and OE.

Malondialdehyde (MDA) is the final decomposition product of membrane lipid peroxidation. MDA content reflects the degree of the damage suffered by adversity stress. After salt stress, the MDA content of each line increased greatly (Figure 6). As for all lines, MDA content of OE was the lowest, which was 44.4% lower than that of WT, and the content of KO was the highest, which was 33.3% higher than that of WT.
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FIGURE 6. The content of Malondialdehyde (MDA) of wild type and transgenic Betula platyphylla before and after stress was measured. Asterisks indicate significant differences between transgenic lines and WT1 (Three independent biological repetitions, **P < 0.01, Duncan multiple comparison method).


Under salt stress, OE plants had better SOD and POD vigor to resist the poison of oxidative stress and maintain the physiological activities of the plants. The activity of SOD and POD of BpPP2C1 knocking out birch was worst, resulting in more serious membrane damage to the plant, indicated by the content of MDA.



Transcriptome of Transgenic Betula Platyphylla

Leaves of WT, OE, KO strains after salt stress treatment were collected. The transcriptome of 27 samples was determined and analyzed. In total, 112.60 Gb clean data was obtained for each sample. The clean data reached 3.56 Gb, and the Q30 base was 93.35% and above. Align the clean reads of each sample with the birch reference genome, and the comparison efficiency ranges from 86.95 to 88.60%. Based on the comparison results, we conducted a repeatability analysis, and selected the best repeatability materials among the wild-type, over-expression lines, and knockout lines for subsequent analysis. We identified differentially expressed genes (DEGs) according to their expression levels in different samples, and perform functional annotation and GO enrichment analysis.

Compared with WT, 1628 and 1884 DEGs were found in OE and KO, respectively. Among identified DEGs, 1051 genes are shared by both OE and KO strains (Figure 7A). In the KO line, there were 829 up-regulated genes and 1,055 down-regulated genes, while 540 up-regulated genes and 1,088 down-regulated genes were found in the OE lines (Figure 7B).
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FIGURE 7. The number of differential genes in the transcriptome of the birch transgene. (A) Venn diagram of differentially expressed genes. (B) The number of differential genes up-regulated and down-regulated in transgenic lines compared to WT.


GO enrichment analysis of differential genes found that there were a large number of genes down-regulated by OE and KO are enriched in stress-related pathways, including response to external stimulus, response to stress, response to oxygen-containing compound, response to chemical (Figures 8A,C). It indicates that transgenic plants and wild type have different ways of coping with salt stress at the RNA level. In addition to stress-related pathways, extraordinary genes are also concentrated on plasma membrane and transferase pathway, it showed that the effect of BpPP2C1 gene on plants is likely to be manifested in signal transduction. For the up-regulated genes, KO and OE showed different types of enrichment. A large number of genes up-regulated in KO were related to the cell cycle (Figure 8B), including the mitotic cell cycle process, cytoskeleton organization, microtubule-based process, cytokinesis by cell plate formation. In addition, covalent chromatin modification pathway was also enriched in KO. Unlike KO lines, genes up-regulated in OE were concentrated in the extracellular region, anion transport, oxygen binding, lyase activity, and the metabolism process of flavanol and flavone (Figure 8D).
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FIGURE 8. Differential gene GO enrichment of transgenic plants compared with wild-type plants. GO annotation of differential genes, selected by the pathways with fdr <0.05, The abscissa shows the number of genes in the corresponding pathway. (A) Down-regulated genes in KO. (B) Up-regulated genes in KO. (C) Down-regulated genes in OE. (D) Up-regulated genes in OE.


As for down-regulated DEGs related to salt stress in OE and KO, many genes were related to the anabolism and signal transduction of hormones such as abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) (Figures 9A,B). It shows that compared with the wild type, in the transgenic plants, hormones related to salt stress (ABA, JA, SA, ET), their metabolism and response were likely to undergo huge changes, resulting in the plants showing different degrees of salt tolerance. These hormone-related DEGs in the stress pathway were annotated, contained many stress-related transcription factors such as: MYB, NAC, WRKY, and zinc finger protein. Simultaneously, protein kinases, protein phosphatases, oxidoreductases, synthetases, alcoholases, transferases, and heat shock proteins were also identified.
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FIGURE 9. Thermogram analysis of salt stress related genes in differentially expressed genes. (A) Salt stress genes related to ABA pathway. (B) Salt stress genes related to JA, SA, ET pathways. (C) Salt stress genes related to anion transport. (D) Salt stress genes related to oxygen binding. (E) Salt stress genes related to flavanol synthesis. In each group, the average FPKM value of each member was taken, calculate the ratio of OE or KO compared with WT.


In OE plants, there were significantly up-regulated gene compared with WT and KO plants enriched on anion transport, oxygen binding and flavanol synthesis pathways. Anion transport genes mainly included sulfate transporter, alpha/beta hydrolase and transmembrane protein were up-regulated (Figure 9C). Oxygen binding proteins included multiple cytochrome P450 family members, which play an important role in stress were up-regulated (Figure 9D). Genes related to flavanol metabolism included UDP glucose -4-epimerase, O-methyltransferase were up-regulated (Figure 9E). Up-regulation of these pathway genes may confer salt tolerance to overexpressing BpPP2C1 plants.



DISCUSSION


Expression of BpPP2C1 Gene Has Tissue Distribution Specificity Under Salt Stress

Tissue distribution specificity of plant may be closely related to gene function. In 2-month-old wild-type birch, BpPP2C1 is mainly expressed in mature stems and highly expressed in roots (Figure 3B). Roots is the first organ of plant to receive the salt stress signal, which then affects the growth of the above-ground parts (Fu et al., 2019). BpPP2C1 is a phosphate signal transmitter, and its abundant expression in roots is likely to be a great significance for plants to respond to salt stress. As a regulatory factor in the MAPK cascade signal pathway, PP2C protein phosphatase may participate in the transduction and amplification of extracellular stimulus signals in root (Brock et al., 2010), cooperating with aerial parts to adapt to salt stress environment (Colcombet and Hirt, 2008). The expression trend of BpPP2C1 gene in roots and leaves during the salt stress was very consistent, both gradually increased, leap up to 1.7 times in roots but up to 10 times in leaves (Figure 3C). It shows that during the process of environmental changes, the signal transduction of BpPP2C1 be activated more in the leaves rather than in roots.



Expression of BpPP2C1 Gene Increases Salt Tolerance

BpPP2C1 gene can highly express in response to salt stress (Figures 3C,D). Experiment of salt stress treatment was carried out on BpPP2C1 overexpression lines, knockout lines and wild type of birch. From the most intuitive phenotypic traits such as salt damage index, relative/absolute high growth, and plant survival rate after stopped treatment, OE strain showed strong resistance to salt, while knockout plants KO showed salt-sensitive. Chlorophyll fluorescence parameters are generally used to characterize the intrinsic action of photosystem II (PSII), which is interrelated with the photosynthetic capacity (Hao et al., 2012). The absorption, transmission, dissipation and distribution of light energy in leaves during stress can be reflected in chlorophyll fluorescence parameters, indicating the damage degree of the plant (Zhang, 1999; Hao et al., 2012). Decreased Fv/Fm (Maximum photochemical quantum yield of PS II), Y(ll) (Effective photochemical quantum yield of photosystem II), qP (Coefficient of photochemical fluorescence quenching), and ETR (Electron transport rate) reflect that PSII activity decrease, electron transport is disrupted, photochemical efficiency is reduced and photosynthesis is inhibited (Maxwell and Johnson, 2000; Erhard et al., 2008). There was no significant difference between the transgenic line and the wild-type control before the stress, but after the stress, chlorophyll fluorescence parameters of the KO were lower than those of the WT, while those of OE are higher than WT and KO strain (Figure 5). It shows that the photosynthesis efficiency of OE strain was maintained under salt stress.

High concentration of salt damages the electron transport chains of different subcellular structures of plant cells, leading to the production of reactive oxygen species (ROS), damaging proteins, membrane lipids and other cellular components, and producing secondary oxidative stress (Moller, 2001; Bartolomé and Mercedes, 2013). The elimination of ROS in plants mainly relies on enzymatic reactions. Superoxide dismutase (SOD) can reduce the damage caused by ROS by catalyzing the disproportionation reaction of superoxide anion radicals (Apel and Hirt, 2004). Hydrogen peroxide (H2O2) is a cytotoxic substance produced in the redox reaction catalyzed by oxidase. Peroxidase (POD) catalyzes H2O2 to directly oxidize phenolic or amine compounds to eliminate the harmful effects of hydrogen peroxide (Meloni et al., 2003; Cantarello et al., 2005). In this study, we found that the OE lines under stress treatment had higher POD and SOD activities, and the KO lines had low POD and SOD activities than wild type (Supplementary Figure S3). MDA, a stable product of the membrane lipid peroxidation, can reflect the damage degree and the senescence process of plant (Rattan et al., 2020). It can be seen that after being subjected to salt stress, compared with the wild type, the transgenic birch with the BpPP2C1 gene knocked out has a higher MDA content, and the overexpressing the BpPP2C1 gene had a lower MDA value (Figure 6). These experimental results showed that the expression of the BpPP2C1 gene improves the antioxidant defense system, thereby protecting transgenic plants from salt stress by reducing damage caused by oxidative stress.



BpPP2C1 Gene May Play a Role in Salt Stress Though ABA Signaling Pathway

Previous studies have found that the PP2C family number are widely involved in abiotic stress though ABA Signal pathway. Under salt stress, ABA is synthesized rapidly, and firstly binds to ABA receptor PYR/PYL family proteins, inhibits the activity of protein phosphatase PP2Cs, releases the activity of SnRK2 protein kinase (Park et al., 2009; Zhao et al., 2018). Then the transcription factor which interact with SnRK2 protein kinase is phosphorylated and combined with the response element AREB of the downstream gene promoter, and finally the ABA response gene is activated and expressed (Hubbard et al., 2010; Krzywińska et al., 2016a). It is a well-known that members of Arabidopsis PP2C family A subfamily group play an important negative regulatory role in ABA signal transduction (Nishimura et al., 2010). In contrast, the OsPP108 gene is a gene of the PP2C family A subfamily in rice. Transformation of the OsPP108 gene into Arabidopsis shows that the OsPP108 gene is negatively regulated in the ABA signaling pathway, but positively regulated in salt stress and drought stress (Singh et al., 2015). TaPP2C1 is a member of the F subfamily of the tobacco PP2C family. The overexpression of TaPP2C1 transgenic tobacco shows ABA insensitivity and significant salt resistance (Hu et al., 2015). AtPP2CG1 belongs to Arabidopsis thaliana protein phosphatase 2C G Group 1. The expression levels of AtPP2CG1 in the ABA synthesis-deficient mutant abi2-3 were much lower than that in WT plants under salt stress suggesting that the expression of AtPP2CG1 acts in an ABA-dependent manner. Over-expression of AtPP2CG1 led to enhanced salt tolerance, whereas its loss of function caused decreased salt tolerance. These results indicate that AtPP2CG1 positively regulates salt stress in an ABA-dependent manner (Liu et al., 2012). The overexpression of the MsPP2C gene isolated from alfalfa Zhongmu conferred salt-tolerance in Arabidopsis, Fluorescence quantitative PCR showed that salt stress, abscisic acid (ABA), and drought stress induced the expression of MsPP2C (Guo et al., 2018). It can be found that PP2C, a huge gene family, encodes functional proteins with different physiological characteristics. The role of many PP2Cs is still unknown, especially for the PP2Cs C subfamily. Previous reports on the PP2Cs C subfamily mostly regulate the phenotype of plants: It was found that both AtPOL and AtPLL1 regulate cell differentiation, and the expression of genes has a significant effect on the phenotype; AtPLL4 and AtPLL5 appear to regulate leaf development (Song and Clark, 2005). Here, we found a PP2C subfamily C gene in birch named BpPP2C1 may involve in ABA signal transduction and abiotic stress. The expression of BpPP2C1 was down-regulated after ABA treatment in wild-type birch (Figure 3G). Transcriptome analysis of BpPP2C1 overexpression lines and knockout lines found that a large number of salt stress-related genes were down-regulated (Figures 8A,C). Among them, many genes involved in the ABA signaling pathway are included: transcription factors such as MYB transcription factor family, zinc finger protein, NAC family, and homeodomain-leucine zipper protein (HD-Zip) (Phang et al., 2008; Agarwal and Jha, 2010). It also contains heat shock proteins and protein kinases annotated in the ABA pathway which included SNF1-related protein kinases, a key regulator of the plant response to osmotic stress (Krzywińska et al., 2016a). It can be seen that the expression of Betula platyphylla BpPP2C1 has an impact on the ABA signal transduction pathway under salt stress, disrupting the expression of ABA signal transmission and response related genes. This system may be working through the transmission of phosphate signals, activating protein kinases to modify the activity of transcription factors, then the expression of downstream resistance-related genes is activated. Eventually changes the salt tolerance of PP2C1 gene overexpression lines and gene knockout lines.



The Salt Tolerance of OE Strains May Be Related to the Up-Regulated Expression of Oxidative Stress-Related Genes

Compared with the wild type, the up-regulated genes of KO and OE strains showed different enrichment types. In the salt-tolerant OE lines, genes enriched in extracellular region, anion transport, oxygen binding, lyase activity, and flavanol biosynthetic process were significantly up-regulated (Figure 8D). Genes related to anion transport like peroxidase, sulfate transporter, sugar transporter, molybdate transporter, aluminum-activated malate transporter, transmembrane amino acid transporter were up-regulated in OE strains (Figure 9C). In addition, it is worth noting that genes code cytochrome enzyme P450 family protein were significantly up-regulated (Figure 9D; Mao et al., 2013). This gene family involved in salt tolerance, they catalyze various oxidative reactions and are of great significance to plant metabolism (Brankova et al., 2007; Mizutani, 2012; Weifang et al., 2017). In addition to the enzymatic reactions involved in POD and SOD, which can alleviate the oxidative damage caused by salt stress, flavonoids are a major class of non-enzymatic active oxygen scavengers, and their synthesis ability is significantly enhanced under salt stress (Tattini et al., 2004; Chen et al., 2018; Sheng et al., 2020). Among them, flavanols are resistant to the most oxidizing (Apel and Hirt, 2004; Treutter, 2006). Transcriptome analysis showed that the expression of flavanol biosynthetic genes were up-regulated (Figures 8D, 9E). The OE line may enhance the ability to remove active oxygen by increasing the content of flavanols, thereby improving the salt tolerance of plants. Within the up-regulated oxidative stress-related genes, there are nine genes that show opposite expression patterns between OX and KO. It is possible those genes related to PP2C1 (Supplementary Figure S4). These genes were: major facilitator superfamily protein, sulfate transporter, aluminum-activated malate transporter, eukaryotic aspartyl protease family protein, partial CYSTEINE-RICH Receptor-like kinase, o-methyltransferase, cytochrome P450, which can be studied in subsequent experiments.



CONCLUSION

In summary, the BpPP2C1 gene encodes a protein phosphatase of the PP2C family, which is in the nucleus and cell membrane, highly expressed in roots and responds to ABA and salt stress. The overexpressing BpPP2C1 gene are obviously salt-tolerant, while the strains that knock out the BpPP2C1 gene are sensitive to salt. Transcriptome analysis showed that a large number of salt stress-related genes were differentially expressed in BpPP2C1 transgenic lines, explaining that the reason for the difference in salt tolerance of transgenic plants may be related to the signal transmission in the ABA, JA, SA, ET pathways. Overexpression of BpPP2C1 may confers white birch salt tolerance by reducing oxygen stress damage, referencing the up-regulated expression of gene related to metabolic activity of flavanols, anion transport, and oxidative stress.
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The salt overly sensitive (SOS) signal transduction pathway is one of the most highly studied salt tolerance pathways in plants. However, the molecular mechanism of the salt stress response in Tamarix hispida has remained largely unclear. In this study, five SOS genes (ThSOS1–ThSOS5) from T. hispida were cloned and characterized. The expression levels of most ThSOS genes significantly changed after NaCl, PEG6000, and abscisic acid (ABA) treatment in at least one organ. Notably, the expression of ThSOS3 was significantly downregulated after 6 h under salt stress. To further analyze ThSOS3 function, ThSOS3 overexpression and RNAi-mediated silencing were performed using a transient transformation system. Compared with controls, ThSOS3-overexpressing transgenic T. hispida plants exhibited greater reactive oxygen species (ROS)-scavenging capability and antioxidant enzyme activity, lower malondialdehyde (MDA) and H2O2 levels, and lower electrolyte leakage rates under salt stress. Similar results were obtained for physiological parameters in transgenic Arabidopsis, including H2O2 and MDA accumulation, superoxide dismutase (SOD) and peroxidase (POD) activity, and electrolyte leakage. In addition, transgenic Arabidopsis plants overexpressing ThSOS3 displayed increased root growth and fresh weight gain under salt stress. Together, these data suggest that overexpression of ThSOS3 confers salt stress tolerance on plants by enhancing antioxidant enzyme activity, improving ROS-scavenging capability, and decreasing the MDA content and lipid peroxidation of cell membranes. These results suggest that ThSOS3 might play an important physiological role in salt tolerance in transgenic T. hispida plants. This study provides a foundation for further elucidation of salt tolerance mechanisms involving ThSOSs in T. hispida.
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INTRODUCTION

High salinity is a major adverse environmental factor affecting plant growth and development due to osmotic and ionic stress (El Mahi et al., 2019; Yang et al., 2019). Plants have evolved several mechanisms to respond to harsh environments and adjust their growth under high-salt conditions (Munns and Tester, 2008). Ca2+ is a ubiquitous secondary messenger that is involved in the signaling of various environmental and developmental stimuli (Hilleary et al., 2018; Srinivasan and Roberto, 2018). Rapid and significant changes in intracellular Ca2+ concentrations can occur in response to such stimuli, and these changes are sensed and decoded by Ca2+ sensors, including calmodulins, calmodulin-like proteins, calcineurin B-like proteins (CBLs), and Ca2+-dependent protein kinases (Kudla et al., 2010). Ca2+ sensors or Ca2+-binding proteins can sense transient Ca2+ changes and alter the protein phosphorylation and gene expression of related proteins or genes, thus enabling plants to survive stress conditions (Luan, 2009).

The salt overly sensitive (SOS) 3 gene acts as a Ca2+ receptor in plants and is involved in Ca2+ signal-mediated stress responses. This gene, which encodes a calcineurin-like protein, belongs to the CBL gene family and is also known as CBL4. The SOS3 gene was originally identified in the model plant Arabidopsis (Kamei et al., 2010). The SOS3-encoded protein contains EF-hand domains in its C-terminus and a myristylation site in its N-terminal region. Myristylation is important for recruitment of SOS3 to the plasma membrane and for salt tolerance in plants (Quintero et al., 2002). SOS3 physically interacts with SOS2, a serine/threonine protein kinase. In the presence of Ca2+, SOS3 activates the substrate phosphorylation activity of SOS2. The binding of SOS3 to SOS2 is mediated by the 21-amino acid (aa) FISL motif in SOS2 and activates SOS1, a Na+/H+ antiporter, leading to Na+ efflux from the cytosol (Quintero et al., 2002; Nutan et al., 2018). Moreover, an SOS2–SOS3 interaction in the SOS pathway has also been demonstrated using sos3/sos2 double-mutant Arabidopsis (Guo et al., 2001). In addition to interacting with SOS3 at the plasma membrane, SOS2 has also been reported to interact with and thereby regulate the activity of several tonoplast-localized transporters, such as the Ca2+/H+ antiporter, vacuolar V-ATPase, and the Na+/H+ exchanger (Cheng et al., 2004; Batelli et al., 2007; Huertas et al., 2012).

SOS3s and CIPKs from different plant species have been found to function in different tissues in response to abiotic stress. For example, SOS2 and SOS3 specifically mediate salt stress signal transduction in Arabidopsis roots (Qiu et al., 2002; Zhang et al., 2017). OsSOS2 and OsSOS3 can coordinate to activate OsSOS1 in yeast cells and can be exchanged with their Arabidopsis counterparts to form heterologous protein kinase modules that activate both OsSOS1 and AtSOS1 and suppress the salt sensitivity of sos2 and sos3 Arabidopsis mutants (Martínez-Atienza et al., 2007).

The SOS3 gene has also been reported to be involved in plant salt stress responses. For example, in Arabidopsis, SOS3 has been shown to play a unique role in these responses (Kamei et al., 2010). Notably, duplication of SOS3 increases the Ca2+-mediated signaling capacity in Eutrema and confers increased salt tolerance on salt-sensitive Arabidopsis (Monihan et al., 2019). Overexpression of the SOS3 gene in tobacco increases salt stress by causing exclusion of Na+ from the cytosol and retention of high K+ levels in the cytosol to re-establish ion homeostasis (Li et al., 2013). In Populus trichocarpa, PtSOS1, PtSOS2, and PtSOS3 have been identified to cooperate in the activation of PtSOS1, thus conferring salt tolerance on P. trichocarpa (Tang et al., 2010).

Tamarix hispida is a woody halophyte species with excellent stress resistance. It can form natural forests in soil with a 1% salt content and is thus an excellent material for research on salt tolerance mechanisms and for cloning of salt tolerance genes. A search of T. hispida transcriptome libraries yielded 5 ThSOS genes. In this study, the 5 ThSOS genes (ThSOS1–ThSOS5) were cloned and characterized, and their expression levels under different abiotic stress conditions were analyzed by qRT-PCR. To further study ThSOS3 function, appropriate vectors for ThSOS3 overexpression and RNAi-mediated silencing were generated and transformed into T. hispida. The results showed that ThSOS3 significantly improved salt tolerance in transgenic plants. The results of this investigation thus provide a candidate salt tolerance gene for forest genetic breeding.



MATERIALS AND METHODS


Plant Growth and Stress Treatments

T. hispida seedlings (Turpan Desert Botanical Garden) were planted in pots containing a perlite/vermiculite/soil mixture (1:1:4 v/v) in a greenhouse (70–75% relative humidity; 14 h light/10 h dark photocycle, approximately 600 mmol m–2 s–1; 24°C). Uniformly developed 2 months old T. hispida seedlings were irrigated with a solution of 0.4 M NaCl, 20% (w/v) PEG6000 or 100 μM abscisic acid (ABA), and the tissues were harvested at 6, 12, 24, 48, and 72 h. Seedlings irrigated with fresh water were harvested at the corresponding time points as controls. Each treatment was repeated three times.

Arabidopsis thaliana Columbia (wild-type, WT) plants were used in this study. After vernalization, Arabidopsis seeds were sterilized for 3–5 min with 2.5% (v/v) sodium hypochlorite and washed three times with distilled water. The seeds were soaked on 1/2-strength Murashige and Skoog (MS) solid medium plates containing 0.6% agar. One-week-old seedlings were transferred from the plates to pots filled with vermiculite/soil/perlite (1:3:1) and grown in a greenhouse under a 16 h light/8 h dark photocycle, 70–75% relative humidity, 500 μmol m–2 s–1 light intensity, and a stable temperature of 22°C.



Cloning and Sequence Analysis of ThSOSs

ThSOS genes were searched in the transcriptome library database and were further identified using conserved domain BLAST1. A phylogenetic tree was constructed with T. hispida SOS proteins and SOS homologs from other species using the neighbor-joining method in MEGA 5.0 via the bootstrap method with 1,000 replications (Tamura et al., 2011). Multiple sequence alignment was performed using ClustalX with a gap extension and gap opening penalties of 10 and 0.1, respectively (Thompson et al., 1997). The theoretical isoelectric point (pI) and molecular weight (MW) of each ThSOS protein were studied with the Expert Protein Analysis System (ExPASy) “compute pI/Mw” tool2. ThSOS subcellular localization was predicted using CELLO v.2.53. The ∼2 kb upstream promoter region of each ThSOS gene was searched with the T. hispida genome database. The putative cis-acting elements of 3 ThSOS genes were analyzed with the Plant Cis-Acting Regulatory DNA Elements (PLACE) database4.



RNA Extraction and qRT-PCR Analyses

Total RNA was extracted from T. hispida plants with a Plant RNeasy Extraction Kit (BioTeke, China), and first-strand cDNA was synthesized from 1 μg of purified RNA using a PrimeScriptTM RT Reagent Kit (TaKaRa, Beijing, China). qRT-PCR was performed on a qTOWER3 G (Analytik Jene AG, Germany) with the Actin (FJ618517) and β-tubulin (FJ618519) genes as internal controls. Each 20 μL reaction mixture contained 10 μL of SYBR-Green Real-time PCR Master Mix (Toyobo, Shanghai, China), specific primers (0.5 μM each), and 2 μL of cDNA template. Amplification was performed using the following cycling parameters: 94°C for 30 s; 45 cycles of 94°C for 12 s, 58°C for 30 s, and 72°C for 45 s; and then 82°C for 1 s for plate reading (Liu et al., 2018). The relative abundance was determined by the 2–Δ Δ Ct method (Livak and Schmittgen, 2001). Three replicates were included for each sample (the primers used for qRT-PCR are shown in Table 1).


TABLE 1. Primers sequences used in this study.

[image: Table 1]


Transient Expression of the Thsos3 Gene in T. hispida

A 642 bp cDNA sequence of ThSOS3 was amplified, cloned into the prokII vector with the CaMV 35S promoter, and named 35S::ThSOS3. A 200 bp truncated inverted-repeat cDNA sequence of ThSOS3 was cloned into pFGC5941 flanking the CHSA intron to generate pFGC5941::ThSOS3 and used to silence the expression of ThSOS3 (the primers for vector construction are listed in Table 1).

T. hispida plants were transiently transformed according to the methods of Zhang et al. (2018). Three groups of transgenic T. hispida plants were generated by transient transformation: 35S::ThSOS3 plants were generated to overexpress ThSOS3 (OE), pFGC5941::ThSOS3 plants were generated to silence the expression of ThSOS3 (SE), and empty pROKII vector-transformed plants were generated as controls (Con). After growth for 12, 24, and 36 h under normal conditions or salt treatment, the relative abundance of ThSOS3 in these transformed T. hispida plants was studied using qRT-PCR. Three biological replicates were included that contained at least 60 transformed seedlings.



Stress Tolerance Analysis

Stably transformed Arabidopsis plants were generated by the floral dip method (Clough and Bent, 1998). Two T3 generation homozygous ThSOS3 transgenic lines (OE1 and OE2) were selected to further evaluate stress tolerance. After vernalization, Arabidopsis seeds were sown on 1/2-strength MS medium and grown for 5 days prior to being transferred to 1/2-strength MS medium with or without 120 mM NaCl for 10–14 days. The root length and fresh weight were measured, and the seedlings were imaged. To assess salt tolerance in soil, seeds of two T3 generation homozygous transgenic lines (OE1 and OE2) of ThSOS3 and the Con (WT) line were sown on 1/2 MS solid medium for 5–7 days and then transferred to soil. After 3 weeks of growth, the seedlings were irrigated with a 150 mM NaCl solution for 5 days and then imaged. The treatments were independently repeated at least three times. Each sample was analyzed and contained at least 15 transformed seedlings.



Biochemical Staining

Hydrogen peroxide (H2O2) and superoxide (O2–) staining were performed by infiltration with 3-3-diaminobenzidine (DAB) or nitro blue tetrazolium (NBT) following the procedures described by Zhang et al. (2011). Evans blue staining was performed to investigate cell death, as described by Liu et al. (2018).



Physiological Index Measurement of Transformed Plants

Transformed T. hispida plantlets were grown on 1/2 MS solid medium supplemented with 150 mM NaCl for 12–36 h. Four-week-old Arabidopsis seedlings were subjected to 150 mM NaCl for 5 days. After treatment, the seedlings were collected and subjected to physiological index analysis. Superoxide dismutase (SOD) and peroxidase (POD) activity and H2O2 content were measured using corresponding reagent kits (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer’s instructions. The MDA content was determined according to the methods of Dhindsa et al. (1981). Electrolyte leakage was analyzed as described by Ben-Amor et al. (1999). Each sample contained at least nine harvested seedlings, and all of the experiments were repeated at least three times.



Statistical Analyses

Statistical analyses were carried out using Excel software. The data were compared using Student’s t-test, and differences were considered significant if P < 0.05. ∗Represents a significant difference (P < 0.05), and ∗∗represents a very significant difference (P < 0.01).



RESULTS


Gene Identification and Sequence Analysis of ThSOS Genes

In total, five candidate SOS genes were selected and identified. The 5 ThSOS proteins ranged from 213 to 1,165 aa in length (Table 2). Large variations were found in the theoretical pI values (ranging from 4.76 to 6.42) and the MW values (ranging from 22.42 to 128.83 kDa) of the proteins encoded by the five ThSOS genes. The prediction results showed that the five ThSOS genes were localized in the plasma membrane, cytoplasm, extracellular space, or chloroplasts (Table 2).


TABLE 2. Features of ThSOS genes in T. hispida.

[image: Table 2]
To determine the subclasses of the ThSOS genes, phylogenetic analysis was performed using the sequences of the ThSOS proteins and SOS proteins from other species (Figure 1A and Supplementary Table S1). The results revealed that ThSOS1, ThSOS2, and ThSOS3 genes were closely related to the SOS1, SOS2, and SOS3 subfamilies in Arabidopsis. ThSOS3 belonged to the CBL4 subfamily and clustered into the same clade as PtrSOS3, MnSOS3, and AtSOS3. Multiple sequence alignment analysis showed that ThSOS3 was closely related to PtrSOS3 (XP-002318422.1) from P. trichocarpa, MnSOS3 (XP-010100753.1) from Morus notabilis, and AtSOS3-1 (AT5G24270) from A. thaliana (Figure 1B).
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FIGURE 1. Phylogenetic and sequence analysis of ThSOS proteins. (A) Phylogenetic analysis of ThSOSs and other SOS proteins from different plant species. (B) Alignment of the ThSOS3 protein sequence with other plant SOS3 protein sequences. The sequences of SOS proteins were downloaded from the GenBank database, and their GenBank accession numbers are listed in Supplementary Table S1.




Characterization of Cis-Elements in ThSOS Gene Promoters

Numerous stress-related consensus cis-acting elements were detected, including an ABA-responsive element (ABRE), an antioxidant response element (ARE), and TC-rich repeats. Moreover, ThSOS1 included 1 abiotic stress-related element, the MYB-binding site (MBS); nine hormone stress-related elements, such as the salicylic acid-responsive element (TCA element), methyl jasmonate (MeJA)-responsive element (CGTCA motif or TGACG motif), gibberellin-responsive element (TATC-box), and auxin-responsive element (TGA element); and 1 development-related endosperm expression element (GCN4 motif). ThSOS3 contained an MBS and low temperature response (LTR) response elements consisting of five hormone stress-related elements, auxin-responsive elements (TGA elements or AuxRR core elements), and salicylic acid-responsive elements (TCA elements). Similarly, ThSOS4 contained many abiotic and hormone stress-related elements, as shown in Supplementary Figure S1.



Expression of ThSOS Genes Under Abiotic Stress and ABA Treatment

To analyze the relative abundance of ThSOS genes, the expression profiles of the 5 ThSOS genes were measured under different stresses (NaCl or PEG6000 exposure) or hormone treatment (ABA) using qRT-PCR.

In roots under NaCl stress, the expression of most ThSOS genes was upregulated. Notably, ThSOS4 and ThSOS5 exhibited upregulated expression at all stress time points. The highest expression levels of ThSOS4 and ThSOS5 were 8.02- and 4.86-fold higher than control levels, respectively. The other three ThSOS genes, ThSOS1, ThSOS2, and ThSOS3, were downregulated at the initial stress time point and upregulated at later stages. The lowest expression levels of the three ThSOS genes in the roots all occurred at 6 h. The expression levels of ThSOS1, ThSOS2, and ThSOS3 at this time point were 3.55, 6.11, and 0.20% of control levels, respectively. These results indicate that these 3 genes can respond rapidly to salt stress in T. hispida roots. In leaves, ThSOS gene expression was mainly downregulated during the stress period. ThSOS2 and ThSOS3 reached their lowest expression levels (3.78 and 1.56% of baseline levels, respectively) in the control plants at 6 h. The relative abundance of ThSOS1, ThSOS4, and ThSOS5 was similar to that of ThSOS2 and ThSOS3, but the lowest expression levels were achieved at 24 h (Figure 2A).
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FIGURE 2. Expression analysis of the 5 ThSOS genes in the roots and leaves in response to abiotic stresses (NaCl and PEG6000 exposure) and hormone (ABA) treatment. (A) 0.4 M NaCl. (B) 20% (w/v) PEG6000. (C) 100 μM ABA. All relative transcription levels were log2-transformed. The error bars were obtained from multiple replicates of qRT-PCR.


Under PEG6000 stress, most of the ThSOS genes were significantly upregulated, and all ThSOS genes achieved their highest expression levels at 72 h. Interestingly, the expression levels of ThSOS1, ThSOS2, and ThSOS3 in the roots were significantly downregulated after 6 h of PEG6000 stress (5.39, 16.67, and 0.16% of the control levels, respectively). In leaves, the expression levels of the ThSOS1, ThSOS2, and ThSOS3 genes were mainly downregulated throughout the stress period, and ThSOS1 and ThSOS2 achieved their lowest expression levels at 24 h. However, ThSOS3 reached its lowest expression level during the early stage of stress (6 h). In contrast to the gene expression patterns of these three ThSOS genes, the relative expression of ThSOS5 was significantly upregulated at almost all stress points (in addition to 24 h) and peaked at 72 h. The expression of ThSOS4 did not change significantly under PEG6000 stress (Figure 2B).

Under ABA stress, the relative abundance of ThSOS1, ThSOS4, and ThSOS5 was significantly upregulated in the roots. The most strongly upregulated gene was ThSOS1; its expression peaked at levels 161.28-fold higher than control levels at 12 h. The relative expression of ThSOS2 was mainly upregulated except at 12 h, when its expression was only 24.3% of the control level. However, ThSOS3 expression was clearly downregulated at 6 h (0.4% of the control level) and showed no significant changes at any other stress time points. In leaves, no significant changes were found in the expression of any of the ThSOS genes except at 6 h. All the ThSOS genes (ThSOS1, ThSOS2, ThSOS3, ThSOS4, and ThSOS5) reached their lowest expression levels under ABA stress at 6 h (0.55, 0.83, 0.07, 1.31, and 3.17% of the control levels, respectively) (Figure 2C).



Transient Expression of ThSOS3 in T. hispida

To ascertain whether the ThSOS3 gene was successfully transiently overexpressed and suppressed in T. hispida, the ThSOS3 transcript levels in Con, OE, and SE plants were examined by qRT-PCR. Compared with that in Con plants, the ThSOS3 expression in OE plants was significantly increased under salt stress conditions, while that in SE plants was significantly decreased (Figure 3), indicating that the gain and loss of function of ThSOS3 in T. hispida plants were successfully achieved.
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FIGURE 3. ThSOS3 transcript levels in T. hispida plants with transient overexpression or knockdown of ThSOS3. The expression data were log2-transformed. Two-month-old T. hispida plants were transiently transformed with empty pROKII, 35S::SOS3 or pFGC::SOS3. After transformation for 36 h, T. hispida plants were treated with 150 mM NaCl for 12, 24, or 36 h, and the expression of ThSOS3 was determined. OE, ThSOS3 overexpression; SE, ThSOS3 RNAi; Con, pROKII vector control.




ThSOS3 Confers Salt Stress Tolerance on Transgenic Plants

To preliminarily explore the function of the ThSOS3 gene, DAB staining and NBT staining were performed, and the related physiological indexes of three differently transformed T. hispida plants were studied. The reactive oxygen species (ROS) accumulation levels in OE, SE, and Con plants before and after abiotic stress were determined by DAB and NBT staining. Under salt stress, the staining intensity in OE plants was lower than that in Con plants, while that in SE plants was higher than that in Con plants (Figures 4A,B). Additionally, H2O2 and MDA levels were measured in different transgenic T. hispida. The results failed to demonstrate differences in H2O2 and MDA levels among the three transiently transgenic plants under normal conditions. However, under salt stress, SE plants showed the highest H2O2 and MDA levels, followed by Con plants; the OE plants had the lowest H2O2 and MDA levels. The levels of H2O2 and MDA in SE plants were 1.27 and 1.53 times those in Con plants, respectively. However, the H2O2 and MDA levels in OE plants were the lowest at only 82.02 and 85.2% of those in Con plants, respectively, at 24 h (Figures 4D,E).
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FIGURE 4. Analysis of ROS-scavenging capability and cell death in T. hispida plants with overexpression or RNAi-mediated knockdown of ThSOS3. (A) NBT and (B) DAB staining were performed to detect O2– and H2O2, respectively. (C) Evans blue staining was used to analyze cell death. Young branches from transformed T. hispida plants treated with 150 mM NaCl for 2 h were used for DAB, NBT, and Evans blue staining. (D–H) Analysis of H2O2 and MDA content, SOD and POD activity, and electrolyte leakage in three different transgenic T. hispida plants. Transformed T. hispida plantlets grown on 1/2 MS solid medium supplemented with 150 mM NaCl for 24 h were used to measure the H2O2 (D) and MDA (E) content, SOD (F), and POD (G) activity, and electrolyte leakage (H). *Represents a significant difference (P < 0.05). **Represents a very significant difference (P < 0.01).


To better interpret the results of transient expression of ThSOS3 in T. hispida, ThSOS3 was overexpressed in Arabidopsis. Two independent T3 homozygous transgenic lines (OE1 and OE2) overexpressing ThSOS3 were selected and studied. Under salt treatment, the H2O2 and MDA levels in both OE lines were lower than those in the WT line, although the lines had similar H2O2 and MDA levels under normal conditions (Figures 5A,B,D). In addition, the phenotype, fresh weight, and root length were not different between the transgenic and WT plants under normal conditions. However, under salt treatment, the OE1 and OE2 plants presented significantly higher fresh weights and root lengths than the WT plants (Figures 6A–D).
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FIGURE 5. Analysis of ROS-scavenging capability and cell death in Arabidopsis plants overexpressing ThSOS3. (A) NBT, (B) DAB, and (C) Evans blue staining were performed. Leaves from ThSOS3-transformed and Con (WT Arabidopsis) plants treated with 150 mM NaCl for 24 h were used for histochemical staining. (D–F) Analysis of MDA content, SOD and POD activity, and electrolyte leakage in transgenic and Con (WT Arabidopsis) plants. Four-week-old Arabidopsis seedlings subjected to 150 mM NaCl for 24 h were used to detect the MDA (D) content, SOD (E) and POD (F) activity, and electrolyte leakage (G). *Represents a significant difference (P < 0.05). **Represents a very significant difference (P < 0.01).



[image: image]

FIGURE 6. Salt stress tolerance associated with ThSOS3. (A) Growth comparison between OE and WT plants. Arabidopsis plants grown on 1/2-strength MS medium (control) and 1/2-strength MS medium supplied with 120 mM NaCl were used for growth analysis. (B) Root length and (C) fresh weight were also analyzed in at least 30 seedlings under each treatment. (D) Comparison of growth phenotypes between OE and WT Arabidopsis lines grown in soil. The plants were treated with 150 mM NaCl for 5 days for analysis. Plants grown under normal conditions were used as controls. *Represents a significant difference (P < 0.05). **Represents a very significant difference (P < 0.01).




ThSOS3 Improves ROS-Scavenging Capability

The antioxidant enzymes SOD and POD are the two most important ROS-scavenging enzymes influencing cellular ROS levels. Thus, we further studied POD and SOD activity. Under normal growth conditions, there were no obvious differences in activity levels between Con and transgenic T. hispida. However, SOD and POD activity levels were significantly increased in OE plants under salt stress. At 24 h, the activity levels of SOD and POD in OE plants were 1.35 and 1.24 times those in Con plants, while the activity levels in SE plants were only 80 and 83.73% of those in Con plants, respectively (Figures 4F,G).

Similarly, in Arabidopsis, SOD and POD activity did not obviously differ among the studied lines in the absence of stress. Under salt stress, the two OE lines showed higher antioxidant enzyme (SOD and POD) activity than the WT line (Figures 5E,F), consistent with the results obtained in T. hispida.



Cell Death and Electrolyte Leakage Analysis

Evans blue staining was used to assess cell membrane damage on the basis of the intensity of the staining under salt stress. Compared with the Con plants, the OE plants presented light-blue puncta with smaller areas under salt stress, while SE plants presented larger staining areas (Figure 4C). We then measured electrolyte leakage. Electrolyte leakage did not significantly differ among the three differently transformed T. hispida plants under normal conditions. Under salt stress, the relative electrolyte leakage rates of SE plants were the highest at 24 h at 1.14 times those of Con plants, while the rates of the OE plants were 0.82 times those of the Con plants (Figure 4H). Moreover, we detected changes in the levels of corresponding physiological indicators in Arabidopsis, which were consistent with the changes in T. hispida (Figures 5C,G).



DISCUSSION

The SOS gene plays an important role in plants, and its function has been studied in A. thaliana (Qiu et al., 2004; Yang et al., 2009; Wang et al., 2019), Nicotiana tabacum (Yue et al., 2012), Oryza sativa (El Mahi et al., 2019), Gossypium raimondii (Che et al., 2019), Lycopersicon esculentum (Olias et al., 2009), Zea mays (Zörb et al., 2005), and P. trichocarpa (Tang et al., 2010; Zhou et al., 2014). However, few studies have investigated the salt tolerance function of ThSOS in T. hispida.

In our study, five monomorphic and intact ThSOS genes were selected. An unrooted phylogenetic tree and multiple sequence alignment analysis showed that ThSOS3 shared 85.92, 84, and 70% identity with PtrSOS3, MnSOS3, and AtSOS3-1, respectively. It has been reported that AtSOS3 and PtrSOS3 enhance salt tolerance in Arabidopsis and P. trichocarpa (Quan et al., 2007; Tang et al., 2010). The relative abundance of most ThSOS genes in T. hispida was significantly changed under NaCl, PEG6000, and ABA stresses. Notably, ThSOS3 expression was significantly downregulated under salt stress at 6 h. SOS3 is a Ca2+-regulated upstream regulatory protein of the SOS pathway and plays important roles in plant salt stress response pathways (Yang et al., 2009). Kim et al. (2013) confirmed that AtSOS3 expression is strongly induced by NaCl treatment. In addition, overexpression of LeSOS3-1 enhances salt stress tolerance in tobacco by regulating stress-associated physiological changes, such as by enhancing ROS-scavenging capability and maintaining K+/Na+ homeostasis.

Regulatory elements in promoter sequences are essential for the temporal, spatial, and cell type-specific control of gene expression (Jiang et al., 2014). Previous studies have shown that many abiotic and hormone stress-related elements are present in ThSOS gene promoters. As shown in Supplementary Figure S1, ABREs, AREs, and TC-rich repeats were found in the promoters of three ThSOS genes. The LTR element and MBS element were found in the promoter of the ThSOS3 gene. ThSOS3 also contained 4 hormone stress-related elements (a TGA element, a TCA element, an ABRE, and an AuxRR-core element). This result indicates that ThSOS might be involved in stress responses (to abiotic stress and hormone treatment) as well as in plant development. Moreover, previous studies have shown that OSBZ8 mediates salt and dehydration stress tolerance by binding to the ABRE motif (Narusaka et al., 2003), and AtMYB44 inhibits oxidative damage and hypersensitivity to abiotic stresses by binding to MBSs to activate the expression of related downstream genes (Persak and Pitzschke, 2014).

When the results of the analysis of cis-elements in ThSOS gene promoters and the phylogenetic analysis were combined, ThSOS3 was shown to contain abundant abiotic and hormone stress-related elements and to be closely related to AtSOS3 and PtrSOS3. Therefore, we predict that ThSOS3 might also play roles in responses to salt stress.

Plants produce high levels of ROS in adverse environments. ROS act as signaling molecules to control several physiological processes (Liu et al., 2018). Baxter et al. (2013) found that H2O2 and O2– signaling networks are involved in responses to abiotic stimuli. Under salt stress, the staining intensity was lower in OE plants and higher in SE plants than in Con plants. Furthermore, the H2O2 levels were consistent with the DAB and NBT staining results in transgenic T. hispida plants. The results showed that overexpression of ThSOS3 resulted in the lowest H2O2 and MDA accumulation. Conversely, compared to ThSOS3 overexpression, RNAi silencing induced the opposite physiological changes among the three differently transformed T. hispida plants. Next, Evans blue staining was performed to assess cell death in T. hispida plants under salt stress. The results indicated that compared with Con plants under salt stress, OE plants under salt stress presented light blue puncta with smaller areas, while SE plants showed the opposite results. We then measured electrolyte leakage, which did not significantly differ among the three differently transformed T. hispida plants under normal conditions. Under salt stress, the relative electrolyte leakage rates of SE plants were the highest at 24 h at 1.14 times those of Con plants; moreover, those of the OE plants were 0.82-fold those of the Con plants. The electrolyte leakage assay further confirmed the Evans blue staining results. Similar to our study, a previous study revealed that overexpression of the wheat TaAQP8 gene can confer salt tolerance on transgenic tobacco plants by maintaining ionic balance, reducing H2O2 accumulation and reducing membrane damage (Hu et al., 2012). In addition, ThWRKY4 can improve tolerance to salt and ABA treatment by increasing SOD and POD activity, decreasing O2 and H2O2 levels, reducing electrolyte leakage, preventing chlorophyll loss, and protecting cells from death (Zheng et al., 2013).

As ROS levels were significantly altered, we further studied the activity of POD and SOD, which are the two most important ROS-scavenging enzymes. In the absence of stress conditions, the activity levels of these enzymes did not significantly differ among the Con, OE, and SE plants. However, SOD and POD activity levels were significantly increased in OE plants under salt stress. At 24 h, the activity levels of SOD and POD in OE plants were 1.35 and 1.24 times those in Con plants, while the levels in SE plants were 80 and 83.73% of Con plants, respectively. As in our study, ThZFP1 was shown to enhance salt and osmotic stress tolerance in a previous study by positively regulating proline accumulation and SOD and POD activity (Zang et al., 2015). In addition, ThNAC7 has been found to induce the transcription of genes associated with stress tolerance to enhance salt and osmotic stress tolerance by increasing osmotic potential and enhancing ROS scavenging (He et al., 2019). In summary, the physiological indicator results suggest that ThSOS3 confers salt stress tolerance by increasing the activity of antioxidant enzymes (SOD and POD), reducing ROS accumulation, and decreasing the MDA content and lipid peroxidation of cell membranes.



CONCLUSION

The SOS gene plays important roles in responses to salt stress. However, few studies have evaluated the roles of ThSOSs in salt tolerance in T. hispida. In this study, five ThSOS genes were cloned and identified. Their expression patterns in response to different abiotic stresses (NaCl and PEG6000 exposure) and hormone (ABA) stress were analyzed using qRT-PCR. The expression levels of most ThSOS genes were significantly altered under NaCl, PEG6000, and ABA treatment in at least one organ. Notably, ThSOS3 expression was significantly downregulated under salt stress at 6 h. Furthermore, the role of ThSOS3 in salt tolerance was studied. The results showed that overexpression of ThSOS3 confers salt stress tolerance on T. hispida by enhancing antioxidant enzyme activity, improving ROS-scavenging capability and decreasing the MDA content and lipid peroxidation of cell membranes. This study provides a foundation for further elucidation of salt tolerance mechanisms involving ThSOSs in T. hispida. However, the molecular mechanism by which ThSOS3 confers salt stress tolerance on T. hispida is unclear. Future studies should focus on ThSOS3 mechanisms under salt stress.
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Tolerance to salinity is a complex genetic trait including numerous physiological processes, such as metabolic pathways and gene networks; thereby, identification of genes indirectly affecting, as well as those directly influencing, is of utmost importance. In this study, we identified and elucidated the functional characterization of AtPAP17 and AtPAP26 genes, as two novel purple acid phosphatases associated with high-salt tolerance in NaCl-stressed conditions. Here, the overexpression of both genes enhanced the expression level of AtSOS1, AtSOS2, AtSOS3, AtHKT1, AtVPV1, and AtNHX1 genes, involving in the K+/Na+ homeostasis pathway. The improved expression of the genes led to facilitating intracellular Na+ homeostasis and decreasing the ion-specific damages occurred in overexpressed genotypes (OEs). An increase in potassium content and K+/Na+ ratio was observed in OE17 and OE26 genotypes as well; however, lower content of sodium accumulated in these plants at 150 mM NaCl. The overexpression of these two genes resulted in the upregulation of the activity of the catalase, guaiacol peroxidase, and ascorbate peroxidase. Consequently, the overexpressed plants showed the lower levels of hydrogen peroxide where the lowest amount of lipid peroxidation occurred in these lines. Besides the oxidation resistance, the boost of the osmotic regulation through the increased proline and glycine-betaine coupled with a higher content of pigments and carbohydrates resulted in significantly enhancing biomass production and yield in the OEs under 150 mM NaCl. High-salt stress was also responsible for a sharp induction on the expression of both PAP17 and PAP26 genes. Our results support the hypothesis that these two phosphatases are involved in plant responses to salt stress by APase activity and/or non-APase activity thereof. The overexpression of PAP17 and PAP26 could result in increasing the intracellular APase activity in both OEs, which exhibited significant increases in the total phosphate and free Pi content compared to the wild-type plants. Opposite results witnessed in mutant genotypes (Mu17, Mu26, and DM), associating with the loss of AtPAP17 and AtPAP26 functions, clearly confirmed the role of these two genes in salt tolerance. Hence, these genes can be used as candidate genes in molecular breeding approaches to improve the salinity tolerance of crop plants.

Keywords: gene expression profiling, SOS pathway, antioxidant activities, overexpressed and mutant plants, APase activity, Pi homeostasis


INTRODUCTION

Salinity is one of the major abiotic factors affecting the growth, development, and productivity of agricultural crops (Munns and Gilliham, 2015; Parihar et al., 2015; Zörb et al., 2019). All main processes such as protein synthesis, photosynthesis, and metabolism of lipid and energy are adversely affected by salinity within plants (Woodrow et al., 2017; Zörb et al., 2019). Local salinity may be due to high levels of Cl–, SO42–, CO32–, HCO3, Na+, K+, Mg+, or Ca2+, but for many plants, Na+ and Cl– are the primary cause of ion-specific damage (Hasegawa, 2013). Salt stress causes alterations in plant metabolism, including ionic toxicity, reduction in water potential, and ion imbalances that reduce the uptake of nitrogen, potassium, and phosphorus (Brown et al., 2006; Munns and Tester, 2008; Bargaz et al., 2016; Annunziata et al., 2017). Some studies show that salinity causes phosphorus deficiencies or imbalances in plant cells, and the phosphate deprivation adversely impacts photosynthetic processes (Plaxton and Carswell, 1999; Hammond and White, 2008; Carstensen et al., 2018). Meanwhile, phosphorus plays an important role in plant’s developmental processes at both cellular and whole plant level comprising respiration, photosynthesis, energy metabolism, membrane biosynthesis, regulation of several enzymes involved in protein synthesis, biosynthesis of nucleic acids, signaling pathways, and ion transport (Plaxton, 2004; Tran et al., 2010a; Malhotra et al., 2018).

The application of phosphate fertilizers, at first glance, can lead to improve salt tolerance in plants, which carried out, for example, in bean (Bargaz et al., 2016), eggplant (Elwan, 2010), and spinach (Kaya et al., 2001). By using this approach, the adverse effects of high salinity were alleviated on plant growth. The fact is, however, that the response of plants to the fertilizers depends on various factors such as fertilizer application method, nutrient source, cultivar as well as salt-stress severity (Machado and Serralheiro, 2017). In other words, the optimal fertilizer application rate is a challenging recommendation under salinity (Hatam et al., 2019, 2020). By way of illustration, in plants, such as Pistacia vera, supplied with higher concentrations of phosphate, the further phosphate accumulated with toxic effects in tissues of plants could lead to a drop in growth and whole productivity (Shahriaripour et al., 2011). Thus, just a moderate phosphate supply is required to boost salinity tolerance and, more importantly, providing such a precise amount of this nutrient would be problematic for each plant. The strategy used in the supplementary of inorganic fertilizers, most notably, may exacerbate soil salinization, and it is also primarily based on competition between ions; in fact, one ion limits the uptake of another ion (Machado and Serralheiro, 2017; Hatam et al., 2019, 2020). Therefore, we believe plant responses should be very efficient to P deficiency in the salinity-treated cells and accordingly regulate their development and growth.

An alternative approach is that plants themselves develop various adaptation strategies to cope with phosphate deficiency such as further releasing, recycling, and scavenging of inorganic phosphate (Pi) from internal and/or external resources (Goldstein et al., 1988; Duff et al., 1994; Del Pozo et al., 1999). The hydrolysis of the phosphate from a wide variety of anhydrides and phosphate esters is catalyzed by purple acid phosphatases (PAPs), a group of acid phosphatases (APase), in plants (Veljanovski et al., 2006; Plaxton and Tran, 2011).

However, a thorough understanding of the physiological functions of different classes of PAPs has not been accomplished in various conditions (Liao et al., 2003). The PAP family comprises 29 members in Arabidopsis thaliana (AtPAPs) genome, among which AtPAP17 and AtPAP26 play a critical role in the mobilization and utilization of intracellular or extracellular Pi (Wang et al., 2011, 2014; Robinson et al., 2012; Farhadi et al., 2020). Interestingly, AtPAP17 (AtACP5) is not only induced by Pi deprivation but also its expression level is increased by high salt stress and oxidative stress (Del Pozo et al., 1999). When Arabidopsis plants were exposed to salt, nitrogen starvation, cold, Pi deprivation, and sulfur starvation, the expression level of AtPAP26 gene is only induced by no-Pi and salt treatments (Lohrasebi et al., 2007).

Furthermore, the expression patterns of these genes with phosphatase and peroxidase activities in different environmental conditions support the hypothetical multifunctional activities of these two PAP enzymes (Del Pozo et al., 1999; Veljanovski et al., 2006). PP2A phosphatases, for more example, play a critical role in the regulatory reactive oxygen species (ROS) signaling networks in plants, which control metabolic changes, and contribute to transcriptional and post-translational regulation of antioxidant enzymes and pro-oxidant (Rahikainen et al., 2016). Therefore, it is proposed that AtPAP17 and AtPAP26 genes could play a role in the signaling of activities of ROS scavenging enzymes in salt-stress conditions.

Consequently, since nearly all cellular activities in eukaryotes are modulated by reversible phosphorylation, phosphatase functions embrace the whole range of cellular and developmental processes under various conditions (Luan, 1998; DeLong, 2006; Singh et al., 2010). In fact, several studies revealed that genes encoding protein phosphatases are critical components in signaling pathways responsible for ion-channel regulation in guard cells, abscisic acid (ABA) functions, vacuolar channel management, developmental processes, light-responsive transcription, regulation of abiotic stress responses, and so on (Sopory and Munshi, 1998; Luan, 2003; Schweighofer et al., 2004; DeLong, 2006; Singh et al., 2010). Therefore, AtPAP17 and AtPAP26 genes with APase activity genes and non-APase activity involved in adaptation responses more likely to take responsibility under salinity stress conditions.

The ultimate aim of this salinity tolerance research was to boost the ability of plants to reduce the negative influence of the stress in saline environments, to maintain growth and productivity. Having ensured about effects of AtPAP17 and AtPAP26 genes in response to salt stress, followed by understanding how these multifunctional genes respond to salt stress could help us to develop a better strategy for improving salt stress tolerance in crop plants. For this purpose, we evaluated the molecular, physiological, biochemical, and morphological effects of the overexpression and knockout mutation of AtPAP17 and AtPAP26 genes in transgenic and mutant plants on Na+ management compare to the wild-type ones.



MATERIALS AND METHODS


Plant Materials and Culture Conditions

Besides A. thaliana ecotype Columbia-0 (Col-0), as wild-type plants, five other genotypes were used for all experiments in the current study: lines of atpap17 mutant (Mu17), atpap26 mutant (Mu26), atpap17/26 double mutant (DM), AtPAP17 overexpressing (OE17), and AtPAP26 overexpressing (OE26) (Farhadi et al., 2020).

Seeds were surface sterilized and stratified for 48 h at 4°C, and pre-germinated on solid MS medium, pH 5.8, containing 1% sucrose, and 0.7% agar for 11 days. Before exposing to the treatments, 11-day old seedlings were transferred into 15 ml of half-strength liquid MS medium supplemented with 1.25 mM KH2PO4. All samples were incubated for 3 days on an orbital shaker at 90 rpm to achieve identical nutritional states. Subsequently, the 14-day old seedlings were subjected to 0, 50, 100, and 150 mM NaCl on half-strength liquid MS medium for 12 days. The culture medium was refreshed every 72 h for each sample. All genotypes were grown at 25°C under fluorescent light (1000 Lux) with a 16:8 h light/dark photoperiod in a growth chamber. Then, the shoot and root tissues of 26-day-old plantlets were collected for further analysis. The seeds of all genotypes were planted in peat:perlite:vermiculite in the ratio of 1:1:1 (v/v/v). After seeds stratification, the plants were transferred into the growth chamber under the mentioned conditions. Sub-irrigation was performed every 48 h with a similar Hoagland’s solution containing 1.25 mM KH2PO4 for 28 days. Subsequently, the seedlings were subjected to salt stress by applying 50, 100, and 150 mM NaCl with the same Hoagland’s solution, containing 1.25 mMKH2PO4 for 16 days. The control plants were grown without the addition of NaCl.



Measurement of Parameters

All samples (shoots and roots) were oven-dried for 48 h at 70°C. The amounts of photosynthetic leaf pigments (chlorophyll a, b, and carotenoid) were estimated, using acetone (80%), proposed by Arnon (1967). Total available carbohydrates content, water-soluble, and insoluble carbohydrate were assayed using the Sheligl (1986) method. Total protein concentration was determined according to Bradford (1976), using bovine serum albumin (BSA) as a standard. The content of malondialdehyde (MDA) was measured through the thiobarbituric acid (TBA) reaction as described by Hodges et al. (1999). The capacity of H2O2 accumulation in leaves was obtained after H2O2 reaction with potassium iodide (KI), following the method proposed by Alexieva et al. (2001). Guaiacol peroxidase (POD) activity was analyzed according to Malik and Singh (1980), catalase (CAT) activity was measured according to the method of Aebi (1974) and ascorbate peroxidase (APX) activity was assayed as described by Nakano and Asada (1981). Measurement of total anthocyanin and flavonoid contents were quantified based on the Krizek et al. (1998) method. Proline content was obtained by following the method of Bates et al. (1973) and glycine betaine was performed according to Grieve and Grattan (1983). The content of Na+ and K+ were measured by using the flame spectrometry according to Hamada and El-Enany (1994). The spectrophotometric measurement of total and organic phosphate content was performed by following the method described by Ames (1966). Pi released by APase activity was evaluated using p-nitrophenyl phosphate (p-NPP) as a generic phosphatase substrate according to Naseri et al. (2004). The yield and yield components of treated pot-grown plants were estimated by evaluating the flowering percent, pods number per plant, seeds number per each pod, and l000-seed weight obtained during the salt stress period. Finally, the total seed yield (total seed yield obtained from pods N. × seeds N. per each pod × l000-seed weight) was also calculated for all plants.



cDNA Synthesis and Gene Expression Analysis

Total RNA was extracted from shoot and root tissues, using RNX reagent (Cinaclon BioScience Co., Iran) according to the manufacturer’s instruction. The RNA samples were further treated with RNase A-free DNase (Roche, Basel, Switzerland) according to the supplier instruction to eliminate genomic DNA contamination. For cDNA synthesis, 1 μg of DNase-treated RNA was reverse transcribed by M-MLV reverse transcriptase (Fermentas, Lithuania) as stated by the manufacturing instructions. A series of semi-quantitative RT-PCR was conducted to evaluate the level of relative gene transcript variants (Zamani et al., 2012; Sabet et al., 2018), and their band intensity in agarose gel was quantified by TotalLab software (Phoretix International, New Castle, United Kingdom). The RT-PCR conditions were as follows: 94°C for 5 min; 35 cycles of 94°C for 1 min, specific annealing temperature for each primer pair for 1 min and 72°C for 1 min; and a final extension step at 72°C for 10 min. The α-tubulin was used as the internal control gene to normalize the expression level in the semi-quantitative RT-PCR. the primers of SOS3, SOS2, HKT1, NHX1, AVP1, SOS1, PAP17, PAP26, and α-tubulin genes in A. thaliana were designed by Oligo 7 software (Table 1).


TABLE 1. The sequences of each primer pair used to PCR.
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Statistical Analysis

Analysis of variance (ANOVA) was conducted based on a randomized complete block design (RCBD) with three replicates (45 seedlings in vitro and 15 seedlings in vivo studied in each replicate/treatment) to detect the statistically significant effects of different treatments. The significant mean differences were evaluated by Fisher’s least significant difference (LSD) or the Student’s t-test. Likewise, the regression slope and the correlation coefficient levels of significance (for the relationship between the variables) are represented by ∗ (P ≤ 0.05), ∗∗ (P ≤ 0.01), and ns (non-significant; P > 0.05). To provide a global overview of the impacts of AtPAP17 and AtPAP26 on all measured parameters, hierarchical clustering analysis of variance normalized data was performed as a heat map, using http://www.metaboanalyst.ca/faces/upload/StatUploadView.xhtml. A heat map of Pearson’s correlation selected correlation and principal component analysis were also carried out through the website. Other statistical analyses were performed using SAS V. 9.2 and SPSS V. 22 software at P < 0.05.



RESULTS


AtPAP17 and AtPAP26 Are Involved in Salt Tolerance


Biomass Assessments

To investigate the final effect of salt stress and the response of different genotypes, biomass production was measured, and therein, salt stress caused a strong reduction of biomass in all genotypes studied (Table 2). Nevertheless, the decline was highly dependent on the level of NaCl concentrations and the genotypes as well. Our results showed that salinity inhibited the shoots’ growth more than that of the roots in all genotypes (t < 0.01). With NaCl concentration increasing in the growth medium (50 to 150 mM), overexpressed and mutant plants showed the lowest and highest reduction in fresh and dry weight of shoots and roots compared to the wild-type ones, respectively (Table 2). In addition, comparing the genotypes in 100 mM NaCl, knockout mutation of PAP17 and PAP26 genes led to a decrease in the fresh and dry weight of shoots and roots in mutant plants (Mu17, Mu26, and DM) compared to those in WT plants (Table 2). However, a significant increase of the parameters was presented in each overexpressed genotype (OE17 and OE26) in 150 mM NaCl comparing with control plants (Table 2).


TABLE 2. Means (±SE) of the fresh and dry weight, total carbohydrate, and photosynthetic pigments contents in genotypes subjected to NaCl concentrations.
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Photosynthesis Capacity of Overexpress and Mutant Plants


Carbohydrates content

Total carbohydrates content also decreased in all genotypes studied with increasing NaCl concentration (Table 2). In all concentrations of 50, 100, and 150 mM NaCl, OE17 and Mu17 plants showed a significant increase and decrease in the content of total carbohydrate content as compared to Col-0, respectively (Table 2). Moreover, simultaneous knockout mutation of PAP17 and PAP26 gens resulted in significantly lower accumulation of total carbohydrates in DM genotypes compared to that of WT plants in the three concentrations (Table 2). Interestingly, such results were not observed in OE26 and Mu26 genotypes (Table 2).

Further investigations showed that water-soluble and insoluble carbohydrate content also decreased in WT plants with increasing NaCl concentration (Figure 1). Despite this, the rate of reduction of soluble carbohydrate content was significantly lower (t < 0.05) than that for insoluble carbohydrate at the same conditions (Figure 1). Increasing NaCl concentration up to 50 mM, nonetheless, the rate of soluble carbohydrate increased in the overexpressed genotypes (bOE17 = 0.75 and bOE26 = 0.52). In fact, the trend of soluble carbohydrate in OE plants was significantly (t < 0.05) in the opposite direction to that in WT seedlings (bWT = −0.73) (Figure 1). Rising NaCl concentration to 100 and 150 mM led to a decrease in soluble carbohydrates of OE genotypes; however, the reduction was significantly lower (bOE17 = −0.14 and bOE26 = 0.20, t < 0.05) than that in WT plants (bWT = 0.82) (Figure 1).


[image: image]

FIGURE 1. Trend of water-soluble carbohydrate (WSC) and water-insoluble carbohydrate (WISC) on genotypes subjected to NaCl stress. Wild type (WT), overexpress (OE), single mutant (Mu) and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes.


The soluble carbohydrate content was significantly 2.16-fold and 1.33-fold higher in OE17 and OE26 than that in WT plants under 150 mM NaCl, respectively (Figure 1). Although overexpression of PAP26 has not resulted in significant changes in the total carbohydrate amount, the soluble carbohydrate content of OE26 plants was significantly higher than that in WT seedlings under 150 mM NaCl (Figure 1). The knockout mutation of PAP17 and PAP26 caused a significant decrease in soluble carbohydrates of Mu17, Mu26, and DM plants as compared to Col-0 in 150 mM NaCl (Figure 1).



Photosynthetic pigments stability

In all genotypes, chlorophyll a content decreased with increasing NaCl concentration in the culture media (Table 2). With rising NaCl concentration from 0 to 150 mM, the overexpressed and mutant genotypes showed the lowest and highest reduction in chlorophyll a content compared to that in WT plants (Table 2). Increasing of NaCl level from 0 to 150 mM led to a decrease in chlorophyll b and carotenoids content in all genotypes studied. However, the OE and mutant genotypes exhibited the lowest and highest reduction in those compared with WT plants (Table 2). According to the results, OE17 and OE26 seedlings showed significantly higher chlorophyll a, b, and carotenoid content in 150 mM NaCl, while the relative contents were significantly lower in mutant genotypes than those in wild-type plants (Table 2).



The Cellular Role of AtPAP17 and AtPAP26 Under Salt Stress


Facilitating Water Retention

Overproduction of compatible organic solutes is one of the most common plants’ responses to physiological water deficit that are known to accumulate under salt stress in many crops (Munns and Tester, 2008). Here, with increasing NaCl concentration in the culture media, proline (shoots and roots) and glycine betaine content increased in all genotypes gradually, but differently for each genotype (Table 3). The overexpression of AtPAP17 and AtPAP26 genes led to a significant increase in proline (shoots and roots) and glycine betaine content in OE17 and OE26 plants. The relative contents, however, were significantly lower in Mu17, Mu26, and DM plants as compared to those in WT seedlings at 150 mM NaCl concentration (Table 3). Interestingly, the proline content was significantly more concentrated (t < 0.01) in roots than in shoots at 150 mM NaCl (Table 3).


TABLE 3. Means (±SE) of the physiological and biochemical parameters in genotypes subjected to the NaCl concentrations.
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Maintenance of Cellular Stability


Lipid peroxidation assay

In all genotypes, increasing NaCl concentration (50, 100, and 150 mM) resulted in a gradual increase of MDA, as a biomarker of lipid peroxidation (Table 3). This alteration could represent the increase of salt stress sensing and/or low efficiency in ROS scavenging and cell damage management. Examination of the responses to salt stress displayed dissimilar feedback in the genotypes where the overexpressed and mutant plants showed dramatically the lowest and the highest increase in MDA amount compared to WT plants, with increasing NaCl concentration (Table 3). In 100 and 150 mM NaCl, the MDA content of OE17 and OE26 plants were also significantly lower than to Col-0, while Mu17, Mu26, and DM seedlings had significantly more accumulation of MDA content compared to the control ones (Table 3).



Hydrogen peroxide-induced response

Salt stress (50, 100, and 150 mM NaCl) also increased H2O2 accumulation in all genotypes. The lowest increase belonged to OE26 and OE17 plants, but Mu26 showed the most increase in H2O2 accumulation among other genotypes (Table 3). Also, the overexpressed plants (OE17 and OE26) showed a significantly lower amount of H2O2, while Mu26 and DM plants had more amount of H2O2 compared to WT seedlings at 150 mM NaCl (Table 3).



Oxidative stress adaptation


Enzymatic antioxidants activity

With rising NaCl concentration from 0 to 150 mM, the highest increase in APX, CAT, and POX activities belonged to the overexpressed plants, while the mutant genotypes showed the lowest increase compared to the wild-types (Table 3). In 150 mM NaCl, overexpression and knockout mutation of PAP17 and PAP26 also resulted in significantly higher and lower activities in CAT and POX enzymes in overexpressed and mutant genotypes compared to WT seedlings, respectively (Table 3). Interestingly, the observed differences were more in OE17 shoots, and following that, OE26 shoots at the same condition (Table 3).



Non-enzymatic antioxidants activity

No significant differences were detected among genotypes in anthocyanin as well as flavonoid content in different conditions (data not shown).



Regulation of Na+ and K+ Fluxes

Rising NaCl concentration from 0 to 150 mM increased Na+ and decreased K+ content in both shoots and roots. The changes were different in the various genotypes where overexpressed plants showed the lowest increase and decrease in Na+ and K+ accumulation, respectively (Figure 2). On the other hand, the highest increase in Na+ accumulation, and a decrease in K+ accumulation belonged to the mutant plants compared to WT ones (Figure 2).
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FIGURE 2. The Na+ and K+ accumulation in shoots and roots of genotypes subjected to 150 mM NaCl stress compared to no NaCl stress. Wild-type (WT), overexpress (OE), single mutant (Mu), and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes. The significant mean differences (P < 0.05) were separately shown at 0 and 150 mM NaCl concentrations with different uppercase and lowercase letters, respectively.


The accumulation of Na+ in shoots was on average 20.01% (t < 0.01) more than that in roots, at 150 mM NaCl. In this concentration of NaCl, overexpression of PAP17 and PAP26 also caused a significantly lower accumulation of Na+ in shoots and roots of OE genotypes compared to that in WT plants (Figure 2). The knockout mutation of these two genes resulted in a significant accumulation of Na+ in shoots and roots of all mutant plants compared with WTs at the same condition (Figure 2). Despite these results, the rate of accumulation of K+ was more in shoots and roots of OE and less in mutant plants compared to WT seedlings following 150 mM NaCl (Figure 2).

Finally, the consequence of PAP17 and PAP26 activities in the regulation of Na+ and K+ accumulation modified K+/Na+ ratio both in shoots and roots (Figure 3) where the K+/Na+ ratio of overexpressed plants was significantly higher than WT plants under 150 mM NaCl. Conversely, the relative ratio in shoots and roots of Mu17, Mu26, and DM plants was significantly less than the control ones at the same NaCl concentration (Figure 3). The correlation coefficient between K+/Na+ ratio and dry seedling weight was estimated 0.94 (P < 0.01), while 0.82 (P < 0.01) correlation was detected between Na+ content and seedling dry weight.
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FIGURE 3. The K+/ Na+ ratio in shoots and roots of genotypes at 150 mM NaCl stress. Wild-type (WT), overexpress (OE), single mutant (Mu), and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes. The significant mean differences (P < 0.05) were separately shown for shoot and root with different uppercase and lowercase letters, respectively.




Transcriptional Profiling of Important Genes Involved in Plants Na+ Management

The expression level of SOS3, SOS2, HKT1, NHX1, AVP1, and SOS1 genes were up-regulated by salt stress (0–150 mM NaCl) in the roots and shoots of all genotypes (Figure 4). The changes of the expression levels were higher in the roots (t < 0.01) compared to shoots at the concentration of NaCl. Thanks to the different genetic potential of genotypes, the increase in expression levels of the genes were proportionally dissimilar for each genotype, to respond to salinity stress.
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FIGURE 4. The expression level of mentioned genes in shoots and roots of genotypes subjected to 150 mM NaCl stress compared to no NaCl stress. Wild-type (WT), overexpress (OE), single mutant (Mu), and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes. The significant mean differences (P < 0.05) were separately shown at 0 and 150 mM NaCl concentrations with different uppercase and lowercase letters, respectively.


In 150 mM NaCl, the expression level of SOS3 gene was significantly higher in shoots and roots of the overexpressed plants as compared to the wild-type ones (Figure 4). The SOS2 gene expression level was significantly higher in shoots and roots of OE plants than WT, while the roots of mutant plants showed the lowest relative expression value under 150 mM NaCl condition (Figure 4). The expression level of HKT1 gene was significantly higher in both roots and shoots of OE17 and OE26 plants compared to WT plants at 150 mM NaCl. The significantly lower HKT1 expression was detected in shoots and roots of Mu17 under the same sodium concentration (Figure 4). Among all seedlings growing under 150 mM NaCl, the OE17 (in shoots and roots) and OE26 (in shoots) exhibited significantly higher expression levels of NHX1 gene compared to WT plants. However, the lowest expression level of the gene was significantly measured in shoots of all mutant genotypes (Mu17, Mu26, and DM), and roots of Mu26 genotype (Figure 4). The overexpression of PAP17 and PAP26 also significantly caused a higher expression level in AVP1 gene in shoots and roots of the overexpressed plants compared to Col-0 in 150 mM NaCl. On the other hand, Knockout mutation of the genes in double-mutant plants resulted in significantly lower expression of AVP1 gene in the plant’s shoot and root as compared to WT plants (Figure 4). Overexpression and knockout mutation of PAP17 and PAP26 also resulted significantly in more expression level of SOS1 gene in both shoots and roots of OE plants and lower in mutant plants when compared to the control plants in 150 mM sodium concentration (Figure 4).



Regulation of Phosphate Homeostasis


Total, Inorganic, and Organic Phosphate Content

To investigate systematically the role of PAP17 and PAP26 in phosphorus supply, total phosphate content, inorganic (Pi), and organic phosphate (Po) content were estimated in both shoots and roots of the plants treated with 0, 50, 100, and 150 mM NaCl. The total P content was obviously affected by salt stress in shoots and roots of genotypes studied while rising NaCl concentration to 50, 100, and 150 mM (Table 4). Our results clearly demonstrated that overexpression of PAP17 and PAP26 genes led to the lowest rate of reduction of total P content in OE seedling under saline conditions (Table 4). At the same condition, however, the knockout mutation of the genes caused the most rate of total P content reduced in mutant plants (Table 4). Furthermore, the total P content in wild-type plants exposed to 150 mM NaCl was approximately 27% lower (t < 0.01) in shoots than roots. The overexpression of PAP17 and PAP26 created significantly higher total P content in OE plants compared to WT plants at 150 mM NaCl. In contrast, the knockout mutation of the genes resulted in significantly lower total P content in shoots and roots of Mu17, Mu26, and DM genotypes compared to WT plants at the same concentration (Table 4).


TABLE 4. Means (±SE) of the total P, free Pi, and P organic contents in genotypes subjected to the NaCl concentrations.

[image: Table 4]The evaluation of total P components (Pi and Po content) clearly showed that increasing NaCl concentrations also led to a gradual decrease in relative contents of P components in WT plants, as control plants (Table 4). The overexpressed and Mu26 genotypes showed the lowest and highest reduction in Pi and Po content in both shoots and roots compared to the wild-types, respectively (Table 4). The overexpression and knockout mutation of PAP17 and PAP26 also caused a significant increase and decrease of Pi and Po content in shoots and roots of OE and mutant genotypes when compared to WT seedlings in 150 mM NaCl, respectively (Table 4).

The correlation coefficient of Pi and total carbohydrate was 0.66 (P < 0.01) in 150 mM NaCl. Still, the correlation between Pi and soluble carbohydrate in the same concentration of salt was observed to be 0.82 (P < 0.01).



Phosphatase Activity

The APase activity of wild-type plants increased 0.62-fold, 1.6-fold, and 2.8-fold in the shoots as well as 0.17-fold, 0.52-fold, and 1.01-fold in the roots under 50, 100, and 150 mM NaCl, respectively, compared to the normal condition (0 mM) (Table 4). Moreover, the increase in the APase activity of WT plants was detected to be significantly higher in the shoots (t < 0.01) than the roots at 150 mM NaCl. In 150 mM NaCl, OE17 and OE26 plants showed significantly higher APase activity (shoots and roots) compared to WT plants (Table 4). The reverse results were observed for shoots and roots of Mu17, Mu26, and DM seedlings at this concentration of NaCl (Table 4).



NaCl Stress Up-Regulates the Expression of AtPAP17 and AtPAP26 Genes

Through severe salinity stress (150 mM NaCl), the expression level of PAP17 and PAP26 genes were strongly induced in both roots and shoots of WT plants (Figure 5). Indeed, rising NaCl from 0 to 150 mM led to an increase in the PAP17 and PAP26 expression levels by 66 and 37% in shoots as well as 99 and 100% in roots of WT plants (Figure 5). When overexpressed genotypes subjected to 150 mM NaCl, the expression level of PAP17 were detected to be 21 and 69% more in the shoots and roots of OE17 plants, respectively, compared to those under normal condition (Figure 5). At the same concentration of salt, the expression level of PAP26 was 51% higher in shoots and 35% higher in roots of OE26 plants compared to the plants in normal condition. Besides, the expression level of PAP17 and PAP26 were detected to be significantly higher in both shoots and roots of OE17 and OE26 compared to wild-type plants at 150 mM NaCl, respectively (Figure 5).
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FIGURE 5. The expression level of AtPAP17 and AtPAP26 genes in shoots and roots of genotypes subjected to 150 mM NaCl stress compared to no NaCl stress. Wild-type (WT), overexpress (OE), single mutant (Mu), and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes. The significant mean differences (P < 0.05) were separately shown at 0 and 150 mM NaCl concentrations with different uppercase and lowercase letters, respectively.


Further investigation showed a significant (P < 0.01) correlation between the expression levels of PAP17 and PAP26 genes and APase activity. The APase activity was also correlated with total, inorganic, and organic phosphate content in 150 mM NaCl (Figure 6).
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FIGURE 6. Biplot analysis of the expression level of AtPAP17 and AtPAP26 genes, APase activity, total phosphate, inorganic (Pi), and organic phosphate (Po) content in the examined genotypes to show the relationship at 150 mM NaCl stress. Wild type (WT), overexpress (OE), single mutant (Mu), and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes.




AtPAP17 and AtPAP26 Improve Seed Yield

To investigate the effect of AtPAP17 and AtPAP26 on seed yield, genotypes were treated with different levels of NaCl under in vivo condition. Our results showed that the flowering percent in double-mutant plants was significantly lower than that in wild-type plants at 150 mM NaCl (Table 5). At the beginning of the stress period, the flowering percent and pod number in DM genotype were not significantly different compared to WT seedlings at 100 mM NaCl. No seeds, nevertheless, were observed in double-mutant plants at the seedling stage in pods at this condition (with more salt stress duration) (Table 5). In addition, no seeds were produced in pods of Mu26 and DM genotypes under longer salt stress duration at the highest sodium concentration (150 mM NaCl). The seed number per pod also was significantly lower in Mu17 and higher OE17 genotypes compared to WT plants under 150 mM NaCl condition (Table 5). Thus, no seed and 1000 seed weight were recorded in DM (at both 100 and 150 mM NaCl) and Mu26 (at 150 mM NaCl) genotypes as they could not produce any seed in high saline conditions (Table 5). However, Mu17 plants produced seeds, which had the characteristics of non-living seeds under long-term saline (150 mM NaCl) condition. In spite of these results, OE17 and OE26 genotypes showed significantly higher in 1000 seed weight compared with WT plants at the same condition (Table 5). Hence, the total seed yield of Mu17 and DM plants was significantly lower than those in the control group under 50 mM NaCl. Although the total seed yield of Mu17 genotype was lower than that in WT plants, the relative amount in OE17 and OE26 genotypes were significantly more as compared to that in WT plant at 100 mM NaCl (Table 5). In addition, DM genotype did not obtain any seeds under 100 mM NaCl. The total seed yield of OE17 and OE26 genotypes were significantly higher than those in WT plants, whereas the seed yield was not maintained well in Mu17, Mu26, and DM genotypes at 150 mM NaCl (Table 5).


TABLE 5. Means (±SE) of the yield and yield components in genotypes subjected to the NaCl concentrations.

[image: Table 5]Taken together, Mu17 and Mu26 (at 150 mM NaCl), and DM (at 100 and 150 mM NaCl) did not maintain total seed yield. Despite these results, the OE17 and OE26 genotypes also produced the highest total seed yield under 100 and 150 mM NaCl as well (Table 5).



Complementary Analysis

A principal component analysis (PCA) of Pearson’s correlation revealed that the expression level of AtPAP17 and AtPAP26 genes associated with the activity of APX, CAT, and POX enzymes involved in reducing H2O2 and MAD accumulation in 150 mM NaCl condition (Figure 7). In the present study, the correlation between the PAP17 expression level and the activity of POX and CAT enzymes was observed to be 0.75 and 0.83 (P < 0.01), respectively. Furthermore, the correlation between PAP26 expression level with POX and CAT enzyme activities was found to be 0.49 and 0.58 (P < 0.05), respectively, at 150 mM NaCl condition (Figure 7). A high and significant positive correlation was detected between the Pi content and the expression levels of SOS3 (r = 0.69∗∗), SOS2 (r = 0.89∗∗), NHX1 (r = 0.91∗∗), AVP1 (0.88∗∗), and SOS1 (0.92∗∗) at 150 mM NaCl conditions (Figure 8). There were also significant correlations between the expression levels of SOS3 and SOS2 genes with NHX1 (0.82 and 0.90, P < 0.01), AVP1 (0.87 and 0.96, P < 0.01), and SOS1 (0.89 and 0.97, P < 0.01) at the same condition (Figure 8). Furthermore, a significant correlation (r = 0.95∗∗) was detected between expression levels of AVP1 and NHX1 genes at the same condition (Figure 8). The expression levels of AtPAP17 and AtPAP17 genes were closely associated with the high expression level of salt overly sensitive (SOS) pathway genes and the maintenance of a low Na+ and high K+ concentrations and, consequently, a high K+/Na+ ratio (Figure 9).
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FIGURE 7. Biplot analysis of the expression level of ATPAP17 and AtPAP26 genes in shoot; catalase (CAT), guaiacol peroxidase (POX), and ascorbate peroxidase activities (APX); H2O2 and MAD accumulation in the examined genotypes to show the relationship at 150 mM NaCl stress. Wild type (WT), overexpress (OE), single mutant (Mu), and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes.
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FIGURE 8. A Heat-map of correlations between the expression level of AtSOS1, AtSOS2, AtSOS3, AtHKT1, AtVPV1, and AtNHX1 genes, and inorganic (Pi) content at 150 mM NaCl stress. The color key represents the quantile-normalized log10-transformed values. Dark red indicates high level whereas dark blue indicates low level.
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FIGURE 9. Correlation coefficients between the expression level of AtPAP17 and AtPAP26 genes and the expression level of AtSOS1, AtSOS2, AtSOS3, AtHKT1, AtVPV1, and AtNHX1 genes; Na+ and K+ accumulation; K+/ Na+ ratio at 150 mM NaCl stress.


To clarify a global overview of the effects of AtPAP17 and AtPAP26, a clustered heat map of Pearson’s correlation was performed separately for all measured parameters and each genotype at normal condition and the high level of NaCl concentration as well (Figure 10). The cluster analysis showed obviously that OE17 and OE26 genotypes responded strongly to a higher level of the traits responsible for the salt-tolerance improvement and better growth, compared to WT plants. However, a lower value of these traits was observed in mutant genotypes as compared with WT ones (Figure 10). Since the genotypes presented the different effects on all measured traits, PCA with the full set of traits was performed to further assess the effect of AtPAP17 and AtPAP26 (Figure 11). According to the PCA, an obvious separation was detected among genotypes, where WT plants located between OE and mutant genotypes. Both OE17 and OE26 genotypes were clearly clustered separately with positive loading on the right side of WT, whereas the mutant genotypes were located on the left side of WT (Figure 11).
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FIGURE 10. A heat map of the impact of overexpression and knockout of AtPAP17 and AtPAP26 genes on the molecular, physiological, biochemical, and morphological parameters of the studied genotypes at 150 mM NaCl stress. Wild-type (WT), overexpress (OE), single mutant (Mu), and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes. The color key represents the quantile-normalized log10-transformed values. Dark red indicates high level whereas dark blue indicates low level.
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FIGURE 11. Principal component analysis (PCA) results for all morphological and physiological parameters of the examined genotypes to show grouping of them 150 mM NaCl stress. Wild-type (WT), overexpress (OE), single mutant (Mu), and double mutant (DM) genotypes of Arabidopsis thaliana purple acid phosphatase 17 (AtPAP17) and 26 (AtPAP26) genes.




DISCUSSION

High salinity reduces the agricultural productivity of most crops intensively (Woodrow et al., 2017; Zörb et al., 2019). Salt levels that are harmful to crop growth affect large arable lands of the world (Yamaguchi and Blumwald, 2005). Hence, this makes it inevitable that the effective strategies involving in salt tolerance to alleviate the deleterious influences of salt stress, to maintain the optimum growth and yield.

Low phosphorus availability is a major constraint for photosynthesis and therefore carbohydrate production since restricts the RuBP regeneration, activation of Rubisco and other PCR cycle enzymes (such as FBPase and SBPase), carbon assimilation, and carbon partitioning (Rychter and Rao, 2005). For example, phosphorus is also one of the necessary components in the sucrose synthesis pathway (Rychter and Rao, 2005). In response, maintaining the homeostasis of phosphate is one of the well particular roles of PAPs (Del Pozo et al., 1999; Veljanovski et al., 2006; Plaxton and Tran, 2011). Therefore, the OE genotypes with more APase activity could further mediate the phosphate homeostasis, which resulted in enhancing the carbohydrate content and the related trends in salt stress conditions.

Plant physiological responses to water deficit stress induce osmotic adjustment to maintain current water uptake and cell turgor (Chaves et al., 2009). OE genotypes were more effective in the enhancement of proline and glycine betaine accumulation in plants under high concentrations of NaCl, which can increase osmotic pressure, and mutant genotypes were the least effective plants in this way. Although glycine betaine and proline are kinds of well-studied compatible solutes, the effect of phosphorus on their production is still unknown. Despite this, according to pathways of proline and synthesis (Lehmann et al., 2010; Meena et al., 2019), which depend on phosphate, we hypothesize that there is a relationship between phosphate supply and the metabolic pathway. Several studies showed that quite a few factors could play multifunctional roles in adaptation to salt tolerance with increasing the activity of antioxidant enzymes, the accumulation of proline and glycine betaine, and so on. For example, supplementation of acetylcholine (ACh), jasmonic acid, nitric oxide, and salicylic acid ameliorated the negative influences of salt stress on plant growth (Ahanger and Agarwal, 2017; Ahmad et al., 2018a, b; Ahanger et al., 2020; Qin et al., 2020).

Oxidative stress, as a secondary effect of salt stress, causes damage to macromolecules such as lipid, protein, and DNA. Plant cells respond to oxidative stress by increasing enzymatic and non-enzymatic antioxidant activity (Ahmad et al., 2019). Since the AtPAP17 and AtPAP26 genes via enzymatic antioxidant activity involve in the metabolism of ROS (Del Pozo et al., 1999; Veljanovski et al., 2006), overexpression of which led to the highest enzymatic antioxidant activity, and consequently, the lowest amount of H2O2 as well as MDA in OE17 and OE26 plants, under high-salinity treatment (150 mM NaCl) (Table 3 and Figure 7). Conversely, the knockout mutation of these genes resulted in the lowest enzymatic antioxidant activity and, thus, the most amount of H2O2 and MDA amount in mutant plants at the same conditions (Table 3 and Figure 7). Numerous studies have shown a correlation between up-regulation of specific enzymatic antioxidant activities and tolerance to abiotic stresses, including salinity (Bartels and Sunkar, 2005; Hanin et al., 2016; Ahmad et al., 2019). Therefore, the raise of the enzymatic antioxidant activities in OE genotypes positively correlated with improving the parameters affecting the plant growth. Improving the management of ROS and decreasing cell damages in OE17 and OE26 plants could be referenced as an important biological basis for better plant growth features, as well as increasing the biomass, yield components, and total yield, under salt conditions (Figure 10).

Regarding the acid phosphatase (APase) functions, having perceived salinity signal by plant cells, the ultimate biochemical and molecular responses depend on the signaling molecules involved in the activation of signaling pathways, which are able to enhance plant ability to salinity tolerance (Hanin et al., 2016; Isayenkov and Maathuis, 2019; Zhao et al., 2020). Protein phosphatases and protein kinases that catalyze reversible phosphorylation are of utmost importance in signal transduction and regulating metabolic activities as well. Indeed, phosphatases, as the obligate partners of kinases, are half of a phosphorylation/dephosphorylation switch, which have a critical role in the signaling pathways (DeLong, 2006). The regulation of ABA signaling, for example, in plant guard cells is mediated by a protein kinase-phosphatase pair, which interacts with an ion channel to regulate stomatal movements (Lee et al., 2009). To give another example, a Ca2+/calmodulin-dependent protein phosphatase mediates a salt-stress signal transduction pathway that influences salt tolerance via the regulation of sodium influx and efflux (Pardo et al., 1998).

Considerably, the maintenance of low Na+ and high K+ concentrations in plant tissues is the most effective strategy to tolerate high levels of salinity. In fact, the high K+/Na+ ratio is very important for many species to maintain a low concentration of Na+ (Tester and Davenport, 2003; Deinlein et al., 2014). Also in the current study, the correlation between K+/Na+ ratio and dry weight of the seedling (0.94) was strongly higher than the correlation between Na+ content and seedling dry weight (0.82). the pieces of evidence show that K+ ion activates more than 50 enzymes and requires for protein synthesis as well as many physiological and biological processes, while Na+ ion cannot substitute for this role (Tester and Davenport, 2003; Isayenkov and Maathuis, 2019). Metabolic toxicity of Na+ is drastically a result of its ability to compete with K+ for the occupation of binding sites essential for cellular functions (Tester and Davenport, 2003). Thus, the high level of Na+ or low K+/Na+ ratios more likely could disrupt various enzymatic processes in Mu17, Mu26, and DM cytoplasm. These results were supported by the overexpression of PAP17 and PAP26 that caused the low sensitivity in OE17 and OE26 plants with high salt stress (Figure 10). The alteration of the biomass, yield components, and total yield among genotypes studied (at 150 mM NaCl) obviously confirmed that the K+/Na+ balance will be the downstream effect of PAP17 and PAP26 in high salt stress (Figure 10).

The SOS pathway has a critical role in establishing ion homeostasis, and consequently, plant adaptation to salt stress (Ji et al., 2013). At the beginning of this pathway, SOS3, a myristoylated calcium-binding protein, senses increasing in salinity-induced cytosolic Ca2+. For more explanation, the concentration of Ca2+ and inositol 1,4,5-trisphosphate (IP3) in the cytosol increased by NaCl stress. The increase in IP3 concentration, which hydrolyzes through phosphatidylinositol 4,5-bisphosphate (PIP2), also mediates cellular Ca2+ mobilization. The translocation of cytosolic calcium mediates through Ca2+ channels and pumps depending on ATPase activity, which are presented on the membranes (Park et al., 2016). According to our results, the enhanced capacity of APase activity and phosphate availability in overexpress genotypes can improve the influx and release Ca2+, and consequently enhance SOS3 expression in OE17 and OE26 plants at high salt stress. The relationship between the Pi content and SOS3 expression level strongly supported this conclusion (Figure 8). Then, the activated SOS3 protein physically interacts with the auto-inhibitory domain of SOS2, which form the SOS2/SOS3 complex. The kinase complex phosphorylates and regulates other genes: NHX1, AVP1, and SOS1, to prevent the excess Na+ accumulation in the plant cymplast (Hanin et al., 2016; Isayenkov and Maathuis, 2019; Zhao et al., 2020). Due to the nature of serine/threonine protein kinase SOS2, the activity of which dependents on phosphate concentration intensively. Here, a significant positive (P < 0.05) correlation was observed between the expression level SOS2 and SOS3 as well as the Pi content and SOS2 expression level at 150 mM NaCl (Figure 8). Therefore, OE17 and OE26 genotypes with a better ability of phosphate homeostasis in plant cells exhibited significantly higher SOS2 expression.

Sodium compartmentation into vacuoles is another plant strategy for maintaining the lower ion concentration and minimizing the deleterious effects of excess Na+ in the cytosol. The NHX1, as a vacuolar Na+/H+ transporter, plays a critical role in sequestering Na+ into the vacuole (Liang et al., 2015; Park et al., 2016). Hence, genotypes with higher expression and activity of NHX1 would be more successful in stress conditions. Here, the highest NHX1 expression level belonged to the overexpressed genotypes, both in shoot and root tissues of OE17, and shoot of OE26 genotype. Since SOS2/SOS3 kinase complex phosphorylates and activates the vacuolar Na+/H+ transporter in the cells, the enhanced SOS2 expression levels in the overexpressed genotypes led to an increase in NHX1 expression level (Figure 8). The inverse results were obviously observed for the mutant genotypes, as NHX1 expression decreased significantly in the shoots of three mutant genotypes and Mu26 roots compared to that in WT ones (Figure 4).

The vacuolar Na+/H+ antiporter is driven by an electrochemical gradient of protons across the tonoplast that can be generated by vacuolar H+-pumps, H+-ATPase, or H+-pyrophosphatase (H+-PPase) type. AVP1 is a vacuolar H+-PPase that acidifies vacuoles in plant cells (Maeshima, 2000; Zhao et al., 2020). The results showed that OE17 and OE26 plants with higher levels of SOS2 and SOS3 expression and more PPi availability in the plant cells could be likely more efficient in enhanced activity and expression of AVP1 at high salt stress (Figure 9 and Table 4). We also suggest that the increased AVP1 expression level in OE17 and OE26 plants provided an additional driving force for vacuolar sodium accumulation via the vacuolar Na+/H+ antiporter, NHX1 (Figures 8, 9). These results were also confirmed by mutant genotypes, in which the AVP1 expression level significantly decreased both in shoot and root tissues of all three mutant genotypes compared to WT plants at the same condition. Further, this is obviously verified by the correlation between the NHX1 expression level and SOS3 and SOS2 expressions as well as the relationship between the Pi content and NHX1 expression level (Figure 8). Besides, the compartmentation of Na+ could maintain the turgor of transgenic plants, since increase in cellular solute content might lead to an increase in the uptake of water (Gaxiola et al., 2001). Our findings of changes in the proline and glycine betaine potential in the shoots and roots of genotypes studied at high salt stress condition (Table 3) are consistent with this idea.

SOS2/SOS3 kinase complex also associates with SOS1 transporter phosphorylation in the plasma membrane and activating Na+ efflux from the cytosol to apoplast (Katiyar-Agarwal et al., 2006; Ji et al., 2013). This antiporter is powered by the operation of the plasma membrane H+-ATPase that definitely associates with available phosphate. Therefore, according to these pieces of evidence and more APase activity of OE genotypes, we propose that the rising in SOS2/SOS3 kinase complex activity and plasma membrane H+-ATPase was desirable for increasing antiporter SOS1 activity in OE17 and OE26 genotypes. The result provides a feasible way to improve SOS1 expression level. Shi et al. (2000) have reported that the expression level of SOS1 in plants is up-regulated in response to NaCl stress and this up-regulation is also abated in SOS3 or SOS2 mutant plants. The relationship between SOS1 expression and the SOS3 and SOS2 expression levels and the Pi content confirmed the mentioned results (Figure 8).

To deal with Na+-specific toxicity in the cytosol, plant cells also restrict Na+ influx. The HKT1 gene is a selective Na+ transporter that mediates K+ transport as well. In fact, HKT1-type transporters are responsible for the balance between Na+ and K+ ions under salinity stress (Yokoi et al., 2002; Ali et al., 2019). Increased levels of HKT1 gene expression in OE plants might indicate increased Na+ uptake into the cells. However, other roles of HKT1 in various tissues can shed more light on this hurried conclusion including the Na+ loading regulation into the root xylem, Na+ loading into the phloem sap in shoot, and limiting Na+ influx to root (Chinnusamy et al., 2006; Munns and Tester, 2008; Hasegawa, 2013; Ali et al., 2019). The high K+/Na+ ratio in OE17 and OE26 plants provided evidence for the hypothesis that up-regulation of HKT1 gene led to the regulation of Na+ and K+ homeostasis under salinity stress. maintaining a high K+/Na+ ratio in the cytosol is critical for the function of cells, especially under high-salinity condition (Deinlein et al., 2014; Zhao et al., 2020).

The high expression level of SOS pathway genes and their relationship with the maintenance of a high K+/Na+ rate could be considered for future salinity tolerance in OE genotypes (Figure 9). In addition, maintaining a high K+/Na+ ratio could have a relevant role in conferring tolerance to stress combination, both as a low destructive effect on plant cells and as a regulatory effect in the protection of cell lipid, proteins, and DNA damages from oxidative processes. The changes observed in H2O2 and MDA content of the leaves in different genotypes (Table 3) can also demonstrate the interaction between SOS1 and RCD1 (radical-induced cell death), which is a transcriptional regulator of ROS homeostasis (Katiyar-Agarwal et al., 2006).

All these properties of OE17 and OE26 plants can be helpful in establishing lower Na+ concentration in the cytosol (Figure 9). This situation largely accomplished through PAP17 and PAP26 roles in more cytosolic Na+ transportation into the vacuole and apoplast space, consequently, alleviating the Na+ toxic effects. These results were closely associated with the photosynthetic pigments and total carbohydrate content, hence, the higher photosynthesis capacity indicated in OE17 and OE26 compared to those in WT plants (Table 2). These conclusions were supported by investigation of the studied characteristics in Mu17, Mu26, and DM plants. Therefore, these results can introduce such an important and basic strategy to improve the growth and yield features of plants, since the living cells need strategies to protect them from the Na+ ion damage, under salt stress condition (Xu et al., 2011).

Concerning plants’ phosphate, the results revealed that the salt stress decreases the phosphate content and increases the APase activity in plants, which were in agreement with previous reports (Martinez and Lächli, 1991; Martinez and Läuchli, 1994; Navarro et al., 2001; Parida and Das, 2005; Brown et al., 2006) who reported the acquisition and utilization of Pi are decreased in plants under salt stress. Induction of APase activity is one of the essential indicators of plant response to Pi starvation (Abel et al., 2002; Yuan and Liu, 2008; Tran et al., 2010a). The expression of both PAP17 and PAP26 genes also was strongly induced by high salt stress (150 mM NaCl), and the expression levels closely correlated with the APase activity (Figure 6). These results are in agreement with previous studies, documenting the constitutive expression of PAP17 and PAP26 transcripts under high salt stress in Arabidopsis (Del Pozo et al., 1999; Lohrasebi et al., 2007).

At high salt stress, overexpression of PAP17 and PAP26 could result in increasing intracellular APase activity in both OE genotypes, where exhibited significant increases in the total P content, Pi, and Po content as compared to WT plants. These results were closely associated with the improved physiological, biochemical, and molecular responses to boost salt tolerance (Figures 10, 11). Improving all these characteristics would be beneficial for higher photosynthesis capacity and, ultimately, more efficient in growth of OE17 and OE26 plants (Figures 10, 11). Our measurements of the studied characteristics are supported by loss of PAP17 and PAP26 function in mutant genotypes (Mu17, Mu26, and DM) that showed sensitivity to high salt stress (Figures 10, 11). Several studies have reported that overexpression of secreted PAPs can improve P accumulation and plant biomass (Xiao et al., 2006; Hur et al., 2007; Ma et al., 2009; Wang et al., 2009).

The extra Pi, which was released and accumulated in the cell by overexertion of AtPAP26, may be the possible reason that more significant APase activity was not detected in OE26 shoots compared to WT shoots at 150 mM NaCl. Previous studies had indicated that AtPAP26 is a major intracellular and secreted APase as well (Veljanovski et al., 2006; Hurley et al., 2010; Tran et al., 2010b). This hypothesis is confirmed by comparing the Pi content of shoots between OE26 and WT plants, even comparing with OE17 shoots at 150 mM NaCl. Indeed, Pi content of OE26 shoots was 1.03-fold, and 0.33-fold more compared to that in WT and OE17 shoots, respectively, at the same condition (Table 4).

At first glance, it is difficult to believe that MU26 or DM plants grown at 0 or 50 mM NaCl presented a similar or greater shoot APase activity as compared with that in WT plants. Nonetheless, similar results have been obtained by Veljanovski et al. (2006); Hurley et al. (2010), and Farhadi et al. (2020) who reported that the elimination of a member of the AtPAP family could simultaneously exert a significant stimulating effect on nonspecific APase activity and growth of lack-Pi Arabidopsis. Elimination of the AtPAP17 and AtPAP26 functions, in fact, positively influences the expression and activity of other APases–particularly AtPAP26 in atpap17 mutant and AtPAP17 in atpap26 mutant (Rouached et al., 2010; Farhadi et al., 2020) and/or Pi transporters. In other words, this confirms the recovery and compensation roles of AtPAP17 and AtPAP26 under phosphate deficient conditions.

Our results showed that knockout mutation of AtPAP17 or AtPAP26 genes led extremely to sense the phosphorus imbalance in Mu17, Mu26, and DM plants imposed to salinity and even normal conditions (0 mM NaCl) compared to wild-type and OE lines at the same condition. It seems that phosphate homeostasis in cells of mutant plants was also disturbed at normal condition (0 mM NaCl) since the functions of these genes can be attributed to the dual role of the main components of the compensatory network (Hurley et al., 2010; Farhadi et al., 2020). In other words, the activity of the compensatory network in response to these two genes’ destruction could not entirely compensate the intercellular Pi homeostasis at normal condition. Several studies have also indicated that the absence of AtPAP12, AtPAP17, and AtPAP26 was compensated by upregulation of other PSI PAP isozymes (Tran et al., 2010b; Robinson et al., 2012; Farhadi et al., 2020). However, when the functions of AtPAP17 and AtPAP26 were eliminated in the Mu17, Mu26, and DM plants, their functions could not be fully compensated by other PSI PAP isozymes at 100 and 150 mM NaCl, which led to a more severe phosphate deficiency (Table 4).

To sum up, our results showed that nonspecific APases most likely had compensation roles in mutant plants to enhance Pi releasing, recycling, and scavenging from both internal and external resources. However, with increasing NaCl concentration from 50 to 100 and 150 mM, these compensation roles were not showed in mutant plants (Table 4).

These results indicated that apparently both PAP17 and PAP26 genes are involved in plant response to salt tolerance by controlling various downstream biological pathways. The stimulus of these both genes could be derived from the critical roles of their APase activity and non-APase activity, such as alkaline peroxidase activity (Figure 7). This conclusion was supported by comparing the PAP17 expression level in OE17 shoots and roots, and the PAP26 level expression in OE26 shoots and roots at 0 and 150 mM NaCl. It is herewith suggested that the non-APase activity role of these two is confirmed by the increased expression in PAP17 and PAP26 in OE17 and OE17 genotypes at high salinity, respectively, since there were adequate levels of the gene expression for Pi homeostasis.



CONCLUSION

Overall, to our knowledge, this study is the first report describing the effects of AtPAP17 and AtPAP26 genes in salt stress conditions. This could open a new insight of salt tolerance in A. thaliana with improvement in various aspects of the molecular, biochemical, physiological, and morphological mechanisms. The results clearly pointed out that AtPAP17 and AtPAP26 proteins are responsible as two novel regulators engaged in salt tolerance. It is also highlighted the fact that AtPAP17 and AtPAP26 genes would enable plants to activate the numerous biochemical pathways toward adaptive responses to high-stress salt. This could be such a direct and/or indirect influence that minimizes the deleterious effects of the stress. Providing such a novel practical and approach to boost salt tolerance is the main point that distinguishes this study from previous ones. In fact, the genetic modification of such genes that motivate a group of genes involved in salt tolerance might be the most appropriate strategy for salt tolerance since many genes determine plant adaptation. Consequently, we suggest AtPAP17 and AtPAP26 genes, as two candidate genes, for molecular breeding of salt-tolerance enhancement in crop plants.
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Soil saline-alkalization is expanding and becoming a serious threat to the initial establishment of plants in inland salt marshes on the Songnen Plain in Northeast China. Bolboschoenus planiculmis is a key wetland plant in this area, and its root tubers provide food for an endangered migratory Siberian crane (Grus leucogeranus). However, the survival of this plant in many wetlands is threatened by increased soil saline-alkalization. The early establishment of B. planiculmis populations under salt and alkaline stress conditions has not been well understood. The aim of this study was to investigate the response and adaption of the seedling emergence and growth of B. planiculmis to salt-alkaline mixed stress. In this study, B. planiculmis root tubers were planted into saline-sodic soils with five pH levels (7.31–7.49, 8.48–8.59, 9.10–9.28, 10.07–10.19, and 10.66–10.73) and five salinity levels (40, 80, 120, 160, and 200 mmol⋅L–1). The emergence and growth metrics, as well as the underlying morphological and physiological traits in response to salt-alkaline stress were explored for 2-week-old seedlings. The seedling emergence, growth, and leaf and root traits showed distinct responses to the pH and salt gradients. Under the lower saline-alkaline condition (pH ≤ 9.10–9.28 and salinity ≤ 80 mmol⋅L–1), the seedling growth was substantially facilitated or not significantly altered. Salinity affected the seedlings more significantly than alkalinity did. In particular, among the salt ions, the Na+ concentration had predominantly negative effects on all the morphological and physiological traits of the seedlings. Seedling emergence was more tolerant to salinity and, based on its observed close relationships with pH and the alkaline ion CO32–, was highly alkalinity-dependent. Moreover, the leaf area and photosynthetic rate, as well as the root surface area and tip number mainly accounted for the response of the seedling biomass to salt-alkaline stress. This is evidence of the adaption of B. planiculmis to saline-alkaline conditions largely due to the responses of its morphological and physiological traits. This study provides a mechanistic process-based understanding of the early seedling establishment of B. planiculmis populations in response to increased soil saline-alkalization in natural wetlands.
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INTRODUCTION

Soil saline-alkalization is a major cause of land degradation worldwide (Ma et al., 2015). Parent materials, climate, topography, and anthropogenic activities contribute to the formation and evolution of soil saline-alkalization (Liu et al., 2009). There are large areas of saline-alkaline land in China and the Songnen Plain has one of the largest areas of saline-alkaline land in Northeast China (approximately 4 × 106 ha) (Wang et al., 2009). The ecological functions of this area have become severely degraded because of increased soil saline-alkalization. As a result, it has become an ecologically fragile area, and is an important area for maintaining national ecological security (Yang et al., 2010). Among the salts in soil, NaCl and Na2SO4 are the main neutral components and Na2CO3 and NaHCO3 are the main causes of saline-alkaline conditions (Yang et al., 2011). Compared with neutral salts, NaHCO3 and Na2CO3 are more harmful to vegetation because of the combined effects of high electrical conductivity and high pH (Tang and Turner, 1999; Shi and Sheng, 2005; Chen et al., 2017). Consequently, salinity and alkalinity act as the key attributes affecting plant establishment, growth, and distribution in saline-alkaline soils (Silvestri et al., 2005; An et al., 2019).

During the plant life cycle, the initial phase (e.g., seedling emergence) can be widely used to assess the adaptive ability of the plant to increased alkalinity in the soil (Stokes et al., 2011). However, there are differences in the pH thresholds among plant species. Some can successfully emerge over a wide pH range, while others only emerge at a certain pH (Nakamura and Hossain, 2009; Ebrahimi and Eslami, 2012). During plant regeneration, vegetative propagation is the main mode of reproduction of aquatic plants in natural conditions (Sosnová et al., 2010). Aquatic macrophytes commonly and easily propagate through stems, leaves, or roots, and can colonize new areas quickly and efficiently (Mony et al., 2011). The early stage of the establishment of these species, which includes seedling emergence and growth, is vulnerable to environmental changes (Engels et al., 2011). Variations in the seedling emergence of plants under stress conditions may reveal their adaptive strategies and could be used to evaluate the effects of stress factors (Lowe et al., 2010). To date, studies of wetland plants have only focused on the effect of saline and alkaline stress on seed germination, seedling and vegetative growth (Liu et al., 2018; Wang et al., 2020), evaluations of the vegetative propagation of typical wetland plants under mixed stress conditions are still rarely reported.

Plants growing in high-salt soil usually face problems related to osmotic and ionic stresses (Lv et al., 2013). High alkalinity affects the availability of some mineral nutrients in soil, resulting in nutrient deficiency for plants (Shi and Wang, 2005; Li et al., 2010). Additionally, high pH may suppress ion absorption in plant cells, consequently destroying their ion homeostasis (Yang et al., 2009). The influences of salt concentration and composition, pH, and their combinations on the growth and development of plants have been investigated and compared (Shi and Wang, 2005; Yang et al., 2011; Zhang et al., 2018). Likewise, plants have several response strategies for averting the negative effects of salt-alkaline stress (Liu et al., 2015). The ecophysiological mechanisms underlying plants’ responses and adaptations to salt or alkaline conditions have been widely reported (Elmore et al., 2006). For instance, the photosynthetic characteristics of plant seedlings under increased alkalinity can provide important information for understanding the adaptive response of plants, which directly determine their productivity and acclimation in natural environments (Yang et al., 2011). In addition, the morphological characteristics of plants, such as leaf traits, can also be used as indicators in plants subjected to salt and alkaline conditions (Bernstein et al., 2010; Rouphael et al., 2012). Furthermore, plant roots are the major organ in direct contact with the soil and thus primarily encounter any abiotic stresses (Yang et al., 2011). The inherent variations in root architecture allow plants to adapt to saline-alkaline conditions, ultimately resulting in greater efficiency in nutrient and water absorption (An et al., 2019). Plants attempt to circumvent highly saline media by altering the direction of their root growth (Galvan-Ampudia et al., 2013). However, studies to date have mainly focused on the response and adaption of crop and forage plants to salt-alkaline stress; the morphological and physiological strategies of typical wetland plants to mixed stress remain poorly understood.

Plants of genus Bolboschoenus are commonly distributed in saline wetlands, and often occupy a wide range of habitats, including both coastal and inland salt marshes (Ljevnaić-Mašić et al., 2020). The ecological properties of these species such as their dispersal abilities and distribution as well as their relationships with habitat conditions, have been are investigated (Hroudová et al., 2007; Píšová et al., 2017). Bolboschoenus maritimus, for example, is regarded as a halophyte usually inhabiting saline habitats. A prominent response of this species to salinity is a change in biomass allocation from shoots to tubers (Morris and Ganf, 2001). Its adaptive ability to salinity is largely due to stomata that is less sensitive to environmental salinity (Maricle and Maricle, 2018). Meanwhile, comparisons of the salinity tolerance of B. planiculmis to that of other Bolboschoenus species indicates that the broader extent of its phenotypic plasticity enables it to inhabit and extend its range to saline habitats (Hroudová et al., 2014). It has also been reported that both B. yagara and B. planiculmis communities are not adaptive to saline habitats, but are able to become established in eutrophic freshwater habitats and those with a fluctuating water level, as well as in arable land with a rich nutrient supply (Ljevnaić-Mašić et al., 2020). Thus, the ecological adaptation mechanism that occurs in Bolboschoenus species growing in different conditions is not precisely known.

Bolboschoenus planiculmis is often found in the saline-sodic wetlands on the western Songnen Plain, where it mainly reproduces and expands its population using vegetative propagules (An et al., 2018). The B. planiculmis wetlands on the Songnen Plain can provide a habitat for the migratory Siberian crane (Grus leucogeranus), and the root tubers of this plant are a food source for this waterfowl. However, these wetlands are suffering from increased soil salinization and alkalinization, and the vegetation is being degraded (An et al., 2018). Existing studies on the growth of B. planiculmis in this area under salt stress have, to our knowledge, only investigated either NaCl or water management (Zhang et al., 2014; An et al., 2018). Studies of the effects of saline-sodic stress on B. planiculmis are still lacking, greatly hindering our understanding of this species’ ecological limits. The aims of this study were to (1) investigate the responses of B. planiculmis seedling variations to mixed salt-alkaline stresses, (2) evaluate the dominant stress factors controlling B. planiculmis seedlings, and (3) clarify the underlying morphological and physiological traits potentially responsible for the response and adaptive strategies of B. planiculmis seedlings to stress. This study can provide valuable implications for the survival and early establishment of B. planiculmis populations in saline-alkali environments, as well as for designing effective restoration projects.



MATERIALS AND METHODS


Plant and Soil Materials

Plant and soil materials were collected from the Ertou Wetland (45°53′N; 123°38′E) located in the buffer zone of Momoge National Nature Reserve on the western Songnen Plain. In late April 2018, the roots of B. planiculmis were excavated within a soil depth of 30 cm and washed with tap water. After removing the rhizomes and fibrous roots, the root tubers were then stored at 4°C in damp and dark conditions. Surface soil (30 cm depth) from the flood plain of the Nengjiang River was collected and used as a potting medium in the experiment. The soil is a meadow bog soil with a pH of 7.11, electrical conductivity of 277 μS cm–1, organic matter content of 22.4 g kg–1, total nitrogen content of 2.55 g kg–1, and total phosphorus content of 0.36 g kg–1. Before use, the soil was air-dried, crushed and sieved through a 2 mm sieve to remove gravel and organic particles.



Design of Simulated Saline-Alkaline Conditions

A completely randomized experimental design was used to study the effects of soil salinity and pH. According to the salt components in the salt-alkaline soils investigated by a previous study (Ge and Li, 1990), NaCl, Na2SO4, Na2CO3, and NaHCO3 were selected and mixed in various molar proportions to reflect the salinity and alkalinity ranges in natural soil. Five treatment groups were set with increasing pH (ranging from 7.31 to 10.73). The salt compositions of the five treatment groups (labeled as A, B, C, D, and E) are presented in Table 1. There were five levels of salinity (40, 80, 120, 160, and 200 mmol L–1), in each group, for a total of 25 salt-alkaline stress treatments with varying salinity and pH. Details of the treatments (labeled as A1, A2, A3…E3, E4, E5) are illustrated in Table 2. Stress factors such as ions concentrations were calculated on the basis of the salt molar ratios listed in Table 1 and the given salinity. The treatment without salt addition was considered to be the control (CK). All salt-alkaline stress treatments and CK were replicated three times.


TABLE 1. Salt compositions and their molar ratios in the treatment groups.
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TABLE 2. The stress factors evaluated in the various treatments.
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Growth Conditions

The experiment started on May 1, 2018. Plastic pots (15 cm diameter × 10 cm depth) were used in this study and each pot was filled with the potting medium (500 g pot–1). There were 78 pots in total (25 salt-alkaline treatments and CK with three repetitions per treatment). Thirty fully developed tubers of B. planiculmis of uniform size (mean dry weight 1.2 g) were selected and planted into the soil (5 cm). The pots were watered with a saline-alkaline solution to 50% soil water content to avoid inhibition of root tuber emergence and seedling growth of B. planiculmis due to flooding (An et al., 2018). All the pots were then placed into the growth chambers with a 12-h photoperiod (500 μmol m–2 s–1 of photosynthetically active radiation), 25/20°C day/night temperature, and 70–75% relative humidity. All the pots were rotated randomly to standardize daily light exposure and the evaporated water in the pots was resupplied daily with distilled water after weighing.



Aerial Part Measurements

Seedling emergence was recorded daily when sprouts were 1 cm above the soil surface. The emergence rate was calculated by dividing the number of emerged seedlings by the number of tubers planted in each pot and multiplying the product by 100. On May 15 (2 weeks after planting), the seedling height was measured as the distance from the soil surface to the top of stem. Three exposed leaves in each pot were selected for the leaf area measurements using a leaf area meter (Li-Cor 3100, Li-Cor). All the selected leaves were then collected and dried at 60°C for 72 h to a constant weight. The mean of the leaf traits was calculated for each pot. Aerial parts of the plants in each pot were removed at the soil surface level and dried at 90°C for 1 h and then at 60°C to determine the shoot biomass. The shoot biomass was calculated as the sum of the aerial plant parts (leaves + stems). Individual plant shoot biomass was computed as the ratio of total shoot dry weight/the number of emerged seedlings in each pot.



Photosynthetic Trait Measurements

Before sampling, the expanded young leaves were selected to measure the light-saturated net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Gs) using a portable gas-exchange system (Li-6400, Li-Cor, Lincoln, NE, United States) with an integrated light source (6200-02BLED, Li-Cor). The photosynthetic photon flux density in the leaf chamber was 1500 μmol m–2 s–1. The vapor pressure deficit was kept at 1.0–1.5 kPa. The air temperature was set at 25°C, and the ambient CO2 concentration was set at 360 μmol mol–1. The instantaneous water use efficiency (WUE) of the leaves was calculated as WUE = Pn/Tr. Three to five leaves were measured per pot, and the mean was calculated for each pot.



Root Trait Measurements

Roots were removed from each pot and rinsed using tap water. The fine roots remaining in the soil were isolated by overfilling the soil with water and passing the outflow through a 0.25 mm mesh sieve to collect the roots. All the roots in each pot were oven-dried at 60°C to a constant weight. Individual plant root biomass was computed as the ratio of the total root dry weight/the number of emerged seedlings in each pot. Before drying, one to three intact roots in each pot were randomly selected and scanned at 400 dpi resolution. Finally, the root length, root mean diameter, root surface area, and root tip number were determined using the WinRHIZOPRO (version 2003b) root analyzing system (Regent Instruments Inc., Quebec, Canada). The means of the root traits from one pot indicated the data for a replication of the treatment.



Data Analysis

The effects of pH and salinity on emergence, growth, and morphological and physiological traits of B. planiculmis seedlings were determined by two-way ANOVA at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 levels. The above analyses were performed with SPSS software (ver.18.0, Chicago, IL, United States). Principle component analysis (PCA) was performed on the growth as well as the morphological and physiological measurements of the treatments using R Studio (ver. 1.2.1335), and the variance proportion was analyzed using JMP Genomics (ver. 14). A redundancy analysis (RDA) was conducted to quantify and test the effects of the salt factors on B. planiculmis seedling variations. The variables were centered and standardized by applying a square root transformation and then a logarithmic transformation. The significance levels of the explanatory variables were determined using Monte Carlo tests (499 permutations). The RDA was performed using the Canoco 4.5 software package (Microcomputer Power, Ithaca, NY, United States). Pearson’s correlation analysis was performed to examine the relationships between the stress variables and the emergence and growth performance of the B. planiculmis seedlings. The correlation coefficients (r) were considered significant at the p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 levels. Stepwise multiple linear regressions were employed to determine the morphological and physiological traits that best predicted seedling shoot and root biomasses. The final multiple regression model contained only the significant variables (p ≤ 0.05). The regression coefficients (R2) were considered significant at the p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 levels. All the correlations and regressions were analyzed using SPSS Version 18.0.




RESULTS


Effects of Salt-Alkaline Stresses on B. planiculmis Seedlings

The two-way ANOVA revealed significant effects of pH and salinity and their interactions on almost all the seedling traits of B. planiculmis, with a few exceptions (Table 3). The effects of pH and salinity interactions on the leaf area, transpiration rate, root length, and root average diameter were not significant. The results indicated that seedling emergence was sensitive to salt-alkaline stress (Figure 1A). Compared with CK, treatment A1 had a positive effect on the seedling emergence, and the emergence rate decreased as expected with increased salinity and alkalinity. Moreover, the emergence rate dropped remarkably as the salinity increased at a higher pH. However, the emergence rate dropped less than 50% in the D and E groups regardless of salinity level. The emergence rates of the D5 and E5 treatments were 20.0 and 6.7%, respectively. Similarly, plant height remained relatively stable in the A, B, and C groups over the salinity gradient and decreased as both salinity and pH increased (Figure 1B). Under the lower condition (pH less than 8.48–8.58 and salinity less than 80 mmol L–1), the shoot and root biomasses were greater than CK and decreased as salinity and pH increased (Figures 1C,D). The effects of salt-alkali stress on leaf area and leaf dry weight were significant (Figure 2). Although the A1 treatment increased the leaf area compared with CK (Figure 2A), the leaf area decreased sharply as the salinity and alkalinity increased. Leaf dry weight also significantly decreased with salt-alkali stress (Figure 2B), and decreased with increased salt concentration.


TABLE 3. Results (F-values) of the two-way variance analysis (ANOVA) of pH and salinity for the emergence and growth performance of the B. planiculmis seedlings.
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FIGURE 1. Emergence and growth performance of B. planiculmis seedlings under salt-alkaline mixed stresses. (A) Emergence rate. (B) Plant height. (C) Shoot biomass. (D) Root biomass. Vertical lines are error bars.
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FIGURE 2. Leaf traits of B. planiculmis seedlings under salt-alkaline mixed stresses. (A) Leaf area. (B) Leaf dry weight. Vertical lines are error bars.


The Pn of the leaves decreased with increasing salinity and alkalinity, although it was greater than that of CK when at low salinity and alkalinity (Figure 3A). Compared with that of CK, Gs decreased sharply under the saline-alkaline conditions, especially at greater alkalinity. However, at the greater salinity levels (120 mmol L–1, 160 mmol L–1, and 200 mmol L–1), the Gs values were similar among the different treatments (Figure 3B). Tr also decreased with increasing salinity and alkalinity without interactions between salinity and alkalinity (Figure 3C). Salinity and alkalinity had negative influences on WUE, and these influences were more pronounced when high salinity and high alkalinity were combined (Figure 3D).
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FIGURE 3. Photosynthetic traits of B. planiculmis seedlings under salt-alkaline mixed stresses. (A) Photosynthetic rate (Pn). (B) Transpiration rate (Tr). (C) Stomatal conductance (Gs). (D) Water use efficiency (WUE). Vertical lines are error bars.


The root length and surface area generally decreased with increasing salinity and alkalinity (Figures 4A,B). Under low salinity and alkalinity treatments, the root average diameter and tips number were similar to or greater than those of CK. Although the increment exited in the A1 treatment, the root diameter was similar among treatments with high salinity and alkalinity (Figure 4C). The A1, B1, C1, and D1 treatments significantly increased the root tip number compared with CK (Figure 4D).
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FIGURE 4. Root traits of B. planiculmis seedlings under salt-alkaline mixed stresses. (A) Root length. (B) Root surface area. (C) Root average diameter. (D) Root tip number. Vertical lines are error bars.




Evaluation of Stress Factors on B. planiculmis Seedlings

The PCA of the measurements of the B. planiculmis seedlings showed that the first component (PC1: 70.6%) and second component (PC2: 10.94%) explained 81.54% of the total variance (Figure 5A). The score plot of the PCA clearly divided the CK and low-salinity treatments (treatments 1 and 2) from the high-salinity treatments (treatment 3, 4, and 5) along PC1, and also divided the CK and low-pH treatments (treatments A, B, and C) from the high-pH treatments (treatments D and E) along PC2. The variation attributable to salinity accounted for 85.7% of the variation in PC1 while the variation attributable to pH accounted for 70.9% of the variation in PC2 (Figure 5B).
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FIGURE 5. Principal component analysis (PCA) of seedling performance of B. planiculmis treated with different salinity and pH combinations. (A) Score scatter plot of PC1 versus PC2. (B) Variance decomposition of PC1 and PC2 as implemented in JMP Genomics. CK, control; Sal, salinity. The details for the treatments in (A) are shown in Table 2.


The linear regression indicated that the emergence rate and plant height were negatively correlated with pH (p < 0.001), Na+, SO42–, and CO32– (p < 0.05) (Table 4). There were significant correlations between Na+ and all seedling traits. The relationships between the other stress factors and shoot biomass and leaf area were significant (p < 0.05). The leaf dry weight was closely related to salinity, Na+, Cl–, SO42–, and CO32– (p < 0.05). Pn, Gs, and Tr were significantly correlated with salinity and salt ions (p < 0.05). WUE was significantly correlated with salinity, Na+, Cl–, and CO32– (p < 0.05). Root biomass and root tip number were negatively correlated with five factors (salinity, Na+, Cl–, SO42–, and CO32–) (p < 0.05). In addition, the root length and root surface area were significantly correlated with salinity and salt ions. The relationships between root diameter and salinity, Na+, Cl–, and SO42– were significant (p < 0.05).


TABLE 4. Correlation coefficients (r) between stress factors and emergence, growth, and morphological and physiological traits of B. planiculmis seedlings.
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The RDA was performed to quantify the effects of five salt variables (Na+, Cl–, SO42–, HCO3–, and CO32–) on B. planiculmis seedling variations based on the data from the various treatments (Figure 6). Eigenvalues for the first, second, third, and fourth axes were 0.673, 0.105, 0.014, and 0.005, respectively. The five salt variables explained 79.7% of the B. planiculmis seedling variations (Monte Carlo test with 499 repetitions, F = 55.3, p = 0.002). In addition, the RDA showed a strong correlation between vegetation and environmental factors with species–environment correlations of 0.973 on the first axis and 0.941 on the second axis. In particular, Na+ negatively affected emergence, growth, and all the morphological and physiological traits. Emergence was negatively correlated with CO32– (Figure 6). The marginal effects and conditional effects on the eigenvalue of the explained variance indicated that Na+ was the best explanatory variable (57%, F = 95.2, p = 0.002) (Table 5). The conditional effects showed that the additional variables, CO32– (12%, F = 30.36, p = 0.002), SO42– (9%, F = 25.55, p = 0.002), HCO3– (2%, F = 5.49, p = 0.002), and Cl– (0%, F = 2.87, p = 0.012) could explain the statistically significant amount of variation.


[image: image]

FIGURE 6. Bioplot diagram of the redundancy analysis (RDA) on B. planiculmis constrained by Na+, Cl–, SO42–, HCO3–, and CO32–. ER, emergence rate; H, plant height; LA, leaf area; LDW, leaf dry weight; SB, shoot biomass; Pn, photosynthetic rate; Tr, transpiration rate; Gs, stomatal conductance; WUE, water use efficiency; RB, root biomass; RL, root length; RTN, root tip number; RSA, root surface area; RD, root average diameter. The total explained variance by all the selected soil variables is 79.7% (F = 55.3, p = 0.002). Axis 1 and axis 2 explained 67.3 and 10.5% of the variation, respectively, in the B. planiculmis seedlings.



TABLE 5. Marginal and conditional effects on the eigenvalue obtained from the summary of forward selection using a Monte Carlo Permutation test.
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Morphological and Physiological Traits as Predictors of Seedling Biomass Production

The correlations between the underlying morphological and physiological traits and the seedling biomass production were evaluated with multiple linear regressions (Table 6). The results showed that there were two traits significantly correlated with shoot biomass and root biomass (R2 = 0.718 and 0.741, p < 001, respectively). The highest proportion of variation in seedling shoot biomass was explained by the variation in photosynthetic rate and leaf area (p < 0.001). The root surface area and root tip number accounted for the variations in root biomass (p < 0.001).


TABLE 6. Morphological and physiological traits as predictors of seedling shoot and root biomass in response to salt-alkaline stress determined by a linear stepwise multiple regression analysis.
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DISCUSSION

The growth of some salt-tolerant plant species is moderately suppressed, or even improved under lower salinity conditions (Bose et al., 2014). A similar tendency was observed in this study. Some seedling metrics of B. planiculmis, including emergence, biomass, and leaf and root traits, that were actually facilitated or not significantly altered by low salinity-alkalinity (treatments with pH ≤ 9.10–9.28 and salinity ≤ 80 mmol L–1) in comparison with those without stress, confirming its adaptive ability to salt-alkaline stress. During adaptive evolution in natural wetlands, the B. planiculmis populations living in the salt-sodic environments have retained their tolerance to salt, which probably developed their varied tolerances to pH stress. The results of previous studies on B. maritimus correspond to our results, indicating that salt-alkaline conditions, with higher pH and conductivity are favorable for B. maritimus development, implying its potential for adapting saline and alkaline habitats (Hroudová et al., 2014; Jenačković et al., 2016). This indicates that it may be more appropriate to classify B. planiculmis as a salt-alkali plant, and that a degree of adaptability to saline -alkaline condition is crucial for the early establishment of a B. planiculmis population.

As might be expected, the growth of B. planiculmis seedlings was suppressed under soil conditions with higher levels of salt concentration. The growth inhibition of seedlings from seed germination was also reported by a previous study on other wetland plants (Wang et al., 2020). Salt stress interferes with plant growth by causing reduced water potential around the plant rhizosphere and ionic toxicity, resulting from turbulence in specific ion concentrations inside the root tissue (Ghoulam et al., 2002; de Lacerda et al., 2003; Sosa et al., 2005). As has been found in natural populations of Scirpus planiculmis (=B. planiculmis), the root biomass of B. planiculmis was negatively correlated with pH, and a high pH significantly affected its growth biomass allocation and rhizome morphology (Ning et al., 2014). The results of this study also demonstrated that total salinity affected the B. planiculmis seedlings more than alkaline stress. This can be explained by the species-specific responses of plants to the stress factors when subjected to mixed stresses (Guo C. Y. et al., 2015). However, the opposite result was observed in grassland plants, in which alkaline stress had more harmful effects on the plants than salt stress (Yang et al., 2008; Zhang et al., 2018). This is likely because drought stress occurs in combination with salt and alkaline stresses in grasslands, causing a synergistic enhancement in soil alkalinization. In salt-sodic wetlands, optimal water conditions could reduce soil salinization and alkalinization, and mitigate the intensity of salt-alkaline stress on wetland plants (An et al., 2019).

In addition to the negative effects on vegetative growth, salts in soil may create a high osmotic potential for plant propagules, preventing their water absorption (Khajeh-Hosseini et al., 2003; Sosa et al., 2005). The root tubers of B. planiculmis used serve as the main vegetative propagules in natural habitats (An et al., 2018). In this study, the emergence rate of the B. planiculmis tubers was highly correlated with pH, demonstrating that the alkaline salts inhibited seedling emergence more greatly than the neutral salts did. This may be because high pH around the rhizosphere of propagules inhibits reproduction (Zhang et al., 2015). In the salt-sodic soils, Na2CO3 and NaHCO3 accumulations mainly accounted for the high pH values, because both salts are soluble and can undergo alkaline hydrolysis (Chi et al., 2012). The intense inhibitory effects of CO32– and HCO3– on plant seedling emergence were possibly attributed to their buffer capacity. The results of the RDA also confirmed that emergence rate was closely related to CO32–. Thus, the pH attributed to CO32– and its buffer effects, not salt concentration, should be the restriction factor of seedling emergence of B. planiculmis. An emergence assessment of B. planiculmis tubers under controlled conditions can predict the response of B. planiculmis population density to a specific component of complex alkaline stress syndrome.

Stress tolerance varies depending on the plant species and soil conditions. In particular, salt tolerance usually depends on the ion’s absorption dose and allocation in plants (Flowers and Colmer, 2008). There are some tolerant mechanisms for halophytes under salt stress. For example, excessive accumulation of Na+ within the vacuoles in epidermal bladder cells enables salt stress adaptation (Zhao et al., 2020). A previous study conducted in saline-sodic soil revealed that high Na+ concentration not only influenced seed germination but also seedling growth of plant (Zhao et al., 2014). In this study, Na+ concentration played an important role in influencing the morphological and physiological traits of the B. planiculmis seedlings, such as growth, photosynthetic performance, and leaf and root traits. This result is consistent with several previous studies. High Na+ concentrations negatively affect germination and vegetative growth of plants, although low Na+ concentrations can adjust osmolarity in the vacuole (Wang et al., 2002; Zhang et al., 2010). Increased salt concentrations in soil lead to large amounts of Na+ to be taken up by roots. Na+ consequently impairs metabolic processes via ion toxicity and osmotic effects on water uptake or interference with the uptake of nutrients (Grewal, 2010; Deinlein et al., 2014). Plants tend to enact some mechanisms to mitigate Na+ stress by reducing physiological traits while maintaining growth, as it was previously reported that plants mainly metabolize Na+ by ion exclusion from roots to rhizosphere, ion transportation in the vascular system, and its partition among tissues (Guo R. et al., 2015). To adapt to high salinity, plants prevent excessive accumulation of Na+ via two major approaches: exclusion from root uptake and vacuolar Na+ sequestration in the cytosol of root cells (Zhao et al., 2020). Under salt stress, therefore, the Na+ concentration in sodic soil can be used as a suitable indicator for predicting growth performance after early establishment of B. planiculmis.

Damage to plants due to high salinity includes a reduction in photosynthesis, leaf expansion, and ultimately biomass loss (Rahnama et al., 2010). Moreover, it has been indicated that salt stress may influence plant growth indirectly by lowering the photosynthesis rate (Brugnoli and Lauteri, 1991). In our study, the multiple linear regressions showed that the photosynthetic rate and leaf area were responsible for shoot biomass accumulation. The rapid stomatal closure induced by osmotic stress and the accumulation of high levels of salt ions in the cytosol resulted in photosynthetic efficiency limitations and net CO2 assimilation, and therefore a reduction in plant growth (Zhao et al., 2020). A substantial decrement in the photosynthesis of plants subjected to salt stress has been associated with a reduction in stomatal conductance and transpiration rates (Ribeiro et al., 2009), which likely explains the lower photosynthetic rates of B. planiculmis leaves under high level of salt-alkaline stress in this study. This is also supported by the fact that the greater sensitivity of photosynthesis in B. maritimus to salt is due to the greater sensitivity of its stomata to changing water potentials, resulting in decreased photosynthesis rates and stomatal closure (Maricle and Maricle, 2018). Furthermore, it is noted that less expanded leaves could possibly decrease water absorption by plants, thus allowing them to conserve relative moisture and prevent further enhancement in the salt level in the soil (Hanin et al., 2016). The stress-induced decrement in shoot growth of the B. planiculmis seedlings is largely attributed to the inhibition of leaf area development caused by salt-alkaline mixed stress. This is consistent with previous studies in which the substantial contribution of leaf expansion to biomass accumulation is more sensitive to stress (Parida and Das, 2005; Bernstein et al., 2010). The restriction in leaf area caused by salinity stress is thought to be a crucial approach to suppressing net photosynthetic rates and hence decreasing the available assimilates for leaf growth and biomass production (Rouphael et al., 2012). Therefore, photosynthetic rate and leaf area can be considered as the primary processes of B. planiculmis shoot growth affected by salt-alkaline stress. Variations in these traits are especially useful for elucidating the response and adaptation strategies of the aerial part of B. planiculmis.

Root architecture can represent attributes of the root system in terms of resource acquisition and exploration efficiency, especially under adverse conditions, as its direct relation with plant growth and productivity has been proven in a previous study (Lynch, 1995). The root growth of B. planiculmis seedlings acclimated substantially to the lower salinity and alkalinity conditions in this study. This may be explained by the fact that B. planiculmis appears to be more salt-tolerant than other freshwater species, which is consistent with its occurrence in alkaline water (Hroudová et al., 1999). As the salinity and alkalinity increased, the root length, root surface area, and root tip number of the B. planiculmis seedlings in this study decreased dramatically due to the ion toxicity resulting from the high salt concentration, which could restrict root extension (Neumann et al., 1999). The increased root length and number of root tips represent an effective strategy to increase root surface area, which improved the plant’s capacity for water and nutrient uptake. However, soil nutrient supply and ion balance might be disturbed when the salinity or pH reach high levels (Shi and Sheng, 2005). Otherwise, B. planiculmis plants increased root tip numbers when the root system was exposed to lower salt-alkaline stress, which may be an adaptive strategy to dehydration that improves its capacity for water and nutrient uptake. The lateral root formation was significantly altered under elevated salt to cope with stress (Waisel and Breckle, 1987). Thus, the root surface area and root tip number acted as the foremost determinants for root biomass accumulation of B. planiculmis under salt-alkaline stress.



CONCLUSION

The seedling metrics of B. planiculmis under lower levels of salinity and alkalinity were promoted to some extent, suggesting that his plant can adapt well to salt-alkaline condition. PCA indicated that the stress effect of salinity on the early seedling growth of B. planiculmis was generally greater than that of alkalinity. Emergence and seedling growth of B. planiculmis had different responses to salt-alkaline stress. In particular, the seedling emergence was highly alkaline-dependent. Among the salt factors, Na+ played a prominent role in affecting seedling traits. The B. planiculmis seedlings adapted to saline-alkaline conditions by regulating their leaf and root traits. The variations in physiological and morphological characteristics could be used to explore the response and adaptation strategies of B. planiculmis plants to salt-alkaline stress. This study provided critical guidelines for exploring early establishment and distribution of B. planiculmis populations in wetlands and evaluating the restoration potential of degraded saline-sodic wetlands on the Songnen Plain.
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Cotton is a primary agriculture product important for fiber use in textiles and the second major oil seed crop. Cotton is considered as moderately tolerant to salt stress with salinity threshold of 7.7 dS/m at seedling stage. Salinity causes reduction in the growth of seedlings and cotton production that limits fiber quality and cotton yield. In this study, initially, 22 cotton genotypes were screened for relative salt tolerance using germination test in Petri plates (growth chamber). Selected 11 genotypes were further tested in pot experiment (sand) with 0, 15, and 20 dS/m NaCl treatments under glass house conditions. At four-leaves stage, different morphological and physiological traits were measured for all genotypes while biochemical analysis was performed on selected seven highly tolerant and sensitive genotypes. NaCl treatment significantly reduced plant biomass in two genotypes IR-NIBGE-13 and BS-2018, while NIAB-135, NIAB-512, and GH-HADI had least difference in fresh weight between the control and NaCl-treated plants. Photosynthetic rate was maintained in all the genotypes with the exception of SITARA-16. In two sensitive genotypes (IR-NIBGE-13 and 6071/16), Na+ ion accumulated more in leaves as compared to K+ ion under stress conditions, and an increase in Na+/K+ ratio was also observed. The lesser accumulation of malondialdehyde (MDA) content and higher activity of enzymatic antioxidants such as superoxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase (APX) in stressed plants of NIAB-135, NIAB-512, and FH-152 indicated that these genotypes had adaption capacity for salinity stress in comparison with sensitive genotypes, i.e., IR-NIBGE-13 and 6071/16. The observed salt tolerance was corelated with plant biomass maintenance (morphological), photosynthetic rate, and ionic homeostasis (K+/Na+ ratio, physiological) and biochemical stress marker regulations. After a series of experiments, it was concluded that NIAB-135, NIAB-512, and FH-152 could be utilized in breeding programs aimed at improving salinity tolerance in cotton and can expand cotton cultivation in saline area.

Keywords: salt stress, antioxidants, salinity, SOD, CAT, POD, cotton seedlings


INTRODUCTION

Soil salinization is rapidly increasing day by day and became a global environmental problem (Ahammed et al., 2018). It decreases average yields of most major crops like wheat, rice, and cotton over and above 50% on a global scale (Bartels and Sunkar, 2005). The excessive concentration of salt (above from threshold, i.e., 3–4 dS/m) in the soil, water, and plant is called salinity (Hussain et al., 2019). Exposure to salt stress triggers many adverse physiological and biochemical changes in plants leading to yield reduction. Currently, out of 230 m ha of irrigated land, 45 m-ha area is under the influence of salt (Athar and Ashraf, 2009). Cotton is a primary agriculture crop that covered the biggest textile manufacturing industries devising a strong yearly influence on country economic value of $600 billion all over the world (Jabran et al., 2019). The cotton fiber consumption is increasing as human population grows. Gossypium hirsutum (90%) (high-yielding characteristics and early cultivation system, Campbell et al., 2010) and Gossypium barbadense (8%) (extralong staple fiber source, Wang et al., 2015) play a very important role in cotton production due to their high yield potential and competitive benefit to cotton textiles producers (Hu et al., 2019). According to the 2019 report survey, India, China, United States, Pakistan, Brazil, Australia, Uzbekistan, and Turkey are included in the list of top cotton-producing countries (Ali et al., 2019). Although Pakistan is placed among the globally top 5 cotton-producing countries, on the other hand, its yield lags behind other top most countries due to low yield per unit area and increasing cotton import. However, cotton is proposed as a medium salt-tolerant crop with salinity threshold of 7.7 dS/m (Maas and Hoffman, 1977). However, low yield, poor plant growth, and germination are the main constraints that are affected by salinity and alkalinity of soil that limit cotton growth at the early stages of development (Ashraf and Ahmad, 2000; Bolek, 2010).

Cotton seed germination is an important phase, but unfortunately, it is also a very sensitive stage for harsh climate conditions. Salinity can hinder seed germination by reducing plant water uptake ability, impose drought to the plant, and deploy it from nutrients by disturbing the ions uptake mechanism (Wang et al., 2011). In salt stress condition, the plant undergoes cellular injury that occurs in transpiring leaves because of large amount of salt accumulation (Khan et al., 1995). It is also considered that the growth rate is directly related with stomatal conductance; the higher the stomatal conductance, the higher will be the CO2 absorption and energy production. However, salt stress decreases CO2 fixation; as a result, reactive oxygen species (ROS) is produced by the leakage of electron into O2 (Ahammed et al., 2018). Cotton growth and plant development comprising plant height, fresh and dry weights, plant weight, root to shoot ratio, leaf area and canopy development, and other physiological parameters like photosynthesis (Pn), transpiration rate (Tr), stomatal conductance (St), overall yield, and primarily fiber quality were severely affected by salinity (Loka et al., 2011). These detrimental effects of salt (NaCl) on cotton differ in accordance with the change in salt concentration (i.e., 10, 20 dS/m, etc.), depending upon the time period of salt exposure (how long it will be) and growth stage in which the plant is exposed to stress (i.e., germination or emergence). Cotton is referred as a salt-tolerant crop after barley, but its yield falls by 5% per unit dS/m with the increase in stress limit (Chinnusamy et al., 2005). Thus, the 200 mM NaCl (20 dS/m) stress treatment would induce an approximately 60% yield reduction underneath the field conditions (Higbie et al., 2010).

Salt stress induced many physiological and biochemical impairments in plants such as photosynthesis, ionic imbalance, and oxidative injury to proteins (enzymes) (Zhu, 2001; Xiong and Zhu, 2002; Muchate et al., 2016). However, the main factor under salt stress condition in cotton is the positive ion (Na+) instead of (Cl–) (Gouia et al., 1994). Under salinity stress, the Na+ content in the shoots (cotyledon, leaves, and stems) is greater than that in the roots. In leaves, different types of cells have different capacity of sodium accumulation, which is more in the epidermal cell rather than in the mesophyll cell, and this was mainly noted in sensitive genotypes (Peng et al., 2016). Similarly, the salt-tolerant genotypes have aptitude of maintaining K+/Na+ ratios. For osmotic adjustment, the Na+ sequestration into the vacuole is very important in order to minimize the Na+ concentration in cell cytoplasm (Maathuis, 2013). For this purpose, Na+/H+ antiporters (Apse et al., 1999; Shi and Zhu, 2002) V-ATPase and V-PPase [vacuolar (V)], two H+ pumps, are involved in Na+ compartmentalization into the vacuoles (Dietz et al., 1969). Similarly, the salt-tolerant genotype has more capability of Na+ repossession into the vacuoles. High concentration of NaCl mainly causes ion toxicity, osmotic stress, and mineral disruption (such as those of K+ and Ca2+) in plants (Zhu, 2003; Munns and Tester, 2008).

Salt stress also affects the metabolic activities of plant tissues by overproduction of reactive oxygen species (such as O2–, 1O2, and ∙OH) in the cell, which oxidize different biochemical compounds like proteins, lipids, DNA, and RNA and enters the plant into oxidative stress (Munns and Tester, 2008; Miller et al., 2010). Plants possess various extensive antioxidative mechanisms in order to regulate the reactive oxygen species, for instance, ascorbate peroxidase (APX) pathway and superoxide dismutase (SOD) pathway for protection against reactive oxygen destruction. SOD pathway is a first course of action against ROS. It is employed as ROS scavenger to cope with salt stress by converting O2– into H2O2 and O2 in roots (Alscher et al., 2002). Similarly H2O2 could get H2O and O2 by reduction reaction in catalase (CAT) pathway confined in peroxisomes organelle (Miller et al., 2010). Peroxidase (POD) is a heme-containing glycoprotein, which catalyzes the H2O2 in reduction reaction by using different electron donors for example phenolic compounds and secondary metabolites (Hiraga et al., 2001; Zhao et al., 2013). The superoxide dismutase (SOD) activity is enhanced under salt stress. Likewise, malondialdehyde (MDA) content is increased with the rising in lipoxygenase (LOX) activity, as LOX act as a catalyst in the production of fatty acid. Antioxidant enzymes activity like POD and catalase (CAT) is lower in salt-sensitive cultivars than in the tolerant cotton genotypes. In addition, cotton genotypes that are tolerant to salinity exhibit greater activities of SOD, ascorbate, POD, and glutathione reductase with less CAT activity as the amount of salt increases (Jabran et al., 2019). In cotton, the expression of SOD enhanced with respect to the rise in NaCl concentration, whereas POD activity is up to 53% higher in tolerant cultivars. Higher POD activity has improved photosynthesis, which shows the part of antioxidants defense system to alleviate salinity stress (Zhang and Lin, 2014; Sharif et al., 2019). Ascorbate/ascorbic acid is another essential non-enzymatic antioxidant that is higher in the cytoplasm and cell chloroplast when exposed to salt stress. Ascorbic acid has the ability to maintain the photosynthetic apparatus in chloroplast under salinity. In many genotypes, more ascorbic acid in their cell at early growth stages seems to be an indication of tolerance (Aslam et al., 2013).

The present study is designed to screen salt-tolerant genotypes at their seedling stage. As the seedling stage is the most critical stage in proper development of plant systems and processes, therefore, it is important to examine the changes and modifications that arise due to salt stress. The information obtained from this work would be use to identify salt-tolerant and salt-susceptible genotypes and the proper utilization of saline and arid land in order to expand cotton cultivation area. Moreover, this study also provides effective breeding strategies to enhance salt tolerance in cotton.



MATERIALS AND METHODS


Collection of Cotton Germplasm

In order to conduct the present study, healthy seeds of 22 genotypes were collected from the Central Cotton Research Institute (CCRI) Multan and Nuclear Institute for Agriculture and Biology (NIAB) Faisalabad (Table 1).


TABLE 1. List of genotypes used in first experiment (Petri plate).
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Initial Screening Using Germination Test in Petri Plates

First of all, the delinted seeds were imbibed in 15 mM aerated CaSO4.2H2O for 3 h and then treated with fungicide 1% Topsin M for 2–3 min. After washing the treated seeds with distilled water three times, they were placed on the germination paper (filter) in Petri plates that had been moistened with 0, 7.5, and 15 dS/m NaCl solutions. Each plate contained 10 seeds arranged in equal distance, and plates were properly labeled according to genotype as well as treatment. The Petri plates were placed in a growth chamber at running 29/19°C (day/night) temperature with light intensity of 550 μm m–2 s–1 16/8 h (light/dark) photoperiod. After 4 days, the germination data were recorded. If the emerging radical of the seed was longer than of seed length or the length of radical taken was ≥ 0.5 cm, then it was considered as germinated seed. The Petri plates were kept for 10 days in a growth chamber, and germination data were recorded regularly for analysis. The relative germination rate was calculated as follows:


RGR = (no. of germinated seed in salt stress condition/no. of germinated seed in control condition) × 100%





Germination Parameters

Final germination (FG), mean germination time (MGT), and germination index (GI) were estimated using the following formulae:
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where n = no. of germinated seed.

t = germination time interval.
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where n = no. of germinated seed.

d = 1st, 2nd, and 3rd day, respectively.



Screening of Salinity Tolerance at Seedling Stage Under Glasshouse Conditions

Eleven genotypes were selected (including sensitive and tolerant) on the basis of germination parameters, i.e., MGT and GI, etc. through the initial screening of Petri plates experiment. These genotypes were further screened under control and saline conditions with increased salt concentration (Table 2).


TABLE 2. Selected genotypes for seedling experiment under glass house conditions.

[image: Table 2]Seeds were planted during November 2019 in circular pots (top width, 27 cm; bottom width, 20.5 cm) that were filled with 4 kg sand. All the pots were watered at field capacity before sowing. For sowing, linted seeds were soaked in 15 mM aerated CaSO4.2H2O overnight. In the next morning, 8–10 seeds were sown approximately 2 cm deep in a sand pot. Every genotype with three replicates and treatments of 0, 15, and 20 dS/m of NaCl was maintained in completely randomized design. Glasshouse temperature was kept at ∼35°C daytime and ∼20°C nighttime using electric bulbs with a light intensity at 2500 lx for 14 h. After 3–4 days of sowing, the pots were watered with Hoagland solution of one-eighth strength with field capacity of sand, and this strength was subsequently increased to one-fourth when the cotyledon leaves emerged (Figure 1). When the first true leaves appeared after 15 days of sowing, they were maintained under one-half strength of NaCl-free Hoagland solution until the second true leaf appeared. At the early emergence of the third true leaf, the first salt stress of 50 mM was given, which was increased afterward and maintained one set under 15 dS/m (150 mM) and another one at 20 dS/m (200 mM) of NaCl; however, no NaCl was added to the set that served as control, respectively. After treatment, different physiological traits were recorded between 11 AM and 2 PM on the day before harvesting. Afterward, the plants along with the roots were harvested, and then, different morphological traits were measured.
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FIGURE 1. Visual appearance of seedling emergence under glass house conditions: (A) sowing of seeds in sand pots; (B,C) epicotyl emergence of cotyledon leaf 4 DAT sowing; (D,E) full emergence of cotyledon leaves; (F) first and second true leaves emergence; (G,H) seedlings at fourth true leave stage; and (I) the overall view of sand pots before the day of harvesting.




Morphological Parameters

At three true leaves stage, the following morphological data were recorded for analysis: The plants of each genotype were rinse with dH2O thoroughly, and then, the root and shoot lengths were measured in centimeters. The mean values for each genotype were calculated in each treatment for further analysis. The weight of the whole plant along with roots, shoots, and leaves was measured with the help of weighing balance. After recording the fresh weight, plants were kept in drying oven at 70°C for 48 h. Then, dry weights of plants were estimated on an electrical weighing balance.



Physiological Parameters

Different physiological traits like photosynthesis, stomatal conductance, transpiration, and chlorophyll content were measured by using LI-1600 Steady State Porometer and chlorophyll content by using SPAD-502; Na+/K+ ratio was also measured.

Stomatal conductance (mmol m–2 s–1) of control and treated plants was recorded with the help of a porometer and then calculated by using the formula:


Stomatal conductance (Sc) = 1/Dr × CF

Dr = diffusible resistance, which was calculated from the porometer;

CF = correction factor, which was calculated using formula: LT × constant.



The constant value at 25°C for durum was 411.8, and leaf temperature (LT) was also measured by the porometer. In the same manner, stomatal conductance of each control and treatment plants was calculated. Photosynthetic rate (μmol m–2 s–1) was calculated from transpiration rate and stomatal conductance by using the formula:


Phr = Sc (mmol m–2 s–1)/Tr (μg cm–2 s–1) × 10

Sc = stomatal conductance; Tr = transpiration rate.



Transpiration rate (mmol m–2 s–1) was measured in μg cm–2 s–1, as relative value was calculated by the transpiration value from the porometer divided by 10,000 and multiplied with 1000. A chlorophyll meter (Model: SPAD 502 plus Japan) was used to measure the chlorophyll contents in the leaves before and after salt stress. The chlorophyll meter SPAD was placed on the uppermost leaf of a plant to measure the chlorophyll. The day before harvesting, physiological data were recorded for analysis under control and saline conditions.


Na+/K+ Ratio

Sodium (Na+) and potassium (K+) concentrations were measured on a flame photometer (Model; Jenway PFP 7). First of all, to digest dried ground material, 0.05g of the leaf material was taken in digestion tubes. Then, 1 ml of conc.H2SO4 was added on the dried sample for the sake of digestion. All the tubes were kept in the dark for overnight incubation at room temperature. The next day, 0.5 ml of H2O2 (35%) was added, and the tubes were shifted in a digestion block and heated at 350°C up to the production of fumes. After 30 min of heating, the digestion tubes were removed from the block to cool down. H2O2 (0.5 ml) was added gradually, and the tubes were positioned back into the digestion block. The above mentioned step was repeated until the color of the digestion material turned transparent. Then, the volume of the digestion extract made up 25 ml of the volumetric flasks. After the extract was filtered, it used to analyze K+ and Na+.



Stress Susceptibility Index

Stress susceptibility index (SSI) was calculated for the tested genotypes under 15 and 20 dS/m salt stress and non-stress conditions by using this formula (Fischer and Maurer, 1978):
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Ys = means of characters under salt stress conditions;

Yp = mean of character under non-stress condition.



While for stress intensity (SI):
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Ŷs = means of all the genotypes under stress conditions.

Ŷp = means of all the genotypes under non-stress condition.





Stress Tolerance Index

Stress tolerance index (STI) was calculated for the determination of stress tolerance potential of genotypes under 15 and 20 dS/m salt stress and non-stress conditions by using following formulae (Fernandez, 1993):


Root length STI = (root length of stressed plant/root length of non-stressed plant) × 100

Shoot length STI = (shoot length of stressed plant/shoot length of non-stressed plant) × 100

Stomatal conductance STI = (stomatal conductance of stressed plant/stomatal conductance of non-stressed plant) × 100

Photosynthetic rate STI = (photosynthetic rate of stressed plant/photosynthetic rate of non-stressed plant) × 100

Transpiration rate STI = (transpiration rate of stressed plant/transpiration rate of non-stressed plant) × 100

Chlorophyll content STI = (chlorophyll content of stressed plant/vhlorophyll content of non-stressed plant) × 100





Biochemical Analysis

After morphophysiological analysis, treatment-induced biochemical modifications in plant leaves were analyzed. The genotypes were selected on the basis of variance analysis of morphophysiological parameters, SSI and STI; the two sensitive and five tolerant genotypes were selected and further tested by biochemical analysis (Table 3).


TABLE 3. Selective sensitive and tolerant genotypes for biochemical analysis.
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Extraction for Antioxidant Enzyme Activities

First of all, after weighing, 0.1 g fresh leaf from all cotton genotypes was extracted in 1 ml of 50 mM potassium phosphate buffer with pH 7.4, and then, ground samples were centrifuged at 14,000 × g for 10 min at 4°C. The resultant supernatant was separated and utilized for determination of different enzymatic and non-enzymatic analysis. All the data were taken in duplicate.


Enzymatic Antioxidants


Ascorbate oxidase activity

For estimation of APX activity, leaf sample was homogenized in 50 mM potassium phosphate buffer, and APX was measured using the method explained by Dixit et al. (2001). The required reagent R1 assay buffer was prepared by using 0.2 M potassium phosphate buffer (pH 7.0), 10 mM of ascorbic acid, and then 20 ml of 0.5 M ethylenediaminetetraacetic acid (EDTA) mixing to get assay buffer. The second reagent R2 was 4 mM H2O2, and then the sample was extracted. For the estimation of APX activity, 1 ml assay buffer and 50 μl sample were added, and the reaction was initiated after adding 1 ml of 10% H2O2. The decrease in oxidation rate of ascorbic acid in absorbance at 290 nm after every 30 s was measured.



Superoxide dismutase activity

First, cotton leaves were ground in 50 mM potassium phosphate buffer (pH 7.0), 0.1 mM EDTA, and 1 mM dithiothreitol (DTT) as described in Dixit et al. (2001). For estimation of SOD activity, the samples after adding reagents [400 μl water, 250 μl of 0.2 M potassium phosphate buffer, 100 μl L-methane, 100 μl Triton X, 100 μl nitroblue tetrazolium (NBT)] were kept under the white light for 10 min. SOD activity was analyzed by assessing its ability to prevent the photochemical reduction in NBT that is present in chemical reagents, as explained in the method in Giaanopolitis and Ries (1977). Thus, 1 U of SOD activity is explained by the amount that produced 50% resist photochemical reduction in NBT.



Peroxidase activity

In order to analyze the POD activity, cotton leaves were homogenized in 50 mM potassium phosphate buffer having pH 7.0 and POD activity estimated by using this method (Maehly and Chance, 1955) with certain amendments. Thus, as to POD measurement, the assay solution prepared by mixing distilled water (535 μl), 200 mM phosphate buffer with pH 7.0, 200 mM guaiacol, 400 mM H2O2, and 15 μl extracted sample. After adding the enzyme extract, reaction was began and absorbance at 470 nm was recorded after every 20 s. The increasing trend in absorbance was observed, and enzyme activity was explained on the basis of leaves weight. Thus, 1 U of POD activity was defined as an absorbance change of 0.01/min.



Catalase activity

For the estimation of catalase activity, cotton leaves were emulsified in 50 mM potassium phosphate buffer (pH 7.0) and 1 mM dithiothreitol (DTT), and estimation was done by the method explained by Beers and Sizer (1952). The required assay solution for CAT activity contained 50 mM potassium phosphate buffer with same pH 7.0, 59 mM H2O2, and 0.1 ml sample (enzyme extract). The reaction was started after adding the sample and decreasing pattern in absorbance at 240 nm was recorded after every 20 s. Thus, 1 U of CAT activity described as change in absorbance of 0.01/min and enzyme activity expressed on the basis of leaves weight.



Total antioxidant capacity

The reagent 1 (R1), 400 mmol/l acetate buffer solution (pH 5.8), was prepared by suspending 54.432 g of CH3COONa.3H2O in 1 L deionized water. A 60-ml acetic acid was mixed with sodium acetate solution. The reagent 2 (R2), 30 mmol/l acetate buffer solution (pH 3.6), was prepared by adding 2.46 g CH3COONa suspended in 1 L of deionized water. Acetic acid after dilution was mixed with sodium acetate solution. Then, 278 μl was removed from R2, and the same amount was added from 35% of H2O2 solution. 2,2′-Azinobis-3-ethylbenzthiazolin-6-sulfonic acid (ABTS) (0.549 g) was suspended in 100 ml of already equipped solution (final concentration, 10 mmol/L). The characteristic color of ABTS appeared after incubation for 1 h at room temperature. Colored reagent is unstable for 6 months if stored at 4°C. The first absorbance of this assay was taken before mixing R1 and R2, which served as blank, and the next absorbance was measured after mixing R1 and R2 (after 5 min incubation at room temperature).



Non-enzymatic Antioxidants


Total phenolic content

A total phenolic content (TPC) estimation method as explained in Ainsworth and Gillespie (2007) was applied with certain modifications in order to estimate TPC. First of all, 0.05 g of leaves sample was weighed, and for homogenization, it was placed in the dark for 48 h after adding 500 μl chilled 95% methanol and then centrifuged at 14,000 × g for 5 min. The supernatant was separated and used for TPC estimation. The assay protocol was as follows: 150 μl of 10% (v/v) F-C reagent mixed with 100 μl sample vortex thoroughly and then added 1.2 ml of 700 mM Na2CO3. Then, samples were left for 1 h incubation at room temperature. Blank corrected absorbance of samples was recorded at 765 nm. Phenolic content (gallic acid equivalents) of samples was determined by using linear regression equation.



Tannins

The supernatant from TPC assay was not discarded after recording readings from a spectrophotometer. PVP.P (0.1 g) was added in TPC samples and vortexed for 2–3 min. Then, these samples were centrifuged at 14,000 × g, and the supernatant was used for absorbance at 765 nm so as to estimate tannins in cotton leaves sample.



Ascorbic acid

The 2,6-dichloroindophenol (DCIP) method was used for ascorbic acid determination as explained by Hameed et al. (2005). For concise description, each molecule of vitamin C converted DCIP molecule into DCIPH2 molecule, and this reaction was examined as a decreasing trend in absorbance at 520 nm was observed. A standard curve and linear regression equation was used to find the ascorbate concentration in the samples.



Alpha amylase activity

The alpha amylase activity of the cotton leaves was determined by the method in Varavinit et al. (2002) with certain modifications. Two reagents were required for α-amylase estimation. One is 3,5-dinitrosalicyclic acid (DNS) (prepared with 1 g DNS in dH2O, then added 30 g of sodium potassium tatrate tetrahydride, and 20 ml of 2 N NaOH made up volume up to 100 ml), and the second was 1% starch solution. After adding 0.2 ml sample and 1% starch solution, the reaction mixture was incubated for 3 min and placed in water bath for 15 min after adding DNS, and then made up volume up to 9 ml with dH2O. Absorption was observed at 540 nm spectrometrically.



Reducing sugars (sugar content)

The reducing sugar level in cotton leaves was estimated by using dinitrosalicyclic acid method explained in Miller (1959). Thus, the total soluble sugar contents of cotton leaves were also measured by phenol-sulfuric acid reagent method (Dubois et al., 1956). In this way, the non-reducing sugars were determined by the difference in reducing and total soluble sugars.



Other Biochemical Parameters


Pigment analysis

The amount of chlorophyll (a and b) and carotenoids was calculated by using method described in Arnon (1949). In the first step, 0.075 g of cotton leaves samples was homogenized in 80% chilled acetone and incubated at room temperature for 24 h in dark. After 24 h, it was centrifuged at 14,000 × g for 5 min. Absorbance of supernatant was measured at 645, 663, 505, 453, and 470 nm.



Total oxidant status

Total oxidant status (TOS) in cotton leaves samples was determined by the method described in Erel (2005). This method is based on the oxidation of Fe+2 ions into Fe+3 by oxidants that are present in the sample acidic medium and measurement of ferric ions by xylenol orange. The assay mixture contained reagent R1, which is stock xylene orange solution containing 0.38 g in 500 μl of 25 mM H2SO4, 0.4 g of NaCl, 500 μl of glycerol, and volume up to 50 ml with 25 mM H2SO4. The reagent R2 contained 0.0317 g of o-dianisidine and 0.0196 g of ferrous ammonium sulfate and sample extract. After 5 min of adding R2, the absorption was measured at 560 nm by using a spectrophotometer. A standard curve was prepared using hydrogen peroxide. The results were expressed in μM H2O2 equivalent per L.



Total soluble proteins

To determine the protein content, leaves samples were homogenized in a medium of potassium phosphate buffer. Quantitative protein determination was done by using the method Bradford (1976). The assay protocol contained 5 μl of supernatant of the sample extract, 0.1 N NaCl, and then mixed with 1.0 ml of Bradford dye. This mixture was kept for 5 min to form protein dye complex before taking readings. Blank-corrected reading was calculated at 595 nm by a spectrophotometer.



Malondialdehyde content

The lipid peroxidation level in cotton leaves was assessed regarding MDA (a product from lipid peroxidation) content measured by thiobarbituric acid (TBA) method described in Heath and Packer (1968) with slight modification of the method in Dhindsa et al. (1981). The 0.1-g leaves sample was homogenized in 0.1% TCA. This extract was centrifuged at 14,000 × g for 5 min. To 1 ml aliquot of the supernatant, 20% TCA containing 0.05% TBA was added. The mixture was heated at 95°C for 30 min and then quickly cooled in an ice bath. After centrifuging at 14,000 × g for 10 min, the absorbance of the supernatant was recorded at 532 nm, and the value for the non-specific absorption at 600 nm was subtracted. The MDA content was estimated by using extinction coefficient of 155 mM–1 cm–1.



Total flavonoids

The total flavonoid (TF) content was determined by using aluminum chloride colorimetric method (Ainsworth and Gillespie, 2007). Each sample extract was mixed with 0.1 ml of 10% aluminum chloride hexadihydrate, 0.1 ml of 1 M potassium acetate and 2.8 ml of deionized water. After 40 min of incubation at the room temperature, the absorbance of the sample was determined by a spectrophotometer at 415 nm.



Statistical Analysis

Data were presented in the graphs as mean values and standard error. Statistical analysis was based on variance analysis and Tukey [honestly significant difference (HSD)] test at p < 0.05. The different letters above the bars in the same genotypes under stress and non-stress conditions indicated significant differences with tolerance 0.0001. Bars with similar letters in the same genotypes under treatments were non-significant. Principal component analysis (PCA) and correlation (Pearson test) were performed by using XL-STAT 2012.1.02 with 95% confidence interval. Cluster analysis was also performed by agglomerative hierarchical clustering (AHC) of cotton genotypes under control and salt stress conditions.



RESULTS


Seed Germination Test

The initial screening was done at seed germination stage. In this experiment, seeds were tested against 0, 7.5, and 15 dS/m salt stress. Genotypes with 0% germination even in control, i.e., MNH-1020, CMB-CLEAN-COTTON, WEAL-AG-08, and IUB-69, were excluded. Salt stress inhibited seed germination in many genotypes. In NIAB-512, seed germination percentage remained the same as in control and under 15 dS/m, but 30% germination was increased under 7.5 dS/m salt stress condition. Similarly, 6071/16 also showed increase in 30% germination under 7.5 dS/m, and both genotypes behaved as moderately tolerant. In IR-NIBGE-13, seed germination occurred in control but not under stress conditions and was regarded as sensitive genotype at germination stage. The seed germination was slightly attenuated by salt stress in NIAB-135, as only 20% germination occurred. Moreover, in FH-152, germination was increased by 20% under stress conditions (Figures 2A, 3).
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FIGURE 2. (A) Final seed germination of cotton, (B) mean germination time (MGT), (C) germination index (GI), and (D) germination energy (GE) in growth chamber under control and salt stress conditions.
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FIGURE 3. (A) Cotton seeds germination in growth chamber under salinity stress and normal condition. The tolerant cotton seed germination occurs in both salt stresses but no germination in sensitive genotypes.


The relative increase in mean germination time (MGT) was observed in ROHI-1, SITARA-16, FH-326, 6071/16NIAB-135, and NIAB-512 under stress conditions as compared to that under non-stress condition. Salt stress showed no significant effect in FH-152, as MGT of seeds remained the same under control and stress conditions (Figure 2B).

Salt stress significantly decreased germination index (GI) in FH-326 and NIAB-135. The maximum GI was recorded in NIAB-135, afterward in FH-326, under non-stress condition. In contrast, GI was increased in FH-152 under stress conditions. However, the least differences between control and stress were observed in ROHI-1, SITARA-16, and NIAB-512 (Figure 2C).

In addition, seed germination energy (GE) was highly retarded by salt stress. An increased in GE was observed more under non-stress as compared to salt stress conditions in all the genotypes. The maximum GE was recorded in NIAB-135 and then in FH-326 under non-stress condition (Figure 2D).



Morphological Parameters


Root and Shoot Lengths

The growth parameters root and shoot lengths were not significantly affected by NaCl treatment, with the exception of CIM-602 and NIAB-512 in which the shoot length was significantly increased compared to that in non-stress condition. However, most of the genotypes had not shown considerable changes in root and shoot lengths (Figures 4A,B, 5).
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FIGURE 4. Comparison of panels (A) root length, (B) shoot length, (C) fresh weight, and (D) dry weight between cotton genotypes under control and salt stress conditions.
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FIGURE 5. Pictorial view of panels (A) NIAB-512, (B) NIAB-135, and (C) 6071/16 under control and salt stress conditions (sand pot in glass house) at fourth true leave stage. Schematic diagram of recording physiological parameters: Measuring chlorophyll content by using (D) SPAD and stomatal conductance, transpiration, and photosynthetic rate before harvesting by using (E) porometer.


On the basis of STI, CIM-602, GH-HADI, and FH-326 found to be tolerant genotypes for root length under stress conditions. All the accessions were also cross-checked with SSI. Under 20 dS/m salt stress conditions, IR-NIBGE-13 and FH-152 were found to be susceptible for root length (Table 4). Similarly, CIM-602, NIAB-512, NIAB-135, CIM-779, and FH-326 showed more STI values for shoot length under stress conditions.


TABLE 4. Stress susceptibility and tolerance indices for shoot and root lengths.
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Plant Fresh and Dry Weights

In cotton plants, NaCl treatment significantly reduced plant biomass in two genotypes IR-NIBGE-13 and BS-2018. A similar trend was also noted in other genotypes. However, NIAB-135, NIAB-512, and GH-HADI had the least difference in fresh weight between non-NaCl and NaCl-treated plants (Figures 4C,D).

Plant fresh weight was significantly reduced in 6071/16. Similarly, on the basis of SSI and STI, 6071/16 found to be susceptible for fresh weight and IR-NIBGE-13, 6071/16, and BS-2018 for dry weight under stress conditions. The fresh and dry weights were least affected by salt stress in NIAB-512 and NIAB-135, with the exception of NIAB-135, which showed susceptibility under 20 dS/m salt stress for dry weight. Although salt stress had a significant effect on plant biomass, FH-152, FH-326, NIAB-512, and NIAB-135 improved significantly by maintaining their dry weights compared to that under control (Table 5).


TABLE 5. Stress susceptibility and tolerance Indices for fresh and dry weights.
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Physiological Parameters


Stomatal Conductance and Photosynthetic Rate

Salt stress significantly decreased stomatal conductance in IR-NIBGE-13, 6071/16, GH-HADI, and FH-152 (Figure 6). However, stomatal conductance was maintained in NIAB-135, NIAB-512, SITARA-16, and FH-326 under stress and non-stress conditions (Table 6). Photosynthetic rate was maintained in all the genotypes with the exception of SITARA-16 and CIM-602. Based on SSI, IR-NIBGE-13 was found to be more sensitive under 20 dS/m salt stress condition (Table 7).
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FIGURE 6. Comparison of panels (A) stomatal conductance, (B) photosynthetic rate, (C) transpiration rate, (D) chlorophyll content, (E,F) Na+ and K+ content, and (G) Na + /K + ratio between the cotton genotypes under normal and salt stress conditions.



TABLE 6. Stress susceptibility and tolerance indices for stomatal conductance and transpiration rate.
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TABLE 7. Stress susceptibility and tolerance indices for photosynthetic rate and chlorophyll content.
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Transpiration Rate and Chlorophyll Content

Mostly in genotypes, salt stress decreased the transpiration rate. However, the least differences of salt stress for transpiration rate were observed in FH-326. Nevertheless, in 6071/16, transpiration rate was observed as increased under 15 dS/m salt stress. Thus, on the basis of SSI and STI, 6071/16 was found to be slightly tolerant under 15 dS/m but sensitive for severe 20 dS/m salt stress. Similarly, transpiration rate was significantly decreased in IR-NIBGE-13 under 20 dS/m salt stress. However, NIAB-512 and NIAB-135 maintained transpiration rate, which showed that they were least affected by salt stress (Table 6).

Chlorophyll content did not differ significantly in all the genotypes between salt-treated and non-treated plants before and after salt stress applied (chlorophyll content data before salt stress were not provided). This indicated that NaCl has no affect on the efficacy of light during photosynthesis.



Ionic Homeostasis (Na+/K+ Ratio)

NaCl treatment affected significantly ionic homeostasis in plant, i.e., Na+, K+, and Na+/K+ ratio. Na+ content was found to be increased in NaCl-treated plants especially under the increased salt concentration, i.e., 20 dS/m. Significant differences in Na+, K+, and Na+/K+ ratio was observed among the genotypes. In IR-NIBGE-13 and 6071/16, Na+ ion accumulated more in leaves as compared to K+ ion and increase in Na+/K+ ratio was observed. Na+ content was maintained in SITARA-16, GH-HADI, and FH-152.

K+ concentration significantly decreased in IR-NIBGE-13 and FH-152. The maximum value was recorded for K+ ion in CIM-779 under 20 dS/m salt stress condition. Moreover, K+ content was maintained in NIAB-135, NIAB-512, GH-HADI, and FH-326. Na+/K+ ratio significantly increased with the increase in salt concentration in IR-NIBGE-13, FH-152, FH-326, and 6071/16, whereas NIAB-512, NIAB-135, SITARA-16 CIM-602, and CIM-779 maintained the Na+/K+ ratio (Figure 6).



Correlation Analysis Among Morphophysiological Traits

Correlation (Pearson test) for morphophysiological traits under control and salt stress conditions was performed by using XLSTAT 2012.1.02 with 95% confidence interval (Figure 7 and Tables 8–10). Root length (RL) under control was positively correlated with fresh weight (FW) under control but negatively correlated with FW and dry weight (DW) under 15 dS/m salt stress, which showed that salt stress had significant effects on plant growth and biomass, whereas shoot length (SL) under control was positively correlated with SL (under 15 dS/m), FW (under control), and photosynthetic rate (PH-15 dS/m). SL under 15 dS/m was negatively correlated with stomatal conductance (St-control) and chlorophyll content (CHL under 15 dS/m). FW under control was positively correlated with DW (under control) but negatively correlated with St under salt stress. FW under 20 dS/m was negatively correlated with DW (under control), Na+ (under 15 dS/m), Na+/K+ ratio (under 15 dS/m), indicating that increase in Na+ and Na+/K+ ratio decreased the plant fresh weight under salt stress. Na+ ion concentration under 15 dS/m was positively correlated with Na+ ion under 20 dS/m, Na+/K+ ratio under 15 dS/m salt stress and PH under control condition. Na+ under 20 dS/m salt condition was positively correlated with Na+/K+ ratio under 15 dS/m salt stress condition. Similarly, Na+/K+ ratio under 15 dS/m was positively correlated with Na+/K+ ratio under 20 dS/m salt stress and also with Na+ treatments. Na+/K+ ratio under 20 dS/m was positively correlated with St-under 20 dS/m salt stress condition. Transpiration rate (Tr) under control and PH under 15 dS/m were positively correlated with PH under 20 dS/m, and CHL under control was positively correlated with CHL under 15 dS/m salt stress conditions.
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FIGURE 7. Correlation matrix showing Pearson’s correlation among morphophysiological traits in cotton genotypes under control and salt stress conditions. RL, root length; SL, shoot length; FW, fresh weight; DR, dry weight; Na, sodium content; Na/K, sodium to potassium ratio; St, stomatal conductance; Tr, transpiration rate; PH, photosynthetic rate; CHL, chlorophyll content.



TABLE 8. Correlation matrix for morphological traits under control and salt stress conditions.
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TABLE 9. Correlation matrix for physiological traits under control and salt stress conditions.
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TABLE 10. Stress susceptibility and tolerance Indices of Na+ and Na+/K+ ratio.
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SSI-T1, stress susceptibility index under 15 dS/m salt stress; SSI-T2, stress susceptibility index under 20 dS/m salt stress; STI-T1, stress tolerance index under 15 dS/m salt stress; STI-T2, stress tolerance index under 20 dS/m salt stress.

ANOVA for all morphological (Table 11) and physiological parameters explained in Table 12 indicated that shoot length, fresh and dry weights, and physiological parameters were highly significant except root length, which was non-significant under salt stress and non-stress conditions.


TABLE 11. ANOVA for morphological parameters.
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TABLE 12. ANOVA for physiological parameters.
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Cluster Analysis

Agglomerative hierarchical clustering of cotton genotypes was performed on the basis of morphophysiological traits under control and salt stress conditions (Figure 8). Cluster analysis grouped 11 genotypes into four clusters as shown in Table 13. Cluster I contained three genotypes followed by two, five, and one genotypes, respectively, in clusters II–IV.
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FIGURE 8. Tree diagram based on morphophysiological traits for different cotton genotypes under control and salt stress conditions.



TABLE 13. Distribution of cotton genotypes in different clusters on the basis of morphophysiological traits.
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Principal Component Analysis

The contribution of PC1 toward treatment was highest (47.06%) followed by PC2, PC3, PC4, and PC5, which contributed as 24.26, 10.39, 9.52, and 4.30%, respectively, as shown in Table 14. The first five PCs had eigenvalues > 1 and contributed 95.55% of the cumulative variability (Figure 9). On the basis of SSI and STI for morphophysiological traits, PC1 was mainly positively affected by SSI for FW, DW, Na+, Na+/K+ ratio, ST and STI for Na+/K+ ratio, Na + and PH, and vice versa. PC2 was positively affected by SSI and STI for Na+ and Na+/K+ ratio but negatively affected by FW-SSI (under 15 dS/m), FW-STI (under 20 dS/m), DW-STI (under 20 dS/m), PH-SSI and STI (under 15 and 20 dS/m), and ST-SSI under both stresses.


TABLE 14. Principal component analysis for morphophysiological traits under control and salt stress conditions in different cotton genotypes.
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FIGURE 9. Scree plot between eigenvalues and principal components (PCs) under control and salt stress conditions.


In biplot diagram, a vector was illustrated toward each genotypes and parameters from the origin to understand interrelationship between the genotypes along with traits (morphophysiological) and treatment’s SSI and STI (0, 15, 20 dS/m salt stress). Moreover PC1 and PC2 accounting for 47.06 and 24.26% were responsible for 71.33% variations among genotypes as shown in Figure 10. The biplot analysis indicated that CIM-779, CIM-602, and SITARA-16 were largely dispersed and away from the origin, which showed high variability for morphophysiological traits under salinity. The sensitive genotypes IR-NIBGE-13 and 6071/16 were very close to the traits FW-SSI and DW-SSI under 15 dS/m salt stress. The moderately tolerant genotypes NIAB-512, FH-152, BS-2018, and GH-HADI were close to the traits PH-STI (under 20 dS/m) and ST-SSI under both stress conditions. NIAB-135 was close to the traits Na+/K+ SSI and STI (under 15 dS/m). Genotypes positioned closer to the ideal genotypes like NIAB-135, FH-326, NIAB-512, GH-HADI, and FH-152 are preferable for biochemical selection along with poor performing genotypes, which are closed to each other but farthest away from tolerant genotypes, i.e., IR-NIBGE-13 and 6071/16 selected as sensitive genotypes for more biochemical analysis and confirmation.
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FIGURE 10. Biplot illustration of all the genotypes under control and salt stress conditions.




Biochemical Results


Lycopene

Salt stress caused a marked decrease in lycopene content among the genotypes with the exception of 6071/16. In FH-152, lycopene content was significantly reduced under both stress conditions. However, lycopene content was maintained in the NIAB-135, NIAB-512, and FH-326 (Figure 11A).
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FIGURE 11. Comparison of panels (A) lycopene, (B) chlorophyll a, (C) chlorophyll b, (D) total carotenoids, (E) total chlorophyll, (F) total phenolic content, (G) tannins, (H) total flavonoids, (I) ascorbic acid, (J) total soluble proteins, (K) reducing sugars, and (L) amylase in cotton genotypes under stress and non-stress conditions.




Chlorophyll a

Chlorophyll a content was generally less affected by salt stress in most of the genotypes like NIAB-512, NIAB-132, and 6071/16. In IR-NIBGE-13, chlorophyll content increased under 15 dS/m but decreased with the increase of salt concentration. In contrast, chlorophyll content was significantly reduced in FH-236 under 15 dS/m but increased under 20 dS/m salt stress condition (Figure 11B).



Chlorophyll b

Chlorophyll b content was non-significant in all the genotypes. The decrease in chlorophyll b content was seen in GH-HADI, IR-NIBGE-13, and NIAB-512, but in 6071/16, chlorophyll content was increased under salt stress. In NIAB-135, chlorophyll b content was reduced under 15 dS/m but increased under 20 dS/m (Figure 11C).



Total Carotene

In general, total carotene content decreased in all the genotypes, except IR-NIBGE-13 in which the total carotene was more increased under 15 dS/m stress condition as compared to 20 dS/m. Carotene content was significantly decreased in FH-326 under 15 dS/m salt stress condition but maintained under 20 dS/m. However, in NIAB-512, FH-152, and 6017/16, carotene content showed least significant variations between stress and non-stress conditions. In NIAB-135, a significant decrease in carotene content under severe salt stress condition (20 dS/m) was observed. A significant decrease in carotene content was observed in GH-HADI under stress conditions (Figure 11D).



Total Chlorophyll

Salt stress had least significant difference in total chlorophyll content among the genotypes. Total chlorophyll content was non-significant in IR-NIBGE-13 and FH-152. However, a significant increase in NIAB-512 and 6017/16 under stress was observed. Salt-treated plants of GH-HADI had reduced chlorophyll content compared with that in control plants (Figure 11E).



Total Phenolic Contents

A significant increase in total phenolic content (TPC) in 6071/16, NIAB-512, and NIAB-135 was observed under salt stress conditions. However, the decrease in TPC content was observed in FH-152 under stress conditions. The salt-treated plants of FH-326 and GH-HADI were not significantly affected by the treatment and successfully maintained TPC. In IR-NIBGE-13, TPC content was significantly decreased under 15 dS/m, but with the increase in salt concentration, plants maintained TPC (Figure 11F).



Tannins

Generally, tannins were maintained in all the genotypes under control and stress conditions. Most genotypes showed non-significant increase for tannins except NIAB-512, which showed significant increase under salt stress conditions. In NIAB-135, tannins were significantly increased under 15 dS/m salt stress condition (Figure 11G).



Total Flavonoids

A general trend was seen in all the genotypes for total flavonoids. Mostly, the non-significant results were found under stress and non-stress conditions for total flavonoids. However, tolerant genotypes NIAB-135 showed significant increase in total flavonoids under 20 dS/m salt stress condition. The highest values recorded for total flavonoids were for NIAB-135 under stress and for FH-326 under control condition and lowest value for total flavonoids in FH-152 under control and 15 dS/m (Figure 11H).



Ascorbic Acid

For ascorbic acid (AsA) content, a significant increase in NIAB-512 and NIAB-135 under salt stress conditions was observed. In 6071/16, ascorbic acid was significantly increased under 20 dS/m salt stress condition. Ascorbic acid content was maintained in FH-326 and IR-NIBGE-13. Ascorbic acid content was significantly decreased in GH-HADI under 15 dS/m salt stress condition (Figure 11I).



Total Soluble Protein

The genotypes did not show alleviatory effects of salt stress for total soluble protein. Mostly, the genotypes showed non-significant results for total soluble protein under stress and non-stress conditions. The maximum value was recorded for total soluble protein in FH-326 genotype under 20 dS/m, and minimum value was observed for 6071/16 under control condition (Figure 11J).


Reducing Sugar

Salt stress had no significant affect on reducing sugars in all the genotypes, as the general trend was observed among the genotypes. under stress and non-stress conditions (Figure 11K).



Amylase

The amylase content was significantly increased in 6071/16, FH-326, NIAB-512, and NIAB-135 under stress and non-stress conditions. In GH-HADI, a significant increase in amylase content under 15 dS/m was observed. However, amylase content was significantly reduced under 20 dS/m salt stress condition in GH-HADI. Amylase content was significantly decreased in FH-152, but in IR-NIBGE-13, a significant increase in amylase under 20 dS/m stress condition was observed (Figure 11L).



Catalase Activity

For catalase activity in cotton leaves under salt stress, significant variations were found among the genotypes. The CAT activity was significantly increased in NIAB-135 under salt stress conditions. In contrast, CAT activity was reduced in 6071/16 and FH-152 under salt stress conditions. In NIAB-512 and GH-HADI, CAT activity was significantly increased under 20 dS/m compared with 15 dS/m salt stress condition in which it was significantly decreased. CAT activity was found to be increased under more salt concentrations of 20 dS/m among the genotypes in IR-NIBGE-13 and maintained in FH-326 under stress and non-stress conditions (Figure 12A).
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FIGURE 12. Comparison of panels (A) catalase, (B) peroxidase, (C) ascorbate peroxidase, (D) total oxidant status, (E) malondialdehyde, (F) total antioxidant capacity, (G) total soluble sugar, and (H) superoxide dismutase in cotton genotypes under stress and non-stress conditions.




Peroxidases Activity

For POD activity, a significant variation was found among cotton genotypes. In GH-HADI, FH-152, and NIAB-135, a significant increase in POD activity was observed under salt stress conditions. Similarly, a significant decrease in POD activity in some genotypes like NIAB-512 was observed. The highest value for POD activity was observed in NIAB-135 under 15 dS/m salt stress condition and lowest values in 6071/16 and FH-152 under control condition. In 6071/16, a significant increase in POD activity was observed under 20 dS/m salt condition. FH-326 exhibited significant increase under 20 dS/m and maintained under 15 dS/m stress condition. POD activity was maintained in IR-NIBGE-13 under stress and non-stress conditions (Figure 12B).



Ascorbate Peroxidase Activity

Ascorbate Peroxidase activity prevents the oxidative damage caused by H2O2 (Kohli et al., 2019). Plants under stress trigger the APX activity in the cell. Under the severe stress conditions, salt-treated plants of FH-152 and NIAB-135 had undergone oxidative stress; as a result, more activity of APX was seen under 20 dS/m. In contrast, APX activity was more increased in IR-NIBGE-13 under 15 dS/m compared to that in control and 20 dS/m. The genotypes 6071/16, NIAB-512, and FH-326 showed non-significant results for APX activity under salt stress conditions. GH-HADI showed significant decrease in APX activity under stress conditions (Figure 12C).



Total Oxidant Status

For TOS activity, a significant increase was observed in FH-152 and NIAB-512 under stress conditions except in 6071/16. The rest of the genotypes showed non-significant results for TOS under salt stress and non-stress conditions. In FH-152, TOS activity was significantly increased under stress (Figure 12D).



Malondialdehyde Content

The lipid peroxidation under salt stress was evaluated in terms of MDA content. In our results, salt stress caused low effect on lipid peroxidation, as most of the genotypes showed non-significant results. However, in FH-326, a significant increase in MDA content under stress conditions was observed. MDA content was significantly increased in NIAB-135 and IR-NIBGE-13 under 20 dS/m but significantly decreased under 15 dS/m salt stress condition. The maximum MDA content was recorded in FH-152 under 20 dS/m salt stress (Figure 12E).



Total Antioxidant Capacity

The tolerant genotypes, i.e.,FH-152, NIAB-512, and NIAB-135, had shown least activity of TAC under stress conditions as compared to control. However, in sensitive genotypes (i.e., 6071/16), TAC activity increased. The highest value for TAC was observed in 6071/16 under 20 dS/m and the lowest value in NIAB-135, NIAB-512, and FH-326 under stress conditions (Figure 12F).



Total Soluble Sugar

In general, a non-significant result for total soluble sugar was observed in all the genotypes except 6071/16, in which a significant increase in total soluble sugar was recorded under 20 dS/m salt stress condition (Figure 12G).



Superoxide Dismutase

The overproduction of reactive oxygen species (ROS) especially O2– is mainly regulated by SOD (Kohli et al., 2019). More ROS generation leads to more activity of SOD enzyme. Similarly, in our results, more activity of SOD was seen under severe (20 dS/m) salt stress condition compared to control. However, the tolerant genotypes showed maintained activity of SOD under salt-treated and non-salt-treated plants. In contrast, SOD activity was found to be significantly increased in IR-NIBGE-13 under salt stress. In NIAB-512, SOD content was significantly increased under 15 dS/m salt stress, but under severe salt stress, SOD activity was reduced. In FH-326, SOD activity was significantly decreased under stress conditions. SOD content was significantly increased in GH-HADI under 20 dS/m salt stress but maintained under 15 dS/m salt stress condition. Similarly, it was maintained in FH-152 and NIAB-135 under salt stress and non-stress conditions (Figure 12H).



Correlation Analysis Among Biochemical Traits

Correlation (Pearson test) for biochemical traits under control and salt stress conditions was performed by using XLSTAT 2012.1.02 with 95% confidence interval (Figure 13). Among all the genotypes under control and salt stress conditions, positive correlation with biochemical traits was expressed in bold form and negative correlation in bold form with negative sign as well. Thus, on this basis, significant correlation among genotypes under control, 15 dS/m, and 20 dS/m with biochemical traits related to stress tolerance was easily identified. In normal condition, LYCO was positively correlated with TSP and negatively correlated with TOS. Chlorophyll a (CHL-a) was positively correlated with total carotene (T-CAR) and negatively correlated with tannins (Tan). CHL-b was positively correlated with LYCO and total chlorophyll (T-CHL) and negatively with Tan and TOS. The negative correlation between TSP with TOS, amylase Amy with POD and Tan with SOD was observed under control conditions (Table 15).
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FIGURE 13. Correlation matrix showing Pearson’s correlation among biochemical traits in cotton genotypes under stress and non-stress conditions. LYCO, lycopene content; CHL-a, chlorophyll a; CHL-b, chlorophyll b; T-CAR, total carotenoids; T-chl, total chlorophyll; TPC, total phenolic content; Tan, tannins; TF, total flavonoids; AsA, ascorbic acid; TSP, total soluble protein; RS, reducing sugar; Amy, amylase; CAT, catalase; POD, peroxidase; APX, ascorbate peroxidase; TOS, total oxidant status; MDA, malondialdehyde; TAC, total antioxidant status; TSS, total soluble sugar; SOD, superoxide dismutase Cluster Analysis.



TABLE 15. Correlation matrix for biochemical traits under normal conditions.
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Similarly, in 15 dS/m salt stress condition, LYCO was positively correlated with CHL-a, T-CAR, and T-Chl. However, CHL-a was negatively correlated with TOS and TSS. AsA was positively correlated with POD and negatively correlated with TOS, which showed that POD and AsA were involved in scavenging ROS. CAT was positively correlated with POD and negatively correlated with MDA, indicating that low activity of antioxidative enzymes like CAT and POD caused more oxidative damage in the form of lipid peroxidation. MDA (an indicator of oxidative damage) was positively correlated with TAC under 15 dS/m (Table 16). This correlation directly showed that with the increase in MDA, a relative amount of TAC also increased to cope with ROS under 15 dS/m salt stress.


TABLE 16. Correlation matrix for biochemical traits under 15 dS/m salt stress condition.
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LYCO under 20 dS/m was positively correlated with TF and AsA and negatively correlated with MDA. CHL-a and CHL-b were positively correlated with T-CAR and TF under severe salt stress (20 dS/m). Amy was positively correlated with TSS, hence showed that sugar has some protective role under salt stress. SOD was negatively correlated with T-Chl content, explaining more SOD activity due to more ROS production in cell, which had effect on other parameters in the cell like T-Chl content (Table 17).


TABLE 17. Correlation matrix for biochemical traits under 20 dS/m salt stress condition.
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Agglomerative hierarchical clustering of cotton genotypes was performed on the basis of biochemical traits under control and salt stress conditions (Figure 14). Cluster analysis grouped seven genotypes into four clusters as shown in Table 18. Cluster I contained one genotype followed by two, two, and two genotypes, respectively, in clusters II, III, and IV.
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FIGURE 14. Tree diagram based on biochemical traits for different cotton genotypes under control and salt stress conditions.



TABLE 18. Distribution of cotton genotypes in different clusters.
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Principal Component Analysis

The contributed cumulative variability of PC1 toward treatment was highest (30.978%) followed by PC2, PC3, PC4, PC5, and PC6, which contributed as 50.909, 67.289, 79.434, 90.604, and 100.000%, respectively (Figure 15). Thus, the highly contributed PCs are shown in Table 19. The PC1 had mostly positive loading for biochemical traits except for TPC, Tan, TF, RS, Amy, CAT, TOS, MDA, and SOD (under control); TSP, RS, Amy, TOS, MDA, TAC, TSS, and SOD (under 15 dS/m); and Tan, TSP, RS, Amy, TOS, MDA, TAC, TSS, and SOD (under 20 dS/m). The PC2 was mostly negative affected except for CHL-a, T-CAR, Tan, TF, CAT, APX, TOS, TSS, and SOD (under control); CHL-b, TPC, Tan, RS, Amy, CAT, POD, APX, TOS, and TSS (under 15 dS/m); and LYCO, CHL-b, T-CAR, T-chl, TPC, TF, AsA, TSP, Amy, POD, APX, TOS, TAC, and TSS (under 20 dS/m). In biplot diagram, a vector was illustrated toward each genotypes and parameters from the origin to understand interrelationship between the genotypes along with traits (biochemical) and treatments (0, 15, and 20 dS/m salt stress conditions). Moreover, PC1 and PC2 were responsible for 50.91% variations among genotypes as shown in Figure 16.
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FIGURE 15. Scree plot between eigenvalues and principal components (PCs) under control and salt stress conditions.



TABLE 19. Principal component analysis for biochemical traits under control and salt stress conditions in different cotton genotypes.
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FIGURE 16. Biplot illustration of all the genotypes under control and salt stress conditions.




DISCUSSION

Seed germination, seedling emergence, and plant growth are affected by salinity stress in cotton (Zhong and Läuchli, 1993), although cotton is considered as the second most salt-tolerant crop, barely with salinity threshold at 7.7 dS/m, but increase in salt concentration adversely affects cotton yield (Higbie et al., 2010). Salt stress causes water deficiency in roots and imposes drought to the plant. Many physiological (stomatal conductance and photosynthetic activity) and metabolic changes occur under salt stress. Initially, it causes osmotic stress, which interrupts the physiological functioning followed by ion toxicity and oxidative stress (Higbie et al., 2010). However, plants developed different physiological and biochemical defense mechanisms in order to maintain their cellular and metabolic activities, in which most important mechanism is Na+ compartmentalization (Peng et al., 2016). The maintenance of ion homeostasis especially Na+ sequestration is key mechanism to survive under salinity along with activation of antioxidant enzymes (Gupta and Huang, 2014).

In our experiment, initial screening for salt tolerance under 0, 7.5, and 15 dS/m was done by seed germination and radical elongation (growth chamber) test, and then, selected sensitive and tolerant genotypes were transferred into sand pots (glass house) for further screening at seedling stage under 15 and 20 dS/m salt stress conditions. With the help of these two screening procedures, it showed that genotypes possessed different genetic diversity for salt tolerance. Thus, the evidence of these differences was based on plant fresh and dry weights, photosynthetic rate, Na+/K+ ratio, and biochemical and stress markers (SOD, POD, APX, CAT, MDA, TOS, amylase, and AsA).

Results of the current study showed that in the first experiment, salt stress negatively affected seed germination parameters, i.e., growth index and growth energy, which is highly retarded by salt. As the cotton germination is very a critical stage, some genotypes performed well even at this stage of severe salt stress, i.e., NIAB-512, NIAB-135, and FH-152. Thus, the salt tolerance ability of plants is genotypic dependent. Plants that showed tolerance under germination stage performed relatively better under increased salt concentrations at their early growth stages.

Salt stress reduces the dry weight and biomass accumulation (Higbie et al., 2010). A significant decrease in fresh and dry weights was also observed in our experiment. NaCl treatment significantly reduced plant biomass in two genotypes IR-NIBGE-13 and BS-2018. A similar trend was also noted in other genotypes. However, NIAB-135, NIAB-512, and GH-HADI had the least difference in fresh weight between control and NaCl-treated plants. Plant fresh weight was significantly reduced in 6071/16. Thus, a reduction in plant biomass was found to be reliable method for the determination of salt stress tolerance in cotton, as the reduction in sensitive genotypes was more than tolerant genotypes. The root and shoot lengths showed non-significant change. On the basis of STI, CIM-602, GH-HADI, and FH-326 found to be tolerant genotypes for root length under stress conditions. Similarly, CIM-602, NIAB-512, NIAB-135, CIM-779, and FH-326 showed more STI values for shoot length. However, the comparison between the tolerant and susceptible genotype was done with the help of plant fresh and dry weights.

Chlorophyll fluorescence does not change under NaCl condition (Higbie et al., 2010). Similar results were also found in our experiment. Chlorophyll content was observed to be non-significant in all the genotypes between salt-stress-treated and non-treated plants. Under salt stress, closure of stomata and reduction in photosynthetic rate was reported (Brugnoli and Lauteri, 1991). Stomatal closure reduced the CO2 uptake and limited the activity of Rubisco, which ultimately reduced the photosynthesis. In this way, salinity reduced the plant growth and cotton yield (Ahmad and Prasad, 2011). In our experiment, stomatal conductance was significantly decreased in IR-NIBGE-16, 6071/16, GH-HADI, and FH-152 but maintained in NIAB-135, NIAB-512, SITARA-16, and FH-326. Photosynthetic rate was maintained in all the genotypes with the exception of SITARA-16. According to SSI, IR-NIBGE-13 was found to be more sensitive under 20 dS/m salt stress condition. Transpiration rate decreased under stress conditions. However, the tolerant cotton genotypes have more transpiration rate under salinity than sensitive genotypes (Dong et al., 2020). In our study, most genotypes showed decrease in transpiration rate under stress conditions. Transpiration rate remained the same in FH-326 under stress and non-stress conditions. Thus, on the basis of SSI and STI, 6071/16 found to be tolerant under 15 dS/m but sensitive under 20 dS/m salt stress. Similarly, transpiration rate was significantly decreased in IR-NIBGE-13 under 20 dS/m salt stress. In NIAB-512 and NIAB-135, maintained transpiration rate under stress conditions was observed.

Salinity stress significantly increased Na+/K+ ratio in cotton (Cramer et al., 1987; Ibrahim et al., 2019). NaCl treatment affected significantly ionic homeostasis in plant, i.e., Na+, K+, Cl, Zn, Mn, N, and Na+/K+ ratio (Cramer et al., 1987; Ashraf and Ahmad, 2000; Munns and Tester, 2008; Higbie et al., 2010). Na+ content found to be increased in NaCl-treated plants compared to non-NaCl-treated plants. Moreover, significant differences in Na+, K+, and Na+/K+ ratio was also observed among the genotypes. In IR-NIBGE-13 and 6071/16, Na+ ion accumulated more in leaves as compared to K+ ion under stress conditions, and increased in Na+/K+ ratio was also observed. Na+ content remained the same in SITARA-16, GH-HADI, and FH-152 under stress and non-stress conditions. K+ concentration significantly decreased in IR-NIBGE-16 and FH-152. Na+ accumulation in leaves observed a linear increase up to 20 dS/m. Contrary, K+ concentrations remained stable in all the genotypes except FH-152 and IR-NIBGE-13. Tolerant genotypes had low Na+/K+ ratio as compared to susceptible genotypes. The maximum value recorded for K+ ion in CIM-779 at 20 dS/m salt stress condition. Na+/K+ ratio was significantly increased in IR-NIBGE-16, FH-152, FH-326, and 6071/16. Na+/K+ ratio was maintained in NIAB-512, NIAB-135, SITARA-16 CIM-602, and CIM-779 under stress conditions.

Salt stress is known to cause the oxidative stress in plants, which results in oxidation of many cellular compounds by increased production of ROS and lipid peroxidation of plasma membrane (Ibrahim et al., 2019). Natural enzymatic antioxidants act as scavengers against these reactive oxygen species like SOD (Gupta and Huang, 2014). SOD converts the O2– into H2O2 and O2. On the other hand, in peroxisomes, H2O2 is converted into H2O and O2 by the action of CAT. H2O2 can also be reduced by the action of peroxidase, as it provides various electron donors for the reduction in ROS (Alscher et al., 2002). Under normal conditions, in photosynthesis, the exited electrons move in electron transport chain (ETC) in thylakoid membrane, converting the oxidize form of NADP + into its reduced NADPH form at photosystem I (PSI). However, under stress, ETC overloaded with the electrons from the photolysis caused the overproduction of ROS, i.e., O2–. This reactive oxygen species converted into H2O2 by the action of SOD and rapidly detoxify by APX and CAT reaction into stable molecules, i.e., H2O and O2 (Ahammed et al., 2018; Kohli et al., 2019). Thus, the decrease in CO2 fixation leads to ROS production and how physiological imbalance leads to oxidative stress. Salt-treated plants of IR-NIBGE-13 and 6071/16 limit the stomatal conductance and photosynthetic activity encountered the more oxidative stress.

In plant, SOD and POD content is positively corelated with salt stress tolerance (Gupta and Huang, 2014). Proteomics studies revealed that stressful environment can affect the activity of antioxidants (Zhao et al., 2013). More SOD activity under salinity stress showed that plant is adapted to adverse environmental conditions. Salinity stress caused the reduction in photosynthetic activity, which increased the reactive oxygen species production. Thus, the SOD and POD enzymes are found to be increased in order to detoxify ROS and overcome its generation in plants (Ozgur et al., 2013). In our study, it was found that SOD content significantly increased in IR-NIBGE-13 under salt stress. In NIAB-512, SOD content was significantly increased under 15 dS/m salt stress and decreased in FH-326, under stress conditions. SOD content was significantly increased in GH-HADI under 20 dS/m salt stress. Similarly, it was maintained in FH-152 under salt stress and non-stress conditions. For POD activity, a significant increase was observed under salt stress conditions in GH-HADI, NIAB-135, and FH-152. Similarly, a significant decrease in POD activity in some genotypes like NIAB-512 was observed. In 6071/16 genotype, a significant increase in POD activity was observed under 20 dS/m salt condition. POD activity was maintained in IR-NIBGE-13 under stress and non-stress conditions.

Ascorbate peroxidase and CAT activity is also reported to be increased in cotton plants when exposed to salinity in order to cope with ROS production and protect plant from oxidative damage (Sekmen et al., 2014; Abdelraheem et al., 2019). In our experiment, increased level of APX was observed in tolerant genotypes as FH-152 and NIAB-135 under 20 dS/m salt stress. GH-HADI showed significant decrease in APX activity under stress conditions. The catalase activity was significantly increased in NIAB-135 and reduced in 6071/16 and FH-152 under salt stress conditions. In NIAB-512 and GH-HADI, CAT activity was significantly increased under 20 dS/m compared with that under 15 dS/m salt stress condition, in which it was significantly decreased. CAT activity increased significantly under 20 dS/m in IR-NIBGE-13. APX and CAT, together with SOD, performed well in scavenging process of oxidants (Abdelraheem et al., 2019).

According to proteomic studies, CAT activity was decreased in prolonged period of salt stress due to decrease in CAT levels (Zhao et al., 2013). Similar behaviors were also reported for MDA content, as with increase in salt concentration and stress duration, MDA and CAT activity reduced. However, in our experiment, MDA content was increased under severe salt stress condition, as MDA is a product of lipid peroxidation of cellular membrane under stress condition (Moussouraki et al., 2019). In NIAB-135 and IR-NIBGE-13, MDA content was significantly increased under 20 dS/m but significantly decreased under 15 dS/m salt stress conditions. In FH-326, a significant increase in MDA content under stress conditions was observed. The more MDA accumulation indicated higher lipid peroxidation due to salinity stress (Meloni et al., 2003). Antioxidant activity varies from plant to plant. Scientists suggested that there can be many factors for this difference in antioxidant activities in genotypes, which includes difference in stomata closure degree or other responses that change the degree of CO2 fixation or may be the difference that cause the photo-inhibition (Munns and Tester, 2008).

Accumulation of carbohydrates (like sugars) under stress conditions is the one of most important plant response mechanisms in order to attain stress tolerance by osmo-protection, carbon storage, and working against ROS (Kerepesi and Galiba, 2000; Parida et al., 2004). In our experiment, a significant increase was observed in total soluble sugar and amylase in NIAB-135 and 6071/16. However, non-significant result was found for reducing sugars.

The activity of other non-enzymatic antioxidants such as lycopene, AsA, tannins, TOS, and total phenolic content was significantly increased under salt stress conditions in tolerant genotypes, i.e., NIAB-135, NIAB-512, and FH-152. The lesser accumulation of MDA content and higher activity of enzymatic antioxidants such as SOD, POD, and APX under stress-treated plants of NIAB-135, NIAB-512, and FH-152 indicated that these genotypes had adaption capacity for salinity stress in comparison with sensitive genotypes, i.e., IR-NIBGE-13 and 6071/16. The bioplot analysis revealed that NIAB-135, 6071/16, FH-326, IR-NIBGE-13, and GH-HADI were highly dispersed from the origin point and had high genetic variability, whereas FH-152 was very close to the traits, i.e., Amy, RS, TPC, and MDA (under control); SOD, TAC, MDA, and TSP (under 15 dS/m); and MDA, Tan, SOD, and RS (under 20 dS/m). Similarly, NIAB-512 was closed to the LYCO, TAC, TSP, AsA, and CHL-b (under control); LYCO, CHL-a, TF, APX, T-chl, and AsA (under 15 dS/m); and CAT, TSP, and CHL-a (under 20 dS/m).



CONCLUSION

Salinity tolerance mechanism involves many complex responses at cellular, metabolical, physiological, biochemical, and molecular levels. As an overall conclusion, the present study revealed that cotton genotypes had significant variations for morphophysiological and biochemical traits under salinity stress. The observed salt tolerance was corelated with plant biomass maintenance (morphological), photosynthetic rate, and ionic homeostasis (K+/Na+ ratio, physiological) and biochemical stress marker regulations. From the data presented, after a series of experiments, we found that out of the tested genotypes, NIAB-135, NIAB-512, and FH-152 could be used to develop breeding strategies for improvement of salinity tolerance in cotton.
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Arbuscular mycorrhizal fungi (AMF) are often considered bioameliorators. AMF can promote plant growth under various stressful conditions; however, differences between male and female clones in mycorrhizal strategies that protect plants from the detrimental effects of salinity are not well studied. In this study, we aimed to examine the interactive effects of salinity and AMF on the growth, photosynthetic traits, nutrient uptake, and biochemical responses of Morus alba males and females. In a factorial setup, male and female M. alba clones were subjected to three salinity regimes (0, 50, and 200 mM NaCl) and planted in soil with or without Funneliformis mosseae inoculation. The results showed that NaCl alone conferred negative effects on the growth, salinity tolerance, photosynthetic performance, and shoot and root ionic ratios (K+/Na+, Ca2+/Na+, and Mg2+/Na+) in both sexes; in contrast, mycorrhizal inoculation mitigated the detrimental effects of salinity. Furthermore, the mycorrhizal effects were closely correlated with Mn2+, proline, and N concentrations. Females benefited more from AMF inoculation as shown by the enhancements in their biomass accumulation, and N, proline, K+, Mg2+, Fe2+, Zn2+, and Mn2+ concentrations than males with mycorrhizal inoculation under saline conditions. In comparison, male plants inoculated with AMF showed improvements in biomass allocated to the roots, P, and peroxidase concentrations under saline conditions. These sex-specific differences suggest that male and female mulberry clones adopted different mycorrhizal strategies when growing under saline conditions. Overall, our results provide insight into the sex-specific difference in the performance of AMF-associated mulberry clones, suggesting that female mulberry could be more suitable for vegetation remediation than the male one, due to its higher salinity tolerance.
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INTRODUCTION

Soil salinity, a major concern in agriculture and forestry (Wu et al., 2016; van Zelm et al., 2020), is spreading and continuously worsening with the ongoing global warming (Rengasamy, 2006; Munns and Tester, 2008; Ondrasek and Rengel, 2021). In China, nearly 10% (1 × 108 ha) of arable land is saline (Wu et al., 2012). When exposed to salinity, plant growth is stunted with biomass production loss, nutrient imbalance, and oxidative damage (Mahajan and Tuteja, 2005; Zhao et al., 2020). However, most relevant studies have focused on herbaceous plants (72.4%), and less than 19.5% of the studies were relevant to trees (Chandrasekaran et al., 2014). Given that herbaceous and tree species have different physiological and biochemical characteristics, our ability of comprehensively understanding saline stress on tree species is limited (Giri et al., 2007; Kapoor et al., 2019).

In terrestrial ecosystems, approximately 6% (14,620 of 240,000) of angiosperm species are dioecious (Renner and Ricklefs, 1995; Juvany and Munné-Bosch, 2015), most of which are wind-pollinated woody species (Chen et al., 2010). Renner and Ricklefs (1995) suggested that the differences in the reproductive strategies of dioecious plants could induce different resource demands within sexes, which would lead to sex-specific specializations of growth and eco-physiological traits. Over the past century, compelling evidence has confirmed secondary sexual dimorphism in physiological and biochemical traits under various stresses (Juvany and Munné-Bosch, 2015). It is worth noting that male and female individuals of plant species have been documented to respond differently to salinity stress (Juvany and Munné-Bosch, 2015; Melnikova et al., 2017; Hao et al., 2020). However, these sex-specific differences in physiological traits are not well understood and change widely within species (Nicotra et al., 2003; Chen et al., 2010; Li et al., 2013; McKown et al., 2017). It is generally accepted that male plants can perform better than females under unfavorable conditions (Juvany and Munné-Bosch, 2015; Melnikova et al., 2017). Nonetheless, in some cases, female plants exhibit augmented growth under adverse conditions compared with males (McKown et al., 2017). Owing to this discrepancy, exploring the mechanism underlying the sex-specific differences exhibited under saline conditions is necessary.

Arbuscular mycorrhizal (AM) fungi (AMF) can form symbiotic unions with 80% of terrestrial plants (Smith and Read, 2008) and occur naturally in saline soils (Juniper and Abbott, 1993; Chandrasekaran et al., 2014). AMF can increase the salt tolerance of host plants under various salt concentrations (Hoeksema et al., 2010; Chandrasekaran et al., 2014; Kapoor et al., 2019; Ingraffia et al., 2020). Mycorrhizal fungi abrogate the detrimental effects of salinity through several possible mechanisms, such as improving photosynthetic efficiency and nutrient acquisition, preserving the ionic homeostasis and osmotic equilibrium in plants, and enhancing the antioxidant system to prevent damage from reactive oxygen species (Ruiz-Lozano et al., 1996; Evelin et al., 2009; Kapoor et al., 2019). Moreover, AMF have been reported to confer different effects on male and female dioecious plants under various saline conditions (Varga and Kytöviita, 2008; Reuss-Schmidt et al., 2015; Wu et al., 2016; Melnikova et al., 2017). These sex-specific differences in mycorrhizal effects may be induced by differences in plant species and their mycorrhizal dependencies (Melnikova et al., 2017).

Morus alba L. of the Moraceae family is an economically important tree species used for multiple purposes throughout China. It is well known in sericulture because its leaves are high in protein content and widely used for raising silkworms (Kashyap and Sharma, 2006; Fan et al., 2014; Zhang et al., 2020). Currently, with the transfer of the mulberry industry from southeastern China, the developed area, to inland China, where the soil is arid and salinized (Ke et al., 2009), salt tolerance would be a highly desired plant characteristic. It has been found that M. alba cannot grow well in saline conditions (Kumar et al., 2003; Sun et al., 2009). Furthermore, the highly heterozygous and dioecious nature of this genus makes the development of salt-tolerant cultivars using conventional techniques difficult (Kashyap and Sharma, 2006). Given that M. alba is a typical mycorrhizal plant and the mycorrhizal colonization of its roots is up to 79% in the field (Shu et al., 2011), we hypothesized that inoculating plants of this species with AMF would help alleviate the detrimental effects of salinity. Moreover, it has been reported that there exist sex-specific differences in the physiological traits of M. alba, with females being more adaptive to unfavorable conditions than males (Zheng et al., 2018; Lin et al., 2019). We also hypothesized that male and female mulberry plants have evolved different mycorrhizal strategies when growing under saline stress, and we expected the females to benefit more from mycorrhizas than males in terms of nutrient uptake. To examine the impact of AMF and salt on male and female M. alba clones, we conducted a pot experiment to determine their growth, photosynthetic trait, nutrient uptake, and biochemical responses. This research would help to unravel the underlying adaptive mechanisms in two sexes of M. alba growing in saline habitats and gain further insight into the secondary sexual dimorphism under stressful conditions.



MATERIALS AND METHODS


Plant Material and Experimental Design

NaCl is the most soluble and widespread salt compound, and soils with more than 40 mM NaCl are classified as saline (Munns and Tester, 2008). We designed a full factorial experiment that included three NaCl regimes (0, 50, and 200 mM), two mycorrhizal inoculation types (NM, non-inoculated with mycorrhizal fungus; AM, inoculated with Funneliformis mosseae), and two sexes (male and female cuttings of M. alba). This design resulted in 12 treatment combinations that were arranged in a randomized complete block design with six replications. On March 16, 2017, 160 healthy M. alba cuttings (80 females and 80 males) were collected from the germplasm resources nursery at the Institute of Sericulture and Tea of Zhejiang Academy of Agricultural Sciences in Hangzhou, China. These cuttings originated from 160 F1 individuals (80 females and 80 males), which resulted from the artificial cross-pollination of M. alba cv. “tongxiangqing” and M. alba cv. “dazhongsang” in 2007. Then, these cuttings were moved into a greenhouse, sterilized in 5% sodium hypochlorite solution for 15 min, and cultured in trays with background soil (3:1 mixture of coarse sand and peat), which was sterilized twice by autoclaving for 2 h, with a 1-day rest period in between (Wang et al., 2018). The greenhouse was located nearby Zhejiang A&F University in southeastern China (30°14′ N, 119°42′ E). Forty-nine days later, 36 male and 36 female clones (30 cm in height, 20 cm in root length, and with three leaves per plant) were randomly chosen to be used for this experiment.

All male and female clones, which were 49 days old, were planted separately in plastic pots (21 cm × 22 cm × 17 cm) filled with 4 kg of soil medium subjected to gamma irradiation in a dose of 25 kGy on May 5, 2017 (McNamara et al., 2003). The potting medium used was a mixture of local field soil and peat in a volume ratio of 3:1. The local soil belongs to the yellow-red soil class, which is a kind of Hapludult soil in soil taxonomy (Gong, 2001). The soil mixture had the following properties: bulk density, 1.6 g cm–3; organic matter, 22.31 mg g–1; total N, 1.189 mg g–1; total P, 0.488 mg g–1; electrical conductivity (EC), 0.21 dS m–1; and pH, 4.8 (soil/water = 1:5). The F. mosseae inoculum (BGC HUN03B) was obtained from the Bank of Glomeromycota in China of the Institute of Plant Nutrients and Resources of Beijing Municipal Academy of Agriculture and Forestry Science. F. mosseae was initially isolated from the rhizosphere of Roegneria kamoji Ohwi in Chenzhou, Hunan Province, China, and multiplied for 5 months using Sorghum bicolor L. as a trap plant (Wang et al., 2018). Before transplanting the clones into the pots, 40 g of inoculum (containing ∼70 spores per 10 g of soil) was added to the medium in each pot at a 10-cm depth. For the controls, 40 g of sterilized inoculum (121°C, 2 h in the autoclave) was added to the pots. Finally, all pots received 40 ml of inoculated soil suspension that was sieved through a 25-μm filter to reintroduce the native microbial populations (excluding AMF) (Evelin et al., 2012).

When all the M. alba clones were established after 1 month, NaCl treatment was started on June 6, 2017. To prevent the effects of osmotic shock on the development of plant fine roots and AMF establishment, 195 ml of the prescribed NaCl solution was administered gradually to each pot for 7 days in the experiment following the protocol of Evelin et al. (2012). This resulted in EC 0.21 (control without salt stress), 2.6, and 9.6 dS m–1 for the 0, 50, and 200 mM NaCl treatments, respectively. The plants were watered with distilled water, and leaching was prevented. To preserve the salinity treatments near the target levels, the soil EC in each pot was monitored using a conductivity meter (FE38; Mettler-Toledo, Greifensee, Switzerland) and adjusted once per 2 weeks. To ensure the development of plants, 10 ml of adjusted Hoagland solution was added to all pots weekly (Wang et al., 2018). During the experiment, the mean temperature and relative humidity in the greenhouse were 33.2°C and 73.7%, respectively (Thermo Datalogger; Campbell Scientific, Logan, UT, United States). On October 16, 2017, the plants were harvested 132 days after salinity stress when they were in the vegetative phase in all the treatments, and their dry weights were obtained after oven-drying at 70°C for 48 h.



Determination of Leaf Photosynthesis

From October 12 to October 14, 2017, the leaf net photosynthetic rate (A), stomatal conductance (gs), and transpiration rate (E) were measured between 8:00 and 11:30 am, when the peak of maximum photosynthetic rates was found at each survey (León-Sánchez et al., 2016), using the LI-6400XT photosynthesis system (Li-Cor Biosciences, Lincoln, NE, United States) (Zhang et al., 2018). The leaf photosynthetic measurements were conducted on the fully sun-exposed leaves of three plants randomly selected from each treatment combination. During these measurements, air CO2 concentration, photosynthetically active radiation, leaf temperature, and relative humidity were set at 400 μmol mol–1, 1,200 μmol m–2 s–1, 25°C, and 70%, respectively. Additionally, instantaneous water use efficiency (WUE) was determined as A/E.



Determination of Proline, Soluble Protein, and Enzyme Activities of Leaf

After harvesting, the proline, soluble protein (SP), and peroxidase (POD) concentrations of the leaves of three plants that were randomly selected from each treatment were immediately determined using spectrophotometric method with commercial kits (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China) (Guo et al., 2020).



Determination of Elemental Composition

Dried shoot and root samples of the three plants that were randomly selected from each treatment were ground separately, and their macro- and micronutrient concentrations were analyzed. Nitrogen and P concentrations were determined using the Kjeldahl method and ammonium molybdate blue method, respectively (Allen, 1989), whereas K+, Na+, Ca2+, Mg2+, Fe2+, Zn2+, and Mn2+ concentrations were measured following the methods described by Colla et al. (2008) using an atomic absorption spectrophotometer (AA7000; Shimadzu, Tokyo, Japan).



Determination of Mycorrhizal Colonization

Root samples (0.5 g) obtained from each plant in each treatment combination were cleared with 10% KOH at 90°C for 1.5 h, acidified in 1 M HCl for 5 min, and stained with 0.05% trypan blue (Wang et al., 2018). Then, 200 stained root segments were microscopically examined to analyze the mycorrhizal root colonization using the gridline intercept method (Giovannetti and Mosse, 1980).



Data Analysis

To quantify the mycorrhizal effects, the mycorrhizal growth response (MGR) was calculated according to a previously reported method (Zhang et al., 2016):

[image: image]

where DWAMF is the total dry weight of a plant inoculated with AMF and [image: image] is the mean dry weight of plants that were not inoculated with AMF. A positive MGR value represents growth promotion in the host plant that was inoculated with AMF, whereas a negative MGR value represents an inhibitory effect of AMF on the host.

Additionally, the salinity tolerance (ST) of each plant was computed as follows (Zhang et al., 2016):

[image: image]

Where DWss is the dry weight of salinity-stressed plants and [image: image] is the mean dry weight of the controls. In the study, a higher ST value would represent a higher tolerance capacity.

To estimate the responses of plant parameters to sex, salt, AMF, and their combinations, we performed a three-way ANOVA in IBM SPSS Statistics for Windows, version 23.0 (IBM Corp., Armonk, NY, United States). Meanwhile, two-way ANOVA was performed to detect the effects of sex, salt, and their combinations on root colonization and MGR. Before analysis, all the root/shoot ratio, POD, Na+, and Fe2+ concentrations of whole plant, and shoot and root nutrient ratio (K+/Na+, Ca2+/Na+, Mg2+/Na+) data were log10-transformed. The gs and Fe2+ data in the whole plant were square root-transformed to conform to the requirements of Levene’s test for equal variances and the Shapiro–Wilk test for normality; the rest of the data were analyzed without transformation. Differences between individual means were compared using the least significant difference test at p < 0.05. Principal component analysis was performed using the package “vegan” in R 4.0.2 (R Core Team, 2020) to determine the relationship strength of the investigated parameters.



RESULTS


Mycorrhizal Colonization and Plant Growth

AMF colonization was not detected in the roots of M. alba clones grown in soils without the AMF inoculum. With an increase in salinity, AMF colonization in the roots of both sexes initially increased and subsequently decreased (Figure 1 and Supplementary Figure 1). The mycorrhizal colonization of female plants varied from 7.5 to 44.3% throughout the duration of salinity treatments, while that of male plants varied from 11.6 to 19.1%. At 0 and 50 mM NaCl, the mycorrhizal colonization of female plants was higher than that of male plants by 70 and 132%, respectively; at the highest saline condition, the mycorrhizal colonization of females was lower than those of males by 45% (Figure 1). Significant effects of sex (F1,30 = 143.395, p = 0.000), salt (F2,30 = 282.465, p = 0.000), and their combination (F2,30 = 143.427, p = 0.000) on root colonization were observed.
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FIGURE 1. Arbuscular mycorrhizal colonization of roots in about 7-month-old males and females of Morus alba inoculated with Funneliformis mosseae after 132 days of salinity treatment. Values are presented as means ± SD (n = 6). Two-way ANOVA is performed to compare the effects of sex and salt and their interactions in both males and females. Different letters indicate a significant difference according to least significant difference at p < 0.05.


The total dry weights of both sexes were severely affected by salinity (p = 0.000) (Supplementary Table 1). At the highest NaCl concentration (200 mM NaCl), the total dry weights of male and female plants with non-mycorrhizal inoculation (NM plants) decreased substantially by 39.3 and 42.7%, respectively, whereas those of male and female plants inoculated with AMF (AM plants) decreased significantly by 51.4 and 18.4%, respectively, in comparison with the corresponding non-saline controls (Figure 2A). Under non-saline conditions, mycorrhizal inoculation had no effects on the root/shoot ratios of either sex. At 50 mM NaCl, mycorrhizal inoculation had no effects on the root/shoot ratio of male plants but significantly increased that of female plants by 60.2%. At 200 mM NaCl, fungal colonization significantly increased the root/shoot ratio of male plants by 70.3% but decreased that of female plants by 32.6% compared with that of NM plants (Figure 2B). These findings indicate that mycorrhizal inoculation could effectively alleviate the detrimental effects of salinity on the biomass accumulation of female plants but that the mycorrhizal efficiency on root/shoot ratio varied with saline conditions. Significant interactive effects of sex, salt, and AMF on the total dry weight (p = 0.005) and root/shoot ratio (p = 0.000) were observed (Supplementary Table 1).


[image: image]

FIGURE 2. Effects of arbuscular mycorrhizal fungus on total dry weight (A) and root/shoot ratio (B) in males and females of Morus alba under saline conditions. NM and AM represent inoculation with no mycorrhizal fungi and with Funneliformis mosseae, respectively. Bars represent means ± SD (n = 6). Three-way ANOVA is performed to compare the effects of sex, salt, and AM inoculation and their interactions in both males and females. Different letters indicate a significant difference according to least significant difference at p < 0.05.


The MGR of males decreased significantly as salinity increased, whereas that of females increased greatly (Supplementary Figure 2). At lower NaCl conditions, there were no sex-specific MGR differences. In contrast, at the highest NaCl concentration, the MGR of female plants inoculated with AMF was markedly higher than that of males (Supplementary Figure 2A). Increasing salinity induced a considerable decline in the ST of both sexes (Supplementary Figure 2B). At 200 mM NaCl, the ST values of males inoculated with AMF decreased by 30.6%, but that of females inoculated with AMF increased by 56.9% compared with that of NM plants. The responses in MGR and ST suggest that female plants can benefit more from mycorrhizal inoculation and behave better in salt tolerance by building associations with AMF under saline conditions. A significant interactive effect of sex and salt on MGR (p = 0.000) and a significant interactive effect of sex, salt, and AMF on ST (p = 0.037) were noted (Supplementary Table 1).



Leaf Photosynthesis

Increased salinity levels induced a gradual decline in the leaf net photosynthetic rate (A), transpiration rate (E), and stomatal conductance (gs) values of both sexes irrespective of female NM plants (Figures 3A–C). Under non-saline conditions, mycorrhizal inoculation significantly increased A, E, and gs of females but only gs of males. Under 50 mM NaCl treatment, AMF inoculation had positive effects on the E and gs of males but not on those of females. Under 200 mM NaCl treatment, AMF inoculation significantly increased the E of females by approximately twofold but had no effects on males. Mycorrhizal inoculation only had significant effects on the WUE of males under non-saline conditions (Figure 3D). Notably, mycorrhizal inoculation conferred more effects on the photosynthetic ability of females than males. A significant interactive effect of sex, salt, and AMF on A (p = 0.006), E (p = 0.000), gs (p = 0.000), and WUE (p = 0.009) was detected (Supplementary Table 1).
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FIGURE 3. Effects of arbuscular mycorrhizal fungus on net photosynthetic rate (A) (A), stomatal conductance (gs) (B), transpiration rate (E) (C), and instantaneous water use efficiency (WUE) (D) in males and females of Morus alba under saline conditions. NM and AM represent inoculation with no mycorrhizal fungi and with Funneliformis mosseae, respectively. Values are presented as means ± SD (n = 3). Three-way ANOVA is performed to compare the effects of sex, salt, and AM inoculation and their interactions in both males and females. Different letters indicate a significant difference according to least significant difference at p < 0.05.




Proline, SP, and Antioxidant Capacity

The exposure of plants to NaCl resulted in significant increases in the proline concentrations of both sexes; the POD and SP concentrations varied with salinity levels (Figure 4). The proline concentrations of AM plants of both sexes were higher than those of NM plants at lower saline conditions (0 and 50 mM NaCl). Moreover, the proline concentrations of females inoculated with AMF were higher by 40.1, 79.3, and 7.1% than those of males inoculated with AMF at 0, 50, and 200 mM NaCl, respectively (Figure 4A). With an increase in salinity, the POD concentrations of NM plants of both sexes decreased significantly, whereas that of AM plants initially decreased and subsequently increased in both sexes (Figure 4B). At a non-saline condition and 200 mM NaCl, the POD concentrations of males inoculated with AMF were higher than those of females inoculated with AMF; however, at 50 mM NaCl, those of females inoculated with AMF were higher than those of males with mycorrhizal inoculation. The SP concentrations of both sexes initially increased and subsequently decreased as salinity increased (Figure 4C). At all salinity levels, the SP of females inoculated with AMF was consistently higher than that of females grown without AMF, whereas this kind of positive mycorrhizal efficacy was not detected in males. These findings indicate that mycorrhizal association alleviate the salinity-caused osmotic stress in females by regulating the osmotic potential with accumulation of more proline and SP at all salinity levels, whereas the mycorrhizal benefits for males were mainly embodied in an increase of POD at the highest saline condition. Significant interactive effects of sex, salt, and AMF on proline (p = 0.000), POD (p = 0.000), and SP (p = 0.000) were observed (Supplementary Table 1).
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FIGURE 4. Effects of arbuscular mycorrhizal fungus on proline concentrations (A), peroxidase (B), and soluble protein (SP) (C) in males and females of Morus alba under saline conditions. NM and AM represent inoculation with no mycorrhizal fungi and with Funneliformis mosseae, respectively. Values are presented as means ± SD (n = 3). Three-way ANOVA is performed to compare the effects of sex, salt, and AM inoculation and their interactions in both males and females. Different letters indicate a significant difference according to least significant difference at p < 0.05.




Mineral Nutrient Concentrations

The sodium concentrations of plants of both sexes showed a linear increase with increasing soil salinity (Figure 5A). At saline conditions, the Na+ concentrations of males inoculated with AMF were lower than those of males grown without AMF. At 50 mM NaCl, the Na+ concentrations of females inoculated with AMF were lower than those of females grown without AMF but higher than those of their counterparts at 200 mM NaCl. Compared with that of controls, the nutrient uptake of the treated plants showed variable changes with increasing salinity (Figure 5). Under 50 mM NaCl treatment, mycorrhizal inoculation significantly increased the N, Fe2+, Zn2+, and Mn2+concentrations of female plants and the P and Mn2+concentrations of male plants but decreased the N, Ca2+, Fe2+, Zn2+, and Mg2+ concentrations of male plants and P and Mg2+ concentrations of female plants. Under 200 mM NaCl treatment, fungal colonization significantly increased the Fe2+ concentrations of males, whereas it decreased the N, P, K+, Mg2+, Fe2+, and Zn2+ concentrations of females and N, P, K+, Ca2+, Mg2+, Zn2+, and Mn2+ concentrations of males. Furthermore, under saline conditions, the N, K+, Mg2+, Fe2+, Zn2+, and Mn2+ concentrations of females inoculated with AMF were higher than those of males inoculated with AMF, whereas the P concentrations of males inoculated with AMF were higher than those of females inoculated with AMF. Collectively, these results showed that AMF conferred more beneficial effects on the nutrient uptake of females than males under saline conditions.
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FIGURE 5. Effects of arbuscular mycorrhizal fungus on Na+ (A), N (B), P (C), K+ (D), Ca2+ (E), Mg2+ (F), Fe2+ (G), Zn2+ (H), and Mn2+ (I) of whole plant in males and females of Morus alba under saline conditions. NM and AM represent inoculation with no mycorrhizal fungi and with Funneliformis mosseae, respectively. Bars represent means ± SD (n = 3). Three-way ANOVA is performed to compare the effects of sex, salt, and AM inoculation and their interactions in both males and females. Different letters indicate a significant difference according to least significant difference at p < 0.05.


Meanwhile, the K+/Na+, Ca2+/Na+, and Mg2+/Na+ ratios of shoot and root in both sexes decreased significantly with increasing salinity, and these ratios were significantly higher in shoots than in roots (Figures 6A–C), indicating that the root is more sensitive to salt stress than the shoot. The mycorrhizal efficacies on ionic ratios varied with saline conditions and plant organs. The root K+/Na+ ratios of males inoculated with AMF were higher than those of females inoculated with AMF at 50 mM NaCl. However, the root Mg2+/Na+ ratios of females inoculated with AMF at 50 mM NaCl and the root Ca2+/Na+ ratios of females inoculated with AMF at 200 mM NaCl were higher than those of males. The shoot/root Na+ ratios varied with sexes and salinity levels (Figure 6D). Under saline conditions, the shoot/root Na+ ratios of females inoculated with AMF were consistently higher than those of males inoculated with AMF. These results suggest that there exist sex-specific responses in mycorrhizal strategies on nutrient ratios, and more Na+ was transferred to the shoots, especially in females inoculated with AMF. Significant interactive effects of sex, salt, and AMF on the nutrient concentrations and ionic ratios were found (Supplementary Table 2).
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FIGURE 6. Effects of arbuscular mycorrhizal fungus on K+/Na+ ratio (A), Ca2+/Na+ ratio (B), Mg2+/Na+ ratio (C) of shoots and roots, and shoot/root ratio of Na+ (D) in males and females of Morus alba under saline conditions. NM and AM represent inoculation with no mycorrhizal fungi and with Funneliformis mosseae, respectively. Values are presented as means ± SD (n = 3). Three-way ANOVA is performed to compare the effects of sex, salt, and AM inoculation and their interactions in both males and females. Different letters indicate a significant difference according to least significant difference at p < 0.05.




Principal Component Analysis of Sex-Specific Differences

Principal component analysis was performed to assess the relationships among growth, photosynthetic properties (A, E, gs, and WUE), MGR, biochemical parameters (proline, SP, and POD), nutrient uptake, and the combinations of sex, salinity, and AMF (Supplementary Figure 3). The first two axes in the biplot explain 60.3% of the total variation. The coefficients of shoot Ca2+/Na+ and Mg2+/Na+ ratios and the A, E, and K+ concentrations were the highest in the first principal component and that of SP and POD was the highest in the second principal component. The individual and combined sex, salinity, and AMF treatments were separated significantly from the controls. It was obvious that the mycorrhizal effects exhibited significant positive correlations with Mn2+, proline, and N concentrations.



DISCUSSION

In this study, the exposure of plants to NaCl alone exerted negative effects on growth, ST, photosynthetic properties, nutrient acquirement, and K+/Na+, Ca2+/Na+, and Mg2+/Na+ of shoot and root ratios in both M. alba sexes. In contrast, mycorrhizal inoculation mitigated the detrimental effects of salinity, which supports our first hypothesis that AMF inoculation can alleviate the detrimental effects of salt stress. Furthermore, we found multifaceted sex-specific differences in plant growth traits and physiological parameters induced by AMF colonization, which supported the other hypothesis that the two M. alba sexes adopted different mycorrhizal strategies when growing under saline conditions. Our findings provide insights into the fact that female plants inoculated with AMF benefited more from AMF inoculation than male plants in response to salinity.

It is reported that AM symbiosis can improve salinity tolerance in host plants through a combination of physiological, biochemical, and nutritional effects (Evelin et al., 2009; Chandrasekaran et al., 2014), which is proven by our findings, but there exist sex-specific mycorrhizal strategies in alleviating salt stress. Our results showed that the total dry weight of female M. alba plants inoculated with F. mosseae was higher than that of male plants grown under saline conditions (Figure 2), which is in line with cottonwood (Nielsen et al., 2010) and Antennaria dioica (Varga and Kytöviita, 2012). Higher biomass accumulations in female plants mean that more carbohydrates could be directed toward the growth of the AMF symbiont and subsequently lead to the dilution of Na+ and Cl– (Kapoor et al., 2019). Accordingly, the mycorrhizal efficiency of female plants was positive, whereas that of male plants was negative, with increasing levels of NaCl (Supplementary Figure 2A). Furthermore, at the highest saline condition, the salt tolerance of females inoculated with AMF was markedly higher than that of males inoculated with AMF (Supplementary Figure 2B), indicating that AMF colonization mainly improved the salt tolerance of females but not of males. Obviously, in this study, females benefited more from mycorrhizal inoculation than males under saline conditions, which is consistent with the results of Distichlis spicata (Reuss-Schmidt et al., 2015). It is essential to point out that both M. alba sexes may adopt different strategies to acclimate to NaCl stress conditions: more biomass accumulated in female plants, whereas more biomass was allocated to the roots of male plants. This sexual dimorphism in growth may be related to the differences in reproductive costs between males and females (Juvany and Munné-Bosch, 2015).

In order to adapt to saline environment, plants would undergo a series of physiological and biochemical changes which are beneficial to the improvement of salt tolerance (van Zelm et al., 2020; Wang et al., 2020), for example, increases in osmolyte concentrations like proline and SP and antioxidant enzymes like POD (Zhao et al., 2020). In our experiment, salt increased proline accumulation, and AM plants accumulated more proline than NM plants when exposed to salinity stress (Figure 4A), which is consistent with the results of previous studies (Chandrasekaran et al., 2014; Lu et al., 2014). However, some studies reported that mycorrhizal plants accumulate lesser proline than their NM counterparts under saline conditions (Evelin and Kapoor, 2014; Latef and He, 2014). Moreover, males and females showed different responses to salt and AMF inoculation in terms of osmolyte accumulation. Female M. alba plants accumulated more proline than males that received an identical AMF inoculation (Figure 4A). The SP concentrations of females inoculated with AMF was higher than that of NM ones when subjected to NaCl stress (Figure 4C). In contrast, the POD concentrations of males inoculated with AMF was greatly higher than that of females inoculated with AMF under the highest saline condition (Figure 4B), which is in agreement with the study of Populus cathayana conducted by Wu et al. (2016). Collectively, females and males of M. alba adopt different mycorrhizal strategies in improving salt tolerance, taking into account the induction of osmotic and oxidative stress by salinity. The females inoculated with AMF follow the way of accumulating more proline and SP under saline conditions, whereas males inoculated with AMF take the way of possessing more proline at all saline conditions and more POD at the severest saline condition in comparison with NM plants. These differences in osmoregulatory capacity and antioxidant ability suggest that the adaptive mechanisms induced by mycorrhizal inoculation are sex specific as well.

A marked effect of AMF on nutrient uptake was considered one of the main reasons for improvement of salt tolerance in salt-affected plants colonized by mycorrhizal fungi (Evelin et al., 2009). In the present study, the fact that the Na+ concentrations of males inoculated with AMF were consistently lower than those of male plants grown without AMF at all saline conditions indicates that symbiosis with AMF can inhibit Na+ uptake in males under saline conditions (Figure 5A). The response of Na+ in male plants inoculated with AMF was consistent with the findings in citrus seedlings (Wu et al., 2010) and Zelkova serrate seedlings (Wang et al., 2019) but was opposite to the response in female plants inoculated with AMF at the highest saline condition. The extent of plant sensitivity to salinity depends not only on Na+ uptake but also on its distribution in plants (Evelin et al., 2012). In this study, our results showed that, although there was a continuous increase in shoot/root Na+ ratio in both sexes with AMF inoculation (Figure 6), the shoot/root Na+ ratio increase that resulted from mycorrhizal inoculation was considerably lower in males than in females. These results demonstrate that male plants have a better ability to restrain the translocation of Na+ from the roots to the shoots than female plants do (Chen et al., 2010).

Nitrogen is the mineral element that plants absorb in the highest amounts, and changes in N uptake influence many important metabolic processes (Evelin et al., 2009). In this study, the higher N concentrations in females inoculated with AMF than in males grown with AMF under saline conditions were further verified in our study as the indicator of positive mycorrhizal effect on female plants, which is in agreement with Chrysanthemum morifolium as observed by Wang et al. (2018). However, previous studies suggest that mycorrhizal efficacies under saline conditions are mainly related to mycorrhiza-induced P enhancement in the host (Al-Karaki, 2000; Wu et al., 2010; Chandrasekaran et al., 2014). The P concentrations of males inoculated with AMF were higher than those of females grown with AMF (Figure 5), suggesting that there were sex-specific mycorrhizal strategies in nutrient absorption under saline conditions. The improvement of nutrient absorption with AM fungi colonization can be attributed to the extensive absorption surface of roots with hyphal networks of AMF in the soil (Smith and Read, 2008).

Salt stress may induce plants with ionic imbalances in plant cells, which usually arise from nutrient availability, competitive uptake, transport, or partitioning within the plants (Munns and Tester, 2008; Wu et al., 2010). In this study, a significant increase in Na+, but with a significant decrease in K+, was detected with an increase in salinity. Na+ and K+ compete for the binding sites of enzymes that are essential for various cellular functions (Evelin et al., 2009; Kapoor et al., 2019). Otherwise, our study showed that AMF inoculation conferred more benefits on K+, Mg2+, Fe2+, Zn2+, and Mn2+ in female plants inoculated with AMF than in male plants grown with AMF (Figure 5), which was consistent with previous studies, and will help plants to limit cellular Na+ accumulation to toxic levels (Giri et al., 2007; Wu et al., 2010). Notably, in this study, the effects of AMF on the maintenance of favorable K+/Na+, Ca2+/Na+, and Mg2+/Na+ ratios were evidently higher in the roots than in the shoots (Figure 6), which is in support of the view that AMF plays a more important role in the roots (Wu et al., 2016). Under saline conditions, root systems are the main plant organs that are subjected to salinity stress; therefore, higher K+/Na+, Ca2+/Na+, and Mg2+/Na+ ratios in roots with mycorrhizal inoculation would not fail to improve the salt tolerance of plants (Chandrasekaran et al., 2014). The abovementioned findings indicated that there were sex-specific differences in nutrient uptake. Nevertheless, female plants inoculated with AMF exhibited significantly higher Na+ concentrations in the shoots than male plants with mycorrhizal inoculation did under saline conditions, which are in agreement with the findings in P. cathayana (Chen et al., 2010). It is likely that the female plants possess an efficient mechanism for compartmentation of Na+ and/or partitioning of Na+ to old leaves that could not incur toxicity to plant growth.

Salinity affects not only the host plant but also the AMF. In the current experiment, AMF colonization peaked at 50 mM NaCl in both sexes and then decreased at 200 mM NaCl (Figure 1), indicating a dose dependence of salinity in modulating mycorrhizal colonization. This is in agreement with previous reports stating that AMF colonization does not decrease in the presence of NaCl (Aliasgharzad et al., 2001; Yamato et al., 2008). Evelin et al. (2009) suggested that whether or not the root colonization by AMF is reduced in the presence of NaCl is dependent on the timing of the observation, and there is more inhibition in the early than in the later stages of the symbiosis. Hence, it is probably that preinoculation of plants with AMF would help the host bypass the following inhibitory effects of mild salinity on spore germination. Moreover, the root AMF colonization of female plants was higher than that of male plants at lower saline conditions, which is consistent with the results of studies on A. dioica (Vega-Frutis et al., 2013) and D. spicata (Reuss-Schmidt et al., 2015) but contradictory to the results on Populus deltoides (Chen et al., 2016). Overall, our findings support the idea that root mycorrhizal colonization is saline dose dependent and sex specific.

Until now, some of the well-known mechanisms underlying the salt tolerance of mycorrhizal host plants involved the promotion of nutrient uptake, photosynthetic efficiency, WUE, osmoprotectant efficiency, antioxidant system, or maintenance of ionic homeostasis in host plants (Evelin et al., 2009; Chandrasekaran et al., 2014). These mechanisms always act in tandem to enhance the mycorrhizal host plants’ resistance to salinity stress (Kapoor et al., 2019). The results of the current study showed that mycorrhizal efficiency was positively correlated with Mn2+, proline, and N concentrations, suggesting that the mediation of these substances probably underlies the main mechanism that leads to enhanced salt tolerance in mycorrhizal plants. Moreover, we observed that females inoculated with AMF had higher nutrient concentrations and accumulated more biomass and osmolytes under saline conditions than males grown with AMF. Conversely, males did not accumulate more biomass but just distributed more biomass to their roots and increased some of the ionic ratios. Therefore, female plants with mycorrhizal inoculation adapted to saline conditions in an extravagant manner, whereas males inoculated with AMF adapted in a conservative manner, which is consistent with the findings of a greater mycorrhizal benefit observed in females in the dioecious Carica papaya (Vega-Frutis and Guevara, 2009) but countered what has been suggested in Paulownia tomentosa that both sexes equally benefit from the symbiotic relationship under low-salinity conditions (Lu et al., 2014). It is reported that the response of the host plant to AMF is dynamic in terms of costs and benefits and varies with plant species (Johnson et al., 1997). Hence, more investigations are needed to confirm the mechanisms underlying the sex-specific mycorrhizal strategies in dioecious M. alba under saline environments.

In conclusion, salt stress significantly limited the biomass production and nutrient concentrations of both M. alba sexes. Our results showed that AMF inoculation could alleviate the detrimental effects of salinity. Females benefited more from building a symbiotic relationship with F. mosseae via improving their biomass accumulation and N, proline, K+, Mg2+, Fe2+, Zn2+, and Mn2+ concentrations than males with mycorrhizal inoculation under saline conditions. Males responded to the mycorrhizal inoculation via higher root/shoot ratios and P and POD concentrations as well as lower shoot/root Na+ ratios than females inoculated with AMF under saline conditions. These sex-specific differences suggest that the two M. alba sexes adopted different mycorrhizal strategies when growing under saline conditions. Our findings highlight that female host plants respond in an extravagant manner, whereas male AM plants respond in a conservative manner under saline conditions. Besides F. mosseae, Glomus fasciculatum is also recorded to form mycorrhizal symbiosis with mulberry (Katiyar et al., 1995). It will be interesting to explore whether there are similar results as ours with other AM fungi because our research is conducted with only one AM fungus species. There is a large variety of AM fungi in nature; thus, further investigations involving different AM fungi on M. alba are deemed to be necessary for verifying our conclusions. Given the greater salt tolerance and positive mycorrhizal effects on female plants inoculated with F. mosseae, this biological approach can be recommended as a reliable and practical method for optimizing the yield in saline environments.
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Supplementary Table 1 | F values of three-way ANOVA for the effects of sex, salt stress, and arbuscular mycorrhizal fungus and their interactive effects on the parameters of Morus alba.

Supplementary Table 2 | F values of three-way ANOVA for the effects of sex, salt stress, and arbuscular mycorrhizal fungus and their interactive effects on the nutrient uptake of Morus alba.
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Aegilops spp. is the closest genus to wheat (Triticum spp.), which makes Aegilops great candidates to exhibit precursors of wheat features. Aegilops cylindrica Host displays excellent salt tolerance. In the current study, biochemical and phytochemical compounds in the leaves of two wheat cultivars, one hyper-salt tolerant Ae. cylindrica genotype and their amphidiploids (derived from “Chinese Spring” × Ae. cilindrica and “Roshan” × Ae. cylindrica), grown under control and saline field conditions, were assessed. These compounds included total protein content, proline content, electrolyte leakage, total flavonoid content, total phenolic content, DPPH radical scavenging activity, and reducing power. In addition, phenolic components were also identified using HPLC analysis. Chlorogenic acid, ellagic acid, ferulic acid, syringic acid, vanillic acid, p-coumaric acid, caffeic acid, and gallic acid were the most abundant phenolic acids. Luteolin, apigenin, and rutin were the most abundant flavonoids in the leaves. Salt stress significantly increased all biochemical variables, with the exceptions of reducing power and p-coumaric acid. Interestingly, amphidiploid genotypes exhibited intermediate levels of most of the detected phenolic compounds between the two parental species. As demonstrated by bivariate correlations luteolin, chlorogenic acid, caffeic acid and apigenin could predict inhibition percentage by DPPH assay, suggesting a possible role in the cellular defense against oxidative stress in wheat. The amphidiploids and their wild parent performed significantly better than wheat cultivars on phenolic constituents, flavonoids, and maintaining redox homeostasis under salt stress conditions.

Keywords: antioxidant, biochemical traits, phenol, ROS, salinity stress


INTRODUCTION

Wild relatives of wheat are extremely valuable genetic resources for the continued improvement of bread wheat, the most important and widely grown cereal that, as a staple food, contributes significantly to the diet of the world population (Arzani and Ashraf, 2017). Due to the demands and challenges of the future, such as world population growth, erosion of genetic resources, and global climate changes, diverse gene pools are needed to broaden the genetic base of modern crop cultivars (Arzani and Ashraf, 2016). Aegilops cylindrica Host is a wild species, sharing a common genome (D) with common wheat (Triticum aestivum L.). Several authors (e.g., Kimber and Sears, 1987; Goncharov, 2011) recommended that the Aegilops species be classified in the Triticum genus, because of their close relationship.

Salinity is a significant abiotic stress that severely limits crop growth and productivity worldwide. Salinity causes osmotic stress, ion toxicity, nutritional disorders, and oxidative stress (Munns and Tester, 2008; Arzani and Ashraf, 2016). These factors can cause physiological and biochemical defects in plant tissues. Plant cells generate various phenolic compounds as the low molecular weight non-enzymatic antioxidants which aid in removing the reactive oxygen species (ROS) (Hodaei et al., 2018). Phenolic compounds have shown to be effective to protect biological systems against various oxidative stresses, playing crucial role in maintaining redox-homeostasis, and offering a potential targets for improving stress tolerance in plants (Trchounian et al., 2016). Therefore, plant adaptation to salt stress is one of the possibility affected by the homeostasis between ROS and phytochemicals such as polyphenols and flavonoids.

Phenolic compounds, including flavonoids, are the most widely distributed secondary metabolites present in the plant kingdom. These compounds play numerous biochemical and molecular roles in the plants, such as signaling molecules, plant defense, mediating auxin transport, antioxidant activity, and free radical scavenging (Tohidi et al., 2017). Among non-enzymatic antioxidants, phenols and flavonoids contribute significantly as scavenging free radicals in the plants for tolerating salt stress by accumulating in various tissues (Sirin and Aslım, 2019). Polyphenols are present in free and bound forms in plant materials. Phenolic acids represent the central portion of polyphenols present in the grains and baked products in cereal, and around 75% of these are available in the bound form (Ceccaroni et al., 2020).

The synthesis and accumulation of phytochemical compositions in plant tissues are influenced by the genotype, growing environment, and their interaction. Phenolic compounds and flavonoids of the grains were assessed in wheat genotypes under normal conditions (Dinelli et al., 2011; Shewry and Hey, 2015), temperature stress (Ceccaroni et al., 2020), and salt stress (Stagnari et al., 2017) during germination. The quantity and composition of polyphenols of the grain, flour, and baked-products are essential for human health. Still, knowledge about the green, photosynthesizing assimilating tissues (source) from where the substrate materials and metabolites transfer to storage organs (grains) is limited. However, limited research has addressed the response of wheat and Ae. cylindrica genotypes in terms of phytochemicals accumulation in the leaves of plants grown under salt stress conditions.

The purpose of this study was to determine how salt stress affects the leaf polyphenol composition, flavonoids, and cellular redox responses to oxidative stress in two wheat cultivars (including “Chinese Spring” and “Roshan”), one Aegilops cylindrica genotype and their two amphidiploids (F1 hybrids) derived from cross between “Chinese Spring” and “Roshan” wheat cultivar with Ae. cylindrica as the male parent.



MATERIALS AND METHODS


Plant Materials

Five genotypes, including two wheat cultivars (“Chinese Spring” and “Roshan”), one Ae. cylindrica genotype (no. 56), and two of their interspecific hybrids (amphidiploids) were used in this study. Two common wheat (Triticum aestivum L.) cultivars (“Chinese Spring” and “Roshan”) as the female parents were crossed with a highly salt-tolerant genotype (Kiani et al., 2015) of Aegilops cylindrica as the male parent. Fourteen days after pollination, the immature embryos were cultured in the Murashige and Skoog (MS). Subsequently, the colchicine treatment was carried out at the 4–5 tiller stage and the treated plants were kept under greenhouse conditions until they were harvested. Full details of the hybridization protocols, including emasculation, pollination, growth hormone treatment, embryo rescue, and colchicine treatment of amphihaploid plants, have been described in an unpublished article.



Experimental Conditions

The seeds of amphidiploid genotypes and their parents were planted in the research farm of the Isfahan University of Technology, Lavark, Iran (40 km south-west of Isfahan; 32° 32′ N, 51° 23′ E; 1630 m asl) in 2017-2018 growing season. The soil in the top 60-cm layer is a clay loam (pH 7.5) with an electrical conductivity (EC) of 2.4 dS m–1. For each of two experiments [control and saline (250 mM NaCl)], a randomized complete block design replicated three times was used. Each plot was three rows, 1 m long, with a row spacing of 30 cm. In the control experiment, plants were irrigated with freshwater (EC = 1 dS m–1). In the saline experiment, fresh water was applied until the four tillers stage (Zadok’s scale 24) but later shifted to saline water. The experimental plots received equal irrigation, monitored by flow meters, in the control and saline conditions. The saline experiment was irrigated with irrigation water connected to the upstream tank that delivered a concentrated solution of sodium chloride (1 M NaCl) to maintain the desired concentration of salinity (250 mM NaCl) using a calibrated flow meter. The plots were irrigated when the soil moisture reached above 80% of field capacity (ψ = –0.06) in the root zone. The soil ECe, in 0 – 40 cm soil depth, was measured in all plots at harvesting stages. The average soil ECe values were 2.4 and 15.4 dS m–1 for the control and saline field conditions, respectively.



Biochemical Properties


Total Protein Content

Total protein content of leaf samples was determined at the grain filling stage according to Bradford (1976) using bovine serum albumin as a standard. Total protein content was expressed as milligram per gram leaf dry weight (mg g DW–1).



Proline Content

Free proline was extracted from the fresh leaves, derivatized with acid ninhydrin and absorbance read, according to Bates et al. (1973) method. Fresh leaf (0.5 g) collected from both control and salinity stressed plants, quickly frozen and ground in liquid nitrogen. The sample was homogenized in 10 ml sulfosalicylic acid (3% w v–1), and centrifuged for 10 min at 8,500 rpm. Then, 2 ml of the supernatant was added to a mix soluble of 2 ml ninhydrin reagent and 2 ml acetic acid and kept in a water bath (100 °C) for 1 h. Subsequently, 4.0 mL of toluene was added to the samples and absorbance was recorded at 520 nm. Proline concentration was calculated using a standard curve according to the following formula:
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Total Phenolic Content (TPC)

First, 1.25 g of the dried leaf samples was mixed with 25 mL of 80% methanol in an orbital shaker (150 rpm) at 25°C for 24 h. Total phenolic content (TPC) of the methanolic extract solution was determined using Folin–Ciocalteu method as described by Tohidi et al. (2017) with minor modification. Briefly, 0.5 ml of the filtered methanolic extract was added to a mixture of 2.5 ml of the Folin–Ciocalteu reagent (diluted 10-fold) and 2 ml of 7.5% sodium carbonate in a test tube and shaken well. After 15 min heating at 45°C, the absorbance was read at 765 nm using a spectrophotometer against a blank solution. Tannic acid was used as a standard for total phenol quantification. Thus, the data have been expressed as mg tannic acid equivalent (TAE) per g DW.



Total Flavonoid Content (TFC)

The aluminum chloride assay was used to determine total flavonoid content of the methanolic extract solution (Tohidi et al., 2017). An aliquot of 125 μl of the extract solution was added to 75 μl of 5% NaNO2 solution. The mixture was then allowed to stand for 5 min before adding 150 μl of aluminum chloride (10%) solution. After that, 750 μl of NaOH solution (1 M) was added and the final volume of the mixture was adjusted to 2500 μl by deionized water. After an incubation period of 15 min, the absorbance was read at 510 nm using a spectrophotometer. The TFC has been expressed as mg quercetin equivalent (QE) per g dry weight (DW).



DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of the leaf samples was determined by the procedure described by Tohidi et al. (2017). Briefly, 0.1 ml of the sample of each plant extract was blended at chosen concentrations (50, 100, and 300 ppm) in which the initial and final absorbance values of the initial amount of DPPH in BHT standard was within the range of accuracy of spectrophotometry (Sharma and Bhat, 2009). The sample volume, 5 mL of 0.1 mM methanol DPPH solution selected was appropriate for obtaining good results. The mixture was then shaken vigorously and incubated for 30 min in the dark at room temperature. The absorbance of the mixture was read at 517 nm (AA) and corrected for the absorbance of blank reagent (AB) at the same wavelength. A DPPH-methanol solution containing 80% methanol was used as a negative control (AB). The synthetic antioxidant reagent, butylated hydroxytoluene (BHT), was used as a positive control. The IC50 value (μg ml–1), the concentration in μM that inhibits DPPH absorption by 50%, was calculated by linear regression analysis.



Reducing Power Assay

The reducing power of the leaf samples was determined according to the method described by Tohidi et al. (2017), with slight modifications. In 2.5 ml of leaf extract (at concentrations of 0.5, 1, 3, and 5 mg ml–1) was added to 2.5 ml of 1% potassium ferricyanide and 2.5 ml 0.2 M phosphate buffer (pH = 6.6). The mixture was incubated at 50°C for 20 min, and 2.5 ml of trichloroacetic acid (10%) was then added. The homogenate was centrifuged at 3000 rpm for 10 min, and 2.5 ml of the supernatant was mixed with 2.5 ml of ferric chloride (0.5 ml, 0.1%) and deionized water. The absorbance of the solution was read at 532 nm against a blank. The antiradical activity was expressed as IC50 (mg ml–1). The IC50 was calculated using a linear regression equation.



Polyphenol Composition

Individual phenolic acids of the leaves were analyzed using the high-performance liquid chromatography (HPLC) system. An HP 1090 series HPLC (Agilent Technologies, United States) equipped with a Waters Symmetry® C18 column (4.6 × 250 mm, particle size 5 μM) and a UV absorbance detector was used. The extracts were filtered using a 0.45 μM nylon membrane filter (Whatman Inc., Maidstone, United Kingdom), and 20 μL was injected into the analytical column. Eluent A was 0.1% formic acid in water (v/v), and eluent B was 0.1% formic acid in acetonitrile (v/v). The flow rate was 0.8 mL min–1, and the following linear gradient program was used: 10% to 26% solvent B for 20 min, 65% solvent B for 40 min, and finally to 100% solvent B for 45 min. Detection was performed at 200–400 nm using the absorbance detector. Individual phenolic acids, flavonoids, and flavanols in the leaf samples were determined and quantified by the assessment of their relative retention times to the authentic standards. The data have been expressed as milligrams phenolic acid per 100 g of DW (mg 100 g–1 DW).



Electrolyte Leakage

Electrolyte leakage (EL) was used to assess membrane permeability. The EL was determined at the grain filling stage using an electrical conductivity (EC) meter as described by Lutts et al. (1996). The EL (%) was calculated using EL (%) = [1 – (EC1/EC2)] × 100 where, EC1 and EC2 are the electrical conductivities of the fresh leaf bathing solution before and after incubation in boiling water, respectively.



Grain Yield

At maturity, ten plants from the middle of each plot were harvested. Grain yield was recorded per plant (n = 10) and expressed as g per plant.



Statistical Analysis

The data were analyzed by analysis of variance (ANOVA) using the PROC GLM of SAS (version 9.4; SAS Institute Inc., Cary, NC, United States). The means were further analyzed by Fisher’s protected least significant difference (LSD) test at p < 0.05. The PROC CORR of SAS was used to calculate the correlation coefficients. A backward stepwise regression analysis was also carried out using grain yield as the dependent variable and protein content, proline content, El, TPC, TFC, and reducing power as the independent variables by SPSS software version 18.0 (SPSS Inc., Chicago, IL, United States).





RESULTS

Statistical evaluation of the effects of salt stress, genotype, and salt stress × genotype interaction on biochemical traits was carried out, and the results of ANOVA are given in Table 1. Salt stress resulted in significant changes (p < 0.01) to the biochemical traits in the leaf. The genotypes were significantly different for these traits. Also, significant genotype × salt stress interaction was found for all biochemical traits except for total protein content (Table 1).


TABLE 1. Results of analysis of variance for the biochemical properties and grain yield of the genotypes studied under the control and salt stress conditions.
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Total Protein Content

Significant increase in the total protein content in the leaves of plants was found in salt stress conditions compared with control one (Table 2). Mean comparison of the genotypes showed that the genotype of Ae. cylindrica had the highest total protein content under salt stress and control (Figure 1A).


TABLE 2. Means (±SE) of biochemical properties and grain yield of the genotypes studied under control and salt stress conditions.
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FIGURE 1. Mean comparison of (A) total protein content, (B) proline content, (C) electrolyte leakage, and (D) grain yield of parents (T. aestivum “Roshan,” “Chinese spring,” Ae. cylindrica) and their F1 hybrid plants (amphidiploids) under control and salt stress conditions. Bars represent means ± SE and bars with the same letter do not significantly differ at P < 0.05 among the genotypes.




Proline Content

The results of ANOVA showed that leaf proline content was significantly affected by salt stress, genotype, and their interaction (Table 1). Exposure to 250 mM NaCl resulted in an overall twofold increase in proline content (Table 2). Ae. cylindrica genotype had the highest proline content in both control and salt stress conditions (4.43 and 19.53 μM g–1 FW, respectively), which are much higher than those found for the “Chinese Spring” and “Roshan” wheat cultivars. Interestingly, the interspecific hybrid (amphidiploid) plants displayed an intermediate phenotype between male (Ae. cylindrica) and female (wheat) parents (Figure 1B).



Electrolyte Leakage (EL)

The results of the current study showed a significant increase in leaf EL in response to salt stress, as expected (Table 2). However, a significant genotypic difference was observed for the EL response under salt stress, with the highest values seen in wheat cultivars “Chinese Spring” (74.97%) and “Roshan” (73.58%) and Ae. cylindrica the lowest (61.74%) (Figure 1C).



Grain Yield

Grain yield was affected significantly by salt stress, genotype, and salt stress × genotype (Table 1). Salt stress significantly decreased in all study genotypes due to salt stress (Figure 1D). Yield loss, the outcome of the physiological and biochemical changes, was overall found to be 52% (Table 2). Wheat by Ae. cylindrica derived amphidiploids showed less yield loss than wheat cultivars (“Roshan” and “Chinese Spring”). In contrast, Ae. cylindrica genotype produced the least loss of yield (data not shown).



Total Phenolic and Flavonoid Content

ANOVA showed significant effects of salt stress, genotype, and salt stress × genotype interaction on the TPC and TFC. Salt stress caused an increase in TPC and TFC content in the leaves (Table 2), while much higher contents TPC content were observed in Ae. cylindrica genotype (21.7 mg TAE g–1 DW) and “Chinese Spring” × Ae. cylindrica amphidiploid genotypes (18.5 mg TAE g–1 DW) (Figure 2A). On the other hand, there was no significant difference in TPC among the three remaining genotypes (two bread wheat cultivars and “Roshan” × Ae. cylindrica amphidiploid) in salt stress conditions. TFC was likewise increased significantly by salt stress when compared with the control conditions. In contrast to the female parents (wheat cultivars), the male parent (Ae. cylindrica) displayed the highest TFC content (7.74 mg QE g–1 DW) under salt stress conditions. Although, “Chinese Spring” × Ae. cylindrica amphidiploid genotype showed responses intermediate between two parents however, no significant difference was found between “Roshan” × Ae. cylindrica amphidiploid genotype and its female parents (Figure 2B).
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FIGURE 2. Mean comparison of (A) total phenolic contents (TPC, mg TAE g–1 DW), (B) total flavonoid content (TFC, mg QE g–1 DW), (C) DPPH (IC50, μg ml–1), and (D) reducing power (IC50, mg ml–1) of parents (T. aestivum “Roshan,” “Chinese spring,” Ae. cylindrica) and their F1 hybrid plants (amphidiploids) under control and salt stress conditions. Bars represent means ± SE and bars with the same letter do not significantly differ at p < 0.05 among the genotypes.




DPPH Radical Scavenging Activity

Plants can withstand saline conditions by various mechanisms for reducing oxidative damage and maintaining redox homeostasis. DPPH free radical scavenging activity (DPPH-RSA) of the leaves was influenced significantly by salt stress, genotype, and salt stress × genotype interaction (Table 1). Scavenging activity on DPPH radical, expressed as IC50, in the five genotypes studied are given in Figure 2C. In control conditions, overall DPPH values ranged from 360 μg ml–1 in the most salt-tolerant genotype of Ae. cylindrica to 2890 μg ml–1 in “Chinese Spring” the most sensitive wheat cultivar. Likewise, a similar trend was evident for the scavaging of DPPH in salt stress conditions.



Reducing Power

Reducing antioxidant power in the tested genotypes (wheat cultivars, Ae. cylinrica genotype and amphidiploids) was influenced significantly by salt stress, genotype, and salt stress × genotype interaction (Table 1). Figure 2D shows that the highest antioxidant activity occurred in Ae. cylindrica genotype containing the lowest IC50 (IC50 = 0.72 mg ml–1) under salt stress conditions, whereas it did not differ significantly from the amphidiploids. Moreover, wheat cultivar (“Chinese Spring” and “Roshan”) recorded the lowest activity under salt stress conditions. Although, IC50 value also exhibited similar trends for all genotypes in the control conditions, however, BHT was found to possess the most potent activity in both control and salt stress conditions.



Polyphenol Components

ANOVA results of the non-flavonoid polyphenol (phenolic acids) and flavonoid compounds detected by HPLC are summarized in Table 3. Significant changes in these compounds due to salt stress, genotype, and their interaction were observed. Table 4 shows the eight most abundant phenolic acids (chlorogenic acid, ellagic acid, ferulic acid, syringic acid, vanillic acid, caffeic acid, p-coumaric acid, and gallic acid) detected in the leaves. Table 4 also shows the three most abundant flavonoids, including flavones (luteolin and apigenin) and flavanols (rutin) identified in the genotypes. Salt stress induced both inhibitory and stimulatory responses in the synthesis of the phenolic acids. Salt stress increased all of the polyphenolic compounds including ellagic acid, ferulic acid, gallic acid, syringic acid, chlorogenic acid, vanillic acid, and caffeic acid, except for p-coumaric acid which was decreased (Table 4). In salt stress conditions, ferulic acid followed by gallic acid was the most abundant polyphenols (Table 4). The highest quantity of ferulic acid (45.08 mg 100 g–1 DW) was found in the leaves of the salt-tolerant, Ae. cylindrica genotype (Figure 3A). On the other hand, chlorogenic acid, ellagic acid, and vanillic acid showed the lowest quantity of all the compounds (Table 4).


TABLE 3. Analysis of variance of phenolic acids and flavonoids of the genotypes studied under control and salt stress conditions.
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TABLE 4. Means (± SE) of phenolic acids and flavonoid contents of the leaves of the studied genotypes under control and salt stress conditions.
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FIGURE 3. Mean comparison of (A) ferulic acid, (B) p-coumaric acid, (C) ellagic acid, (D) chlorogenic acid, (E) syringic acid, (F) vanillic acid, (G) gallic acid, and (H) caffeic acid of parents (T. aestivum “Roshan,” “Chinese spring,” Ae. cylindrica) and their F1 hybrid plants (amphidiploids) under control and salt stress conditions. Bars represent means ± SE and bars with the same letter do not significantly differ at p < 0.05 among the genotypes.


Under salt stress conditions, p-coumaric acid content exhibited a decline relative to control in wheat cultivars while it was not affected in Ae. cylinrica and amphidiploids (Figure 3B). Interestingly, the amphidiploids exhibited an intermediate level of most of the detected polyphenols between the two parents.

Clearly, Ae. cylindrica showed significantly higher ellagic acid content (15.61 mg 100 g–1 DW) than the wheat cultivars under salt stress conditions (Figure 3C). Ellagic acid is a polyphenol compound with antioxidant properties and a derivative of gallic acid. Similar superiority of Ae. cylindrica was seen in chlorogenic acid (Figure 3D), vanillic acid (Figure 3F), gallic acid (Figure 3G), and rutin (Figure 4C) contents. On the other hand, in the salt stress conditions compared with the control ones, apigenin was significantly higher in “Chinese Spring” cultivar (16.9-fold) in salt stress conditions compared with control (Figure 4A), as well as the increased amount (3.2-fold) in Ae. cylindrica control conditions (data not shown).
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FIGURE 4. Mean comparison of (A) apigenin, (B) luteolin, and (C) rutin of parents (T. aestivum “Roshan,” “Chinese spring,” Ae. cylindrica) and their F1 hybrid plants (amphidiploids) under control and salt stress conditions. Bars represent means ± SE and bars with the same letter do not significantly differ at p < 0.05 among the genotypes.


The three flavonoid components were positively and significantly influenced by salt stress. In salt stress conditions, wheat cultivars (“Chinese spring” and “Roshan”) showed the highest content (44.48 and 33.56 mg 100 g–1 DW, respectively) of apigenin, while Ae. cylindrica had the lowest (10.01 mg 100 g–1 DW) (Figure 4A). In contrast, significantly higher amounts of the flavone (luteolin, 15.14 mg 100g–1 DW, Figure 4B) and flavanol (rutin, 24.12 mg g–1 DW, Figure 4C) were observed in Ae. cylindrica than the other genotypes.



Relationships of Traits

A backward stepwise regression analysis was performed to examine which combination of variables best predicts yield loss due to salt stress. The results showed that proline followed by TPC and DPPH were the strongest predictors of yield loss under salt stress conditions (Table 5). Overall, this regression model could explain 91% of the variance in yield loss, and out of which, TPC (r = 0.76∗∗) contributed the most toward the variation in yield loss.


TABLE 5. Results of multiple regression analysis with yield loss as a dependent variable under salt stress conditions.
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Table 6 summarizes the correlation coefficients of the variables discussed below. TPC correlated negatively with DPPH (r = −0.66**). A negative correlation was found between TFC and DPPH scavenging rate (r = –0.58*) and also reducing power (r = −0.66∗∗). These results show that phenolic compounds (TPC and TFC) are positively associated with antioxidant activity. The correlation coefficients between the phenolic acids and the biochemical traits showed a positive between chlorogenic acid and DPPH scavenging rate (r = 0.58∗). Moreover, a positive correlation exists between ferulic acid content and TPC (r = 0.85∗∗).


TABLE 6. Correlation coefficients of biochemical traits, polyphenols and yield loss.
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The results of correlation coefficients between yield loss and other traits are in Table 6. Yield loss was positively and significantly correlated with EL (r = 0.54∗) and DPPH (r = 0.65∗∗); while negatively correlated with protein content (r = –0.56∗), proline content (r = –0.55∗), TPC (r = –0.93∗∗), and TFC (r = –0.59∗). These relationships were consistent with observations in salt-tolerant genotypes having higher protein content, proline content, TPC, and TFC as well as, lower EL and yield loss (Figures 1, 2). Strong positive correlation was detected between DPPH and chlorogenic (r = 0.78∗∗), luteolin (r = 0.91∗∗), caffeic acid (r = 0.70∗∗), and apigenin (r = 0.75∗∗). A positive correlation was also found between luteolin and chlorogenic acid (r = 0.75∗∗); apigenin and ferulic acid (r = 0.77∗∗); as well as luteolin and apigenin (r = 0.76∗∗).




DISCUSSION

The leaf proteins are vastly critical in the growth, reproduction, and ultimate grain yield of the plants. The reduction of protein content in the plant leaves due to salt stress is not surprising since it is well established that the initial targets of ROS are proteins in biological systems. The chloroplast is one of the primary targets of ROS, which causes marked alterations in a wide variety of proteins such as thylakoid and stromal, including degradation and inactivation of Rubisco (Mehta et al., 1992; Ishida et al., 1997). Therefore, leaf protein content is one of the crucial indicators of the effects of salt stress (Isayenkov and Maathuis, 2019). Genetic variation for plant leaf protein affected by salt stress is one of the contentious areas in the literature. The relationship of genetic background and the effects of salt stress on protein content has not extensively been explored in the literature. Moreover, the effect direction of salinity is a consensual issue, which differs widely in the literature. For instance, in wheat, Radi et al. (2013) reported that total protein content in the shoots of two cultivars (tolerant and sensitive) was decreased analogously by salt stress. On the other hand, leaf protein content that differentiated genotypically was found to be increasing with salt stress (Afzal et al., 2006).

Increased accumulation of compatible solutes like proline has been suggested to enhance salt tolerance. Eventually, proline, likewise other osmolytes, modulate redox potential by conferring osmotic adjustment, protecting cellular membranes, and stabilizing enzymes under abiotic stress (Romero-Aranda et al., 2006). Arabbeigi et al. (2018) suggested that higher expression of the gene responsible for proline biosynthesis (P5CS) in Ae. cylindrica may correlate with salt tolerance. This finding is in agreement with Kumar et al. (2017) in wheat. This is partially consistent with observations on barley by Ebrahim et al. (2020), who find that salt stress caused a massive accumulation of proline, but noted a higher accumulation of proline in the leaves of salt-sensitive genotypes than salt-tolerant ones. Therefore, the osmoadaptive response involves the accumulation of proline, which underline an unspecific role in the tolerance to abiotic stress (such as drought and salinity) is a matter of debate. There are a number of possible reasons for this inconsistency. The most prominent among them are genotype/species, stress intensity, stress duration, and physiological stage differences between studies (Ebrahim et al., 2020).

In plant cells, the preservation of plasmid membrane integrity is a critical adaptive strategy against free radicals (Kaya et al., 2009; Isayenkov and Maathuis, 2019). In the current study, higher electrolyte leakage was found in the female parents (wheat cultivars) than the hyper-salt tolerant Ae. cylindrica and amphidiploid genotypes under stress conditions.

These findings support the idea that plasma membrane may represent a promising strategy for improving the efficiency in regulating transmembrane ion and metabolite fluxes during the stress. The results of the current study are consistent with those of Radi et al. (2013), who observed an increase in EL in the wheat genotypes due to salt stress and also found that the salt-sensitive genotype had higher EL values than the salt-tolerant one.

There are many biochemical mechanisms that protect plants against the harmful influences of salt stress. Phenolic compounds are not only the most abundant secondary metabolites in the plant kingdom but also are the most crucial antioxidants for scavenging the excessive ROS that is generated by the majority of stressors. Flavonoids, as a group belong to phenolic compounds, are also known to have antioxidant properties (Tohidi et al., 2017). Our result showed a significant increase in total phenolic and flavonoids compounds in response to salt stress. This agrees with the observations made by Hichem et al. (2009), who reported the significant effect of salt stress on the total phenolic and flavonoids compounds in two maize (Zea mays L.) cultivars.

Over the past several decades, researchers have consistently found that the strong association between polyphenols and abiotic-stress tolerance is an excellent predictive of the extent of patience, and hence can be used as an indicator of maintenance of the redox state in the cells (Hodaei et al., 2018; Sharma et al., 2019). While there are enormous bodies of literature that specifically address phenolic compounds of the edible plant parts (e.g., seeds in cereals), mainly because of the interest in health benefits of polyphenol consumption, paucity remains on research that investigates the motivations behind the ameliorating effect of polyphenols on the phytotoxicity of photosynthetic tissues caused by salt stress. Martinez et al. (2016) reported an increase in accumulation of flavonoids in tomato plants in response to abiotic stress coincides with dual protective effect as antioxidant against oxidative damage induced by the stress, and subsequently as the health-promoting compounds of edible plants.

The results of the current study clearly show that wheat and Aegilops genotypes differ for the accumulation of the polyphenols (TPC and TFC) in their leaves. These compounds were significantly increased in response to salt stress. Kumar et al. (2017) have also reported that salt stress-triggered a significant increase in TPC in salt-tolerant wheat genotype. A significant genotypic difference was observed on the TPC in durum wheat grains (Boukid et al., 2019). The result of the current study generally indicated that Ae. cylindrica (male parent) had higher antioxidant activity than female parents (wheat cultivars) in both control and salt stress conditions. Further, the results also show that in comparison with female parent, amphidiploid plants had higher antioxidant activities expressed by DPPH (IC50). Specifically, the research presented here is not only motivated but also supported our initial works bestowing genotypic differences for antioxidant enzymes, malondialdehyde (MDA), and H2O2 in the same set of genotypes (Kiani et al., 2021).

The reducing power is another protective mechanism of oxidative stress, which reveals the electron-donating ability of the natural extracts and cellular redox homeostasis. Non-enzymatic antioxidants can be defined as inactivation of oxidants by reductants in redox reactions in which one reactive species is reduced at the expense of the oxidation of another (Benzie and Strain, 1996; Wang et al., 2014). The assessment of reducing power is used to investigate the complex impression of natural extracts and to explore the redox homeostasis in leaf tissue homogenates. In the current study, the ferric reducing antioxidant power of the samples were compared with a synthetic antioxidant BHT (IC50 = 0.36 mg ml–1). The plant samples with stronger reducing powers are capable of donating their electrons to the ROS and induce degeneration. In this way, Ae. cylindrica and two amphidiploids were a superior group of genotypes with the lowest IC50 values.

In the current study, chlorogenic acid, caffeic acid, ellagic acid, ferulic acid, gallic acid, p-coumaric acid, syringic acid, and vanillic acid were the most abundant phenolic acids detected. The accumulation of these phenolic acids was increased in the leaf tissues by salt stress except for p-coumaric that decreased. Our results also revealed that three most abundant flavonoids, including flavones (luteolin and apigenin) and flavanols (rutin) identified in the genotypes. Increased accumulation of phenolic acids in the leaves of Amaranthus tricolor L. (a leafy vegetable) in response to salt stress has already been found, including caffeic acid, chlorogenic acid, ferulic acid, gallic acid, 4-hydroxybenzoic acid, p-coumaric acid, salicylic acid, sinapic acid, and vanillic acid (Sarker and Oba, 2018). Interestingly, amphidiploid genotypes showed an intermediate level between the two parents for most of the detected polyphenols, and provides support for our hypothesis and clues to their contribution toward diminishing yield loss under saline conditions. These data, together with the differential accumulation of TPC and TFC, suggest further evidence that phenolic compounds play vital physiological and biochemical roles in plant cells, particularly helping ameliorate abiotic stress (Sharma et al., 2019). Moreover, our observation of ferulic acid as the major phenolic compound in the leaves, provides supportive evidence for the existence of a similar result for the wheat grains (Adom and Liu, 2002; Boz, 2015; Ma et al., 2016). Ma et al. (2016) observed that ferulic acid accounts for 87.10–90.60% of the TPC, ranging from 21.88 to 37.31μg g–1 in the white and purple grains of wheat, respectively.

Grain yield is a key to understand the link between biochemical responses in plant and anthropogenically imposed stressor, on one hand, and how this factor influences the adaptation through genetic diversity on the other (Arzani and Ashraf, 2016, 2017). Variation in grain yield depends on both diverse genetic of wheat genotypes and differential response to prevalent environmental conditions at the grain filling stage. Salt stress negatively affects grain yield as the outcome of the physiological and biochemical changes. A negative effect of salt stress on grain yield has also been shown by Chamekh et al. (2016), who observed that the salinity of the irrigation water at 16 dS m–1 mM NaCl significantly decreased grain yield. This study support the hypothesis that there is a trade-off between reproduction and stress tolerance (Araus et al., 2008).

In addition, negative and strong correlation coefficients of TPC and TFC with IC50 of DPPH radical indicated that the phenolic compounds contribute to antioxidant potential in the studied genotypes. Likewise, a positive correlation has been reported between RSA and TPC in cereals (Dykes and Rooney, 2007). We also found that the hyper salt-tolerant genotype (Ae. cylindrica) had the most substantial inhibition on the DPPH radical among the genotypes studied. These findings are partially consistent with those of Kumar et al. (2017), who found genotypic variation and significant increment in scavenging of DPPH (%) in the seedling shoots of two out of four wheat cultivars in response to salt stress, on the one hand, and confirmed the antioxidant activity of TPC on the other. In addition, a positive correlation was established between ferulic acid content and TPC. This finding is consistent with the significant relationship that exists between ferulic acid content and TPC in triticale genotypes under drought stress conditions (Hura et al., 2007). In the current study, chlorogenic acid content was correlated significantly with DPPH scavenging rate. This is in accordance with the work of Yan et al. (2016), based on herb plant (Origanum vulgare), which showed that increase in chlorogenic acid correlates significantly with the DPPH scavenging responses evoked by water stress.

Ferulic acid is a hydroxycinnamic acid and a precursor of lignin and vanillic acid biosynthesis with good antioxidant and anti-aging functions. It involves not only an inhibitor of the enzyme catalyzing the formation of free radical species and an enhancer of scavenger enzyme activity but a free radical scavenger. Therefore, salt stress might activate lignification inhibitors leading to accumulation of ferulic acid (Boz, 2015). Association does not always imply causation, however, and there is still no overwhelming evidence that the role of these phenolic acids being recognized as a plausible strategy to help alleviate the stress in wild plant species. The positive correlations between luteolin and chlorogenic acid, apigenin and ferulic acid, as well as luteolin and apigenin may be explained by shared biosynthetic pathways. Consistent with our results is the observation that a positive association between the antioxidant activity and luteolin content has been described (Wang et al., 2014). Based on multivariate regression analysis, RAS, TFC, and DPPH were significantly contributed to the salt tolerance. Phenolic and flavonoid compounds are an essential non-enzymatic antioxidant involved in the scavenging of ROS (Tohidi et al., 2017; Sharma et al., 2019), and in particular those evoked by oxidative stress during salt stress (Chen et al., 2019). The strong relationships between yield loss and biochemical traits coincide with higher protein content, proline content, TPC, and TFC, as well as, lower EL and yield loss in salt-tolerant genotypes. On the whole the data yield the conclusion that (1) these biochemical compounds play a crucial role in protecting plants against damage by salt stress and (2) these variables would be useful for the prediction of yield-loss caused by salt stress in Triticeae tribe.



CONCLUSION

To our knowledge, this is the first report that establishes the antioxidant and protective role of polyphenols against salt stress-induced oxidative stress and the differential response of genotypes, using highly salt-tolerant (Ae. cylindrica), moderately salt-tolerant (amphidiploids), and salt-sensitive (T. aestivum) genotypes. The vigorous antioxidant activity and robust accumulation of phenolic compounds in the leaves of the male parent (Ae. cylindrica Host) and amphidiploid derivates would imply greater sophistication in genetic diversity for the evolvement of defense-oriented strategies to prevent the accumulation of intracellular free-radicals generated under salt stress.
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The period between seed germination and seedling establishment is one of the most vulnerable stages in the life cycle of annuals in the saline environments. Although germination characteristics of Suaeda salsa seeds have been reported, the comparative germination patterns of dimorphic seeds and seedling growth to different abiotic stresses remain poorly understood. In this study, germination responses of dimorphic seeds to light and temperature were compared. Meanwhile, responses of dimorphic seeds and thereafter seedlings of S. salsa to different concentrations of NaCl and Na2SO4 were also tested. The results showed that the light did not significantly affect germination percentage of brown seeds, but significantly promoted germination of black seeds. Brown seeds could reach high germination percentage over a wide temperature range, however, germination of black seeds gradually increased with the increase of temperature. Brown seeds had higher germination percentage and velocity than black seeds under the same salt conditions. However, black seeds had higher recovery germination than brown seeds when transferred to deionized water. Young seedlings had lower salt tolerance than germinating seeds. At the same concentrations, Na2SO4 had stronger inhibitory effect on seed germination and seedling growth than NaCl. This study comprehensively compared germination traits of dimorphic seeds and seedling growth of S. salsa, and then developed a conceptual model to explain their adaptation to harsh saline environment.

Keywords: germination index, halophyte, salt stress, seed heteromorphism, seedling growth, Suaeda salsa


INTRODUCTION

Suaeda salsa, an annual halophyte, grows in saline and alkaline soils on lake shores and beaches of Asia and Europe (Zhu et al., 2003). This plant can accumulate high amount of salt in aboveground parts (Zhao, 1991; Wang et al., 2020). S. salsa has been studied for its potential in phytoremediation of saline soils and as gourmet vegetable, edible oil, and animal feed (Song and Wang, 2015; Shang et al., 2020). The fresh leaves of S. salsa, traditionally used as vegetable, have high nutritional value. The contents of protein, crude fiber, and vitamin C in fresh branches are 2.3, 63.7, and 13 mg kg–1, respectively. The dry seeds of S. salsa contain ca. 20% edible oil and the unsaturated fatty acids account for >90%. Furthermore, S. salsa is a promising model plant to study salt tolerance (Song and Wang, 2015).

Suaeda salsa produces two types of seeds on a single plant (Zhao et al., 2004). Dimorphic seeds are not only differ in color and morphology, but also differ in dormancy and germination (Li et al., 2005, 2008). Brown seeds are non-dormant and have higher germination percentage than black seeds in salinity, which regulated by the ABA and GA homeostases (Li et al., 2016). Though several studies have been conducted on the salt tolerance of S. salsa seeds during germination (Li et al., 2005, 2016), there are few studies concerning salt tolerance of young seedlings grown from dimorphic seeds and NaCl is generally the only one kind of salt used in the experiment (Duan et al., 2007; Song et al., 2008). The shoot length is more sensitive to high salinity for S. salsa seedlings grown from black seeds than that from brown seeds (Song et al., 2008). Duan et al. (2007) tested the effect of different types of salinity on germination inhibition of S. salsa and found that the effect order is MgCl2 > Na2SO4 > Na2CO3 > NaCl > MgSO4. Seedling growth is accelerated by the low concentration of salinity (0.05–0.1 mM). However, the seed type of S. salsa used in this experiment is not mentioned. Meanwhile, there is no comprehensive analysis on germination responses of dimorphic seeds of S. salsa to light condition and different temperature regimes. Furthermore, S. salsa seeds used in germination studies are mainly from the humid regions and not mentioned the seed type (Song et al., 2008; Gao et al., 2018). Thus, germination characteristics of dimorphic seeds of S. salsa to different environmental factors and seedling growth are not well recorded, especially for this species grown in arid saline soils.

Light is an important environmental factor and the responses of seeds to it can control the time and place of seed germination (Pons, 2014). Light can promote or inhibit seed germination via light-mediated signaling network, and might has no significant effect (Yang et al., 2020). Non-dormant seeds are generally not sensitive to light during germination, whereas photoblastism is very common for seeds with non-deep physiological dormancy (Baskin and Baskin, 2014). Effects of light on seed germination depend on plant species and other environmental factors during germination (Qu et al., 2008; Nisar et al., 2019a; Yang and Chen, 2020). Even for seeds from the same species, the germination responses to light can be dramatically different. For example, light does not affect germination of non-dormant brown seeds of Suaeda aralocaspica, but promotes germination of cold-stratified black seeds, especially for black seeds after stratification in darkness (Wang et al., 2017).

Temperature is one of the most important environmental factors for change of seed dormancy and germination velocity (Fenner and Thompson, 2005). The temperature requirement for germination is determined by the plant species, source of the seeds, genetic differences with a given species, the age of the seeds, as well as by the seed position on a single plant (Gutterman, 2002; Bhatt et al., 2020). Generally, the temperature range for germination is wider for non-dormant seeds than that for dormant seeds (Baskin and Baskin, 2014). Furthermore, the interaction of light and temperature on germination is demonstrated in some species (Li et al., 2005; Wang et al., 2017). Therefore, studying the effects of light conditions, temperature range, and the interdependence between light and temperature on seed germination is essential to understand seed germination strategy of S. salsa in the field.

High soil salinity can inhibit seed germination via osmotic effect and toxic effect (Gul et al., 2013; Song et al., 2017). Although the toxic effects on the hydrated seeds of halophytes have been reported, the decline in germination caused by salinity is primarily osmotic effect (Rasheed et al., 2019). For example, the brown seeds of S. aralocaspica can germinate to 10% at 1400 mM NaCl. Furthermore, they are able to endure prolonged exposure to high concentration of NaCl (4000 mM) and germinate normally when salt stress is removed (Wang et al., 2008). Compared with adult plants, germinating seeds and young seedlings are more sensitive to salinity (Gul et al., 2013). However, the quantitative comparison of salt tolerance between germinating seeds and young seedlings is scarce. The ionic composition of the soil can also affect seed germination and seedling growth (Zhang et al., 2018). Salinity problems are mainly due to excess Na+ with Cl– or SO42– as the counter ions in the arid northwestern China (Xi et al., 2006).

The aim of this study was to test the effects of light, temperature, and two types of salinity on germination of dimorphic seeds of S. salsa, and the effects of both types of salt on seedling growth. Specifically, we asked the following questions: (1) Do dimorphic seeds have the same light and temperature requirements during germination? (2) Which seed type has higher germination percentage and recovery germination under high salinity? (3) Do germinating seeds and thereafter seedlings have the same salt tolerance? The findings will provide essential information for understanding the role of different environmental factors in regulating germination of dimorphic seeds and seedling growth of halophyte S. salsa in arid saline desert.



MATERIALS AND METHODS


Plant Materials

Freshly mature fruits of S. salsa were randomly collected from the population growing in a salt desert of Karamay, northern Xinjiang, China in November 2019. The companion species are Salicornia europaea, Salsola subcrassa, Phragmites australis, and so on. This site belongs to temperate continental desert climate. The annual average temperature is 8.4°C. The mean annual precipitation is 109 mm and mean annual potential evaporation is 3009 mm (Baiketuerhan et al., 2019).

The fruits were allowed to dry naturally in laboratory room for 2 weeks. Seeds were cleaned and separately sorted according to seed color. Each type of seeds was pooled and stored in plastic bag at room temperature (22 ± 2°C) until used in experiments.



Seed Germination


Effects of Light and Temperature on Germination

For each treatment, four biological replicates of 25 seeds were placed in a 50 mm diameter Petri dish on two layers of No. 1 filter paper moistened with 2.5 ml of deionized water. After covered with lid, the petri dish was sealed with parafilm and then transferred to plant incubator (GXZ-380, Jiangnan Instrument Factory, Zhejiang, China). The incubation temperature regimes were 5: 15°C, 5: 20°C, 10: 25°C, 15: 30°C, and 20: 35°C. The light condition was set to 12 h light/darkness photoperiod (hereafter light treatment) or constant darkness. For light treatment, higher temperature of each temperature regime was coincided with 12 h light and lower temperature with 12 darkness. Two layers of aluminum foil were used to wrap the Petri dishes to provide constant darkness. Seeds were incubated for 20 days. Germination test standard for black seeds was ≥1 mm radicle and for brown seeds it was ≥2 mm. Seeds under the light treatment were checked every 24 h, and germinated seeds were counted and discarded. Seeds under constant darkness were checked only after 20 days of incubation.



Effects of Salinity on Germination and Recovery

Analytical reagent grade of NaCl and Na2SO4 (Fuchen Chemical Reagent Co., Ltd., Tianjin, China) were used to study the effects of salinity on germination and recovery of dimorphic seeds of S. salsa. For each treatment, five biological replicates of 25 seeds were incubated in Petri dishes on two layers of filter paper moistened with 2.5 ml solution (0, 50, 100, 200, 300, 400,600, 800, 1000, 1200 mM of NaCl and Na2SO4). Then the Petri dishes were placed under 10: 25°C and light treatment for 20 days. Based on the first experiment, 10:25°C is suitable for germination. Furthermore, it represents the temperature of May and September in this area. The Petri dishes were checked daily.

Ungerminated seeds in each Petri dish were rinsed three times with deionized water and then incubated for 5 days in a new Petri dish that filled with 2.5 ml deionized water under the above mentioned temperature and light conditions. Recovery germination was checked every day.

Germination percentage (%) = (the number of seeds that germinated in each solution/total number of seeds tested in in each solution) × 100. Recovery percentage (%) = (the number of seeds germinated in recovery experiment in each solution/the number of ungerminated seeds in each solution) × 100. Final germination percentage (%) = (total number of seeds that germinated in each solution plus those that recovered to germinate in deionized water/the total number of seeds tested in each solution) × 100. The velocity of germination was estimated using a modified Timson’s index of germination velocity (Khan et al., 2001).




Seedling Growth

During the germination process under different salinity, seven germinated seeds in each Petri dish were selected according to the germination time. Then, they were incubated in a new Petri dish with the same salt treatment under 10: 25°C and light treatment for 20 days. Radicle length and shoot length were measured for the two longest seedlings in each Petri dish by the microscope with Olumpus cellSens software. Thus, there were 10 replicates for each treatment. Radicle tolerance index (%) = (length of the radicle in different salt treatments/length of the radicle under deionized water treatment) × 100. Shoot tolerance index (%) = (length of the shoot in different salt treatments/length of the shoot under deionized water treatment) × 100.



Data Analysis

All data were expressed as mean ± SE. The data did not meet the assumptions for three-way ANOVA. In light and temperature experiment, data for germination percentage were analyzed by linear regression using the linear regression method (all independent variables were entered into the equation in a single step). The multiple linear regression model included seed type (brown and black seeds), light condition (12 h light/darkness photoperiod and constant darkness), and temperature regimes (5: 15°C, 5: 20°C, 10: 25°C, 15: 30°C, and 20: 35°C). These thermoperiods represent the mean daily maximum and minimum monthly temperatures at the research field during the growing season: 5:15 (early April and October), 5:25 (late April), 10:25 (May and September), 15:30 (June and August), and 20:35°C (July). In salinity experiment, data for germination and seedling growth were also analyzed by linear regression. The multiple linear regression model included seed type (brown and black seeds), salt type (NaCl and Na2SO4), and salt concentration (50, 100, 200, 300, 400, 600, 800, 1000, and 1200 mM). One-way ANOVA and Tukey’s test were used to determine significant differences among different temperatures or salinity treatments for each seed type of S. salsa. Independent samples t-test was used to determine whether there was difference between brown and black seeds under the same conditions.




RESULTS


Seed Germination


Effects of Light and Temperature on Germination

Germination percentage was significantly affected by seed type (P < 0.001), light condition (P < 0.001), and temperature (P < 0.001). Germination percentages of brown seeds of S. salsa were higher than that of black seeds under the same conditions (Figure 1). There was no significant difference in germination percentage between incubation in light and incubation in darkness for brown seeds. However, for black seeds, germination percentage in light was significantly higher than that in darkness under the same temperature. Although temperature significantly (P < 0.001) affected germination of brown seeds, germination percentages in different temperature combinations at 5: 20°C, 10: 25°C, 15: 30°C, and 20: 35°C did not show significantly differences. For black seeds, germination percentages increased as the temperature increased from 5: 15°C to 15: 30°C (Figure 1).
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FIGURE 1. Effect of light condition and temperature regime on germination percentage of (A) brown and (B) black seeds of S. salsa. For each treatment there were four biological replicates. Different lower-case letters indicate significant differences in germination percentages between dimorphic seeds at the same temperature.




Effects of Salinity on Germination and Recovery

Germination percentage and germination index were significantly affected by seed type (P < 0.001), salt type (P < 0.001) and salt concentration (P < 0.001) (Table 1). Recovery percentage was significantly affected by seed type (P < 0.001) and salt concentration (P < 0.001). Final germination percentage was significantly affected by salt type (P = 0.002) and salt concentration (P < 0.001) (Table 1).


TABLE 1. Multiple linear regression analysis of germination percentage, germination index, recovery percentage, and final germination percentage of dimorphic seeds, and radicle and shoot length of seedlings grown from dimorphic seeds of S. salsa.

[image: Table 1]
Brown seeds germinated to 8.8–100% at 0–1200 mM NaCl, while black seeds germinated to 0–72% at 0–1000 mM (Figure 2). Furthermore, brown seeds germinated to higher percentages than black seeds at the same NaCl concentration. Germination percentage of brown seeds at 800 mM NaCl was 56%, whereas that of black seeds was only 22.4%. The increase of NaCl concentration gradually decreased germination percentages of dimorphic seeds. Dimorphic seeds in Na2SO4 solutions showed a different pattern in germination (Figure 3). Brown seeds had higher germination percentage than black seeds at low and high Na2SO4 concentrations. However, dimorphic seeds had similar germination percentage at middle concentration (300–600 mM) of Na2SO4. The increase of Na2SO4 concentration also decreased germination of both types of seeds. At the same salt concentration, brown seeds generally had higher germination percentage in NaCl solution than that in Na2SO4 solution. At the relatively high concentration (400–800 mM), black seeds had higher germination percentage in NaCl than that in Na2SO4 solution (Figures 2, 3).
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FIGURE 2. Effect of NaCl on germination of (A) brown and (B) black seeds of S. salsa incubated at 10:25°C in the 12 h daylight photoperiod for 20 days. For each treatment there were five biological replicates.
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FIGURE 3. Effect of Na2SO4 on germination of (A) brown and (B) black seeds of S. salsa incubated at 10:25°C in the 12 h daylight photoperiod for 20 days. For each treatment there were five biological replicates.


Germination indexes for dimorphic seeds under different salinity had the similar trend as germination percentage (Table 2). But the difference of germination index between dimorphic seeds was more significant than that of germination percentage. Germination index of brown seeds was higher than that of black seeds at the same salt concentration. The highest gemination index for brown seeds in NaCl solutions was 98.6, whereas that for black seeds was 44.3. The highest gemination index for brown seeds in Na2SO4 solutions was 98.9, but that for black was 45.2.


TABLE 2. Germination index of dimorphic seeds of S. salsa under different NaCl and Na2SO4 concentration.
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Germination recovery percentage of brown seeds was lower than that of black seeds after the pretreatment with the same salt concentration (Table 3). Recovery percentages of brown seeds were 0 after pretreatment with 0–600 mM NaCl or Na2SO4. After pretreatment with high NaCl concentration (800–1200 mM), recovery percentages of brown seeds were 3.3–9.6%, however after pretreatment with high Na2SO4 concentration, recovery percentages of brown seeds were 1.2–17.0%. As the pretreatment salinity increased, the recovery percentages of black seeds showed a clear increasing trend. As the concentration of pretreated NaCl increased from 0 to 1200 mM, the recovery percentage of black seeds increased from 0 to 79.2%. Similarly, as the pretreatment Na2SO4 increased from 0 to 1200 mM, the recovery percentage of black seeds increased from 4.5 to 80.8% (Table 3).


TABLE 3. Recovery percentage of dimorphic seeds of S. salsa in deionized water after NaCl or Na2SO4 pretreatment.
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The final germination percentages of brown seeds were significantly higher than that of black seeds at 0–400 mM NaCl (Table 4). However, the final germination percentages of brown seeds were significantly lower than that of black seeds at 1000–1200 mM NaCl. As NaCl concentration increased from 0 to 1200 mM, final germination percentages of brown seeds decreased from 100 to 17.6%. But the final germination percentages of black seeds maintained a high level. For Na2SO4 treatments, brown seeds had higher final germination percentages than black seeds at low salinity (0–200 mM). But at high salinity (300–1200 mM), brown seeds had lower final germination percentages than black seeds. Final germination percentages of brown seeds also showed a clear decreasing trend under Na2SO4 treatments. When the concentration of salinity was 200–1000 mM, the brown seeds with NaCl treatment had higher final germination percentages than brown seeds with the same Na2SO4 concentration.


TABLE 4. Final germination percentage of dimorphic seeds of S. salsa after treated with different concentration of NaCl or Na2SO4.
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Seedling Growth

Shoot lengths were significantly affected by seed type (P < 0.001), salt type (P < 0.001), and salt concentration (P < 0.001). However, radicle lengths were significantly affected by seed type (P < 0.001) and salt concentration (P < 0.001) (Table 1).

Brown seeds were generally had higher length of shoot and radicle than black seeds at the same NaCl or Na2SO4 concentration (Figures 4, 5). At the same concentration, seedlings grown from the same type of seeds generally had higher length and better growth in NaCl solution than that in Na2SO4 solution. Radicle length of brown seeds was 2.8 ± 0.5 mm at 1200 mM NaCl solution, whereas only 0.2 ± 0.2 mm at the same concentration of Na2SO4. Shoot and radicle length of seedlings grown from dimorphic seeds generally deceased with the increase of salinity. Radicle growth of black seeds was almost completely inhibited by 1000 mM NaCl, and by 800 mM Na2SO4 (Figures 6, 7).
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FIGURE 4. Effect of NaCl on (A) shoot and (B) radicle length of seedlings grown from dimorphic seeds of S. salsa. Br, brown seeds; Bl, black seeds. For each treatment there were 10 biological replicates. Different lower-case letters indicate significant differences in shoot or radicle lengths of seedlings grown from each seed type.
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FIGURE 5. Effect of Na2SO4 on (A) shoot and (B) radicle length of seedlings grown from dimorphic seeds of S. salsa. Br, brown seeds; Bl, black seeds. For each treatment there were 10 biological replicates. Different lower-case letters indicate significant differences in shoot or radicle lengths of seedlings grown from each seed type.
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FIGURE 6. Radicle elongation of seedlings grown from dimorphic seeds of S. salsa after 20 days of incubation under different concentrations of NaCl.
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FIGURE 7. Radicle elongation of seedlings grown from dimorphic seeds of S. salsa after 20 days of incubation under different concentrations of Na2SO4.


Shoot and radicle tolerance index showed similar trends in different salt solutions as the changes of radicle and shoot length (Tables 5, 6). Both indexes were generally higher in NaCl solution than that in the same Na2SO4 concentration. Radicle tolerance index was more sensitive to salt toxicity than shoot tolerance index. For example, the radicle tolerance index was 57.8 for seedlings grown from black seeds in 200 mM Na2SO4 solutions. However, the shoot tolerance index was 31.3 (Tables 5, 6).


TABLE 5. Shoot tolerance index of S. salsa seedlings grown from dimorphic seeds treated with different concentration of NaCl or Na2SO4.
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TABLE 6. Radicle tolerance index of S. salsa seedlings grown from dimorphic seeds treated with different concentration of NaCl or Na2SO4.
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DISCUSSION

Although the effects of abiotic factors on seed germination of S. salsa have been previously reported (Song et al., 2008; Li et al., 2016; Zhang et al., 2020), our study is the first to test the difference of salt tolerance between seeds and seedlings, and the interactions of light and temperature on germination of dimorphic seeds of S. salsa. Our study shows that dimorphic seeds have differential germination responses to light and temperature conditions. Brown seeds are more tolerant to salinity than black seeds during germination and seedling growth. Na2SO4 is more harmful to the germinating seeds than NaCl. The results indicate that though brown seeds can germinate in high salt concentration, seedlings grown from them are damaged. Furthermore, recovery germination is an important strategy for black seeds after salt stress release.

Light did not affect germination percentages of brown seeds of S. salsa under different temperature regimes, however significantly improve germination of black seeds. The results suggest that black seeds of S. salsa require light to reach high germination percentages, and more sensitive to light than brown seeds. The differential responses of dimorphic seeds to light are also reported in S. aralocaspica after cold stratification (Wang et al., 2017). Germination of brown seeds of S. aralocaspica was not affected by light conditions, however germination of cold-stratified black seeds was improved by light. The light requirement for germination of dormant seeds might be fulfilled by a period of cold stratification or high incubation temperature (Wang et al., 2008; Baskin and Baskin, 2014). Light requirement for germination is also reported in other heteromorphic seeds. Both central and peripheral achenes of Bidens pilosa had higher germination percentages in light condition than in darkness (Zhang et al., 2019).

Temperature is an important environmental factor and differentially regulates germination of dimorphic seeds of S. salsa (Li et al., 2008). Brown seeds could germinate to high percentages (75%) in all of tested temperature regimes. This indicates that temperature is not a limiting factor for germination of brown seeds from spring to autumn and water conditions in the field might be a crucial factor. However, germination percentages of black seeds in light gradually increased from 17% at 5:15°C to 95% at 20:35°C, and in darkness increased from 0% at 5:15°C to 78% at 15:30°C. Our results show that germination of black seeds reach the highest at high temperature in light. The result reveals that black seeds of S. salsa have conditional dormancy and high temperature can decrease the limitation of dormancy during germination.

Salinity have different effects on germination and recovery of dimorphic seeds of S. salsa. Although germination percentages of dimorphic seeds decreased with the increase of salinity, brown seeds had higher salt tolerance than black seeds. At 600 mM NaCl, brown seeds germinated to 77.6%, but black seeds germinated to 46.4%. This might be due to the difference in antioxidant ability between dimorphic seeds (Nisar et al., 2019b). Ungerminated seeds under high salinity stress regerminated when transferred to deionized water, especially for black seeds. The germination recovery percentage of black seeds gradually increased with the increase of pretreated salinity. This reveals that high salt pretreatment just temporally inhibits the germination of black seeds. This phenomenon has also been reported in many halophytes (Wang et al., 2008; Cao et al., 2012). For example, Limonium tabernense seeds have relatively low germination under 400 mM NaCl, and ungerminated seeds have high germination recovery percentage (>80%) when transferred to distilled water (Fernández et al., 2016). Furthermore, Na2SO4 had a stronger inhibitory effect on seed germination of S. salsa than NaCl at the same concentration. A previous study also shows that germination inhibition of S. salsa is in the following order: Na2SO4 > Na2CO3 > NaCl (Duan et al., 2007). However, seedling growth rate of Haloxylon ammodendron was higher in treatment with Na2SO4 than in iso-osmotic treatment with NaCl. All radicles of Kalidium caspicum die before their length exceeded 5 mm in −0.8 MPa NaCl solution, but 95% of the emerging radicles survives beyond 5 mm in the iso-osmotic PEG treatment. These results indicate that we need to carry out iso-osmotic experiment on seed germination and seedling growth of S. salsa in future research.

Shoot and radicle length of brown seeds of S. salsa are generally longer than that of black seeds under the same salinity. Maybe this is because brown seeds are heavier, and germinate earlier than black seeds (Song et al., 2008). Furthermore, brown seeds had higher radicle and shoot tolerance indexes than black seeds at high salinity. However, seedlings grown from brown seeds are damaged in high salt solutions. This strategy is a high-risk strategy (Venable, 1985; Imbert, 2002; Liu et al., 2018). In contrast, seedlings grown from black seeds had low radicle and shoot tolerance indexes. This can protect seedlings from black seeds against salt stress. Seedlings grown from black seeds of S. salsa emerge after the soil salt concentration decreases in the field. This strategy is a low-risk strategy. Dimorphic seeds and seedlings of S. salsa take advantage of this bet-hedging strategy in harsh saline habitats.

Based on the pattern of germination of dimorphic seeds and seedling growth of S. salsa, we propose a conceptual model for their dynamics (Figure 8). Brown seeds are non-dormant and can germinate under high-stress conditions. However, high soil salinity leads to dramatic damage of seedlings grown from brown seeds. Early germination may also give plants a selective advantage (Gutterman, 2002). Black seeds perform differently from brown seeds. They have non-deep physiological dormancy when mature in fall, and become non-dormant after exposure to the cold temperature during early winter and early spring of next year. Then the state of black seeds are changed between non-dormant and conditionally dormant in the soil seedbank. In spring, low temperature and high salinity lead to low germination of black seeds, especially when exposure to the light. High precipitation in summer decreases soil salinity. High temperature and low salinity might lead to high germination of black seeds when in the shallow soil layer. Thus, seedlings grown from black seeds could avoid the salt damage. At the end of growing season, ungerminated seeds might enter the persistent soil seed bank. This bet-hedging strategy protects S. salsa from unpredictable disaster and maintain the population growth.
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FIGURE 8. Conceptual model of dynamics of germination and seedling growth of dimorphic seeds of S. salsa.




CONCLUSION

In summary, the results indicate that dimorphic seeds of S. salsa have differential responses to light, temperature, and salinity. Light, temperature, and salinity are important environmental factors that regulating germination of black seeds. Brown seeds have high germination percentage and velocity in a wide range of environmental conditions. Seedlings of S. salsa are more sensitive than germinating seeds to the same salt concentration. Indexes of radicle can be used as an effective indicator to evaluate salt tolerance of halophytes. By using the bet-hedging strategy of dimorphic seeds, halophyte S. salsa can successfully adapt to the harsh saline deserts.
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Comparative Phenotypic and Transcriptomic Analysis Reveals Key Responses of Upland Cotton to Salinity Stress During Postgermination
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To understand the molecular mechanisms of salinity tolerance during seed germination and post-germination stages, this study characterized phenotypic and transcriptome responses of two cotton cultivars during salinity stress. The two cultivars were salt-tolerant (ST) LMY37 and salt-sensitive (SS) ZM12, with the former exhibiting higher germination rate, growth, and primary-root fresh weight under salinity stress. Transcriptomic comparison revealed that up-regulation of differentially expressed genes (DEGs) was the main characteristic of transcriptional regulation in ST, while SS DEGs were mainly down-regulated. GO and KEGG analyses uncovered both common and specific responses in ST and SS. Common processes, such as reactive oxygen species (ROS) metabolism and cell wall biosynthesis, may be general responses to salinity in cotton. In contrast, DEGs involved in MAPK-signaling pathway activated by ROS, carotenoid biosynthesis pathway and cysteine and methionine metabolism pathway [producing the precursors of stress hormone abscisic acid (ABA) and ethylene (ET), respectively] as well as stress tolerance related transcription factor genes, showed significant expression differences between ST and SS. These differences might be the molecular basis leading to contrasting salinity tolerance. Silencing of GhERF12, an ethylene response factor gene, caused higher salinity sensitivity and increased ROS accumulation after salinity stress. In addition, peroxidase (POD) and superoxide dismutase (SOD) activity obviously declined after silencing GhERF12. These results suggest that GhERF12 is involved in salinity tolerance during early development. This study provides a novel and comprehensive perspective to understand key mechanisms of salinity tolerance and explores candidate genes that may be useful in developing stress-tolerant crops through biotechnology.
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INTRODUCTION

Salinity is one of the primary abiotic stresses that adversely affect global crop production. Multiple growth inhibitions due to salinity usually cover the entire growth period (Panta et al., 2014). It was estimated that more than 6% of the world’s 800 million agricultural lands was affected by high salinity (Setia et al., 2013). Owing to natural reasons and agricultural practices such as irrigation, the proportion of salinity-affected agricultural land is increasing annually (Zorb et al., 2019), heightening the urgency in demand for developing salt-tolerant crop varieties. The development of tolerant crops will be facilitated by uncovering tolerant genes and underlying molecular mechanisms.

Salinity causes water deficits, ion stress, inhibitions of essential enzymes, decreases in water and nutrient supply, as well as higher levels of reactive oxygen species (ROS). These changes can cause membrane damage, protein oxidation, and DNA lesions, leading to irreparable metabolic dysfunction and even cell death (Miller et al., 2010; Noctor et al., 2014). Therefore, ensuring safer ROS levels is essential to plant cells under stress. Plants have non-enzymatic and enzymatic antioxidative systems to remove excess ROS. The former system includes carotenoids, ascorbate, reduced glutathione (GSH), and flavonoids; while the latter one including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR) (Chen and Yang, 2019). Although toxic at high concentrations, ROS are also a signal molecule during plant growth, development, and stress responses (Baxter et al., 2014; Willems et al., 2016). It is not fully understood how the ROS signal is perceived up to now. However, a mitogen-activated protein kinase (MAPK) cascade and downstream transcription factors (TFs) seem to be key regulatory components of ROS signaling and responses. Activation of the MAPK signaling pathway regulates numerous TF genes that mediate the expression of ROS-generating and -scavenging enzymes. Some TF genes, including members of the WRKY, bZIP, MYB, HSF, and AP2/ERF families, have been shown to response to H2O2 stress. Additionally, other studies show that TFs play important roles in ROS signaling, either directly or indirectly. For instance, salt-responsive ERF1 in rice amplifies the ROS-activated MAPK cascade and translates the signal into an appropriate expressional response resulting salt tolerance (Schmidt et al., 2013).

Phytohormones are important regulators of plant development and stress tolerance. Abscisic acid (ABA) and ethylene (ET) are considered to be ‘stress hormone’ for their key roles in response to biotic and abiotic stresses. Numerous studies have shown that key genes linked to hormone biosynthesis and signal transduction are involved in salinity tolerance. For instance, acs7 mutant, a T-DNA insertion in 1-aminocyclopropane-1-carboxylic acid synthase (ACS) which was the rate-limiting enzyme in ET biosynthesis pathway, showed diminished germination rate under salinity conditions relative to the control. Both ABA and ET possess their own biosynthesis and signaling pathways, but regulatory components in these biological processes generate complex and overlapping responses (Van den Broeck et al., 2017). Recent studies suggested that the ABA signaling TF, VViABF2, is involved in ET signaling. Moreover, ET response factor (ERF) SIPti4 is involved in seed germination and responses to drought stress through adjustments to ABA metabolism and signaling (Hopper et al., 2016; Sun et al., 2018).

Cotton is a leading natural-fiber and oil crop worldwide, as well as a pioneer crop for saline-alkali land utilization because of its moderate salinity tolerance. However, high salinity still negatively affects cotton growth and development during all developmental stages. Germination and post-germination are pivotal early-developmental periods for determining whether a seed can grow into a plant; meanwhile, the same stages are extremely sensitive to environmental stress, including high salinity. Numerous studies have explored salinity tolerant genes and the underlying molecular mechanisms in leaves and roots of adult cotton (Peng et al., 2014, 2018; Guo et al., 2015; Xu et al., 2020). However, studies on salinity tolerance during early development stage remain relatively scarce.

In the present study, two cultivars exhibiting contrasting salinity tolerance, salt-tolerant LMY37, (termed ST) and salt-sensitive ZM12 (termed SS), were used for phenotypic and transcriptome analysis during germination and post-germination. This study identified novel candidate genes for breeding salinity-tolerant cotton and provides comprehensive insight into the molecular mechanism of salinity tolerance during early developmental stages in cotton.



MATERIALS AND METHODS


Two-Year Assay in Filed Condition and Laboratory Analysis for Salinity Tolerance

An assay of salinity tolerance in field conditions was performed in Binzhou City (soil salinity content: 0.45–0.55%, w/v) of China’s Shandong province during 2017 (April 30–October 30) and 2018 (May 01–October 28). The salinity tolerance of >600 cotton cultivars and germplasm was determined via measuring germination rate, survival rate, plant height, and fiber yield. Results from field data identified 12 cultivars with contrasting salinity tolerance, which were used for detailed tolerance analysis in a greenhouse. Laboratory experiments were conducted at the Sub-center of National Cotton Improvement at the Shandong Academy of Agricultural Sciences, Jinan City, Shandong, China.

Cotton seeds were surface-sterilized, planted in uniform pots containing nutrient soil with or without 100 mM NaCl, and left in the culture chamber for ∼15 days (28°C, 14/10 h light/dark). Germination and cotyledon unfolding rates were scored for 1–15 days. Seeds that emerged from the soil were considered germinated. Primary root length was photographed and measured using Image J1.



RNA Isolation and Sequencing

Seeds of LMY37 (ST) and ZM12 (SS) were surface-sterilized and soaked overnight at 28°C. The seed coat was completely removed and naked seeds were covered with sterilized vermiculite until the primary root length was 1.0–1.5 cm. Plantlets were then exposed to 100 mM NaCl or mock conditions (0 mM NaCl) for 24 h. Roots of 15 independent ST and SS plants were then collected to make three biological replicates for RNA-seq. Preparation and sequencing of 12 mRNA libraries on HiSeq (Illumina) were out-sourced to Novogene (Beijing, China). Adapter, poly-N, and low-quality reads were removed from raw data for subsequent analysis. In addition, Q20, Q30, and GC content of these cleaned reads were calculated. The data presented in the study are deposited in the NCBI SRA BioProject repository, and the accession number is PRJNA684671.

Differential expression analysis was performed using the DESeq 2 R package. The P-values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate. Only genes with an adjusted P (padj) < 0.05 were considered differentially expressed genes (DEGs). Gene ontology (GO) enrichment analysis of DEGs was implemented with the clusterProfiler R package, in which gene-length bias was corrected. GO terms with padj < 0.05 were considered significantly enriched. Enriched pathways were determined using the Kyoto encyclopedia of genes and genomes (KEGG)2, and clusterProfiler was again used to determine significantly enriched KEGG pathways.



Virus-Induced Gene Silencing in Cotton and Salinity Tolerance Analysis

Gene-silenced plants were constructed using seed-soak agroinoculation (SSA)–VIGS as previously described (Zhang et al., 2018), with some modifications. Plump cotton seeds were surface-sterilized with 3% hydrogen and then immersed in sterile dd H2O for 6 h at 28°C. Seed coats were completely removed and naked seeds were dipped into Agrobacterium suspensions (OD 600 = 1.5 for 8 h), then incubated in the dark for 24 h. Inoculated seeds were directly planted into sterile vermiculite (26°C for 3 days in darkness) and then moved into the culture chamber (26°C, 14 h light/10 h dark).

Approximately 8–10 days after inoculation, roots of GhERF12-silenced and vector-control plants were harvested for qRT-PCR to detect gene silencing. And then, equal numbers of silenced (at least 10 seedlings) and vector control (at least 10 seedlings) plants were exposed to 100 or 0 mM within an appointed time period for salinity tolerance analysis. Staining with DAB and trypan blue were used to determine ROS accumulation and cell death, following published methods (Thordal-Christensen et al., 1997; Gao et al., 2013). Enzyme activities of superoxide dismutase (SOD) and POD were calculated as described by Wang et al. (2015). Experiments were performed in triplicate.



qRT-PCR

Total RNA was extracted from roots using TRIzol reagent (Invitrogen)3 following manufacturer protocol. Complementary DNA was synthesized using a PrimeScript RT reagent kit with gDNA eraser (TaKaRa). Cotton Actin9 (GhActin9) was selected for normalization. Primers were designed in Primer Premier 5.0 (Premier Biosoft International, Palo Alto, CA, United States). Each 50 μL reaction sample was run on a Bio-Rad IQ2 sequence detection system with Applied Biosystems software. Relative expression was calculated using the 2−ΔΔCt method.



Data Analysis

Data were analyzed by SPSS 17.0 (SPSS, Chicago, IL, United States) and presented as means with SD. The data significance statistical analysis was determined by Student’s t-test at significance level of P < 0.05.



RESULTS


Salt Tolerance Assay of Cotton Cultivars During Germination and Post-Germination Stage

To understand salinity tolerance mechanisms of upland cotton, we identified LMY37 (ST) and ZM12 (SS) as the most salt-tolerant and salt-sensitive cultivars out of 12 cultivars with distinct salinity tolerance based on our field assay (Supplementary Table 1). Our phenotypical assay of ST and SS during germination and postgermination revealed that these two cultivars displayed similar germination and cotyledon-unfolding rates under normal conditions (Figures 1A–C). When exposed to salinity stress, ST performed better than SS plants; about 73% of ST seeds germinated after salinity treatment for 5 days, compared with about 43% in SS. Similarly, ST had nearly twice the cotyledon-unfolding rate as SS after treatment for 7 days (Figures 1D,E).


[image: image]

FIGURE 1. Analysis of salinity tolerance during germination and post-germination. (A) Seed germination under control (water) or salinity stress (100 mM NaCl) conditions were analyzed at the indicated time. (B–E) Seed germination (%) and cotyledon unfolding rate (%) were analyzed. Germinated seeds were those that visibly emerged from soil. (F) Growth of primary roots under control (water) or salinity stress (100 mM NaCl) were photographed after 2 days treatment. (G) Root length and (H) fresh weight under control or salinity stress conditions (100 mM NaCl) were measured after 2 days treatment. The data are means ± SD from 25 seeds. The asterisk (*) indicate significant differences at P < 0.05 (t-test). All experiments were performed in triplicate.


During postgermination, we did not observe significant between-cultivar differences under normal conditions. When treated with 100 mM NaCl for 2 days, the root elongation and biomass of ST were not significantly affected after salinity stress; however, SS plants exhibited significant inhibition in root growth (Figures 1F–H).



Transcriptome Profile in Response to Salinity Stress

To obtain a global transcriptome profile of cotton seedlings in response to salinity stress, we performed RNA-Seq on ST and SS plants subjected to salinity stress experiments, producing 12 RNA libraries. The libraries yielded approximately 0.8 billion raw reads with an average GC content of 43.9%. Clean reads were aligned to the reference genome (Yuan et al., 2019), in which 94.29–96.13% reads were mapped to the reference genome, producing 85.76–88.03% of the uniquely mapped reads to the reference genome (Supplementary Table 2).

A total of 3,264 DEGs was identified in ST samples, with 1,901 (58%) upregulated and 1,363 (42%) downregulated genes. The SS samples contained 5,761 DEGs, with 2,502 (43%) and 3,259 (57%) up and down regulated genes, respectively (Figure 2A). When considering the DEGs with a 2-fold or greater change in expression (FC ≥ 2), ST had up to 72% upregulated DEGs (893 out of 1,244), more than twice as much as SS (Figure 2B). Of all DEGs, 16.8% (1,297 DEGs) were shared between ST and SS; 25.4% (1,967 DEGs), and 57.8% (4,464 DEGs) specifically responded to salinity stress in ST and SS, respectively (Figure 2C).
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FIGURE 2. Number of differentially expressed genes (DEGs). (A) Histograms show total DEGs and (B) DEGs with a 2-fold or greater change in expression. (C) Venn diagram illustrates the number of overlapping DEGs between salt-tolerant (ST) and salt-sensitive (SS).




Gene Ontology and KEGG Pathway Analysis

Gene ontology analysis was performed on DEGs from both genotypes; significantly enriched GO terms (padj ≤ 0.05) were categorized into 71 categories, including 37 BP, 5 CC, and 29 MF (Supplementary Table 3). Genes involved in categories related to ROS response were strongly regulated, including “response to oxidative stress,” “oxidoreductase activity,” “peroxidase activity,” and “antioxidant activity.” Categories related to carbohydrate metabolism, such as “cellular carbohydrate metabolic process,” “polysaccharide metabolic process,” and “disaccharide metabolic process,” were also enriched. Other enriched processes include those functioning in cell wall reconstruction, such as “microtubule-based movement,” “microtubule motor activity,” and “microtubule binding” categories (related DEGs are listed in Supplementary Table 4). These results indicated that salinity stress caused extensive changes in metabolic response.

To assess the more prominent differences in transcriptional response between ST and SS, we performed GO analysis on DEGs exhibiting a relatively strong response (FC ≥ 2) for each genotype. We also dissected DEG expression patterns for each GO term. The two cultivars had commonly enriched GO terms and unique ones. Thirteen GO terms were shared between ST and SS (e.g., “response to oxidative stress” and “sucrose synthase activity”), indicating that these biological processes may be basic responses to salinity stress across genotypes (Figure 3). Notably, some common GO terms had different DEG expression trends. For example, as seen in ‘peptidase regulatory activity’ term, 100% of DEGs in ST were upregulated, but only 38% was upregulated in SS. Specifically enriched GO terms included calcium-signaling-related “calmodulin binding” in ST and “cell wall organization or biogenesis” in SS. The DEGs in these unique GO terms and those with varying expression patterns in shared GO terms may be responsible for salinity-tolerance variability between genotypes.
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FIGURE 3. Gene ontology (GO) enrichment analysis of DEGs (FC ≥ 2) in ST or SS. The heat map indicates the ratio of upregulated genes for each GO term. N/A indicates absence of DEGs in enriched GO terms. Only the top 18 most enriched GO categories of each genotype are shown.


Our KEGG pathway analysis revealed two shared pathways (phenylpropanoid biosynthesis and valine, leucine, and isoleucine degradation pathways) between the ST and SS phenotypes. Most related DEGs were downregulated in both cultivars. Other significantly enriched pathways showed genotype specificity, with the majority of involved genes being upregulated. Examples of specifically enriched pathways for ST include the MAPK signaling pathway, which is key in ROS signaling, and the carotenoid biosynthesis pathway to produce an ABA precursor. In SS, a specifically enriched pathway is cysteine and methionine metabolism, which produces the precursor of ET (Table 1).


TABLE 1. Kyoto encyclopedia of genes and genomes (KEGG) analysis of differentially expressed genes (DEGs) from salt-tolerant (ST), and salt-sensitive (SS) samples.

[image: Table 1]Because stress hormones like ABA and ET play important roles in response to salinity stress, we further analyzed expression patterns of DEGs involved in their biosynthesis and signaling. Several rate-limiting synthetases and key elements showed altered expression, including those that regulate ABA homeostasis: 9-cis-epoxycarotenoid dioxygenase (NCED) and cytochrome p450 family 707 (CYP707A) (Figure 4). Both genes were obviously upregulated after salinity stress in ST samples, but in SS, no significant difference was observed other than CYP707A1 showing down-regulation. Accordingly, we observed dramatic alterations in downstream signal transduction elements, such as ABA multiple receptors pyrabactin resistance1/PYR1-like (PYR/PYL) and negative regulator protein phosphatases 2C (PP2C). s-adenosylmethionine synthase (SAMS), 1-aminocyclopropane-1-carboxylate synthase (ACS), 1-aminocyclopropane-1-carboxylate oxidase 1 (ACO), s-adenosylmethionine decarboxylase proenzyme (SAMDC), and ACS as the rate-limiting factor, are Key enzymes in ET biosynthesis. Under salinity stress, ACS and ACO expressions were depressed in SS, while SAMDC and SAMS were activated. In contrast, these genes did not change in expression in ST after salinity-stressing, although some elements in ET signal transduction pathways showed altered expression, including ethylene receptor (ETR), a negative regulator of the pathway. These data suggest that salinity stress affected the homeostasis of stress hormones in both salt-sensitive and salt-tolerant varieties, leading to different signal transduction and adaption responses.
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FIGURE 4. Differentially expressed genes involved in abscisic acid (ABA) and ethylene (ET) biosynthesis and signal transduction. Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced (FPKM) values of related DEGs represented as a color gradient from low (blue) to high (red).




Transcription Factors and ROS-Related DEGs in Response to Salinity

Transcription factors (TFs) are important regulators of stress tolerance and critical downstream regulatory components of the MAPK stress-response cascade. In our data, more TF genes were upregulated in ST than in SS. This pattern became more distinct when considering strongly responsive DEGs (FC ≥ 2) (Figure 5A). Our analysis of five stress-tolerance TF families revealed that ERF/AP2s TFs, key regulators in ET signaling, were the largest group (31 DEGs), followed by WRKYs (19 DEGs), NACs (16 DEGs), bZIPs (11 DGEs), and MYBs (11 DGEs) (Figure 5B). For hormone-response-related ERF/AP2 TFs, 67.74% (21 out of 31) showed strong responses (FC ≥ 2) to salinity stress. In addition, 18 ERF genes showed contrary expression patterns between ST and SS, including Gh_D05G2222 (ERF12), Gh_D11G0085 (DREB1D), and Gh_D08G2044 (ERF1B). In the other four TF families, fewer members were differentially expressed across cultivars (Supplementary Table 5). These various TF genes may regulate the expression of downstream target genes under salinity stress.
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FIGURE 5. Differentially expressed transcription factor- (TF) and reactive oxygen species- (ROS) related genes in ST and SS were analyzed. (A) Histograms show all TF genes and DEGs with a 2-fold or greater change in expression. (B) Heatmaps show FPKM values of five TF DEGs and (C) ROS-related DEGs in ST and SS. The FPKM values are represented with a color gradient from low (blue) to high (red).


Preventing ROS from reaching harmful levels is one of the most important protective mechanisms in stressed plant cells. We identified a number of DEGs related to ROS hemostasis (Figure 5C and Supplementary Table 5). One notable example is the Rboh family, responsible for mediating ROS generation under stress conditions. The expression of RbohD (Gh_A05G2211), whose homolog in Arabidopsis is required for salinity-induced antioxidant defense (Ma et al., 2012), is obviously downregulated in SS but slightly upregulated in ST samples. Additionally, several key ROS scavenger-encoding genes, such as CAT1 (Gh_A05G1539) and PNC1 (Gh_D09G2046), were inhibited in SS, but upregulated in ST.



qRT-PCR Validation of RNA-Seq Data

To validate the RNA-seq data, we use qRT-PCR to check the expressions of 12 genes, such as DEGs involved in phytohormone biosynthesis and signaling, ROS homeostasis as well as TFs genes (Supplementary Table 6 and Supplementary Figure 1). The expression patterns of all these genes from qRT-PCR are consistent with the DEGs data from RNA-seq analysis, suggesting that the RNA-seq data are reliable and reproducible.



GhERF12 Function in Salinity Tolerance

The AP2/ERF TF family genes showed the strongest response to salinity based on the number of TF DEGs and changes to gene expression. For further functional analysis, we selected one representative DEG between ST and SS (upregulated over 4-fold in ST, downregulated around 4-fold in SS) as a candidate salinity-tolerance gene, the ERF/AP2 family member GhERF12 (Gh_D05G2222). First, SSA–VIGS method was used to silence GhERF12 in very young seedlings and roots. Approximately 8–10 days after germination and inoculation, the roots of pTRV:ERF12 (GhERF12 silenced) and pTRV:00 (empty vector control) plants were collected to detect GhERF12 transcripts by qRT-PCR (primers were listed in Supplementary Table 6). GhERF12 silenced plants had nearly 18% fewer transcripts than control seedlings under normal conditions (Figure 6A). The pTRV:ERF12 and pTRV:00 plants were then exposed to 100 mM NaCl to assess their salt tolerance. The length of primary roots from GhERF12 silenced plants were significantly depressed compared to the vector control under salinity stress (100 mM NaCl for 12 h) (Figure 6B). Additionally, higher ROS accumulation and more dead cells were detected in pTRV:GhERF12 roots by DAB and Trypan blue staining, respectively (Figures 6C,D). Meanwhile, no significant differences were observed between silenced and vector control seedlings under normal conditions (Supplementary Figure 2). Furthermore, a stronger stress treatment (250 mM NaCl for 7 days) on adult (30-day-old) plants with true leaves and complete root systems were carried out. The pTRV:GhERF12 plants showed significantly shorter primary roots and fewer lateral roots than control plants (Figures 6E–G). We also found out that GhEFR12 silenced plants exhibited greater inhibition of ROS-scavenging enzymes (including POD and SOD) under stress conditions than control, despite no obvious differences under normal conditions (Figures 6H,I). These results suggest that GhERF12 is involved in salinity tolerance through influencing ROS levels, specifically via regulating antioxidant enzyme activities under stress conditions.
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FIGURE 6. Silencing of GhERF12 in cotton increased sensitivity to salinity. (A) Relative abundance of GhERF12 transcripts in GhERF12-silenced (TRV:ERF12) and control (TRV:00) plants were analyzed with qRT-PCR after 10 days inoculation. GhActin9 was used as an internal control. Data represent means ± SD (n = 6) from three independent replicates. (B) Length of primary roots in GhERF12-silenced and control plants treated with 100 mM NaCl were measured at the indicated time. (C) DAB and Trypan blue stain analysis were used to quantify ROS accumulation and cell death after salinity stress. (D) Survival rate of roots from GhERF12-silenced and control plants. (E) GhERF12-silenced and control adult plants (30-day old) treated with 250 mM NaCl for 7 days. (F) Root length and (G) number of lateral roots in GhERF12-silenced and control adult plants. (H) Activity of SOD and (I) POD in GhERF12-silenced and control plants after 250 mM NaCl treatment for 8 h. The data are means ± SD (n = 10). The asterisk (∗) indicate significant differences at P < 0.05 (t-test). All experiments were performed in triplicate.


Reactive oxygen species generation is also important to ROS homeostasis; we checked the expression of respiratory burst oxidase homolog genes, including GhRbohA (Gh_A02G1791), GhRboh D (Gh_A05G2211) and GhRboh F (Gh_A12G2653), for their homologs have been reported to participate in abiotic stress (salinity or drought) induced ROS production in other plants (Ma et al., 2012; Wang et al., 2016). During short stress treatment (40 min), the expression of tested genes was significantly enhanced in GhERF12-silenced plants when compared to the vector control. When treated for 2 or 8 h, the expression of GhRboh A and GhRboh D were significantly depressed; while, the expression of GhRboh F enhanced in GhERF12-silenced plants compared to the vector control (Figure 7). These results indicated that GhERF12 could affect the expression of GhRboh A, D, and F at transcription level under stress conditions.
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FIGURE 7. Relative abundance of GhRboh genes (GhRboh A, D, and F) in GhERF12-silenced (TRV:ERF12) and control (TRV:00) plants were determined with qRT-PCR at the given time points. GhActin9 was used as an internal control. Data represent means ± SD (n = 6) from three independent replicates. The asterisk (*) indicate significant differences at P < 0.05 (t-test).




DISCUSSION

Germination and post-germination stages are the basis of propagation, making them critical periods in plant growth and development. Seedlings at this stage usually exhibit higher sensitivity to environmental stress. Here, we successfully analyzed phenotypic and transcriptomic differences between salt-tolerant and salt-sensitive cotton cultivars. Our findings expand current knowledge of plant salinity tolerance and provide useful genes for improving tolerance during early development.

Transcriptomic analysis is widely used to explore stress-tolerant genes and related mechanisms in plants (Orsini et al., 2010; Peng et al., 2014, 2018; Li et al., 2016). We identified a large number of salinity-responsive genes, and their expression patterns clearly differed between genotypes. We found more DEGs in SS, with the majority downregulated, whereas ST had fewer DEGs and most were upregulated (Figure 2). These results indicated that the tolerant genotype needs fewer genes to mitigate salt-induced damage and more genes were activated in response to survival under stress conditions. Our conclusion is consistent with previous studies in rice (Walia et al., 2005) and eggplant (Li J. et al., 2019).

Antioxidants are one of the most important protective mechanisms against salinity stress in plants. In line with this general consensus and indicative of antioxidants being a general salt-tolerance mechanism during early development, we found numerous genes associated with “response to oxidative stress,” “antioxidant activity,” and “peroxidase activity” that were expressed in both varieties. Cell-wall modification also mediates plant acclimatization to salinity stress. In a study on salt-tolerant and -sensitive soybean genotypes, pectin increase in the cell wall was found to be beneficial for root growth under salinity stress (An et al., 2014). In addition, genes related to cell wall remodeling are involved in salinity tolerance. For example, salinity tolerance in Arabidopsis increased with overexpression of RhEXPA4, a key gene involved in cell-wall loosening (Lu et al., 2013). For both ST and SS, our study found enrichment of GO terms and KEGG pathways associated with cell wall modulation, including “cell wall,” “microtubule-based process,” “xyloglucan,” “chitinase activity,” and “phenylpropanoid biosynthesis.” Thus, our findings corresponded to previous research.

We observed obvious between-genotype differences in signaling and response events. Specifically, ABA and ET hormones were dramatically altered under salt stress. ABA mediates responses to salinity mainly through modulating metabolism and downstream target genes during signal transduction (Shi et al., 2013; Xie et al., 2016). As key regulators of ABA biosynthesis, NCED1 and CYP707A play critical roles in influencing ABA accumulation (Kim et al., 2009). Other important regulators of stress tolerance include ABA downstream targets, such as ABA receptor PYR/PYL, regulator PP2C, and ABA response factor ABF. Similarly, key components in ET signal transduction also participate in salinity tolerance. There are five ET receptors: ETR1, ETR2, ERS1 (ethylene response sensor 1), ERS2, and EIN4 (Wang et al., 2002). Loss-of-function mutant etr1 is unresponsive to ET and was more salt-sensitive than wild type (Wang et al., 2008). Additionally, constitutive triple response 1 (CTR1) is a protein kinase that negatively regulates ET signaling and is involved in salt stress response. Silencing ctr1-1 in Arabidopsis caused a constitutive ET reaction and strong salt tolerance during seed germination and development (Achard et al., 2006). In our data, ST and SS differentially expressed these key elements related to ABA and ET biosynthesis and signaling. We also identified more DEGs in ABA metabolism and signaling, and found stronger changes to the expression of linked genes in ST than in SS (Figure 4).

Furthermore, ERFs are another group of molecules that regulate stress tolerance. They are characterized by a conserved AP2/ERF motif and by interacting with the promoter elements containing the GCC box (AGCCGCC) or DRE motif (CCGAC) (Phukan et al., 2017). Our data revealed several TF genes related to salt-stress adaptation, with ERF/AP2 TF genes exhibiting a stronger response to salinity than other TFs (Figure 5 and Supplementary Table 5). We propose that these responsive genes may regulate target genes during stress response. Indeed, some of our identified ERF/AP2 genes were previously reported as involved in stress tolerance, such as ERF5 (Pan et al., 2012; Gharbi et al., 2017; Illgen et al., 2020) and DREB1D (Guttikonda et al., 2014; Alves et al., 2017). Taken together, stronger ABA and ET responses appear to be factors in higher salinity tolerance.

Based on our analysis of the RNA-seq data, a model for the mechanism during salinity stress at early developmental stage was proposed. When young seedlings were exposed to salinity stress, the external receptors firstly receive stress signal, and secondary messengers (e.g., ROS, ABA, and ET) activate the downstream elements, including MAPK cascades, amplifying the stress signals. For the stress hormone messengers (ABA and ET), to maintain their contents at a proper level and conduct the signal is important under stress conditions (Wilkinson and Davies, 2010; Leng et al., 2014; Pan et al., 2019). A number of genes involved in hormone biosynthesis and signal transduction participate in this process, such as NCED, PYL, and ACO. Then, these proteins affect their downstream TFs (such as ERFs, WRKYs, NACs, and bZIPs), which regulate the expression patterns of targeted functional genes involved in ROS generation and scavenging at the transcriptional level. These differential expression of signaling elements and downstream functional genes may directly or indirectly affect salinity tolerances (Figure 8).
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FIGURE 8. The potential response model to salinity stress in cotton during early developmental stage. When exposed to salinity stress, the resultant stress signal alters secondary messengers, such as calcium (Ca2+), ROS, and stress hormones (ABA and ET). Downstream MAPK cascades influence expression of TFs (e.g., AP2/ERF, MYB, NAC, WRKY, and bZIP) that regulate target gene expression. These target genes are involved in ROS generation and scavenging, leading to varying salinity-stress responses. CTR1, constitutive triple response 1; NDPK2, nucleoside diphosphate kinase 2; ACS, 1-aminocyclopropane-1-carboxylic acid synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; SAMS, s-adenosylmethionine synthase; SnRK2, sucrose nonfermenting 1 (SNF1)-related protein kinase 2; ETR1, ethylene response 1; CYP707A, cytochrome p450 family 707A; ACO, 1-aminocyclopropane-1-carboxylate oxidase 1; ABF, ABRE-binding factor; PP2C, protein phosphatases 2C; PYL, pyrabactin resistance1/PYR1-likes; SAMDC, s-adenosylmethionine decarboxylase proenzyme; RbohA-D, respiratory burst oxidase homologs A-D; APX3, ascorbate peroxidase 3; PNC1, cationic peroxidase 1; CAT, catalase; POD, peroxidase.


Finally, GhERF12 was selected for functional analysis for its strong responsive to salinity stress, with its expression increased in ST and dramatically downregulated in SS. It has been reported that ERF12 is a member of ERF subfamily B-1 which suppress DRE-mediated transcription of cold- or drought-inducible genes (Ohta et al., 2001). In addition, it is a key seed-dormancy regulator in an ETR1/RDO3-mediated downstream pathway of ET signaling (Li X. et al., 2019). Here, we observed that salinity strongly upregulated GhERF12 expression in ST, and the silencing of GhERF12 enhanced sensitivity to salinity. These results indicate that GhERF12 may play a critical role in salinity tolerance during post germination. Previous studies have shown that ERF/AP2 TFs usually modifies ROS scavenging to regulate stress tolerance. Research in Tamarix hispida found that ERF subfamily member ThCRF1 improved salt tolerance via enhancing trehalose and proline biosynthesis, as well as improving SOD and POD activities to increase ROS scavenging capability (Qin et al., 2017). A recent study in tobacco revealed that ERF172 could directly bind to the promoter region of the NtCAT gene, positively regulating its expression and improving drought-stress tolerance; the mechanism partially involves CAT regulation to mediate H2O2 homeostasis (Zhao et al., 2020). Our results here were similar: POD and SOD activity experienced a greater decline after silencing GhERF12, indicating that GhERF12 may contribute to salinity-stress response through regulating ROS scavenging. On the other hand, we screened the expression of GhRboh genes in GhERF12-silenced plants after salinity stress. It turned out that silencing of GhERF12 caused upregulation of GhRbohA, GhRbohD, and GhRbohF in gene silenced plants, indicating that GhERF12 may participate in stress induced ROS generation.



CONCLUSION

In this study, we performed the comparative phenotypic and transciptomic analysis of two cotton cultivars in response to salt stress during early developmental stage. GO and KEGG analysis demonstrated that DEGs belonging to a wide range of biological processes are involved in salinity tolerance response. The different expressions of genes involved in ET and ABA biosynthesis and signaling, as well as the distinct expression of downstream TF genes are predicted to be closely linked to salt tolerance. Moreover, a model for the mechanism during salinity stress at early developmental stage was proposed, expanding the understanding of plant salinity tolerance. Finally, GhERF12 was functionally analyzed and turned out to be an important regulator by affecting ROS balance under salinity stress. Our data extend the view on molecular response to salt stress and supply candidate genes for salt-tolerant breeding in cotton.
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Soil salinization and alkalization greatly restrict crop growth and yield. In this study, NaCl (8 g kg−1) and Na2CO3 (8 g kg−1) were used to create saline stress and alkaline stress on cotton in pot cultivation in the field, and organic polymer compound material (OPCM) and stem girdling were applied before cotton sowing and at flowering and boll-forming stage, respectively, aiming to determine the effects of OPCM on K+ and Na+ absorption and transport and physiological characteristics of cotton leaf and root. The results showed that after applying the OPCM, the Na+ content in leaf of cotton under saline stress and alkaline stress were decreased by 7.72 and 6.49%, respectively, the K+/Na+ ratio in leaf were increased by 5.65 and 19.10%, respectively, the Na+ content in root were decreased by 9.57 and 0.53%, respectively, the K+/Na+ ratio in root were increased by 65.77 and 55.84%, respectively, and the transport coefficients of K+ and Na+ from leaf to root were increased by 39.59 and 21.38%, respectively. The activities of superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), and the relative electrical conductivity (REC) in cotton leaf were significantly increased, while the content of malondialdehyde (MDA) was decreased; but the changes in those in root were not significant. The boll weights were increased by 11.40 and 13.37%, respectively, compared with those for the control. After stem girdling, the application of OPCM still promoted the ion transport of cotton organs; moreover, the CAT activity in root was increased by 25.09% under saline stress, and the SOD activity in leaf and CAT in root were increased by 42.22 and 6.91%, respectively under alkaline stress. Therefore, OPCM can significantly change the transport of K+ and Na+ to maintain the K+ and Na+ homeostasis in leaf and root, and regulate physiological and biochemical indicators to alleviate the stress-induced damage. Besides, the regulation effect of OPCM on saline stress was better than that on alkaline stress.

Keywords: composite material, saline and alkaline stresses, girdling, K+/Na+ ratio, physiological characteristics


INTRODUCTION

Soil salinization causes abiotic stress to crops and greatly limits crop growth. It has become one of the global environmental problems for agriculture production (Haider et al., 2019). Neutral salt (NaCl and Na2SO4) and alkaline salt (Na2CO3 and NaHCO3) are the main components in salinized and alkalized soils, respectively (Alvarez-Acosta et al., 2019). According to the report, the area of salinized and alkalized soils in the world are about 4.34 and 3.97 million hectares, respectively (Xu et al., 2020). The negative effect of alkaline stress on ecological environment is greater than that of saline stress (Cheng et al., 2018). Unreasonable irrigation of farmland soil also leads to the soil salinization, which could seriously affect the growth of crops (Hussain et al., 2019). Therefore, the comprehensive management of salinized and alkalized soils and the improvement of saline-alkaline tolerance of crops have become important issues in environmental management and agricultural development.

Cotton is one of the important economic crops in the world. However, saline and alkaline stresses have caused low emergence rate and low boll set rate in cotton cultivation in many regions (Wei et al., 2017; Chen et al., 2021). Previous study has found that applying exogenous substances is a simple and effective way to improve the saline and alkaline tolerance of crops (Ding et al., 2019). Exogenous application of salicylic acid (SA) and nitric oxide (NO) could effectively promote the growth of crops (Ahanger et al., 2019), and exogenous application of lignin could increase cotton yield by 15.6–21.1% in salinized soil (Liu et al., 2019). In addition, girdling could also improve the saline and alkaline tolerance of cotton. Girdling is a technique used for interrupting the transport of assimilates through the phloem without influencing water flow in the xylem in physiological studies. It makes assimilates accumulated above the cut (Poirier-Pocovi et al., 2018). Vemmos et al. (2012) have shown that girdling has significant effects in controlling the vegetative growth of fruit trees and promoting the flowering and fruiting. The content of mineral elements in plant organs could also be reduced by girdling. That is, the transport and accumulation of mineral elements in plant organs could be affected by girdling. However, the current researches mostly focus on the effect of salt stress on ion accumulation in plants in indoor culture experiments (Ahanger et al., 2018), while the research on saline and alkaline tolerance of plants in field environment is less.

This study used cotton in the flowering and boll-forming stage as the study material, combined with stem girdling, to explore the effects of organic polymer compound material (OPCM) on K+ and Na+ transport and accumulation as well as oxidative damage in cotton organs under saline and alkaline stresses. We hypothesized: (1) the K+ and Na+ transport and physiological regulation in cotton organs might be different under saline and alkaline stresses; (2) OPCM might regulate the transport of K+ and Na+ in cotton organs; and (3) OPCM might maintain the ion homeostasis through regulating catalase (CAT) activity in cotton leaf and root to reduce saline and alkaline stresses on cotton. This study helps us understand how OPCM regulates ion transport and physiological characteristics of crops under saline and alkaline stresses, and provides a good method for reducing the saline and alkaline stresses on cotton cultivated in arid areas.



MATERIALS AND METHODS


Test Site

The experiment was conducted in Shihezi Grape Research Institute (44°20' N, 86°03' E) in 2018 and 2019. The climate is temperate continental. The test soil is gray desert soil, with soil pH of 7.72, soil cation exchange capacity of 17.32 cmol kg−1, soil organic matter of 12.5 g kg−1, alkali-hydrolyzed nitrogen of 54 mg kg−1, available phosphorus of 11.7 mg kg−1, and available potassium of 218 mg kg−1. The cotton variety is Xinluzao 62.



Materials and Experimental Design

On April 25, 2018, salinization and alkalization of soils were carried out in the way of applying NaCl and Na2CO3, respectively, making the soil salt content reach 8 g kg−1. The pH value of salinized soil was 8.24, and soil electric conductivity (1:5) was 4.24 ds m−1; the pH value of alkalized soil was 9.78, and soil electric conductivity (1:5) was 2.78 ds m−1. On April 20, 2019, salinization and alkalization of soils were carried out in the same way, making the soil salt content reach 8 g kg−1. The pH value of salinized soil was 8.11, and soil electric conductivity (1:5) was 4.83 ds m−1; the pH value of alkalized soil was 9.62, and soil electric conductivity (1:5) was 2.57 ds m−1. There were eight treatments in total, S: salinized soil; A: alkalized soil (Table 1). OPCM used in this study was a mixture of calcium lignosulfonate, manganese sulfate, zinc sulfate, ferric sulfate, boric acid, anionic polyacrylamide, and polyvinyl alcohol (mass ratio: 4: 4: 4: 2: 1: 0.5: 0.5).



TABLE 1. Test design.
[image: Table1]

Salinized soil and alkalized soil were separately put into barrels (50 cm in diameter and 60 cm in height), and barrels were buried in the field on April 2018 and 2019. Urea of 360 kg hm−2 and compound fertilizer (N: P2O5: K2O = 20: 9: 9) of 795 kg hm−2 were applied on April, 2018 and 2019. Cotton was sown in barrels on May 4. OPCM (300 kg hm−2) was dissolved in water and irrigated before seedling emergence on June 25. After emergence, six plants were retained per barrel. During the whole growth period, the total irrigation volume was 4,500 m3 hm−2, and the irrigated cycle was 10 days. Nine times of irrigation totally were conducted. No fertilizers and OPCM were applied in the later. On July 25 (in the flowering and boll-forming stage), girdling (width: 1 cm) on cotton main stem was performed. Five plant samples were collected from each treatment for the determination of physiological and biochemical indicators on August 10, 2018, and three cotton plants were randomly collected from different plots to determine the ion content. On August 5, 2019, three cotton plants were collected from the barrels to determine the growth indexes.



Measurement of Growth Index

Samples were collected in the flowering and boll-forming stage in 2018 and 2019, and three plants from each treatment were collected and taken back to the lab. Plants were washed, and root, stem (including leaf sheath), and leaf were isolated. After that, organs were dried in an oven at 105°C for 30 min, and then dried at 75°C to the constant weight. Meanwhile, the boll weight of six cotton plants from each treatment was determined.



Measurement of Malondialdehyde and Relative Electrical Conductivity

The content of thiobarbituric acid reactants (TBARS) was measured according to the method of Heath and Packer (1968) to calculate the content of malondialdehyde (MDA; umol g−1; extinction coefficient: 155 mm cm−1). Fresh sample (0.5 g) of each organ was ground to homogenate and extracted in 10 ml of 0.6% TBA (made with 10% trichloroacetic acid). Then, the extract was heated at 100°C for 30 min, cooled on ice, and centrifuged at 5,000 r min−1 for 10 min. After that, the absorbance was measured at 532 nm. Non-specific turbidity was corrected by subtracting the absorbance value at 600 nm. Relative electrical conductivity was measured according to the method of Lutts et al. (1996). Fresh sample (0.1 g) of each organ was put in a closed test tube containing 10 ml of deionized water to measure conductivity (R1) using a conductivity meter (DDS-11A, Shanghai Leici Instrument Co., Ltd.), after shaking for 24 h at room temperature on a rotary shaker (QL200H, Shanghai Qiqiang Instrument Co., Ltd.). Then, the sample was boiled in a water bath for 30 min and the conductivity was determined again (R2). The calculation formula was as follows:
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Measurement of Enzymes of Antioxidant System

Preparation of enzyme extract: Potassium phosphate buffer (5 ml, 50 mM, pH: 7.8) was added to 0.5 g sample of each organ and ground to homogenate after an ice bath (An et al., 2019). The homogenate was centrifuged at 10,000 r min−1 for 20 min at 4°C, and the enzyme activity was measured spectrophotometrically using the supernatant. Superoxide dismutase (SOD) activity was measured with the method of photochemical reduction in NBT proposed by Paoletti et al. (1986). The reaction mixture (3 ml) consisted of 0.05 M potassium phosphate buffer (pH: 7.8), 130 mM methionine, 750 μM NBT, 20 μM riboflavin, 100 μM EDTA-Na2, and 200 μl enzyme extract. SOD activity was measured at 560 nm (one unit of SOD activity was represented by the amount of enzyme required to cause 50% inhibition of NBT photochemical reduction). Peroxidase (POD) activity was measured at 470 nm with the method of Zhou and Leul (1999). The reaction mixture consisted of 0.1 M potassium phosphate buffer (pH: 6.0), guaiacol, H2O2, and 100 μl enzyme extract. CAT activity was measured in a 2.5 ml reaction solution containing 0.1 M potassium phosphate buffer (pH: 7.0) and 0.1 M H2O2 at 240 nm within 1 min (Cakmak and Marschner, 1992).



Measurement of Soluble Sugar and Soluble Protein Content

The soluble sugar content was measured according to the method of Hizukuri et al. (1989). Fresh sample (1 g) of each organ was ground with 10 ml of distilled water to homogenate, and then the homogenate was boiled in a water bath for 10 min. After cooling, the supernatant (0.2 ml) was pipetted and 5 ml of anthrone-sulfuric acid reagent was added, following by the boiling in a water bath for 10 min. After cooling to room temperature, a standard curve was prepared with glucose solution, and the absorbance was measured at 620 nm.

The soluble protein content was measured according to the method of Read and Northcote (1981). Fresh sample (0.5 g) of each organ was ground with 5 ml of distilled water to homogenate, and the homogenate was centrifuged at 3,000 r min−1 for 10 min. Then, 0.3 ml of the extract was pipetted and 5 ml of Coomassie Brilliant Blue was added. The absorbance was measured at 595 nm after 2 min.



Measurement of K+ and Na+ Content in Cotton Organs

Dried organ samples were pulverized. After that, 0.1 g pulverized sample was weighed, and 5 ml 98% H2SO4 and 300 g·l−1 H2O2 were added. The solution was heated until the liquid become transparent, and then distilled water was added to make the volume to 100 ml. After that, 5 ml of test solution was pipetted, and distilled water was added to make the volume to 50 ml. Finally, the solution was measured with flame photometer (FP6410 flame photometer, Shanghai Yidian Scientific Instrument Co., Ltd., China; Bao, 2000).



Selective Transport (STK-Na) of K+ and Na+ in Cotton Organs

Selective transport of K+ and Na+ (STK-Na) in different cotton organs was measured according to the method proposed by Brown (1998):
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The higher the ST value, the higher the selective transport of K+ or Na+ from organ b to organ a. In this study, the selective transports of K+ and Na+ from leaf to stem and from stem to root were determined.



Data Statistics and Analysis

Excel 2010 and Origin 8.5 software were used to process data and draw charts, respectively. One-way ANOVA and Duncan multiple-range tests in SPSS 23.0 software were used to test the significance of differences at p < 0.05. Redundancy analysis (RDA) was conducted using RStudio software.




RESULTS


Effects of OPCM on the Growth Indexes of Cotton Under Saline and Alkaline Stresses

The plant height, root length, and total dry matter of cotton for the S1 and S treatments were higher than those for the A1 and A treatments; and the plant height, root length, and total dry matter for the S1 and A1 treatments were higher than those for the S and A treatments (Table 2). There was no significant difference in the plant height and root length between S1 and A1 treatments and A treatment. The boll weight for the S1 treatment was insignificantly increased by 11.40% compared with that for the S treatment, and the boll weight for the A1 treatments was insignificantly increased by 13.37% compared with that for the A treatment.



TABLE 2. Effects of compound material on the growth indexes of cotton under saline and alkaline stresses.
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Effects of OPCM on Physiological and Biochemical Characteristics of Cotton Under Saline and Alkaline Stresses, Coupled With Stem Girdling


MDA and Relative Electrical Conductivity in Cotton Organs

For non-girdling cottons, the MDA content in root for the A treatment was significantly decreased by 14.08%, and the MDA content in leaf for the S1 treatment was significantly decreased by 47.50%, compared with that for the S treatment. No significant differences were found in the MDA content in leaf between the S treatment and A treatment and the MDA content in root between the S1 treatment and the S treatment. The MDA content in leaf for the A1 treatment was significantly decreased by 31.85%, while the MDA content in root was significantly increased by 27.68%, compared with those for the A treatment. For stem-girdling cottons, the MDA content in leaf for the S1-J treatment and the A1-J treatment were significantly decreased by 43.00 and 35.96%, respectively, while the MDA content in root were significantly increased by 19.61 and 73.73%, respectively, compared with those for the A-J treatment (Figure 1).
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FIGURE 1. Effects of compound material on malondialdehyde (MDA) and relative electrical conductivity (REC) of cotton leaf and root under saline and alkaline stresses. S, S1 indicate no compound material was applied in salinized soil, organic polymer was applied in salinized soil, respectively; A, A1 indicate no compound material was applied in alkalized soil, organic polymer was applied in alkalized soil, respectively. Bars represent SD of the mean (n = 3). Different lower-case letters indicate that there were significant differences among treatments at the level of 0.05.


For non-girdling cottons, there were no significant differences in the relative conductivity in leaf and root between the A treatment and the S treatment. The relative conductivity in leaf for the S1 treatment was significantly increased by 24.02% compared with that for the S treatment, while no significant difference was found between the A1 treatment and the A treatment. The relative conductivity in root for the S1 treatment was significantly decreased by 6.00% compared with that for the S treatment, and the relative conductivity in root for the A1 treatment was significantly decreased by 7.45% compared with that for the A treatment. For stem-girdling cottons, there were no significant differences in the relative conductivity in leaf and root between the A1-J treatment and the A-J treatment. However, the relative conductivity in root for the S1-J treatment was significantly decreased by 19.00% compared with that for the S-J treatment, and no significant difference was found in the relative conductivity in leaf (Figure 1).



Antioxidant Enzyme Activities in Cotton Organs

For non-girdling cottons, the SOD activity in leaf for the A treatment was significantly increased by 21.29% compared with that for the S treatment, and no significant difference was found in the SOD activity in root. The SOD activity in leaf for the S1 treatment was significantly increased by 18.93% compared with that for the S treatment, and no significant difference was found in the SOD activity in root. There was also no significant difference in the SOD activity in leaf and root between the A1 treatment and the A treatment. For stem-girdling cottons, the SOD activity in leaf for the A1-J treatment was significantly increased by 42.22% compared with that for the A-J treatment, and no significant difference was found in the SOD activity in root. There was also no significant difference in the SOD activity in leaf and root between the S1-J treatment and the S-J treatment (Figure 3).
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FIGURE 2. Effects of compound material on Antioxidant enzyme activities of cotton leaf and root under saline and alkaline stresses. S, S1 indicate no compound material was applied in salinized soil, organic polymer was applied in salinized soil, respectively; A, A1 indicate no compound material was applied in alkalized soil, organic polymer was applied in alkalized soil, respectively. Bars represent SD of the mean (n = 3). Different lower-case letters indicate that there were significant differences among treatments at the level of 0.05.


[image: Figure 3]

FIGURE 3. Effects of compound material on osmotic substances in leaf and root of cotton under saline and alkaline stresses. S, S1 indicate no compound material was applied in salinized soil, organic polymer was applied in salinized soil, respectively; A, A1 indicate no compound material was applied in alkalized soil, organic polymer was applied in alkalized soil, respectively. Bars represent SD of the mean (n = 3). Different lower-case letters indicate that there were significant differences among treatments at the level of 0.05.


For non-girdling cottons, the POD activity in root for the A treatment was significantly decreased by 15.41% compared with that for the S treatment, and no significant difference was found in the POD activity in leaf. The POD activity in leaf for the S1 treatment was significantly increased by 24.70% compared with those for the S treatment, and the POD activity in root for the A1 treatment was significantly decreased by 37.10% compared with those for the A treatment. No significant differences were found in the POD activity in leaf between the A1 and the A treatment and in the POD activity in root between the S1 and S treatment. For stem-girdling cottons, the POD activity in leaf for the S1-J treatment was significantly decreased by 8.60% compared with that for the S treatment, and no significant difference was found in the POD activity in root. The POD activity in root for the A1-J treatment was significantly decreased by 13.34% compared with that for the A-J treatment, and no significant difference was found in the POD activity in leaf (Figure 3).

For non-girdling cottons, the CAT activity in root for the A treatment was significantly decreased by 51.15% compared with that for the S treatment, and no significant difference was found in the CAT activity in leaf. There were also no significant differences in the CAT activity in leaf and root between the S1 treatment and the S treatment and between the A1 treatment and the A treatment. For stem-girdling cottons, the CAT activity in root for the S1-J treatment was increased by 25.09% compared with that for the S-J treatment, and the CAT activity in root for the A1-J treatment were increased by 6.91% compared with that for the A-J treatment, and no significant difference was found in the CAT activity in leaf between the S1-J treatment and the A1-J treatment (Figure 3).



Osmotic Substances in Cotton Organs

For non-girdling cottons, the soluble sugar content in root for the A treatment was significantly increased by 38.04%, and no significant difference was found in the soluble sugar content in leaf, compared with those for the S treatment. The soluble sugar content in leaf for the S1 treatment was significantly increased by 62.14%, and no significant difference was found in the soluble sugar content in root, compared with those for the S treatment. The soluble sugar content in root for the A1 treatment was significantly increased by 49.87%, and no significant difference was found in the soluble sugar content in leaf, compared with those for the A treatment. For stem-girdling cottons, the soluble sugar content in leaf for the S1-J treatment was significantly increased by 30.16%, and no significant difference was found in the soluble sugar content in root, compared with those for the S-J treatment. The soluble sugar content in leaf and root for the A1-J treatment was significantly increased by 14.94 and 11.17%, respectively, compared with those for the A-J treatment (Figure 4).
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FIGURE 4. Effects of compound material on K+ and Na+ contents in leaf and root of cotton under saline and alkaline stresses. S, S1 indicate no compound material was applied in salinized soil, organic polymer was applied in salinized soil, respectively; A, A1 indicate no compound material was applied in alkalized soil, organic polymer was applied in alkalized soil, respectively. Bars represent SD of the mean (n = 3). Different lower-case letters indicate that there were significant differences among treatments at the level of 0.05.


For non-girdling cottons, there were no significant differences in the soluble protein content in leaf and root between the A treatment and the S treatment. The soluble protein content in leaf for the S1 treatment was significantly increased by 24.72% compared with that for the S treatment, while no significant difference was found between the A1 treatment and the A treatment. The soluble protein content in root for the A1 treatment was significantly increased by 23.23% compared with that for the A treatment, while no significant difference was found between the S1 treatment and the S treatment. For stem-girdling cottons, the soluble protein content in leaf for the S1-J treatment was significantly increased by 47.68% compared with that for the S-J treatment, while no significant difference was found between the A1-J treatment and the A-J treatment. There were no significant differences in the soluble protein content in root between the S1-J treatment and the S-J treatment and between the A1-J treatment and the A-J treatment (Figure 4).




Effects of OPCM and Stem Girdling on K+ and Na+ Distribution of Cotton Under Saline and Alkaline Stresses


The Content of K+ and Na+ in Cotton Organs

After the application of OPCM, the content of K+ in root and leaf were increased compared with that for the control, while the content of Na+ in leaf and root was decreased; the K+ and Na+ contents in leaf were higher than those in root. For non-girdling cottons, the content of K+ and Na+ in leaf for the A treatment were significantly increased by 33.82 and 20.60%, respectively compared with those for the S treatment, while no significant difference was found in the content of K+ and Na+ in root. The content of K+ in root for the S1 treatment was significantly increased by 49.84% compared with that for the S treatment, while no significant differences were found in the content of Na+ in root and K+ and Na+ in leaf. The content of K+ in root for the A1 treatment was significantly increased by 30.63% compared with that for the A treatment, while the content of Na+ in leaf was significantly decreased by 6.49%; there was no significant difference in the content of K+ in leaf and Na+ in root. For stem-girdling cottons, the content of K+ in root for the S1-J treatment was significantly increased by 18.52% compared with that for the S-J treatment, while no significant differences were found in the content of K+ in leaf and Na+ in root and leaf. There was no significant differences in the content of K+ and Na+ in root and leaf between the A1-J treatment and the A-J treatment (Figure 2).



K+/Na+ Ratio for Cotton Organs

For non-girdling cottons, there was no significant differences in the K+/Na+ ratio in leaf and root between the A treatment and the S treatment. The K+/Na+ ratio in root for the S1 treatment was significantly increased by 65.77% compared with that for the S treatment, while no significant difference was found in the K+/Na+ ratio in leaf. The K+/Na+ ratio in root and leaf for the A1 treatment were significantly increased by 55.84 and 19.10%, respectively compared with those for the A treatment. The K+/Na+ ratio of cotton organs changed significantly under saline and alkaline stresses. For stem-girdling cottons, the K+/Na+ ratio in root for the S1-J treatment was significantly increased by 29.51% compared with that for the S-J treatment, while no significant difference was found in the K+/Na+ ratio in leaf. The K+/Na+ ratio in leaf for the A1-J treatment was significantly increased by 4.68% compared with that for the A-J treatment, while no significant difference was found in the K+/Na+ ratio in root (Figure 5).
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FIGURE 5. Effects of compound material on K+/Na+ ratio of leaf and root under saline and alkaline stresses. S, S1 indicate no compound material was applied in salinized soil, organic polymer was applied in salinized soil, respectively; A, A1 indicate no compound material was applied in alkalized soil, organic polymer was applied in alkalized soil, respectively. Bars represent SD of the mean (n = 3). Different lower-case letters indicate that there were significant differences among treatments at the level of 0.05.




Selectivity Coefficients of K+ and Na+ Transport for Cotton Organs

For non-girdling cottons, there was no significant difference in the STK-Na of stem-root and leaf-stem between the A treatment and the S treatment. The STK-Na of leaf-stem for the S1 treatment was significantly increased by 39.59% compared with that for the S treatment, while the STK-Na of stem-root was significantly decreased by 54.47%. The STK-Na of stem-root for the A1 treatment was significantly decreased by 37.27% compared with that for the A treatment, and no significant difference was found in the STK-Na of leaf-stem. For stem-girdling cottons, the STK-Na of stem-root for the S1-J treatment was significantly decreased by 37.55% compared with that for the S-J treatment, while no significant difference was found in the STK-Na of leaf-stem. There was an opposite result in the alkalized soil. The STK-Na of leaf-stem for the A1-J treatment was significantly increased by 32.53%, while the STK-Na of stem-root was significantly decreased by 35.54%, compared with those for the A-J treatment (Table 3).



TABLE 3. Effects of compound material on K+ and Na+ transport coefficients of cotton organs under saline and alkaline stresses.
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Redundancy Analysis

Redundancy analysis was used to analyze the effects of OPCM on K+ and Na+ absorption and physiological characteristics of leaf and root of cottons under saline and alkaline stresses. The results showed that root and leaf was separated by the RDA1 axis. CAT, MDA, and soluble protein (SP) had the highest correlations with the RDA1 axis, and SOD, POD, soluble sugar (SS), K+ content, Na+ content, K+/Na+ ratio, and relative electrical conductivity (REC) had the highest correlations with the RDA2 axis (Figure 6). The SOD, POD, CAT, MDA, K+ content, SP, and K+/Na+ ratio were obviously distributed on the right side of the RDA1 axis; the soluble sugar, Na+ content, and REC were obviously distributed on the right side of the RDA2 axis. Na+, REC, and SS were closely related to the root for all treatments, and SOD, POD, CAT, MDA, SP, K+, and K+/Na+ ratio were closely related to the leaf for all treatments.
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FIGURE 6. Redundancy analysis (RDA) of ion content and physiological characteristics of cotton under saline and alkaline stresses. Hollow legend represents leaf, and solid legend represents root. S, S1 indicate no compound material was applied in salinized soil, organic polymer was applied in salinized soil, respectively; A, A1 indicate no compound material was applied in alkalized soil, organic polymer was applied in alkalized soil, respectively.





DISCUSSION

Recent studies have shown that exogenous application of betaine and vanillic acid could significantly improve the salt tolerance of crops (Parvin et al., 2020), and increase the yields (Sofy et al., 2020). In this study, for non-girdling cottons, no matter under saline stress or alkaline stress, the application of OPCM promoted the growth of cotton in different degrees and significantly increased the boll weight, which was consistent with the study results of Alam et al. (2019) and Ahanger et al. (2019) have shown that exogenous application of kinetin (a cytokinin) could increase the activities of enzymes, ascorbic acid, and glutathione under salt stress. For the cotton without girlding in this study, it was also found that the application of OPCM significantly reduced the content of MDA in leaf, and the activities of SOD, POD, and CAT in leaf under saline stress and the activities of SOD and POD in leaf under alkaline stress were significantly increased, which were consistent with the study results of Kaya et al. (2020; Figure 3). Moreover, the content of soluble sugar and soluble protein in cotton leaf and root were all increased under saline and alkaline stresses (Figure 4). This indicated that the effect of the OPCM on enzyme activities were the similar under saline and alkaline stresses. The increases of SOD, POD, and CAT activities and the soluble sugar and soluble protein contents could reduce or eliminate the damage of reactive oxygen species on the membrane, and reduce the accumulation of MDA, thus protecting the membrane structure (Ren et al., 2020). The saline and alkaline stresses could be alleviated through regulating antioxidant enzymes to improve plant antioxidant capacity (Ahmad et al., 2010). However, in this study, the effect of OPCM on the growth of cotton under saline stress was greater than that on the growth of cotton under alkaline stress, which was consistent with the results of Dong et al. (2014). For stem-girdling cottons, the activities of SOD and CAT and the content of REC, soluble protein, and soluble sugar in cotton leaf and root were also increased under saline and alkaline stresses, while the content of MDA in leaf was decreased. The effect of OPCM on cotton leaf and root under alkaline stress was greater than that under saline stress. Mora et al. (2009) have reported that the application of manganese could increase the antioxidant enzyme activity and lower the lipid peroxidation of ryegrass. Zhang et al. (2013) have found that SOD activity is positively correlated with Zn2+ content. Chen et al. (2005) have found that the Mn2+ and Zn2+ in the OPCM could be released slowly to effectively alleviate the saline stress and alkaline stress on the antioxidant enzyme activities and osmotic adjustment substances of cotton.

Under saline and alkaline stresses, the OPCM not only improved the physiological and biochemical indexes of cotton organs, but also regulated the transport efficiency of K+ and Na+. The difference in physiological damage could also affect the K+ and Na+ content of cotton under saline and alkaline stresses (Elgendy et al., 2015). Many studies have shown that exogenous application of Si and glutathione (GSH) can significantly regulate the content of K+ and Na+ in plants (Ahmad et al., 2018) and the ion imbalance caused by saline and alkaline stresses, and improve the salt tolerance of plants (Parvin et al., 2020). Through the experiments of stem-girdling, it was found that the absorption of K+ and Na+ in different organs of cotton were different under saline and alkaline stresses, leading to the significant difference in the transport efficiency of K+ and Na+. The application of OPCM increased the K+/Na+ ratio in leaf and root and decreased the content of Na+. This indicated that the OPCM could regulate the absorption and distribution of K+ and Na+ in cotton, inhibits the absorption of Na+ by stem, and enhances the transport of K+ from stem to leaf, to maintain the K+ and Na+ homeostasis in different organs of cotton under saline and alkaline stresses. However, the transport efficiency of K+ and Na+ from stem to leaf under saline stress was higher than that under alkaline stress. It may be due to that alkaline stress not only causes ion toxicity and osmotic stress, but also causes high pH, compared with saline stress, which results in the greater negative effect on the transport efficiency (Yang et al., 2008). Therefore, the effect of OPCM on cotton under saline stress is more significant than that on cotton under alkaline stress. The RDA analysis further showed that the activities of Na+, K+/Na+ ratio, REC, SOD, and soluble sugar content were significantly affected by the OPCM under saline and alkaline stresses. The regulating effect of OPCM on leaf and root were different. OPCM mainly affected the activities of SOD, POD, and K+/Na+ ratio in leaf, and the content of Na+, REC, and soluble sugar in root. For stem-girdling cottons, the content of K+ and Na+ in leaf were increased, and the content of Na+ in root was decreased; moreover, the regulation effect of stem girdling on ion homeostasis in leaf and root was more prominent under saline stress, indicating that the regulation mechanism of ion homeostasis by stem girdling are different under saline stress and alkaline stress (Ma et al., 2020). Although stem girdling reduced the K+ and Na+ transport efficiency, the application of OPCM maintained the ion homeostasis in organs (An et al., 2019). Through RDA analysis, it was found that the effect of OPCM on the activities of SOD and POD in leaf and REC, Na+, and soluble sugar contents in root of cottons with stem girdling were consistent with that on those of cottons without stem girdling.

To further study the dynamic change of K+ and Na+, the ion selective coefficient (STK-Na) were calculated. It was found that although the transport efficiency of K+ and Na+ in organs of cotton with stem girdling was lower than that in organs of cotton without stem girdling, there was still a promoting effect (Table 3). This may be due to the fact that although the phloem of main stem was cut off by girdling, K+ and Na+ in root could be transported to the aboveground part through the xylem due to the root pressure and transpiration, leading to a new ion homeostasis in leaf and root (Singh et al., 2015). The influences on ion transport in cotton leaf and root by OPCM is due to the three-dimensional network structure of polymer materials in the OPCM. The hydrophilic functional groups, which can absorb a large amount of water and saline solution, inhibit the loss of water through evaporation in salinized and alkalinized soils (Ni et al., 2010). At the same time, saline and alkaline stresses cause the dissociation of carboxylic acid groups in polymer materials. Due to the shielding effect of Na+ on carboxylic acid anions, the anion exclusion between carboxylic acid groups could be hindered (Gharekhani et al., 2017), which could effectively alleviate the ion damage caused by saline and alkaline stresses, and maintain the ion homeostasis in cotton organs.



CONCLUSION

In this study, the analysis of cotton without girdling treatment showed that the OPCM had different effects on saline stress and alkaline stress on cotton. The Na+ content in leaf and root of cotton under saline stress were lower than those of cotton under alkaline stress. The OPCM could improve the activities of POD and CAT, and further regulate the transport efficiency of K+ and Na+ in cotton leaf and root, to reduce the saline and alkaline stresses on cotton. The analysis of cotton with girdling treatment showed that the OPCM could increase the activities of SOD and CAT in leaf and root and the K+ content, and improve the saline and alkaline tolerance of cotton. The results further confirmed the potential of our self-developed OPCM in regulating NaCl stress and Na2CO3 stress on cotton.
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Heterosis is most frequently manifested as the superior performance of a hybrid than either of the parents, especially under stress conditions. Nitric oxide (NO) is a well-known gaseous signaling molecule that acts as a functional component during plant growth, development, and defense responses. In this study, the Brassica napus L. hybrid (F1, NJ4375 × MB1942) showed significant heterosis under salt stress, during both germination and post-germination periods. These phenotypes in the hybrid were in parallel with the better performance in redox homeostasis, including alleviation of reactive oxygen species accumulation and lipid peroxidation, and ion homeostasis, evaluated as a lower Na/K ratio in the leaves than parental lines. Meanwhile, stimulation of endogenous NO was more pronounced in hybrid plants, compared with parental lines, which might be mediated by nitrate reductase. Proteomic and biochemical analyses further revealed that protein abundance related to several metabolic processes, including chlorophyll biosynthesis, proline metabolism, and tricarboxylic acid cycle metabolism pathway, was greatly suppressed by salt stress in the two parental lines than in the hybrid. The above responses in hybrid plants were intensified by a NO-releasing compound, but abolished by a NO scavenger, both of which were matched with the changes in chlorophyll and proline contents. It was deduced that the above metabolic processes might play important roles in heterosis upon salt stress. Taken together, we proposed that heterosis derived from F1 hybridization in salt stress tolerance might be mediated by NO-dependent activation of defense responses and metabolic processes.

Keywords: Brassica napus L., heterosis, nitric oxide, proteomics, salt stress


INTRODUCTION

Salt stress is major environmental stress factor, which constrains plant growth and development and seriously limits agricultural worldwide production (Munné-Bosch et al., 2013; Zhao et al., 2020). On the basis of published evidence, about 20–50% arable land is impacted by salt stress, resulting in lower crop yields from saline-growing conditions (Bai et al., 2011; Farooq et al., 2020). Therefore, effective strategies for plants to tolerate salt stress are important so that agricultural production can be potentially recovered. It is well documented that salt stress influences many metabolic pathways, including carbohydrate metabolism, energy and amino acid metabolism, and photosynthesis, thereby influencing various physiological processes as well as plant growth and development (Xie et al., 2011; Nam et al., 2012; Prasch and Sonnewald, 2015; Duan et al., 2016). Most importantly, the accumulation of reactive oxygen species (ROS) elicited by salt stress can trigger oxidative stress in plants, which usually has detrimental impacts on cellular structures and macromolecules, including lipids, enzymes, and DNA (Miller et al., 2010; Chen et al., 2017; Ageeva-Kieferle et al., 2019; Zhao et al., 2020). Besides, salt toxicity is usually associated with increasing Na+ accumulation and inhibiting K+ uptake (Chen et al., 2017; Zhao et al., 2020). In order to cope with salt stress, various mechanisms were evolved to modulate ionic homeostasis. For example, the SOS pathway is in charge of Na+ transportation, thus initiating the transport of Na+ out of the cell and leading to the sequestration of Na+ in the vacuole (Zhu, 2003; Zhao et al., 2020).

One strategy toward enhancing plant salinity tolerance is to breed new varieties with built-in physiological processes to better cope with salinity. One such strategy is to develop hybrid crops (Flowers and Yeo, 1995; Flowers, 2004). It is well known that hybrid crops, such as maize and rice, have superior yield performance compared with their parental lines, a phenomenon commonly defined as heterosis or hybrid vigor (Lippman and Zamir, 2007; Miller et al., 2015). In plants, heterosis is a multigenic complex trait. It is understood to be the sum of multiple physiological and phenotypic traits, including changing flowering time and rate of botanic growth, increased biomass accumulation and yield, and resistance to biotic and abiotic environmental stresses (Lippman and Zamir, 2007; Baranwal et al., 2012; Ko et al., 2016; Feys et al., 2018). Importantly, heterosis is observed when plants are subjected to salt stress (Pérez-Alfocea et al., 1994; Xu et al., 2018). However, the traditional dominance and overdominance genetic models do not sufficiently explain the entire spectrum of growth and stress tolerance characteristics of heterosis in crop plants (Lippman and Zamir, 2007; Birchler et al., 2010; Krieger et al., 2010; Goff, 2011; Schnable and Springer, 2013). Therefore, it is urgent to elucidate related molecular mechanism of heterosis from a new perspective.

Nitric oxide (NO) is a cellular gaseous signaling molecule with multiple physiological functions during plant growth and stress responses (Lamattina et al., 2003; Bai et al., 2011; Wang, 2014; Zhang et al., 2018). It is well known that plants have several different enzymatic pathways to produce NO, and the most intensive investigation is based on nitrate reductase (NR) and a putative nitric oxide synthase (NOS) enzyme (Besson-Bard et al., 2008). Related investigations aiming to understand the signaling role of NO in plant tolerance against environmental stimuli have been accumulating (Zhao et al., 2007; Zheng et al., 2009; Bai et al., 2011). It is well documented that endogenous NO acting as a broad spectrum antistress molecule (Lamattina et al., 2003; Hasanuzzaman et al., 2018) could mediate various plant tolerance against oxidative stresses produced by UV-B (Tossi et al., 2009), drought (García-Mata and Lamattina, 2001), metal stress (Sun et al., 2014), and salinity (Wang et al., 2012; Zhao et al., 2004). Thus, NO orchestrates a wide range of processes in stressed plants. As a mechanism for plant tolerance against salinity stress, NO plays roles in alleviating germination inhibition (Zhao et al., 2007; Zheng et al., 2009), maintaining ion homeostasis (Zhao et al., 2004), re-establishing redox balance, and improving growth inhibition (Xie et al., 2013; Ageeva-Kieferle et al., 2019).

Proteomic technology is one of the potent approaches, which defines and describes the differential abundance proteins (DAPs) between the hybrid and its parents (Marcon et al., 2010; Nam et al., 2012). This approach could identify protein expression differences upon stress conditions (Bai et al., 2011; Duan et al., 2016; Dai et al., 2017). Numerous proteins have been identified that were modulated by salt stress and were involved in multiple metabolic processes. These include protein processing/turnover, osmolyte accumulation, carbon and energy metabolism, cytoprotection against oxidative damage, etc. (Bai et al., 2011; Nam et al., 2012). Considering the limitations of gel-separation and label-based proteomic techniques, a label-free quantitative approach is appropriate because it is more accurate, economical, and time-saving (Patel et al., 2009; Zhu et al., 2010).

Brassica napus L. is one of the most important oil crops worldwide because of its considerable economic and nutritional values (Jia et al., 2015). It is well known that the growth of B. napus seedlings was significantly inhibited by salt stress (Steppuhn et al., 2001; Jia et al., 2015; Zhao et al., 2018). Therefore, breeding new hybrid crops is one of the most effective strategies to promote salinity tolerance of B. napus plants. A recent report showed the important role of NO in hybrid chickpea during the germination period without environmental stress (Pandey et al., 2019). The aims of this study were to cultivate new varieties with better salinity tolerance in the near future, and most importantly, explain the molecular mechanism in heterosis of salinity tolerance: the involvement of NO signaling. The results of this study therefore not only assist in understanding the salt-adaptive mechanisms of hybrid plants, but also provide new ideas for agricultural production.



MATERIALS AND METHODS


Plant Materials and Treatments

The two semi-dwarf male sterile lines and corresponding maintainers (M1942A/B, M1894A/B) derived from Polima sterile cytoplasm in B. napus L. were crossed by hand pollination with the restorer line NJ4375, to generate hybrids (F1, M1942 × NJ4375 and M1894 × NJ4375). These materials used in our experiments were developed and deposited at Nanjing Agriculture University. Considering that the M1942 and M1894 exhibited similar physiological properties and hybrid vigor, MB1942 (corresponding maintainer of M1942), NJ4375, and the generated hybrids (F1, MB1942 × NJ4375) were used.

The above three B. napus materials were grown in greenhouse pots filled with a mixture of vermiculite and quartz sand (3:1, v/v) and were irrigated with 1/2 Hoagland nutrient solution every 2 days. Six-week-old seedlings were cultured in 1/2 Hoagland nutrient solution with 200 mM NaCl or without NaCl (control group, Con) for another 14 days.

To evaluate the role of NO, 6-week-old seedlings of the above materials (NJ4375, MB1942, and F1) were pre-treated with sodium nitroprusside (SNP) (a well-known NO-releasing compound), 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt (cPTIO, a fairly special scavenger of NO), or the control nutrient solution for 12 h. According to a previous report (Dong et al., 2015) and our pilot experiments, the concentrations of SNP and cPTIO were both used as 100 μM. After pre-treatments, the plants were transferred to 1/2 Hoagland nutrient solution with or without 200 mM NaCl for another 14 days. There were 18 experimental groups.

The roots and third leaves, harvested from different treatment plants at the indicated time points, were used immediately or frozen in liquid nitrogen and stored at −80°C for further analysis. At least three independent biological replicates were carried out for each treatment.



Tolerance and Phenotype Analysis

For salt tolerance analysis, healthy seeds of each material in Petri dishes were germinated under darkness on distilled water with or without 200 mM NaCl for 3 days. Seeds were regarded as germinated when the radicle was equal to the length of the seeds.

Alternatively, 6-week-old seedlings of each material were irrigated with 1/2 Hoagland solution in the presence or absence of 200 mM NaCl for another 14 days. After treatments, representative growth images were recorded at the germination and post-germination periods. Meanwhile, the related phenotype observations, including germination rate, plant height, relative water content, biomass, and the contents of chlorophyll and proline, were then recorded (Xie et al., 2013; Su et al., 2018).



Oxidative Damage Assay

After treatments, the third leaves were harvested from the plants. To detect lipid peroxidation, the concentration of thiobarbituric acid reactive substances (TBARS) was measured (Dai et al., 2017). In brief, approximately 0.5 g of leaf tissue was homogenized with 5 ml solution containing 0.25% 2-thiobarbituric acid (TBA) and 10% trichloroacetic acid (TCA). After heating and centrifugation, the absorbance at 440, 532, and 600 nm was recorded. The results were expressed as nmol g–1 fresh weight (FW).

For the determination of H2O2 and O2-, diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) staining were used, respectively (Duan et al., 2016). To visualize H2O2 accumulation, the excised leaves were immersed in freshly prepared DAB solution (1 mg ml–1 DAB in 50 mM Tris–acetate buffer, pH 5.0), and then incubated in darkness at 25°C for 24 h. To visualize O2- generation in the leaves, the excised tissue was stained with NBT solution (0.5 mg ml–1 NBT in 10 mM potassium phosphate buffer, pH 7.6), and then incubated in darkness at 25°C for 6 h. Afterward, the stained leaves were immersed in 95% (v/v) ethanol till chlorophyll was removed and then photographed.



Measurement of Antioxidant Enzymes

Catalase (CAT) (EC 1.11.1.6) activity was analyzed by monitoring the consumption of H2O2 (ε = 39.4 mM–1 cm–1) at 240 nm for at least 3 min. Superoxide dismutase (SOD) (EC 1.15.1.1) activity was assessed by its capacity to inhibit NBT photochemical reduction that was determined at 560 nm (Su et al., 2019).



Determination of Ion Content

According to previous reports (Chen et al., 2017), the ion content in the leaves was detected by using an inductively coupled plasma optical emission spectrometer (ICP-OES; Perkin Elmer Optima 2100 DV, PerkinElmer, Shelton, CT, United States). After treatment, fresh leaves were harvested and washed three times by distilled water. Afterward, oven-dried samples were digested by the Digital Block Sample Digestion System (ED54, LabTech, Beijing, China) with 2 ml HNO3. Na and K element contents were detected.



Protein Extraction and Digestion

For total protein extraction in leaf tissues after treatments for 3 days, the Plant Total Protein Extraction Kit (Sigma-Aldrich, St. Louis, MO, United States) was used. Protein concentration was also quantified (Bradford, 1976).

Protein digestion was performed following a protocol defined previously (Wiśniewski et al., 2009). The trypsin-cleaved samples were desalted with C18 column (Thermo Fisher Scientific, Wilmington, MA, United States) and quantified by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, MA, United States). Finally, the samples were freeze-dried before sample injection.



Liquid Chromatography-Tandem Mass Spectrometry/Mass Spectrometry-Based Label Free Quantification and Date Analysis

For liquid chromatography-tandem mass spectrometry/mass spectrometry (LC-MS/MS) conditions, the label-free quantitative method was used to detect peptides (Duan et al., 2016). Three biological replicates for each of the different treatment groups were analyzed. A LTQ-Orbitrap mass spectrometer (Thermo Electron, Bremen, Germany) coupled to an Ultimate 3000 RSLC nano system (Dionex Thermo Fisher Scientific, Wilmington, MA, United States) was used for peptide analysis. The resulting peptides (2 μg each) were trapped on the trap column (Acclaim PepMap100 C18, 75 μm × 2 cm, 3 μm, 100 Å; Thermo Fisher Scientific, Wilmington, MA, United States) at a flow rate of 4 μl min–1 in loading buffer (2% acetonitrile, 0.1% formic acid in HPLC-grade water) for 15 min, followed by separation on an analytical column (Acclaim PepMap§ RSLC, C18, 75 μm × 15 cm, 3 μm, 100 Å, Thermo Fisher Scientific, Wilmington, MA, United States) in a linear gradient from 3 to 45% of solvent B (80% acetonitrile and 0.1% FA) at a flow rate of 0.25 μl min–1 over 112 min. The mass spectrometer was operated with an electrospray voltage of 2.3 kV. From the 60,000 resolution MS1 full scan in the range 350–1,800 m/z, the top five most prominent ions were selected for MS/MS analysis if they exceeded intensity greater than 5,000 counts and if they were at least doubly charged. The normalized collision energy for HCD was set to a value of 40%, and the resulting fragments were detected with 7,500 resolution in the Orbitrap. Every selected ion was dynamically excluded from further MS/MS fragmentation for 60 s.

Raw data were analyzed using the Proteome Discoverer Software (version 1.4, Thermo Fisher Scientific, Waltham, MA, United States) against UniProtKB1, which contained a database of accessible Arabidopsis and Brassica protein sequences. Searching parameters were as follows: at most two missed trypsin cleavage allowed, MS tolerance of 10 ppm, cysteine treated by iodoacetamide, and oxidation of methionine. A false discovery rate (FDR) based on q value was estimated, and only peptides at the 99% confidence interval were counted as the identified protein. Relative quantitation for proteins between the control and treated groups was obtained and analyzed. Proteins with a | fold change (FC)| ≥ 1.5 are considered to be a DAP in this study.



Bioinformatics Analysis

In this study, bioinformatics analysis of the obtained DAPs was conducted through OmicsBean (a multiomics data analysis tool)2, which integrated gene ontology (GO) and Kyoto Encyclopedia of Gene and Genomes (KEGG) pathways. The co-existing DAPs among different comparing pairs were located by using Venn diagram online tool3. All proteins identified in the B. napus proteome were based on their corresponding homologs in the Arabidopsis thaliana proteome database by using the B. napus Genome Browser4.



NO Assay

The content of NO was monitored by laser scanning confocal microscopy (LSCM) with a fairly specific NO fluorescent probe, 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM DA) (Li et al., 2012). At least five individual samples were randomly selected and measured per treatment. The fluorescence of NO was quantified as relative fluorescence units using the Volocity Demo software 2.5 (PerkinElmer, Waltham, MA, United States).



RNA Extraction and Gene Expression Analysis

Total RNA was extracted by TransZol Up Kit (TransGen Biotech, Beijing, China) according to the manufacturer’s instructions. DNA-free total RNA was then reverse-transcribed into cDNA by oligo(dT) primers and SuperScript reverse transcriptase (Invitrogen, Carlsbad, CA, United States). The quantitative real-time PCR (qPCR) was performed by using Mastercycler§ ep realplex real-time PCR system (Eppendorf, Hamburg, Germany) with TransStart Top Green qPCR SuperMix (TransGen Biotech, Beijing, China). The sequences of the primers are given in Supplementary Table 1. The relative expression levels of the corresponding genes were presented as values compared with the corresponding control samples at the indicated conditions or lines, after normalization with two reference genes BnActin and BnGAPDH. The relative gene expression levels were analyzed by using the 2–ΔΔ CT method (Livak and Schmittgen, 2001).



Statistical Analysis

All results expressed were the mean values ± standard deviation (SD) of at least three independent experiments with three replicates each. For statistical analysis, differences among treatments were analyzed by one-way analysis of variance (ANOVA) (P < 0.05, Duncan’s multiple range test) or two-way ANOVA (P < 0.05, Student’s t test).



RESULTS


Heterosis in Salt Stress Tolerance

During the germination period, the hybrids showed significant higher germination rate than its parents in the presence of NaCl (NJ4375 and MB1942; Figures 1A,B). In the post-germination stage, the hybrid rapeseed plants grew taller, and the mature hybrid leaves were greener than its parents (Figures 1C,D). For the mean trait values, it was observed that NJ4375 and MB1942 were more sensitive to salinity stress than hybrid plants, evaluated by changes in plant height (decreasing to 32.2, 30.9, and 26.4% of the non-stressed controls, respectively; Figure 1E), chlorophyll content (20.7, 20.0, and 19.3%, respectively; Figure 1F), relative water content (13.3, 12.55, and 11.3%, respectively; Figure 1G), and biomass (29.5, 28.61, and 27.1%, respectively; Figure 1H). Together, rapeseed heterosis in salt stress tolerance is confirmed.
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FIGURE 1. Heterosis of B. napus hybrid (F1) and their parental lines (NJ4375 and MB1942) on the phenotypic manifestation and salt tolerance assays during germination and post-germination. (A,B) Germination stage. Bar = 3 cm. (C,D) Post-germination stage. Bar = 10 cm (C). The leaves were sampled and photographed. Bar = 3 cm (D). The plant height (E), chlorophyll content (F), relative water content (G), and biomass (H) were determined. Treatment with distilled water (A,B) or 1/2 Hoagland nutrient solution (C–H) was regarded as control (Con). Values are the means ± SD for three independent experiments. One-way ANOVA analyses were conducted according to Duncan’s multiple range test. Within each set of experiments, bars with different letters denote significant differences at P < 0.05.




Heterosis in Alleviating Oxidative Damage and Maintaining Ion Homeostasis

Salt stress-induced oxidative stress in plants is usually brought about redox imbalance (Zhu, 2016; Chen et al., 2017; Zhao et al., 2020). In order to investigate the effect of heterosis on alleviating salt stress-induced oxidative damage, histochemical staining and antioxidant enzyme activities were analyzed. The levels of H2O2 and O2- were respectively monitored by DAB staining and NBT staining. The two parental lines, when stressed by NaCl, were stained extensively in the leaves, in comparison with chemical-free control samples (Figure 2A). However, the accumulation of H2O2 and O2- was partially reduced in hybrids. Meanwhile, changes in TBARS levels were observed to exhibit a comparable pattern (Figure 2B). The activities of two antioxidant enzymes, namely SOD and CAT, were also measured and compared (Figures 2C,D). The results showed that when challenged with NaCl stress, the enhanced enzyme activities were more pronounced in the hybrid than those in the parental lines. The above results clearly suggest that hybrids could better alleviate salt stress-induced oxidative damage.
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FIGURE 2. Heterosis of B. napus hybrid (F1) and their parental lines (NJ4375 and MB1942) on alleviating oxidative damage and maintaining ion homeostasis. (A) Leaves were collected and stained with 3,3′-diaminobenzidine (DAB) or nitroblue tetrazolium (NBT) to visualize H2O2 or O2- distribution, respectively. Bar = 3 cm. Meanwhile, TBARS content (B), SOD activity (C), CAT activity (D), K+ (E), and Na+ (F) contents, as well as Na/K ratio (G) in leaf tissues, were measured. Treatment with distilled water was regarded as control (Con). Values are the means ± SD for three or five independent experiments. One-way ANOVA analyses were conducted according to Duncan’s multiple range test. Within each set of experiments, bars with different letters denote significant differences at P < 0.05.


Additionally, it has been well-documented that ionic balance inside cells is closely related to plant tolerance against salt stress (Zhu, 2003; Wu et al., 2020; Zhao et al., 2020). Compared with parental lines, a lower Na/K ratio in hybrid plants was observed in response to salt stress conditions, which was supported by the results, showing a higher K+ level and a significant lower Na+ content (especially) in the seedlings (Figures 2E–G).



Global Characterization of Protein Expression Patterns

Although some knowledge has been published regarding understanding of plant salt adaptation (Zhu, 2003; Xie et al., 2013; Wu et al., 2020), specific mechanisms aligned with heterosis for plant salt tolerance remain ambiguous. In order to obtain an overall view of proteomic changes of the three B. napus materials under salt stress, comparative proteomic analysis was performed by LC-MS/MS-based label-free quantification. Compared with control conditions, approximately 1,500 proteins (NaCl stress/control) were identified in the stressed leaves of the three materials (NJ4375, MB1942, or F1; Supplementary Table 2). Applying a threshold of minimum FC with a cutoff at 1.5-fold (up-regulation) and 0.67-fold (downregulation), a total of 651 (347 up-regulated and 304 downregulated), 609 (260 up-regulated and 349 downregulated), and 781 (379 up-regulated and 402 downregulated) proteins showed differential accumulation in NaCl-treated NJ4375, MB1942, and F1 groups, respectively (Figure 3A). By using the Venn diagram to analyze total DAPs among the three NaCl-treated materials, 120, 94, and 192 specific DAPs were found in NJ4375, MB1942, and F1, respectively. Meanwhile, there were 243 overlapping DAPs among the three B. napus genotypes (Figure 3B).


[image: image]

FIGURE 3. Bioinformatics analysis of identified differential abundance proteins (DAPs). Treatment with distilled water was regarded as control (Con). Venn diagram of DAPs identified in hybrid and its parental lines (A). The numbers of up- and down-regulated proteins were given (B). Gene ontology (GO) (C) classification of DAPs was collected and presented. The plots reveal the distribution of the 10 most significantly enriched terms.


Gene ontology term analysis for biological processes was carried out to ascertain functional annotations of DAP clusters, with the top 10 significantly enriched terms shown in Figure 3C. In all three major functions, namely biological process (BP), cellular component (CC), and molecular function (MF), the hybrid showed better adaptation than its parental lines for most functions. In BP analysis, for response to stimulus, response to stress, and response to chemical, these three representative terms showed that there were more DAP responses to NaCl-induced stress conditions. The CC analysis showed that most DAPs are related to stress response belonging to the cytoplasm, chloroplast, plastid, membrane, and cytosol. Heterocyclic compound binding and organic cyclic compound binding were the dominant MF in GO assignments.



Endogenous NO Was Involved in the Heterosis of B. napus Upon Salt Stress

Interestingly, proteomic data also showed that NO might be involved in the heterotic responses of B. napus under salt stress. The expression levels of two identified proteins (NIA1 particularly and NIA2, accession: P39867 and P39868, two key proteins of NO metabolism in B. napus) of the hybrid were higher than those in NJ4375 and MB1942 (Table 1). Gene expression levels (BnNIA1 especially and BnNIA2) showed a similar pattern (Figure 4A).


TABLE 1. List of NO metabolism proteins in the three B. napus materials/seedling leaves in response to salt stress for 3 days.
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FIGURE 4. Changes in nitric oxide (NO) homeostasis. (A) The gene expression levels of NIA1 and NIA2 in the leaves with or without stress for 6 h were analyzed by qPCR. (B) After treatment for 12 h, root tips and leaves were loaded with 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM DA) and detected by laser scanning confocal microscopy (LSCM). DAF-FM DA-dependent fluorescence densities according to panel (B) were given panel (C). The time course of NO-related fluorescence in the leaves was also shown panel (D). After treated for 12 h, the NO levels in the leaves were detected by LSCM (E) with or without SNP or cPTIO pre-treatment, respectively. Values are the means ± SD for three independent experiments. One-way ANOVA analyses were conducted according to Duncan’s multiple range test. Different letters denote significant differences at P < 0.05.


In order to further explore the mechanisms of heterosis control of salt stress tolerance, NO production in root and leaf tissues of two parental lines and hybrid plants was observed by labeling NO using its fairly specific fluorescence probe DAF-FM DA, which can be used widely to monitor NO levels in plant cells (Figure 4B; Foresi et al., 2010). By using LSCM, the NO-related signal was captured as green fluorescence. Under control and salt stress (in particularly) conditions, the hybrid both showed higher DAF-FM-dependent fluorescence, in the root tips and leaves, compared with parental lines (12 h; Figure 4B). Meanwhile, DAF-FM-dependent fluorescence displayed higher intensity in the leaves than in the root tips (Figure 4C). In addition, the NO levels of plants during the germination stage were also detected. The results showed that NO level in the hybrid was significantly higher than its parental lines under salt stress (in particular) and non-stressed conditions (Supplementary Figure 1). These results indicated the possible roles of NO at both germination and post-germination stages.

The time-course imaging in the leaves of the three materials is shown in Figure 4D. Images showed strong and substantial increased fluorescence in the three plant materials, respectively, all peaking at 12 h, followed by a mild decrease until 14 days after NaCl treatment, in comparison with the basal levels in the control samples. We also noticed that the response of hybrids is more pronounced than those in NJ4375 and MB1942, two parental lines.

As shown in Figure 4E, since the above DAF-FM-dependent fluorescence intensity in the seedling leaves of the three materials was respectively impaired by pre-treatment with cPTIO (a scavenger of NO) and the fluorescence was markedly intensified in the presence of a well-known NO-releasing compound SNP (a positive control), we further confirmed that the DAF-FM-dependent fluorescence is mainly caused by endogenous NO levels. Combined with the phenotypic parameters in the presence of NaCl stress (Figure 1), it was further deduced that there is potential connection between NO and heterosis under salt stress.



NO Was Involved in Chlorophyll Biosynthesis in the Hybrid

Chlorophyll synthesis is strongly linked to photosynthetic activity (Fujimoto et al., 2012; Wang and Grimm, 2021). Under salt stress, chlorophyll biosynthesis was substantially downregulated in two parent materials (particularly in MB1942) and hybrid plants (Figure 5A; Chen et al., 2017). In the presence of SNP with or without NaCl stress, chlorophyll contents were differentially increased in the above three materials, and contrasting tendencies were observed in the presence of cPTIO.
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FIGURE 5. The role of NO in the regulated chlorophyll metabolic process. (A) Chlorophyll content was detected after treatment for 14 days. (B) After stress for 3 days, the proteins were extracted from the leaf tissues. Chlorophyll metabolism-related proteins were identified by LC-MS/MS. Compared with the parental lines, the less pronounced decreased proteins associated with NO in the hybrid, including hydroxymethylbilane synthase (HEMC1), protoporphyrinogen/coproporphyrinogen III oxidase, (PPOX), magnesium-protoporphyrin O-methyltransferase (CHLM), protochlorophyllide reductase (PORB), and divinyl chlorophyllide-a 8-vinyl-reductase (PCB2), are shown in red (data obtained from Supplementary Table 2). (C) After treated for 1 day, the expression profiles of the corresponding genes in the leaves of F1 and two parents were analyzed by qPCR. Values are the means ± SD for three independent experiments. For panel (A), bars with different letters represent significant differences among treatments in a genotype (one-way ANOVA, P < 0.05, Duncan’s multiple range test), and the asterisk indicates significant difference between genotype × treatment interactions (two-way ANOVA, P < 0.05, Student’s t test). For panel (C), bars with different letters represent significant differences (one-way ANOVA, P < 0.05, Duncan’s multiple range test).


Our proteomic data further revealed that compared with those in hybrid plants subjected to NaCl stress, the decreased levels of the function proteins associated with chlorophyll biosynthesis were more pronounced in their parents (Table 2, Figure 5B, and Supplementary Table 2). These proteins include hydroxymethylbilane synthase (HEMC1, accession: A0A078G803), protoporphyrinogen/coproporphyrinogen III oxidase (PPOX, accession: A0A078FSF5), magnesium-protoporphyrin O-methyltransferase (CHLM, accession: A0A078HA16), protochlorophyllide reductase (PORB, accession: A0A078GUT8), and divinyl chlorophyllide-a 8-vinyl-reductase (PCB2, accession: A0A078FHJ5). However, the proteomic levels related to chlorophyll biosynthesis in hybrid seedlings were significantly enhanced under salt stress in the presence of SNP, but were obviously impaired by cPTIO pre-treatment (Table 2), all of which matched with the changes in chlorophyll contents (Figure 5A), reflecting the important role of NO. Similar phenotypic data in the changes of chlorophyll contents were observed in two parents, in the presence of either SNP or cPTIO. The above results were confirmed by the data obtained with qPCR (Figure 5C).


TABLE 2. List of chlorophyll metabolism proteins in the seedling leaves of B. napus materials in response to salt stress for 3 days with or without sodium nitroprusside (SNP) or 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt (cPTIO) pre-treatment for 12 h.
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Proline Metabolic Pathway in the Hybrid Was Dependent on NO

As shown in Figure 6A, there was no obvious difference in proline contents among the three B. napus materials under chemical-free control conditions. In the presence of NaCl stress, however, the enhanced proline content was pronounced in the hybrids compared with its parental lines. Importantly, these changes in the three stressed materials were further significantly intensified by SNP, but blocked by cPTIO. Also, cPTIO alone resulted in the reduction of proline content compared with the corresponding chemical-free controls.
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FIGURE 6. The involvement of NO in the regulated proline biosynthesis. (A) Proline content was detected after treatments for 14 days. (B) After treated for 3 days, the proteins were extracted from the leaf tissues. Proline biosynthesis-related proteins were identified by LC-MS/MS. Compared with the parental lines, the up-regulated proteins associated with NO in the hybrid, including delta-1-pyrroline-5-carboxylate synthase A (P5CS1), delta-1-pyrroline-5-carboxylate synthase B (P5CS2), and pyrroline-5-carboxylate reductase (P5CR), are shown in red, and the down-regulated protein [proline dehydrogenase (PDH)] is shown in blue (data obtained from Supplementary Table 2). (C) After treated for 1 day, the expression profiles of the corresponding genes in the leaves of F1 and two parents were analyzed by qPCR. Values are the means ± SD for three independent experiments. For panel (A), bars with different letters represent significant differences among treatments in a genotype (one-way ANOVA, P < 0.05, Duncan’s multiple range test), and the asterisk indicates significant difference between genotype × treatment interactions (two-way ANOVA, P < 0.05, Student’s t test). For panel (C), bars with different letters represent significant differences (one-way ANOVA, P < 0.05, Duncan’s multiple range test).


Subsequently, several proteins involved in proline biosynthesis (Table 3, Figure 6B, and Supplementary Table 2), such as delta-1-pyrroline-5-carboxylate synthase A (P5CS1) (accession: A0A078E0Y2), delta-1-pyrroline-5-carboxylate synthase B (P5CS2) (accession: A0A078HWQ9), pyrroline-5-carboxylate reductase (P5CR) (accession: A0A078F9Z9), and proline dehydrogenase (PDH) (accession: A0A078G092) in B. napus seedlings, were analyzed. In plants, proline is mainly produced from glutamate. In this pathway, the enzymes P5CS1 and P5CS2 reduce glutamate to L-glutamate 5-semialdehyde, and the P5CR reduces 1-pyrroline-5-carboxylate to proline (Szabados and Savouré, 2010). Conversely, the enzyme PDH results in proline breakdown and converts proline to 1-pyrroline-5-carboxylate (Ribarits et al., 2007). As expected, the corresponding genes encoding three enzymes (P5CS1, P5CS2, and P5CR) required for proline synthesis and related protein levels in the hybrids exhibited higher abundance than those in their parents upon salt stress (Figures 6B,C and Table 3). In contrast, the abundance of the PDH transcript, encoding an enzyme for proline degradation, and its protein levels were lower in the hybrid under identical conditions.


TABLE 3. List of proline metabolism proteins in three seedling leaves of B. napus materials in response to salt stress for 3 days with or without SNP or cPTIO pre-treatment for 12 h.

[image: Table 3]To investigate the link between NO and proline production, either SNP or cPTIO was separately used, in the presence or absence of NaCl stress. Results showed that exogenous SNP administration increased some protein levels in the stressed hybrid plants, including P5CS1, P5CS2, and P5CR, and decreased PDH level (Table 3). These results were confirmed by the changes in related transcripts (Figure 6C). Meanwhile, contrasting results were observed when cPTIO was applied together in hybrid materials, in both protein and transcriptional levels (Table 3 and Figure 6C).



The Hybrid Regulated the Tricarboxylic Acid Cycle via Endogenous NO

It is well known that the TCA cycle-related enzymes are obviously sensitive to oxidative stimuli, and abiotic stress-triggered oxidative stress could significantly inhibit key enzymes of the TCA cycle (Morgan et al., 2008; Che-Othman et al., 2017). In this proteomic study, five key proteins of the TCA cycle, including dihydrolipoamide acetyltransferase (PYD2, accession: A0A078FMN3), citrate synthase (CS) (accession: A0A078IH04), isocitrate dehydrogenase (ICDH) (accession: A0A078FVI0), and succinyl-CoA synthetase (SCS) (accession: A0A078HSE9), in two parental lines were downregulated during salt stress (Table 4, Figure 7A, and Supplementary Table 2). Nevertheless, changes in dihydrolipoamide succinyltransferase (OGD2, accession: A0A078FRZ0) displayed increased/decreased tendency in NJ4375 and MB1942, respectively. However, heterosis helped the B. napus hybrids to counteract (in particular) or intensify (only OGD2 in NJ4375) the changes in the above key TCA cycle proteins caused by salt stress.


TABLE 4. List of TCA cycle-related proteins in the seedling leaves of B. napus materials in response to salt stress for 3 days with or without SNP or cPTIO pre-treatment for 12 h.
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FIGURE 7. NO-modulated TCA cycle metabolic process. (A) The proteins were extracted from the leaf tissues after treated for 3 days. TCA cycle metabolic-related proteins were identified by LC-MS/MS. The up-regulated proteins, including dihydrolipoamide acetyltransferase (PYD2), citrate synthase (CS), isocitrate dehydrogenase (ICDH), dihydrolipoamide succinyltransferase (OGD2), and succinyl-CoA synthetase (SCS) associated with NO in the hybrid, are shown in red (data obtained from Supplementary Table 2). (B) After treated for 1 day, the expression profiles of the corresponding genes in the leaves of F1 and two parents were analyzed by qPCR. Values are the means ± SD for three independent experiments. One-way ANOVA analyses were conducted according to Duncan’s multiple range test. Different letters denote significant differences at P < 0.05.


In order to further confirm the role of NO in the hybrid, SNP and cPTIO were used. The results showed that the protein levels related to TCA in heterosis were enhanced by SNP, but inhibited by cPTIO, indicating the central role of NO homeostasis (Table 4). This hypothesis above was obviously verified by qPCR data (Figure 7B).



DISCUSSION

To date, many reports observed that hybrid plants have advantages in terms of plant growth and tolerance of environmental stimuli. For example, increased leaf area of the hybrid plant Arabidopsis resulted in increased biomass (Fujimoto et al., 2012). Improved germination was observed in the hybrid plant of chickpea because of its reduced ROS level (Pandey et al., 2019). In addition, hybrids showed obvious heterosis for photosynthesis under salt stress (Xu et al., 2018). However, very little is known about the corresponding mechanisms regarding heterosis of salinity tolerance in plants.

The current study provides a main branch of molecular basis for heterosis, showing that hybrid plants’ tolerance against salt stress might require NO signaling, including activation of defense responses and metabolic processes. Since NO is previously regarded as a gaseous transmitter in prokaryotes and eukaryotes (Lamattina et al., 2003; Besson-Bard et al., 2008), the above results further reflected the importance of NO in plants, especially in heterosis.

In this study, we found that the hybrid of B. napus resulted in the promotion of seed germination and seedling growth under salt stress (Figures 1A–D), which were confirmed by the alleviation of reduction in plant height (Figure 1E), chlorophyll (Figure 1F), relative water content (Figure 1G), and biomass (Figure 1H). These results in B. napus were consistent with previous studies (Akram et al., 2010; Fujimoto et al., 2012; Bagum et al., 2017; Xu et al., 2018), showing that hybrid plants were more tolerant against salinity.

The imbalance of ROS elicited by salt stress usually brings about oxidative stress and cellular damage (Miller et al., 2010; Chen et al., 2017). In this study, it was observed that the improved tolerance in B. napus hybrids when challenged with salt stress was explained by alleviating oxidative damage, confirmed by the elimination of H2O2 and O2- production (DAB and NBT staining, respectively), decreased TBARS content, and increased CAT and SOD activities (Figures 2A–D). Importantly, the ion homeostasis plays a critical role in enabling the plant to tolerate salt stress (Zhu, 2003; Zhao et al., 2004; Wu et al., 2020). Our work subsequently implicated that hybrid plants confer increased salt stress tolerance partly by maintaining ion homeostasis, showing a lower Na+/K+ ratio in the stressed hybrids than parental lines (Figures 2E–G). Further experiments regarding kinetic changes in K+ retention and Na+ exclusion and the corresponding mechanism related to NO signaling (Pérez-Alfocea et al., 1996; Zhao et al., 2004, 2007; Xu et al., 2018; Farooq et al., 2020) should be carried out in the near future.

To further probe molecular mechanism, a proteomic analysis was performed by LC-MS/MS and related data were compared among different treatments in the three B. napus materials/seedling leaves. Based on the criterion of | fold change (FC)| ≥ 1.5, 1,102 DAPs were found in three B. napus materials under NaCl treatment or control (Figures 3A,B and Supplementary Table 2). Further GO enrichment analysis revealed that more DAPs, for example, related to response to stress and organic substance in biological process, were highly enriched in F1 plants (Figure 3C). We also noticed differential profiles of stress-related potassium channel beta subunit 1 (KAB1; Sun et al., 2016) in both hybrids and parental lines upon salinity stress (Supplementary Table 2), which matched with the changes in Na+/K+ ratio (Figure 2G). The proteomic data also suggested that multiple mechanisms might be involved in heterosis-driven salt tolerance in B. napus plants.

Many investigations regarding the tolerance mechanisms underlying heterosis of salinity tolerance have been reported (Akram et al., 2010; Fujimoto et al., 2012; Bagum et al., 2017; Xu et al., 2018; Farooq et al., 2020). However, the role of NO in heterosis has been rarely considered. As an important gaseous signaling molecule, NO participates in multiple plant tolerance reactions when challenged with environmental stimuli (Lamattina et al., 2003; Wang, 2014; Sánchez-Vicente et al., 2019). The present study demonstrated that two essential NO synthetic proteins (NIA1 and NIA2) were significantly increased in the F1 hybrid in comparison with the parental lines, especially under salt stress (Table 1). The results above were parallel to the transcriptional profiles detected by qPCR (Figure 4A). In subsequent trials, NO accumulation in root and leaf tissues was also observed by LSCM. For example, in the strongly salt-tolerant hybrid plants, NO production was substantially increased in response to salt stress, in both root and leaf tissues (particularly Figures 4B,C). These results further confirmed that NaCl-triggered NO synthesis was due to the up-regulation of NR gene expression.

The production of stress-induced endogenous signaling molecules is generally time dependent and plays different roles in response to various stresses (Sun et al., 2014; Xie et al., 2014; Chen et al., 2017). During the 14-day treatment period, the time course of endogenous NO production in the leaves showed that although NaCl could trigger NO production in the three B. napus genotypes, the induction of NO synthesis was more pronounced in the leaves of the tolerant hybrid plants, compared with the two sensitive parent materials (Figure 4D). Also, a peaking point of NO production was observed after 12 h of stress in the three materials. The above results can explain partly why the hybrid of B. napus exhibited more tolerance than two parent materials when challenged with NaCl stress, since NO has been found to be closely positively associated with salinity tolerance in plants (Zhao et al., 2004, 2007).

In order to further elucidate the role of endogenous NO accumulation involved in heterosis under salt stress in B. napus, cPTIO (a NO scavenger) and SNP (a NO-releasing compound) were either used. Although cyanide in SNP has drastic effect on the mitochondria (Thomas et al., 2009), many reports revealed that negative effects of appropriate concentration of SNP is very little (Bai et al., 2011; Xie et al., 2014; Zhang et al., 2018). By using LSCM, subsequent results revealed that the addition of SNP could further intensify NO production in the presence or absence of NaCl stress, and these responses were more pronounced in the hybrid than in the two parent materials (Figure 4E), further implying that induced endogenous NO level is necessary for heterosis of salinity tolerance. Meanwhile, contrasting changes were observed in the presence of cPTIO. The above results matched with the changes in the contents of chlorophyll (Figure 5A) and proline (Figure 6A), reflecting that NR-dependent NO level was positively correlated with plant tolerance against NaCl stress. Overall, our pharmacological results suggested the important function of endogenous NO in the heterotic tolerance response to salt stress.

Unlike the signaling function of ROS in the early period of stressed conditions (Xie et al., 2011), overaccumulation of ROS during the late stage of abiotic stress causes oxidative stress in plants. Previous reports revealed that environmental stress-induced ROS generation could be modulated by NO, which could re-establish redox homeostasis and decrease oxidative damage (Turkan, 2018; Zhang et al., 2018). Therefore, the alleviated oxidative damage in hybrid plants might be caused by NO-decreased ROS levels (Figures 2A–D, 4).

Since NO could influence various metabolism pathways in plants, including photosynthesis upon abiotic stresses (Besson-Bard et al., 2008; Bai et al., 2011), representative metabolic processes associated with the NO control of salt stress tolerance in hybrid plants are compared and discussed below. It is well documented that salt stress can cause inhibition of chlorophyll biosynthesis (Duan et al., 2016; Chen et al., 2017). Previous reports also showed that hybrid plants displayed obviously photosynthetic potential in different plant species, such as Arabidopsis (Fujimoto et al., 2012) and Physocarpus amurensis (Xu et al., 2018).

As a multiple functional gaseous signaling molecule, NO exerts its biological function through different ways, including the control of second messengers, interaction with protein kinases, or regulation of gene expression (Astier and Lindermayr, 2012). Besides, NO-dependent post-translational modifications, such as S-nitrosylation, are other ways to interact with other specific proteins, including the proteins in photosynthesis (Galetskiy et al., 2011; Tanou et al., 2012).

In the present study, proteomic profiles revealed that the addition of SNP had more pronounced significant effects on NaCl-increased representative chlorophyll synthetic protein levels in the hybrid plants (Table 2 and Figure 5B), and these proteins include some responsible for the biosynthesis of tetrapyrrole (HEMC1, A0A078G803) and chlorophyll a/b (PPOX, A0A078FSF5; CHLM, A0A078HA16; PORB, A0A078GUT8; and PCB2, A0A078FHJ5) (Tanaka and Tanaka, 2006). Contrasting changes were observed when cPTIO was exogenously applied together. We also noticed that the amounts of these protein levels in F1 plants were higher than those in the parent materials, in the presence or absence of NaCl stress alone (Supplementary Table 2). Combined with similar changing tendencies in chlorophyll contents (Figure 5A) and corresponding mRNA abundance (Figure 5C), we further proposed that heterosis-improved chlorophyll synthesis upon salinity might require the participation of endogenous NO.

The accumulation of proline plays an important role in plant defense against abiotic stress (Ribarits et al., 2007; Szabados and Savouré, 2010; La et al., 2020). Previous results revealed that exogenous SNP could enhance proline production via modulating its synthesis and degradation genes (Su et al., 2018). As anticipated, compared with parental lines, the increased proline synthesis was further intensified in salt-stressed hybrid plants, confirmed by the increased protein levels and transcriptional abundance of P5CS1/2 and P5CR (Figures 6A,B, Table 3, and Supplementary Table 2). Consistently, the reduction in proline degradation in F1 plants, represented as the changes in PDH protein and transcriptional levels, was also observed. Subsequent results showed that proline metabolism was further stimulated by the administration with SNP, but suppressed by cPTIO, especially in hybrid plants (Table 3 and Figure 6). A similar change in proline production was observed in plant hybrid tolerance against salt stress (Pérez-Alfocea et al., 1994, 1996). Therefore, combined with the results shown in Figure 4, the increased proline accumulation in hybrid B. napus seedlings under salt stress was likely dependent on the stimulated NO production.

The TCA cycle is one of the key ways of cellular processes of carbon and nitrogen metabolism in plant mitochondria and is also important for fueling respiratory electron transport and, thus, ATP synthesis (Taylor et al., 2004; Kosová et al., 2011). Most importantly, the TCA cycle could provide the energy and carbon skeleton for the protein synthesis related to chlorophyll (Nabeta et al., 1998; Porra and Scheer, 2000) and proline biosynthesis (Hildebrandt et al., 2015). Previous biochemical and proteomic analysis revealed that TCA cycle enzymes were sensitive to abiotic and oxidative stresses (Hossain et al., 2012). In order to survive under salt stress conditions, a large amount of ATP is required to modulate a series of adaptive metabolic processes, including maintaining ion homeostasis and charge balance, de novo synthesis of stress-related and metabolism-related proteins, etc. (Sweetlove et al., 2002; Taylor et al., 2004; Duan et al., 2016). In this study, five proteins involved in the TCA cycle, namely PYD2 (A0A078FMN3), CS (A0A078IH04), ICDH (A0A078FVI0), OGD2 (A0A078FRZ0), and SCS (A0A078HSE9), were slightly suppressed after exposure to NaCl in hybrid plants (Table 4 and Supplementary Table 2). By contrast, these proteins were significantly downregulated in the two parental lines. Considering that NO can promote plant growth by enhancing the mitochondrial TCA cycle (Mao et al., 2018), SNP and cPTIO were used to probe the casual link between NO-mediated TCA cycle and heterosis under salt stress. The results showed that the application of exogenous SNP increased the expression of five TCA cycle relevant proteins and genes under salt stress in the hybrid plants (Table 4 and Figure 7), whereas the removal of endogenous NO with cPTIO brought about contrasting responses. Taken together, it was concluded that the TCA cycle might be the target of NO-mediated heterosis of salinity tolerance in B. napus, thus improving chlorophyll and proline synthesis upon NaCl stress (Figures 4A, 5A). Besides, we noticed that the data suggested that a significant fraction of the proteome is affected in this study (Figures 3, 5–7). In fact, proteins in cells could not perform their functions as single entities, but can work together in the context of networks (Dai et al., 2017).



CONCLUSION

In conclusion, this study investigated the responses of a B. napus hybrid, produced by a cross between NJ4375 and MB1942, upon NaCl stress. Using proteomic and pharmacological approaches, we discovered the important roles of endogenous NO in the heterosis of salinity tolerance, which was dependent on the activation of chlorophyll and proline metabolism as well as TCA cycle. Based on these results, a working model was summarized to explain the detailed mechanism of NO-dependent heterotic tolerance upon salt stress (Figure 8). Certainly, the casual link between NO and ROS in heterosis is another future work. Our results not only suggested that the mechanism by NO-dependent heterotic tolerance to salt tress is achieved, but also further implied the central roles of endogenous NO functioning in both developmental processes and stress responses in crops.
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FIGURE 8. Schematic diagram of the potential role of NO in the heterosis of B. napus against salt stress at the proteomic and physiological levels. A rapid response of NO production catalyzed by NIA1/2 in hybrid is induced in response to salt stress. NO might control TCA cycle metabolism pathway, thus providing the energy and carbon skeleton for the protein synthesis related to chlorophyll and proline biosynthesis. Finally, salinity toxicity was alleviated. T bars, inhibition.
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Supplementary Figure 1 | The NO levels at germination stage. (A) After seeds germinated for 3 days, the roots were loaded with 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM DA), and detected by laser scanning confocal microscopy (LSCM). DAF-FM DA-dependent fluorescence densities according to panel (A) were given panel (B). Values are the means ± SD for three independent experiments. One-way ANOVA analyses were conducted according to Duncan’s multiple range test. Different letters denote significant differences at P < 0.05.

Supplementary Table 1 | The sequences of primers for qPCR.

Supplementary Table 2 | Total number of identified proteins.
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As two coexisting abiotic stresses, salt stress and alkali stress have severely restricted the development of global agriculture. Clarifying the plant resistance mechanism and determining how to improve plant tolerance to salt stress and alkali stress have been popular research topics. At present, most related studies have focused mainly on salt stress, and salt-alkali mixed stress studies are relatively scarce. However, in nature, high concentrations of salt and high pH often occur simultaneously, and their synergistic effects can be more harmful to plant growth and development than the effects of either stress alone. Therefore, it is of great practical importance for the sustainable development of agriculture to study plant resistance mechanisms under saline-alkali mixed stress, screen new saline-alkali stress tolerance genes, and explore new plant salt-alkali tolerance strategies. Herein, we summarized how plants actively respond to saline-alkali stress through morphological adaptation, physiological adaptation and molecular regulation.
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INTRODUCTION

With the increase in population and the deterioration of natural environments, soil saline-alkalization has become an increasingly serious global problem (Shabala, 2013). According to statistics, approximately 7% of the world’s land (more than 900 million hectares) is threatened by saline-alkalization, and there are no effective measures by which to control its spread (Li et al., 2014). In China, the area of saline-alkali soil has reached 100 million hectares, and the Songnen Plain in northeastern China accounts for 3.73 million hectares and is one of three typical saline-alkali soil distribution areas in the world (the other two are Victoria in Australia and California in the United States) (Feng et al., 2007; Wang et al., 2009). Therefore, soil saline-alkalization is an extensive abiotic stressor and has become a major limiting factor for crop production in global agriculture (Wang H. et al., 2018).

The stress effects of soil saline-alkalization on plants include the effects of both salt stress and alkali stress. According to the salt content and pH value, the degree of salt-alkali conditions is classified as mild (the salt content is less than 3‰, and the pH is 7.1-8.5), moderate (the salt content is 3–6‰, and the pH is 8.5–9.5), or severe (the salt content exceeds 6‰, and the pH value exceeds 9.5) (Oster et al., 1999). Salt stress results mainly from NaCl, Na2SO4 and other neutral salts. On the one hand, these sodium ions will enter the cell directly through channel and carrier proteins that causes ion toxicity. On the other hand, the high ion concentration outside the cell will reduce the osmotic potential, which drives water molecules out of the cell, leading to physiological drought, that is, osmotic stress. Both of these aspects can cause plant metabolic disorders (Richards, 1947). Alkali stress is induced by NaHCO3 and Na2CO3, which further increase the pH on the basis of salt stress. Therefore, in addition to ionic toxicity and osmotic stress, high pH will severely disturb cell pH stability, destroy cell membrane integrity, and decrease root vitality and photosynthetic function (Zhang et al., 2017; Kaiwen et al., 2020). Many studies have shown that combined salt-alkali stresses result in more serious trophic ion imbalance, reduced osmotic adjustment capacity, inhibition of the antioxidant system, and more serious plant growth inhibition (Amirinejad et al., 2017; Chen et al., 2017; Wang X.-S. et al., 2017; Wang J. et al., 2020). For example, under mild alkali stress, bermudagrass slows metabolic processes such as carbohydrate degradation and N metabolism to maintain basic growth but with a slower growth rate. Moderately and severely alkali-stressed plants will accumulate relatively higher amounts of carbohydrates and significantly increase ROS and MDA contents (Ye et al., 2021). In short, the osmotic stress, oxidative stress, ionic toxicity and high-pH stress caused by mixed salt-alkali stress can destroy the cell membrane structure, inactivate enzyme activity, disrupt the ion balance in plant cells etc. However, most studies have focused mainly on salt stress, and little attention has been given to salt-alkali mixed stress.

Based on the extent and severity of plant damage due to soil salinization and alkalization, studying and summarizing the response mechanisms of plants under salt-alkali stress is very important. The results will contribute to the breeding of resistant varieties and provide an important theoretical basis for the rational utilization of saline-alkali land and the sustainable development of agriculture. Hence, in this work, we review how plants actively respond to salt-alkali stress on the basis of three different aspects: (1) morphological adaptations; (2) physiological adaptations, including osmotic regulation, ion and pH balance, antioxidant effects, and endogenous hormone responses; and (3) molecular regulation, including signal transduction, transcription factor involvement, saline-alkali resistance gene expression, and epigenetic regulation.



MORPHOLOGICAL ADAPTATIONS TO SALT-ALKALI STRESS

Under salt-alkali stress, the normal growth, development, and physiological and biochemical metabolism of plants are severely disrupted. When plants are exposed to saline-alkali stress, the roots are the first to perceive the stress information, which is gradually transmitted to the aboveground parts. The root surface area and the root tip number, as well as the leaf area and photosynthetic rate, mainly account for the response of the plant seedling biomass to salt-alkaline stress (An et al., 2021). After long-term exposure to saline-alkali stress, plants can alter their morphology to better adapt to the environment. According to reports, the typical changes in the morphology or anatomy of halophytes in response to salinity mainly include an increase in succulence, leaf pubescence, alterations to the number and size of stomata, a multilayered epidermis, thickening of the cuticle, early lignification, inhibition of differentiation, changes in the xylem vessel diameter and quantity, etc. (Waisel, 1972). Studies on three plant species with different responses to salt stress (Phaseolus vulgaris, which is salt-sensitive; Gossypium hirsutum, which is moderately salt tolerant; and Atriplex patula, which is salt tolerant) have shown that high Na+ concentrations significantly reduce the leaf area/plant height ratio. The anatomical structure of the leaves indicated that compared with the other species, the salt-tolerant species A. patula had greater leaf thickness due to the increase in the epidermal and mesophyll thickness and increased succulence (Longstreth and Nobel, 1979). Moreover, salt stress led to a decrease in the photosynthetic rate and CO2 concentrations in the chloroplasts, as determined by the stomatal and mesophyll conductance (Wang X. et al., 2018). Furthermore, the anatomical structure of Populus euphratica under salt stress revealed inhibition of xylem differentiation and developmental changes in normal-sized vessels, which improved the plant tolerance to salinity (Chen and Polle, 2010). In addition, studies on cotton and Leymus chinensis have also shown that plants can adapt to salt-alkali stress by increasing their root/shoot ratio and specific root length (Liu B. et al., 2015; Wang Q. H. et al., 2018). Dissections of the root structure showed that stress promoted the maturation of both the hypodermis and endodermis, which formed a well-developed Casparian strip closer to the root apex that is helpful for adaptation (Walker et al., 1984). Moreover, a study on the halophyte plant Kochia sieversiana showed that the cotyledon node zone may play a role in salt and alkali tolerance. Xylem sap collected from the above cotyledon node zone contains less Na+ and Cl– under both salt and/or alkali stresses. The selective restriction of ion transport conferred by the cotyledon node zone under both salt and alkali stresses may represent a novel mechanism of salt and alkali resistance in halophyte plants (Wang et al., 2019). At the cell level, cell expansion increases along the radial axis in the epidermis and cortex under high salinity, which is controlled by modifying the cell wall structure. Studies have shown that a proper cell wall structure is important for the cell shape, elasticity, cell expansion direction and overall growth in roots, which can be directly regulated by salt stress (Shoji et al., 2006; Duan et al., 2015). However, the latest report showed that in response to stress, root aquaporin activity, rather than changes in the root xylem structure, controlled hydraulic conductance, which provides new mechanistic and functional insights into plant adaptation to stress (Domec et al., 2021). In summary, salt-tolerant plants exhibit increased resistance by altering both aboveground and belowground organs to construct an appropriate morphological structure to adapt to adversity.



PHYSIOLOGICAL ADAPTATION MECHANISM OF PLANTS UNDER SALINE-ALKALI STRESS


Increasing Osmotic Regulatory Ability via Accumulation of Small-Molecule Organic Compounds

Under saline-alkali stress, sodium ion accumulation in the soil causes the osmotic pressure of the soil to be higher than that of plant cells. Under these environmental conditions, water exits plant cells, which causes osmotic stress and physiological drought. To cope with this adversity, plant cells synthesize and accumulate several small-molecule organic compounds, such as proline, soluble proteins, betaine, sugar, polyols and polyamines, to maintain intracellular water potential (Sun et al., 2019). These substances exert osmoregulatory ability by altering the solvent properties of water, stabilizing the internal osmotic potential, increasing the thermodynamic stability of folding proteins and protecting the macromolecular structure. Sorghum seedlings reportedly adapt to salt-alkali environments by altering the synthesis of small-molecule compounds such as proline and soluble proteins (Sun et al., 2019). In wheat, salt-alkali stress led to increases in proline, soluble sugar and polyol (sorbitol) contents to counteract the adverse salt-alkaline conditions (Lin et al., 2012; Guo et al., 2015). Exogenous application of salicylic acid and nitric oxide has been reported to increase plant salt tolerance by enhancing the synthesis of proline, glycine betaine, and sugars that contribute to the maintenance of the tissue water content in Vigna angularis (Ahanger et al., 2019). Taken together, these results show that different plant species and different varieties of the same species can respond to salt-alkali stress through changes in different osmotic adjustment substances.



Maintaining Na+-K+ Ion Balance via Channel Proteins and Transporters

The high concentration of sodium ions in the soil under saline-alkali stress can disrupt the dynamic balance of ions in cells, leading to a series of damaging effects on plants, such as destruction of the cell membrane structure, abnormal metabolons in cells and ionic toxicity (Hasegawa, 2013). Plants alleviate the toxicity of sodium ions mainly through excreting sodium ions from cells and sequestering them through ion antiporters such as NHX7 (also named SOS1) within cell membrane and NHX1 within vacuolar membrane, both of whose activity is regulated by calcium-dependent SOS2/SOS3 kinase complexes (Figure 1) (Bahmani et al., 2015). Na+ transport is driven by proton-driven forces produced by H+-ATPase (located within the cell and vacuolar membranes) and H+-VPPase (located within the vacuolar membranes). Saline-alkali stress can increase the activities of H+-ATPase and H+-VPPase. More H+ is pumped into the apoplast and vacuole, which increases the transmembrane electrochemical gradient, and enhances the power of Na+ flow from the cytoplasm into the apoplast and vacuole (Deinlein et al., 2014; Ye et al., 2019). Moreover, the SOS2-SOS3 complex is sensitive to Ca2+ concentrations, so appropriate Ca2+ levels are beneficial to maintaining sodium ion homeostasis under saline-alkali stress.
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FIGURE 1. Maintaining Na+-K+ ion balance via channel proteins and transporters.


The potassium (K+) concentration is closely related to the regulation of osmosis, the membrane potential, and enzyme activity in plants (Hasanuzzaman et al., 2018). A high cytosolic K+/Na+ ratio in the cytoplasm is necessary for normal plant growth and development. Under saline-alkali-stress conditions, a large influx of Na+ into the cytoplasm can causes the membrane potential to drop below the resting potential, which then activates the K+ outflow channel (such as NSCC, GORK, and SKOR) and disrupts the steady-state equilibrium of the K+/Na+ ratio (Falhof et al., 2016) (Figure 1). There is increasing evidence that some K+ channel proteins, including high-affinity K+ transporters (HKTs), high-affinity K+ absorption transporters channel proteins (HAKs), and Arabidopsis K+ transporters (AKT1), are involved in the K+ absorption in plants. HKTs are a kind of transport protein specific for Na+/K+ (type II). Type II HKTs are selective for K+ but can also transport Na+ under certain conditions (Cotsaftis et al., 2012). Generally, K+ absorption is mediated by members of the K+ transporter HAK/KUP/KT family (such as HAK5 and KUP7) or members of the shaker family of K+ channels (such as AKT1) (Li et al., 2018). A recent study showed that many members of the HAK/KUP/KT family are involved in K+ uptake and stress responses in tea plants (Yang T. et al., 2020). Plants overexpressing the HAK gene are highly tolerant to salt under low-K+ conditions in cytoplasm. However, under the combined conditions of Na+ and low K+ in plant cytoplasm, HAK expression is inhibited, the activity of the transporter decreases sharply, and plants become very sensitive. The main reason is that Na+ depolarizes the plasma membrane (PM), such that its polarity value is higher than that of the K+ equilibrium potential, thereby activating the outward-rectifying K+ channel (such as SKORs) and leading to K+ outflow (Pottosin and Dobrovinskaya, 2014; Bacha et al., 2015). In addition, the activity of PM H+-ATPase is another factor that restricts K+ absorption. This protein complex is necessary for protons to be actively pumped out of the cell through an ATP-dependent phosphorylation process, generating a proton motif force (pmf) across the PM (Falhof et al., 2016). HAKs then use the pmf produced by H+-ATPase for K+ absorption because HAKs are usually K+/H+ symporters (Bose et al., 2013; Pottosin and Dobrovinskaya, 2014). Thus, limiting membrane depolarization (restricting Na+ influx or promoting Na+ efflux) and enhancing H +-ATPase activity can increase K+ absorption via HAKs under salt stress and increase the resistance to low K+ under salt stress. Studies in tomato have indicated that inducing LeHAK5 and supplementing Ca2+ during the K+ starvation period can counteract the PM depolarization induced by salt stress by inhibiting NSCCs, thereby increasing the absorption of K+ (Bacha et al., 2015). From this point of view, maintaining a high K+/Na+ ratio is an important salt stress adaptation measure. AKT1 participates in high-affinity K+ absorption to ensure a constant K+ supply, resulting in a high internal-K+ to external-K+ concentration (Gierth and Mäser, 2007; Demidchik, 2014). When salt stress inhibits the plant’s ability to absorb K+ from the soil, increasing the external K+ concentration helps alleviate salt stress (Rodrigues et al., 2013). In Puccinellia tenuiflora, PutAKT1 has been characterized as encoding a K+ transporter/channel expressed under saline-alkali-stress conditions (Zhao et al., 2016). The overexpression of PutAKT1 in Arabidopsis seedlings increases K+ uptake by cells and reduces Na+ accumulation, which proves the role of PutAKT1 (Ardie et al., 2010). As mentioned above, there are many proteins involved in maintaining high cytoplasmic K+/Na+ ratios and that are prerequisites for salt stress tolerance because a high cytoplasmic K+/Na+ ratio can ensure the best cell metabolic function. In addition, some chemicals regulate tolerance to salinity and alkalinity stress by acting on these protein enzymes or channels. γ-aminobutyric acid (GABA) accumulation in Arabidopsis corresponded to increased activity of PM H+ ATPase, reduced ROS-induced K+ efflux from roots, and lower Na+ uptake, which confer salt tolerance to plants (Su et al., 2019). Xu et al. (2019) also reported that GABA can reduce the Na+/K+ ratio by inducing polyamine generation to enhance salinity-alkalinity stress tolerance in muskmelon. Polyamines were reported to assist in the movement and sequestration of Na+ from the cytoplasm to the vacuole and affect K+ flux by amending outward- and inward-rectifying K+ channels in guard cells and root cells (Pál et al., 2015; Pottosin et al., 2020). Moreover, the application of plant growth-promoting rhizobacteria showed an enhanced capacity to counteract saline-alkaline stress in Chrysanthemum plants, which can modify cellular abscisic acid levels, inhibit net K+ efflux and concurrently induce net Na+ efflux by modulating several Na+/H+ and K+ antiporters/channels (Zhou et al., 2017).



Maintaining Intracellular pH Stability Through Secreting and Synthesizing Organic Acids

High pH levels in soils occur with increasing saline-alkali stress, which mainly affects the plant root system by destroying root tissue and reducing the root surface area, resulting in root cells losing their normal physiological function (Munns and Tester, 2008; Robin et al., 2016). High-pH stress also causes the mineralization of organic matter such as carbon, nitrogen, phosphorus, and sulfur, which decreases nutrient recycling and availability for plants (Neina, 2019). Studies have shown that many plants can be induced to secrete large amounts of organic acids under saline-alkali stress, which can play a buffering role allowing plants to resist environmental changes and maintain intracellular pH stability and ion balance (Yang et al., 2010; He et al., 2011; Guo-Hui, 2012). Transcriptomic profiling in grapevine roots revealed that the underlying mechanism of the NaHCO3-induced synthesis of organic acids may be that phosphoenolpyruvate carboxylase catalyzes the carboxylation of phosphoenolpyruvate with -HCO3 to oxaloacetate, which is then converted into oxalate, acetate and malate. The activity of phosphoenolpyruvate carboxylase was regulated by phosphoenolpyruvate carboxylase kinases, which were substantially upregulated by NaHCO3 stress (Xiang et al., 2019). A relative study also showed that proton pump H+-ATPase may play an important role in organic acid secretion from roots under NaHCO3 stress (Guo et al., 2018). A study on tomato indicated that both the roots and leaves of plants maintained the ion balance by enhancing the synthesis of organic acids such as citrate, formate, lactate, acetate, succinate, malate and oxalate under salt and alkali stress. In particular, under alkali stress, large amounts of citrate, malate and succinate were synthesized to compensate for the deficiency of inorganic anions (Wang et al., 2011). These results verified the important role of organic acids in maintaining the cell pH and iron balance. In addition, organic acids are important intermediates of carbon metabolism in plant cells and play other roles in controlling the whole-plant cell physiology, including signaling messengers, modulators of transport across biological membranes, protein modification of acetylation or succinylation and nutrient element uptake from the soil, which can enhance the resistance of plants to a certain extent (López-Bucio et al., 2001; Drincovich et al., 2016; Yang T.Y. et al., 2020).



Increasing Resistance to Oxidative Damage via Antioxidant Enzymes and Antioxidants

Osmotic stress and ionic stress caused by saline-alkali stress further lead to the generation and accumulation of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and hydroxyl radicals (OH–s). Luo et al. (2021) addressed the mechanism of ROS production triggered by salinity. First, NaCl induces the expression of Abscisic Acid-Insensitive 4 (ABI4), which can enhance RbohD expression but repress VTC2 expression. Then activated RbohD promotes ROS production while VTC2 repression impairs ROS scavenging. Therefore, this ABI4-RbohD/VTC2 regulatory module positively promotes ROS accumulation (Luo et al., 2021). Accumulated ROS will disrupt the normal physiological functions of cells, resulting in metabolic disorders. There is a set of scavenging systems including antioxidant enzymes and antioxidants for reducing the stress of ROS in plants. The main antioxidant enzymes include superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione peroxidase (GPX), glutathione reductase (GR) and ascorbic acid peroxidase (APX). SOD is the first line of defense of the antioxidant system in plants and can transform accumulated superoxide molecules into oxygen and H2O2, after which CAT, APX, and POD convert H2O2 into water and oxygen. In addition, these enzymes work together to scavenge MDA produced from lipid peroxidation to the protect membrane structure. Antioxidants include mainly glutathione (GSH), ascorbic acid (ASA), mannitol, flavonoids, anthocyanins and vitamin E. These compounds are distributed in different parts of cells to regulate the balance of ROS in cells. Based on the functions of antioxidant enzymes and antioxidants, it is possible to alleviate the injury to cells caused by saline-alkali stress through the cooperation of the two.

A study on rice showed that cell membranes were severely damaged by alkali stress and that the contents of MDA and H2O2 increased significantly, which stimulated the plants’ antioxidant defense system. The activities of antioxidant enzymes such as SOD, POD, CAT, and APX significantly increased. After a 98% solution of natural anthocyanin exogenous antioxidants was applied, impaired phenotypic characteristics such as wilting, chlorophyll damage and cell death were relieved, and the ROS that accumulated were scavenged (Zhang et al., 2017). A high-salt environment further stimulates the plant response to alkali stress. Sun et al. (2019) reported that under relatively low alkali stress, the activities of SOD and CAT in sorghum seedlings essentially did not change, but under a high-salt environment, with an increase in alkalinity, POD activity increased significantly (Sun et al., 2019). Other studies have also shown that plants can reduce oxidative damage by regulating the activity of antioxidants and antioxidant enzymes to better adapt to salt-alkali stress environments. A study on two different sensitive maize varieties (JY417, a highly salt-tolerant cultivar) and (XY335, a salt-sensitive cultivar) showed that saline-alkali stress could increase both ASA and GSH contents. High ASA and GSH contents ensured the successful cyclization of ASA-GSH, which plays an important role in maintaining protein stability and the structural integrity of the biomembrane system and prevents membrane lipid peroxidation. By cooperating with APX, GR and other antioxidant enzymes, ASA and GSH constitute a cyclical system that effectively removes free radicals, thereby enhancing the antioxidant ability and maintaining the balance of active oxygen metabolism in cells to further effectively alleviate damage caused by salt-alkali stress (Fu et al., 2017). A Medicago sativa L. MsSiR overexpression enhanced the alkali tolerance of transgenic plants by increasing the GSH content (Sun et al., 2020). Moreover, many studies have shown that the application of exogenous compounds such as, hydrogen sulfide, GABA, 28-homobrassinolide, 24-epibrassinolide, melatonin, salicylic acid, kinetin, jasmonic acid and nitric oxide confers salinity and alkalinity tolerance by upregulating the antioxidant system, ascorbate-glutathione cycle, and glyoxalase system in various plants including soybean, Malus hupehensis, muskmelon, Brassica juncea, Pisum sativum, pepper and tomato cultivars (Ahmad et al., 2017, 2018; Ahanger et al., 2018; Kaur et al., 2018; Alam et al., 2019; Jin et al., 2019; Shams et al., 2019; Kaya et al., 2020; Li H. et al., 2020), which indicates the critical role of the antioxidant system in the stress response.



Increasing Endogenous Hormone Synthesis by Regulating the Expression of Related Genes

Changes in hormones are an important factor that affect normal plant growth and development under saline-alkali stress. Gibberellin (GA), auxin (IAA), abscisic acid (ABA), cytokinin (CK), ethylene (ET), salicylic acid (SA) and jasmonic acid (JA) are indispensable hormones for plant adaptations to stress, and the concentrations of these hormones are regulated by the expression of hormone-related genes (Ciura and Kruk, 2018; Korver et al., 2018; Kumar et al., 2019). For example, the endogenous GA (GA1 and GA4) content was shown to be less inhibited by saline-alkali stress in a resistant rice variety than in a sensitive variety, and the expression level of GA synthesis-related genes was higher in the former. Several key GA biosynthesis and catabolism-related genes, OsGA20ox, OsGA3ox, and OsGA2ox, in rice were found to participate in the response to saline-alkali stress. The expression of OsGA20ox1 in the sensitive variety decreased but was maintained at a relatively constant level in the resistant variety. Compared with that in the sensitive variety, the expression of OsGA20ox3 in the resistant variety was strongly induced in response to saline-alkali stress (Li et al., 2019). Therefore, the resistance mechanisms of plants to salt-alkali stress may be related to the biosynthesis and metabolism of GA. As key hormones for plant growth, IAA and CK accumulate and are widely distributed in root tips to cope with high-pH environments (Xu et al., 2012). The AUX/LAX family of influx carriers and the PIN family of efflux carriers mediate the polar transport of IAA, which is very important for the distribution and accumulation of IAA in plant roots (Blilou et al., 2005; Overvoorde et al., 2010). Under alkaline stress, the expression of the IAA-related genes ARF5, GH3.6, SAUR36, and SAUR32 and the CK-related gene IPT5 in the roots of apple rootstocks was significantly induced, and the contents of IAA and CK greatly increased, thereby increasing the alkali resistance of the apple rootstocks (Liu et al., 2019). Another study confirmed that ET can stimulate the expression of AUX1 and IAA biosynthesis-related genes to increase the accumulation of IAA, thereby regulating the inhibition of root elongation affected by alkaline stress (Li et al., 2015). ABA is an important plant hormone for plant growth, development and responses to stress. Studies have shown that in the ABA signaling pathway, the expression of five genes (SaPYL4–1, SaPYL4–2, SaPYL4–3, SaPYL4–4, and SaPYL5–1) related to ABA receptors in Sophora alopecuroides is downregulated under salt and alkali treatment. These genes regulate stomatal closure by promoting the accumulation of ABA, thereby reducing the inhibitory effect of saline-alkali stress on photosynthesis and allowing plants to better adapt to the stress environment (Guo et al., 2015; Yan et al., 2020). In sorghum plants, the expression levels of SbNCED3, SbPP2C09, SbPP2C23, SbPP2C52, SbPP2C54, SbPP2C58, SbSAPK1, SbSAPK5, and SbSAPK9 were significantly upregulated under saline-alkali stress, indicating that these genes may play an important role in ABA signaling under salt-alkali stress (Ma et al., 2019). These results indicate that an increase in hormone content enhances the salt-alkali resistance of plants. The application of exogenous hormones such as ABA, SA, and JA also alleviated harmful effects of salt and alkali stresses on various plants, which further verified the role of hormones in enhancing plant resistance (Ahanger et al., 2019; Ali et al., 2020; Li X. et al., 2020).




MOLECULAR MECHANISMS OF PLANT RESPONSES TO SALINE-ALKALI STRESS


Activation of Signal Transduction Pathways

The signal transduction pathways of saline-alkali stress mainly include the salt overly sensitive (SOS) pathway, protein kinase pathway and ABA pathway. Among them, the SOS pathway is used for signal transduction under ionic stress, while the protein kinase pathway and ABA pathway are involved mainly in osmotic signal transduction (Zhu, 2016).

The SOS pathway is the first salt-alkali stress signal transduction pathway established in plants and is responsible for the efflux of Na+ in cells. In this signaling pathway, the EF-hand chiral calcium-binding proteins Salt Overly Sensitive 3 (SOS3) and SOS3-Like Calcium-Binding Protein (SCaBP8)/Calcineurin B-like Protein 10 (CBL10) are essential for the activation of the SOS signaling pathway. These proteins belong to the CBL/SCaBP protein family, with an EF-hand structural region that can bind calcium ions. Calcium signals can be generated under the stimulation of salt stress (Zhu, 2016). Salt Overly Sensitive 2 (SOS2) is a Ser/Thr protein kinase that acts as an intermediate hub in the SOS signaling pathway. When plants grow in a saline-alkali environment, SOS3 and SCaBP8 activate SOS2 after sensing the calcium signal and combine to form a SOS3-SOS2 protein kinase complex. Activated SOS2 interacts with SOS1 in the PM and then regulates and activates it by phosphorylation, whose Na+/H+ antitransport activity can export Na+ accumulated in the cytoplasm to the outside of the cell. A study has proven that SpSOS1 can improve plant salt tolerance by regulating ion homeostasis and protecting the PM against oxidative damage under salt stress (Zhou et al., 2018). Reverse genetics experiments also verified that SOS1 in PM plays a critical role in the salt tolerance of rice by controlling Na+ homeostasis and contributing to the sensing of sodicity stress (El Mahi et al., 2019). In addition, activated SOS2 can also activate the Na+/H+ antiporter NHX1 (Na+/H+ Exchanger 1) located within the vacuolar membrane by phosphorylation so that the accumulated Na+ in the cytoplasm is sequestered into the vacuole to maintain ion homeostasis. A study has shown that upregulation of MdNHX1 expression can enhance salt tolerance in apple plants (Zou et al., 2021). Therefore, the SOS signaling pathway is very important for the salt stress response process.

Plants can respond to alkali and salt stress by regulating osmotic stress signaling pathways including mitogen-activated protein kinases (MAPKs), Ca2+-dependent protein kinases (CDPKs) and CBL-interacting protein kinases (CIPKs) (Shah et al., 2021; Zhang et al., 2021). The MAPK cascade includes MAPKKK, MAPKK, and MAPKs, which are responsible mainly for transmitting extracellular signals into cells. Upstream MAPKKK is first activated by phosphorylation, and MAPKK and MAPK are in turn phosphorylated and activated sequentially. Activated MAPK can phosphorylate transcription factors and other signaling molecules to regulate the expression of downstream genes (Colcombet and Hirt, 2008; Lee et al., 2015). As Ca2+ sensors, CDPKs and CIPKs can directly convert upstream Ca2+ signals into downstream phosphorylation signals to initiate further downstream signal transduction. They play an important role in the transcription process and are an important regulatory protein commonly found in plants (Kudla et al., 2018). Typical CDPKs generally have four domains: a variable N-terminal domain (VNTD), Ser/Thr protein kinase domain (PKD), self-inhibitory junction domain (JD) and calmodulin (CaM)-like regulatory domain (CaM-LD). Studies have shown that when plants are stimulated by stresses such as low or high temperatures, high salt and drought, specific Ca2+ signals form in the cells. Ca2+ directly binds to the CaM-like regulatory domain with an EF-hand-shaped structure at the C-terminus. Changes in the conformation of CDPKs expose the kinase active site and activate kinase activity. In addition, the PKD region activates the substrate by binding ATP or GTP and transferring the γ-phosphate group to the receptor hydroxyl residue, thereby triggering a variety of physiological responses in plants (Kudla et al., 2010; Liese and Romeis, 2013; Yip Delormel and Boudsocq, 2019). According to a report, a tyrosine phosphatase AtPFA-DSP3 can modulate the salt stress response of Arabidopsis by interacting with and dephosphorylating MAPK family members MPK3 and MPK6, suggesting the importance of MAPK moleculars for plant salt tolerance (Xin et al., 2021). GsMAPK4-overexpressing soybean plants and SeMAPKK-overexpressing Arabidopsis both showed significantly increased tolerance to salt stress, suggesting their positive regulatory effects on the salinity tolerance of plants (Qiu et al., 2019; Rehman et al., 2020). Studies on CDPK members showed that CPK12 was involved in plant adaptation to salt stress by regulating Na+ and H2O2 homeostasis in Arabidopsis (Zhang H. et al., 2018). CPK11 improves salt tolerance in transgenic Arabidopsis plants by regulating Na+ and K+ homeostasis and stabilizing photosystem II (Borkiewicz et al., 2020). CDPK2 plays a positive role in the salt stress response in potato by promoting ROS scavenging and chlorophyll stability and inducing stress-responsive genes, conferring tolerance to salinity (Grossi et al., 2021). Multiple CIPK members participate in the salt stress response. In two genotypes of switchgrass cultivars (a salt-alkali tolerant genotype and a sensitive genotype), CIPK expression was upregulated mainly in the salt-tolerant cultivars, but the expression in the salt-alkali-sensitive variety was still very low (Zhang et al., 2021). In soybean, GmPKS4 improves soybean tolerance to salt and salt-alkali stresses. The overexpression of GmPKS4 enhances the scavenging of ROS, osmolyte synthesis, and transcriptional regulation of stress-related genes (Ketehouli et al., 2021). In Brachypodium distachyon, BdCIPK31 positively regulates salt stress in stomatal closure, ion homeostasis, ROS scavenging, osmolyte biosynthesis, and transcriptional regulation of stress-related genes (Luo Q. et al., 2017). NtCIPK9 increases transgenic plant salt tolerance by promoting the expression of genes controlling ion homeostasis (Lu et al., 2020). ZmCIPK42 enhances salt tolerance in maize through interaction with calcineurin B-like protein 1 and 4 (ZmCBL1, ZmCBL4), as well as a proteinase inhibitor (ZmMPI) (Chen et al., 2021). PpCIPK1 modulates plant salt tolerance in Physcomitrella patens by ionic homeostasis, H2O2 accumulation, regulating photosynthetic activity. Moreover, the overexpression of PpCIPK1 could completely rescue the salt-sensitive phenotype of sos2-1 to wild-type levels in Arabidopsis, suggesting the powerful function of PpCIPK1 (Xiao et al., 2021). Taken together, these results indicate that the MAPK and CDPK cascade signaling pathways may mediate the response of a variety of plants to salt and alkali stress indifferent ways. More extensive research needs to be carried out in the future.

The ABA pathway includes both ABA-dependent and ABA-independent types, which are involved in the regulation of osmosis, ions, and reactive oxygen species under salt stress by regulating the expression of several tolerance genes (Sah et al., 2016; Yu Z. et al., 2020). The ABA-dependent pathway means that gene expression is induced by exogenous or endogenous ABA, and the ABA-independent pathway is a way in which gene expression is not only induced by ABA but also affected by biotic or abiotic stress (Fujii and Zhu, 2009; Cutler et al., 2010; Umezawa et al., 2010). The ABA signaling pathway has four core components: (1) a pyrabactin resistance 1/PYR1-like/ABA receptor regulatory component (PYR1/PYL/RCAR), which is the main receptor of ABA; (2) 2C-type protein phosphatases (PP2Cs), which is negative regulators of ABAs; (3) sucrose non-degradable related protein kinase 2 (SnRK2s), which is a unique Ser/Thr protein kinase; and (4) an ABA-response element (ABRE)-binding protein (AREB)/ABRE-binding factor (ABF) (Kulik et al., 2011; Nakashima and Yamaguchi-Shinozaki, 2013; Tian et al., 2015; Singh et al., 2016). In the absence of ABA or under low ABA concentrations, PP2C can interact with dephosphorylated SnRK2 and inhibit SnRK2 activity, thereby inhibiting ABA signaling. When ABA accumulates in plants under adverse stress conditions, the receptor RCAR binds to ABA and competitively binds to PP2Cs to release SnRK2. Activated SnRK2s then activate and phosphorylate the downstream transcription factor AREB/ABF and initiate the ABA response to regulate various processes of plant growth and development under adverse stress conditions (Fujita et al., 2013; Nakashima and Yamaguchi-Shinozaki, 2013). Studies have shown that, among the 10 members of SnRK2 family in Arabidopsis, the expression of SnRK2.1-SnRK2.10 except SnRK2.9 can be induced by NaCl (Kobayashi et al., 2004). Overexpression of PtSnRK2.5 and PtSnRK2.7 in Arabidopsis increased the tolerance of the transgenic plants to salt stress (Song et al., 2016). Moreover, overexpression of a novel gene, AsSnRK2D, in tobacco significantly improved the plant tolerance to dehydration or salinity stress. The molecular mechanism might be attributed to the significantly upregulated transcripts of several environmental stress-inducible genes, including dehydrins, cell signaling components, transcription factors, antioxidative enzymes, and proline biosynthesis (Xiang et al., 2020). In addition, GsSKP21, as a Glycine soja S-phase kinase-associated protein, plays a critical regulatory role in the ABA-mediated stress response. Overexpression of GsSKP21 in Arabidopsis dramatically increased the plant tolerance to alkali stress and mediated ABA signaling by altering the expression levels of the ABA signaling-related and ABA-induced genes (Liu A. et al., 2015).



Induction of Transcription Factor Expression

During signal transduction in response to salt-alkali stress, transcription factors serve as a bridge between stimulus signals and associated genes. They receive upstream signals and regulate the expression of related downstream resistance genes by binding to their corresponding cis-regulatory sequences. Transcriptome analysis of switchgrass and alfalfa indicated that the expression levels of many transcription factors were significantly modified in response to saline-alkaline stress. They belong to major transcription factor families such as AP2/ERF, NAC, HD-zip/bZIP, MYC/MYB, WRKY, and bHLH, many of whose members have been shown to be related to the salt-alkali stress response (An et al., 2016; Wang J. et al., 2020; Shah et al., 2021; Zhang et al., 2021).

The AP2/ERF transcription factor family is a large family unique to plants with at least one or two highly conserved DNA-binding domains, which are involved in regulating plant growth, development and responses to abiotic stress (Phukan et al., 2017). GsERF6 significantly enhanced plant tolerance to alkaline stress in transgenic Arabidopsis, probably by inducing plant hormones such as ABA and ET as signaling molecules to activate a number of hormone- and stress-responsive genes, such as RAB18, RD29A, RD29B, and COR47 genes, and some ERF-like genes (Yu et al., 2016). ItERF can improve Arabidopsis thaliana salt tolerance by activating the expression of stress-related genes through binding to the GCC-box (Wu J. et al., 2019). Genome-wide analysis in adzuki bean showed that the expression of 13 ERF genes was induced in response to saline-alkaline stress. Overexpression of VaERF3 in transgenic Arabidopsis enhances saline-alkaline tolerance by activating the transcription of stress-responsive genes in an ABA-dependent manner (Li W. Y. et al., 2020). GsERF71 enhances the tolerance of transgenic Arabidopsis plants to alkaline stress by upregulating the expression levels of H+-ATPase and by modifying auxin accumulation in transgenic plants (Yu et al., 2017). In rice, OsSTAP1 functions as an AP2/ERF transcriptional activator, and plays a positive role in salt tolerance by decreasing the Na+/K+ ratio and maintaining cellular redox homeostasis (Wang Y. et al., 2020). Other ERF family members such as LkERF-B2, ERF38, MbERF11 are also reported to improve salinity tolerance (Cao et al., 2019; Cheng et al., 2019; Han et al., 2020).

Recent studies have shown that bZIPs participate in bZIP transcriptional activation under bicarbonate-alkali stress and alter stress-related physiological indicators (such as reducing the accumulation of MDA and increasing both the activity of POD and the content of chlorophyll) and gene expression (excess GsbZIP67 expression in alfalfa) to improve salt-alkali tolerance (Wu et al., 2018). Members of the bZIP transcription factor family have been identified in a variety of higher plants. Plant-specific HD-Zip I transcription factor MdHB-7 regulates salt tolerance in transgenic apple (Malus domestica). The overexpression of MdHB-7 reduced the salt stress-induced damage, maintained ion homeostasis, and promoted the detoxification of ROS, while MdHB-7 RNAi lines showed the opposite performance (Zhao et al., 2021). Populus nigra PnHB7 transcription factor overexpression in tobacco also improved the resistance of transgenic plants to salt stress. Transcriptome analysis of overexpressed tobacco showed that hormone-related protein genes, oxidase genes and transcription factor protein genes in the ABA signaling pathway were significantly upregulated, suggesting that PnHB7 plays an important role in the ABA regulation pathway (Yu X. et al., 2020). A novel bZIP transcription factor, ChbZIP1, from the alkaliphilic microalgae Chlorella sp. BLD has been reported to increase the alkali resistance of plants. Overexpression of ChbZIP1 in Arabidopsis showed that ChbZIP1 can enhance plant adaptation to alkali stress through the active oxygen detoxification pathway, suggesting its promising potential in genetically improving plant tolerance to alkali stress (Qu et al., 2021). bZIP transcription factors are similar to MYB/MYC transcription factors in terms of their regulation, participation in ABA-dependent pathway signal transduction, and perception of stress signals to regulate gene expression.

Under long-term salt-alkali stress, the members of the MYB transcription factor family exhibited the most significant changes in alfalfa, and the expression of most MYB transcription factors tended to increase (Coskun et al., 2016). In the analysis of alfalfa transcripts, the MYB family was the transcription factor family whose members presented the second strongest response to salt stress after AP2 members, indicating that MYBs play an important role in alfalfa salt-alkali resistance (Postnikova et al., 2013). Transcriptional profiling reveals that the MYB transcription factor MsMYB4 contributes to the salinity stress response of alfalfa. The introduction of MsMYB4 significantly increased salinity tolerance in transgenic Arabidopsis plants in an ABA-dependent manner (Dong et al., 2018). GmMYB68 overexpression enhanced salt-alkali resistance in soybean, whose osmotic adjustment and photosynthetic rates were stronger than those of GmMYB68-RNAi and wild-type plants. Importantly, the overexpression of GmMYB68 also increased the grain number and 100-grain weights under salt stress, indicating the value of its practical application to increase crop yields (He et al., 2020). GmMYB3a, as another MYB transcription factor, showed a negative regulatory effect on soybean response to salt-alkali stress. Overexpression of GmMYB3a reduced physiological parameters, including soluble sugar, free proline, and chlorophyll contents, and photosynthetic rate and downregulated a set of key genes associated with plant defense signal pathways in the transgenic plants (He et al., 2018). TaMYB86B encodes an R2R3-type MYB transcription factor. Overexpression of TaMYB86B can increase the salt resistance of wheat by regulating ion homeostasis to maintain an appropriate osmotic balance and decrease ROS levels (Song et al., 2020b). The R2R3-MYB transcription factor AtMYB49 modulates salt tolerance in Arabidopsis by modulating the cuticle formation and antioxidant defense. Overexpression of AtMYB49 in Arabidopsis increases Ca2+ accumulation in leaves, reduces oxidative damage and improves the membrane integrity through upregulation of the expression of genes encoding PODs and SODs and LEAs and decreases non-stomatal leaf water loss by positively modulating cutin deposition in leaves through upregulation of genes classified into cutin, suberin and wax biosynthesis during salt stress. These actions are probably achieved through ABA-dependent signaling pathways with the involvement of at least ABF3 and ABI5 (Zhang P. et al., 2020).

The WRKY gene family, as a plant-specific transcription factor group, plays important roles in many different response pathways to saline and alkali stresses (Li W. et al., 2020). A large number of WRKYs have been functionally characterized in plants. In sweet potato (Ipomoea batatas L.), 79 IbWRKY transcription factors were identified and 35 IbWRKY genes showed significantly expression changes upon NaCl treatment (Qin et al., 2020). In the sugar beet genome, a total of 58 putative BvWRKY genes were identified. BvWRKY10 in shoots and BvWRKY16 in roots were remarkably upregulated by alkaline stress (Wu G. Q. et al., 2019). In Iris lactea var. chinensis, the expression of IlWRKY1 was notably increased under NaCl stress, suggesting that IlWRKY1 may be involved in I. lactea var. chinensis sodium salt responses (Tang et al., 2018). Overexpression of SlWRKY28 improved the tolerance of Populus davidiana × Populus bolleana to saltine-alkaline stress by inducing regulation of the enzyme gene in the ROS scavenging pathway (Wang X. et al., 2020). GmWRKY16 could be induced to express by salt in soybean. GmWRKY16 transgenic Arabidopsis showed improved salt tolerance by activating the expression of AtWRKY8, KIN1, and RD29A in the ABA pathway (Ma et al., 2018). In alfalfa, MsWRKY11 was upregulated in response to salinity and alkalinity stresses. Overexpression of the MsWRKY11 gene enhanced salt tolerance in soybean by increasing soluble protein and proline contents and reducing ROS levels, but the detailed regulatory mechanisms remain to be further investigated (Wang Y. et al., 2018). MdWRKY100 overexpression enhanced salt tolerance in M. domestica, which was upregulated by the miR156/SPL regulatory module (Ma et al., 2021). MxWRKY64, which is a new WRKY transcription factor gene from Malus xiaojinensis, was induced to express by salt stress in M. xiaojinensis seedlings. Overexpression of MxWRKY64 in transgenic A. thaliana contributed to morphological and physiological indicators, suggesting its important role in the response to salt stress (Han et al., 2021). However, not all WRKYs found will improve salt or alkali tolerance. The transcription factor SbWRKY50 from sweet sorghum is negatively involved in the salt response, reducing salt tolerance in A. thaliana by directly binding to the upstream promoter of SOS1 and HKT1 to control ion homeostasis (Song et al., 2020a). The maize ZmWRKY114 gene also negatively regulates salt-stress tolerance in transgenic rice by attenuating ABA signaling (Bo et al., 2020).

The plant-specific NAC transcription factor family has received much attention in responses to salinity and alkali stress (Marques et al., 2017; Khan et al., 2018). Plant adaptation to environments with high salinity and alkalinity may be related to the different patterns of action of NAC factors. ThNAC13 was reported to improve salt and osmotic stress tolerance in Transgenic Tamarix and Arabidopsis by enhancing the ROS-scavenging capability and adjusting the osmotic potential (Wang L. et al., 2017). Overexpression of GsNAC019 in Arabidopsis resulted in enhanced tolerance to alkaline stress at the seedling and mature stages, but reduced ABA sensitivity, implying that GsNAC019 may contribute to alkaline stress tolerance via the ABA signal transduction pathway and regulate the expression of downstream stress-related genes such as AtRD29B (Cao et al., 2017). Under salt stress, the MdNAC047 gene was significantly induced and MdNAC047 directly activated the expression of MdERF3 by binding to its promoter, facilitating ethylene release, which enhanced the plant tolerance to salt stress (An et al., 2018). Zhang et al. (2015) revealed that wheat TaNAC47 enhanced salt tolerance by interacting with ABRE cis-elements, implying that TaNAC47 may participate in the ABA-dependent signaling pathway. Moreover, PeNAC036 overexpression enhanced Arabidopsis plant salt stress responses, while transgenic plants overexpressing PeNAC034 in Arabidopsis and PeNAC045 in poplar were sensitive to salt (Lu et al., 2018). These results indicate versatile roles of NAC in the responses to salt and alkali stress in plants.



Upregulation of Salt-Alkali Resistance Gene Expression

Salt-alkali stress induces the expression of related resistance genes, which are involved mainly in osmotic regulation, ion homeostasis, oxidative activity and hormone signal transduction. Studies have shown that in response to high-pH stress, the expression of genes involved in ionic homeostasis and starch and sucrose metabolism is significantly upregulated in cotton. These genes in turn induce plant hormone signal transduction and key enzyme activity to counteract ion toxicity (Zhang B. et al., 2018).

Resistance genes related to osmotic regulation are involved mainly in the synthesis of key enzymes needed for osmotic regulation. Studies have shown that MsGSTU8 in transgenic tobacco increases the soluble sugar content under salt-alkali stress. In addition, the expression of genes related to proline biosynthesis, including NtP5Cs, NtLEA5, and NtLEA14, was upregulated. This shows that the expression of genes involved in the synthesis of osmotic substances increases plant resistance (Du et al., 2019). Δ1-pyrroline-5-carboxylate synthetase (P5CS) is a key enzyme involved in the biosynthesis of proline. Upregulated expression of PutP5Cs unigenes under salt-alkali stress significantly increased the content of proline in P. tenuiflora, mediating osmotic adaptation to saline-alkaline soil (Ye et al., 2019).

Some saline-alkali resistance genes encoding reverse transport protein/channel ions, including the PutAKT1, PutCAX1, PutNHA1, HKT, and NHX genes, play an important role in the response to ion stress. Studies have shown that PutAKT1 is involved in mediating K+ absorption. The expression of PutAKT1 in Arabidopsis increases the K+ content and decreases the Na+ content in the shoots and roots (Ardie et al., 2010). Under saline-alkali stress, the expression of NHX2 is upregulated in cotton root and leaf tissues (Zhang et al., 2016). OsHKT1;4 and OsHKT1;5 in rice can alleviate the effects of excessive Na+ and reduce ion toxicity (Kobayashi et al., 2017). In addition, salt stress induces the expression of AtHKT1;1 in Arabidopsis, reduces the Na+ content in plants and reduces toxicity (An et al., 2017).

Antioxidant-related genes in plants induce the synthesis of key antioxidant enzymes such as SOD, POD, CAT, and GSH, thereby removing active oxygen to protect organisms from oxidative damage. Glutathione S-transferase (GST) is a large multifunctional protective cellular enzyme in plants. Members of the GST family quench reactive molecules and catalyze the binding of GSH to hydrophobic and electrophilic substrates, thereby protecting cells from oxidative damage (Liu et al., 2017; Kayum et al., 2018). Overexpression of the MsGSTU8 gene in transgenic tobacco induced the expression of three ROS detoxification-related genes (NtSOD, NtPOD, and NtCAT), which in turn reduced the accumulation of ROS and the content of MDA; increased the activity of SOD, POD, and CAT; and improved the resistance of transgenic tobacco to salt-alkali stress (Du et al., 2019). Based on a large number of studies on the tolerance of plants under salt/alkali stress, a type of plant metallothionein (MT) related to the resistance of plants under extreme environmental stress has been identified. MTs compose a family of low-molecular weight (7–10 kDa) proteins that are rich in Cys and can bind to metals in a variety of organisms. When plants are exposed to metal and/or saline-alkali stress, MT function is triggered in the plants. MTs in plants can be divided into four types according to the distribution of Cys: MT1, MT2, MT3, and MT4 (Cobbett and Goldsbrough, 2002). The cysteine within MTs directly participates in the process of removing ROS, which reduces the accumulation of ROS in cells (Nzengue et al., 2012). For example, the SsMT2 gene can improve a plant’s H2O2-scavenging ability and can maintain H2O2 at low levels in transgenic Arabidopsis, thereby improving tolerance (Jin et al., 2017). This shows that MT2 may have an antioxidant effect by participating in reducing the accumulation of ROS, thereby reducing cell damage, and that MT2 plays no part in metal sequestration. Phosphoenolpyruvate carboxylase (PEPC) is a strictly regulated cytoplasmic enzyme that plays a role in carbon fixation during photosynthesis. The role of PEPC kinase (PPCK) is to control the phosphorylation state and biological activity of PEPC. Studies have shown that PEPC/PPCK plays an important role in responses to environmental stress. One of the best examples is the significant increase in PPCK activity under salt stress (García-Mauriño et al., 2003; Peng et al., 2012; Monreal et al., 2013). Studies of alfalfa plants expressing the GsPPCK3 gene have shown that under alkaline stress, transgenic alfalfa plants present increased resistance (Sun et al., 2014). In addition, transglutaminases (TGases), which are enzymes catalyzing the posttranslational modification of proteins, were induced by salt stress in cucumber. Ectopic overexpression of CsTGase in tobacco showed that CsTGase enhanced salt tolerance by regulating antioxidant activities, the Na+/K+ balance, and PA metabolism in transgenic lines (Zhong et al., 2020). Some genes associated with salinity and alkalinity adversity response in plants are seen in Table 1.


TABLE 1. List of genes associated with salinity and alkalinity adversity response in plants.
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Epigenetic Changes

Plant tolerance to saline-alkali stress also involves the regulation of epigenetic mechanisms, mainly DNA methylation and histone modification. These heritable changes can influence chromatin structure, which results in gene expression alterations without changes in the underlying DNA sequence (Verhoeven et al., 2010; Zhang et al., 2010; Ganguly et al., 2017; Hewezi, 2018).

In plants, DNA methylation commonly occurs at cytosine sites within CpG, CpHpG and CpHpH sequence contexts (He et al., 2011; Lang et al., 2015). Cytosine methylation is established through de novo methylation and maintenance methylation mediated by RNA-directed DNA methylation (RdDM) pathway and several DNA methyltransferases such as DRM1, DRM2, MET1 and CMT3 (Matzke and Mosher, 2014). Methyl groups on these cytosines can also be removed by either passive DNA demethylation (failure to maintain methylation after replication) or active DNA demethylation mediated by members of the bifunctional DNA glycosidase subfamily including Demeter (DME), Repressor of Silencing 1 (ROS1) and Demeter-like (DML) (Gehring et al., 2006; Morales-Ruiz et al., 2006; Zhu, 2009; Lang et al., 2017; Park et al., 2017). By methylation/demethylation processes, DNA methylation in plants can be dynamically regulated and maintained at a proper level. Previous studies have shown that gene expression in plants can be altered through DNA hypomethylation or hypermethylation to adapt to salt-alkali-stress environments (Marconi et al., 2013; Viggiano and de Pinto, 2017). In a salt-tolerant Setaria italica L. cultivar, the expression of stress-responsive genes is correlated with DNA demethylation events under salinity stress (Pandey et al., 2017). NtGPDL gene demethylation within the coding sequence of tobacco was shown to be induced by salt stress, which increased NtGDPL gene expression (Choi and Sano, 2007). However, in Medicago truncatula and olive plants, salinity stress increased DNA methylation levels, which regulated the expression of several stress-responsive genes as a stress-adaptive response (Yaish et al., 2018; Mousavi et al., 2019).

Nucleosome core complex histones undergo various posttranslational modifications, including acetylation, phosphorylation, ubiquitination, biotinylation, and sumoylation, which influence chromatin structure and thus determine the expression levels of some genes (Nathan et al., 2006; Camporeale et al., 2007; Sridhar et al., 2007; Luo M. et al., 2017; Su et al., 2017). Therefore, it is understandable that stress-induced gene regulation is associated with histone modifications. Under salt stress, changes in histone modification are involved in the regulation of plant growth and development. Salt stress was shown to increase flowering inhibitor Flowering Locus C (FLC) expression in Arabidopsis by reducing the interaction of the floral initiator Shk1 kinase binding protein 1 (SKB1) with chromatin and by reducing H4R3 symmetric dimethylation (H4R3sme2) levels, thereby regulating flowering time (Zhang et al., 2011). In maize roots, salt stress induces changes in histone acetylation within the promoter regions of cell cycle-related genes (Zhao et al., 2014; Zhou et al., 2014). Elevated acetylation levels at H3K9 and H3K27 sites lead to transcriptional activation of POX-encoding genes in Beta vulgaris and Beta maritima under salt-stress conditions (Yolcu et al., 2016). The transcription factor MsMYB4 is an important component of the response of alfalfa to salinity stress. The activation of MsMYB4 was reported to be associated with a reduction in the DNA methylation status and an increase in histone H3K4 trimethylation and H3K9 acetylation in the promoter (Dong et al., 2020).

Many salt-responsive small RNAs have been documented in plants, including miRNAs and siRNAs. Their functions in response to salt stress in plants were reviewed by Kumar et al. (2018). Further small RNA and degradome sequencing of superior stress-tolerant wheat revealed 219 novel and 98 known miRNA sequences. A number of target genes of the miRNAs participating in multiple processes have been identified, among which jasmonate signaling and carbohydrate metabolism are important for salinity tolerance, and proton transport is vital for alkalinity tolerance (Han et al., 2018). In a typical halophyte, Reaumuria soongorica, 13 novel miRNAs were discovered under salt stress. miRNA-mRNA integrated analysis revealed that miRNAs regulate the network response to salt stress during seed germination through GA, auxin, and ABA signaling pathways (Zhang H. et al., 2020). In addition, a comparative transcriptome analysis revealed some new lncRNAs in sweet sorghum, including lncRNA13472, lncRNA11310, lncRNA2846, lncRNA26929, and lncRNA14798. They potentially participate in the response to salt stress by regulating the expression of target genes related to ion transport, protein modification, transcriptional regulation, and material synthesis and transport (Sun et al., 2020). These reports indicated the importance of epigenetic modification in the response to saline and alkali stress.

Further work is needed to expound upon the epigenetic regulatory mechanisms of plants in response to stress, especially saline-alkali stress. Additional enzymes or proteins need to be further explored, addressing how these enzymes, small RNAs and their interacting proteins work together to control DNA methylation and histone modification at specific loci that regulate stress-responsive gene expression.



Perspectives

Soil salinization has become a serious worldwide problem restricting the development of agroforestry. Research on the resistance mechanism of plants in response to saline-alkali stress is vital for selecting salt-tolerant varieties and utilizing saline land (Figure 2). Currently, studies are mainly focused primarily on salt stress and less on salt-alkali mixed stress. However, high salt and high pH often occur concurrently in nature, and their synergistic effect on plants is more harmful than the effect of either stress alone. Therefore, studying the resistance mechanisms of plants under mixed saline-alkali stress has more practical significance for cultivating new resistant varieties, screening new tolerance genes, and exploring new methods to improve plant tolerance to saline-alkali-stress conditions.


[image: image]

FIGURE 2. The response mechanism of plants to saline-alkali adversity.


Saline-alkali-stress-tolerant crop breeding is a hopeful avenue for sustained agricultural development and the utilization of saline-alkali land. Many candidate genes have been cloned, and some genetically modified plants have been screened. However, the expression of these transgenes was not high, or their effect was not obvious, which may be related to the constitutive promoter used. In addition, the evaluation of tolerant transgenic plants has occurred mostly in laboratory or in greenhouse until now. It may not work well when these plants are exposed to the natural environment because of complex and variable field conditions and interactions with abiotic or biotic factors. Thus, there is still a long way to go. Nevertheless, with the development of modern biotechnology, especially molecular markers and gene-tagging methodologies, genome sequencing, microarray analysis and bioinformatic analysis, more tools and strategies can be applied to resolve the complex intriguing questions surrounding saline-alkali resistance.
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It is well known that WRKY transcription factors play essential roles in plants’ response to diverse stress responses, especially to drought and salt stresses. However, a full comprehensive analysis of this family in wheat is still missing. Here we used in silico analysis and identified 124 WRKY genes, including 294 homeologous copies from a high-quality reference genome of wheat (Triticum aestivum). We also found that the TaWRKY gene family did not undergo gene duplication rather than gene loss during the evolutionary process. The TaWRKY family members displayed different expression profiles under several abiotic stresses, indicating their unique functions in the mediation of particular responses. Furthermore, TaWRKY75-A was highly induced after polyethylene glycol and salt treatments. The ectopic expression of TaWRKY75-A in Arabidopsis enhanced drought and salt tolerance. A comparative transcriptome analysis demonstrated that TaWRKY75-A integrated jasmonic acid biosynthetic pathway and other potential metabolic pathways to increase drought and salt resistances in transgenic Arabidopsis. Our study provides valuable insights into the WRKY family in wheat and will generate a useful genetic resource for improving wheat breeding.
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INTRODUCTION

It is well known that wheat is one of the most important and widely cultivated cereals, supporting 60% of the world’s population for their daily calorific and protein needs (Tadesse et al., 2017). The warranty of wheat production and safety thus has been the first-line mission for world development. However, the productivities of wheat in some regions are still very low due to various stress conditions such as drought, high salinity, heat, and cold. Drought and salinity are the major abiotic constraints for the yield of not only wheat but also other crops and will continue to act as major challenges to researchers and traditional crop breeders in the future (Bartels and Sunkar, 2005; Nezhadahmadi et al., 2013; Oyiga et al., 2016).

Plant response to environmental stress is regulated by complex signaling pathways and networks which are coordinated by transcriptional factors (TFs) (Jiang et al., 2015). WRKY TFs comprise a large gene family and are involved in various abiotic stress responses, including drought and high salinity stresses (Phukan et al., 2016). WRKY TFs encode proteins harboring a WRKYGQK amino acid sequence that can bind to W-box motif in the promoter for the regulation of target gene expression (Eulgem et al., 2000; Ciolkowski et al., 2008). The WRKY gene family is a large group that is composed of multiple members. The Arabidopsis and rice (Oryza sativa) genomes contain 75 WRKY genes (Riechmann and Ratcliffe, 2000) and 102 putative WRKY gene members (Wu et al., 2005), respectively. In Arabidopsis, the WRKY gene family is classified into three groups: group I (two WRKY domains), group II (one WRKY domain and C2H2 type of zinc finger motif), and group III (one WRKY domain and C2HC type of zinc finger motif) (Eulgem et al., 2000; Bakshi and Oelmüller, 2014). Group II can be further categorized into IIa, IIb, IIc, IId, and IIe subgroups based on the additional short conserved structural motifs (Eulgem et al., 2000; Chen et al., 2018).

The role of WRKY TFs in the mediation of drought and salt stresses has been reported in various plants. In Arabidopsis, WRKY1, WRKY46, WRKY54, WRKY63, and WRKY70 contribute to drought stress tolerance via different signaling pathways (Ren et al., 2010; Qiao et al., 2016; Chen et al., 2017), while WRKY8 and WRKY75 regulate salt resistance (Chen et al., 2013; Hu et al., 2013). In rice, WRKY47 and WRKY80 regulate drought stress, WRKY45 and WRKY72 participate in salt stress, and WRKY30 mediates both responses (Ricachenevsky et al., 2010; Yu et al., 2010; Tao et al., 2011; Shen et al., 2012; Scarpeci et al., 2013; Raineri et al., 2015). Besides these, the heterogeneous expression of maize WRKY40 confers rice drought resistance in the transgenic plants (Wang et al., 2018).

In wheat, some WRKY genes have been reported to be involved in drought and salt stresses (Mondini et al., 2011, 2012). TaWRKY1 and TaWRKY33 are induced by drought stress, and the introduction of these genes in Arabidopsis confer the plants drought and/or heat resistance (He et al., 2016). Meanwhile, another wheat WRKY1 gene (GenBank accession no. EU665424) mediates drought tolerance via an ABA-dependent pathway (Ding et al., 2016). Overexpression of wheat WRKY2 enhances drought stress tolerance in transgenic wheat (Gao et al., 2018), while overexpression of wheat WRKY44 and WRKY46 enhances both drought and salt stress tolerances (Wang et al., 2015; Li et al., 2020). Besides this, two stress-responsive wheat WRKY genes, WRKY2 and WRKY19, are confirmed to play roles in drought, salt, and freezing stresses (Niu et al., 2012). Although these studies provided information on the function of some of the individual WRKY gene members in wheat, the systematic and comprehensive information of the wheat WRKY gene family is still lacking, partially due to the complexity of the wheat genome (Appels et al., 2018).

In order to uncover the detail and to facilitate the future research on WRKY TF family in wheat, we performed a genome-wide identification of WRKY gene family members based on a conserved motif search from the recently released common wheat genome (Appels et al., 2018). In the current study, we present an overview of the gene number, classifications, and stress-induced expression patterns of wheat WRKY TF family members. We also demonstrate characteristics and molecular functions of TaWRKY75-A associated with drought and salt tolerance by analyzing the phenotype and RNA sequencing data sets of transgenic Arabidopsis expressing TaWRKY75-A. The results will serve as foundation to molecular study and genetic engineering for wheat against drought and salt stresses.



MATERIALS AND METHODS


Identification and Phylogenetic Analyses of WRKY Genes in Wheat Reference Genome

The annotated coding sequences and protein sequences were downloaded from the International Wheat Genome Sequencing Consortium (IWGSC) website1. The seed file of the WRKY domain (PF03106) in Pfam 32.0 database2 (El-Gebali et al., 2019) was used as bait (perform hmmbuild program to establish HMM profile) to search against the local reference genome database by performing hmmsearch program via HMMER software (ver. 3.2.1)3 (Wheeler and Eddy, 2013). The threshold value was set as lower than 0.05. The gained proteins were then submitted to NCBI conserved domain search tool4 (Marchler-Bauer et al., 2015) and Swiss-Model online tool5 to further check the WRKY domain. All confirmed wheat WRKY protein sequences were used to carry out multiple sequence alignment using ClustalX 2.1 software (Larkin et al., 2007). The phylogenetic tree was established using MEGA 6.0 based on neighbor-joining (NJ) method with 1,000 bootstrap replicates (Tamura et al., 2011). Gene Structure Display Server6 was used to determine and visualize the structures of wheat WRKY genes (Hu et al., 2015). The Gene Structure Display Server Program7 was used to analyze the exon–intron structure of wheat WRKY genes. The MEME program was employed to identify conserved motifs in wheat WRKY proteins (Bailey et al., 2006).



Naming of Wheat WRKY Genes

In order to name all wheat WRKY genes sequentially, we utilized a consistent naming pattern based on their phylogenetic relationships and chromosome locations in A, B, and D subgenomes (Bai et al., 2019). First, each name of the wheat WRKY genes was started with the abbreviation of the species name Triticum aestivum (Ta). Second, based on the phylogenetic relationships, genes that located in A, B, and D subgenomes and clustered into the same branch were thought as the homeologous triplets of one gene. The serial number of each TaWRKY gene was arranged as the order of wheat chromosome complement, i.e., from chromosome complement 1–7. Third, the serial number of TaWRKY gene in one chromosome complement was decided as the physical location and number of TaWRKY gene copies. TaWRKY genes, which located on the chromosome that contained the most copies, were numbered preferentially. If the number of copies was equal, the name priority was assigned to chromosome A. Finally, the names of TaWRKY genes included an A, B, or D, denoting their subgenome loci (Wang et al., 2017).



Chromosome Locations and Classification of TaWRKY Family Members

Chromosome location information of TaWRKY genes was collected based on the genome annotation information. All TaWRKY genes were mapped to their respective locus in the wheat genome and visualized using shinyCircos (Yu et al., 2018). The classification of TaWRKY genes was performed through analyzing the phylogenetic relationship between TaWRKY genes and representative types (i.e., types I, IIa, IIb, IIc, IId, IIe, and III) of Arabidopsis WRKY genes. ClustalX 2.1 software and MEGA 6.0 were used to generate the NJ phylogenetic tree (1,000 bootstrap replicates).



Expression Analysis of TaWRKY Family in silico

The expression data under different stresses, including drought, heat, cold, and osmosis, were downloaded from the Wheat Expression Browser (WEB)8 (Borrill et al., 2016; Ramírez-González et al., 2018). The transcripts per million values were log2-transformed to create a heat map by using WEB.



Plant Materials and Growth Conditions

The wheat cultivar Chinese spring (CS) and Arabidopsis thaliana (Col-0) were used as plant materials in this study. The CS seedlings were planted hydroponically in a greenhouse with continuous light cycle at 25°C (Niu et al., 2012). Arabidopsis seeds were sterilized and sown on half Murashige and Skoog (MS) medium. These Arabidopsis seeds were then transferred to a growth chamber (continuous light cycle at 22°C with 50% humidity) after 3 days of freezing (4°C) treatment.



Total RNA Extraction, Reverse Transcription PCR, and Quantitative Real-Time PCR

Total RNA was extracted using the RNA extraction kit (QIAGEN, Germany) following the manufacturer’s instructions. The genome DNA in RNA samples were digested using the RNAse-Free DNase Set (QIAGEN, Germany). The quality of the RNA samples was checked using NanoDrop 2000c (Thermo Fisher Scientific, United States) and gel electrophoresis. Reverse transcription PCR (RT-PCR) was performed using the PrimeScriptTM II 1st Strand cDNA Synthesis Kit (TaKaRa, Dalian, China). Quantitative real-time PCR (qRT-PCR) was carried out using SYBR Premix Ex TaqTM II (TaKaRa, Dalian, China) on an ECO real-time PCR system (Illumina, United States). The reaction program was described previously (Wang et al., 2017). The Arabidopsis ACTIN2 gene (AT3G18780) and wheat 18S-rRNA gene were used as endogenous control. All qRT-PCR primers were designed using Primer Premier 5.0 software based on the subsequent coding sequence sets downloaded from IWGSC archive, v. 1.0, or TAIR9. The primers are listed in Supplementary Table 1. The relative expression levels of genes detected in this study were calculated using the comparative threshold cycle method 2–ΔΔCT (Livak and Schmittgen, 2001). Each experiment was replicated three times.



Cloning of TaWRKY75-A and Subcellular Localization

The coding sequence (CDS) of TaWRKY75-A was amplified using the special primers listed in Supplementary Table 1. The CDS of TaWRKY75-A was inserted into pENTR/D-TOPO vector (pENTRTM Directional TOPO® Cloning Kits, Thermo Fisher Scientific, United States) and confirmed by sequencing. The confirmed TaWRKY75-A CDS (no termination codon) was then inserted into the 16318GFP (pro35S:GFP) vector. Wheat mesophyll protoplast cell isolation and transformation were described previously (Li et al., 2016). Green fluorescent protein (GFP) signal was detected by laser confocal fluorescence microscopy (ZEISS LSM 880, Germany).



Transcriptional Activation and Yeast One-Hybrid Assay

In order to test the transcriptional activity of TaWRKY75-A, the full-length coding sequence (222 amino acids) and interceptive sequences including 1–44 amino acids (N-terminal), 1–102 amino acids, 44–222 amino acids, and 102–222 amino acids (C-terminal) were cloned into the pGBKT7 vector, respectively. The empty pGBKT7 vector was used as the negative control. The generated constructs were transformed into the AH109 yeast strain. The transformants were diluted into different concentrations and selected on SD/-Trp and SD/-Trp/-His/-Ade/X-α-gal deficiency media. The transcriptional activities were evaluated according to their growth status at 30°C for 3 days in darkness.

To analyze TaWRKY75-A binding to W-box motif, yeast one-hybrid assay was performed. The promoter sequence of Arabidopsis RD29A gene (AT5G52310), which contains triple tandem repeats of the TTGAC cis-acting element, was cloned into the yeast expression vector pHis2.1 as the reporter construct (pHis2.1-W-box). The full-length coding sequence of TaWRKY75-A was cloned into the pGADT7 vector and fused with the GLA4 domain to generate the effector pGADT7- TaWRKY75-A. Both recombinant vectors were transformed into yeast strain Y187 and selected on SD/-Trp/-Leu plates at 30°C for 2 days. The surviving colonies were then transferred to SD/-Trp/-Leu/-His medium containing 35 mM 3-AT. The interaction between TaWRKY75-A and W-box element was evaluated by the transformants’ growth performance. All the primers used here are listed in Supplementary Table 1.



Generation of Transgenic Arabidopsis Plants Overexpressing TaWRKY75-A

The coding sequence of TaWRKY75-A (no stop codon) was inserted into the pENTR/D-TOPO vector. Then, the gateway reaction was applied to pB7WG2 containing CaMV 35S promoter fused with GFP to generate TaWRKY75-A-pB7WG2 (Karimi et al., 2002). Agrobacterium-mediated transformation method was performed to generate the transgenic Arabidopsis lines (Zhang et al., 2006). Positive seedlings were selected by spraying Basta (1:1,000). Homozygous seedlings were established from T3 generation and used for the subsequent analyses.



Stress Treatments and Expression Profiles of Selected TaWRKY Genes

For polyethylene glycol (PEG) and salt stress treatments of wheat, 2-week-old CS seedlings were watered with 5% polyethylene glycol 6000 (PEG6000) and 100 mM NaCl. The leaf tissues were then collected at 0, 1, 2, 6, and 12 h after treatments. The samples were frozen in liquid nitrogen immediately. The qRT-PCR primers were designed based on the conserved region of each TaWRKY gene (Wang et al., 2017) and are listed in Supplementary Table 1.



Phenotype Observations and Physiological Index Measurements in Transgenic Arabidopsis

Germination rates and primary root growth assays of wild type (WT) and transgenic lines were performed as described previously (Li et al., 2016). For drought tolerance assay, 4-week-old plants of WT and transgenic lines grown in the soil mixture containing vermiculite and Metro-Mix were cultured without watering for 2 weeks and then were re-watered. The survival rates were calculated at 4 days after re-watering (Li et al., 2016). Relative water content in the leaves was measured using the previous method (Schonfeld et al., 1988). The chlorophyll content of leaf tissues was measured, according to the method described previously (Veronese et al., 2006), from the seedlings after 2 weeks of drought stress. For the salt tolerance assay, 4-week-old plants of WT and transgenic lines grown in soil mixture were watered with 100 mM NaCl continuously for 2 weeks. The survival rates were then calculated. The fresh weights of WT and transgenic lines under salt stress were measured from 50 1-week-old plants of WT and transgenic lines. All the experiments mentioned above were replicated five times.



RNA-Seq Sample Collection and Sequencing

Three-week-old transgenic Arabidopsis plants (OE1 line) were cultured on plates containing half MS and then transferred in liquid medium containing half MS and 5% PEG6000 or 100 mM NaCl. The plants soaked in half MS solution were used as control. The samples of the control and treated groups were collected at 0, 2, 6, and 12 h after treatments. Total RNA extraction was carried out using the method mentioned above. Transcriptome library creation was created as described previously (Hu et al., 2016) and sequenced on Illumina Novaseq 6000 platform. All RNA-seq libraries had three biological replications, and 150-bp pair-ended reads were generated and used for further analyses.



RNA-Seq Data Analysis and Gene Validations

The adapter sequences and low-quality sequences were removed using the NGS QC Toolkit (v 2.3.3) (Chen et al., 2015), and clean reads were mapped to the Arabidopsis reference genome sequences using TopHat (Kim et al., 2013). Differential expression analysis of two conditions/groups was performed using the DESeq R package (1.10.1). Genes with an adjusted P-value < 0.05 found by DESeq were assigned as differentially expressed. Genes with a fold change ≥1 and false discovery rate <0.05 were considered as differentially expressed genes (DEGs). The fragments per kilobase of transcript per million fragments mapped reads method (E et al., 2014) was used to calculate the expression abundances of genes. Gene Ontology (GO) enrichment analysis of DEGs was implemented by the GOseq R packages based on Wallenius non-central hyper-geometric distribution (Young et al., 2010). A Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed (P ≤ 0.05) using BlastX searches against the KEGG pathway databas10.



Statistical Analysis and Data Availability

One-way ANOVA followed by Tukey honest significant difference test was performed to detect differences as required. The RNA-seq data sets have been submitted to the National Genomics Data Center11 Genome Sequence Archive database under accession number CRA003799.



RESULTS


Identification of WRKY Family Members in Wheat

In order to examine the WRKY gene family in wheat, we searched the wheat genome using hmmsearch and WRKY domain seed file as query. In total, we obtained 353 protein sequences that possessed conservative WRKY domains (Supplementary Table 2). Among these candidate WRKY proteins, 47 proteins had two or more spliced isoforms (Supplementary Table 2), and for these the first isoform of each candidate WRKY protein was selected in the following analyses. After removing the spliced isoforms, a total of 294 WRKY coding sequences were confirmed (Supplementary Table 3). It is well known that common wheat is allohexaploid and contains A, B, and D subgenomes. Therefore, each wheat gene principally have three homeologous gene copies (Yu et al., 2020). Then, we generated an unrooted phylogenetic tree to confirm the homeologous gene copies of each WRKY gene. As shown in Figure 1, 294 gene copies, respectively, belonged to 124 WRKY genes (Figure 1). Because the WRKY gene nomenclature in wheat is currently not consistent, we renamed all genes based on their subgenome association (see “Materials and Methods” section for details). Then, we analyzed homeologous types of TaWRKY genes. It appears that over a half of these 294 TaWRKY genes have three homeologous copies (60.48%), and 16.14% of TaWRKY genes lost one homeolog (Table 1). Besides this, we found that 23.38% of the TaWRKY genes have only one gene copy, indicating that over one-fifth of the members are orphans/singletons (Table 1).


TABLE 1. Types of homeologous WRKY genes in wheat.
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FIGURE 1. Phylogenetic analysis of 294 TaWRKY homeologous copies. An unrooted phylogenetic tree divides these homeologous copies into 124 TaWRKY genes. The neighbor-joining method is performed in MEGA 6.0 software. The protein ID in the International Wheat Genome Sequencing Consortium database and the protein name of each TaWRKY gene are shown. Red, green, and blue dots indicate TaWRKY homeologous copies from subgenome A, B, and D, respectively.




Gene Structure, Conserved Domain, and Chromosomal Location

To gain further insights into the TaWRKY gene members, we surveyed the gene structure, conserved domain components, and chromosomal location of each WRKY gene copy. The TaWRKY genes showed a wide range in sequence lengths, with TaWRKY76-D having the longest (20.8 kb) and TaWRKY2-D having the shortest (0.5 kb) genomic sequence (Supplementary Figure 1). Besides this, the intron–exon structures of TaWRKY genes indicated normal distributions of introns and exons (Supplementary Figure 1). Most of the TaWRKY gene copies harbored two (58 gene copies) or three (139 gene copies) exons. Twenty-six gene copies had no intron, and 71 gene copies contained 4–7 exons (Supplementary Figure 1). Meanwhile, the conserved protein motifs in the TaWRKY family were predicted using the MEME tool. Ten types of motifs, which were named motif 1 to motif 10, were identified in each TaWRKY gene copy. The number of conserved motifs in each TaWRKY protein varied from 3 to 8; all members had motifs 1, 2, and 3, and most members had motifs 4, 5, and 6 (Supplementary Figure 2), indicating that the TaWRKY proteins are relatively conserved. Furthermore, we investigated the chromosomal locations of each of the 294 TaWRKY gene copies using the recently released IWGSC wheat genome. Chromosome 1 contained the highest number of TaWRKY genes (24 genes), and chromosome 6 had the lowest number of TaWRKY genes (five genes) (Figure 2 and Supplementary Figure 3). Meanwhile, we found that subgenome D had the highest number of TaWRKY gene copies (109; 37.07%), while subgenome B had the lowest number (87; 29.59%) (Figure 2).
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FIGURE 2. Chromosomal location of TaWRKY genes. All TaWRKY homeologous copies are mapped to their respective locus in wheat chromosomes in a circular diagram. Subgenomes are denoted by different shades of blue. Homeologous genes were inferred by phylogeny and linked with subgenome-specific colors: subgenome A, red; subgenome B, green; subgenome D, blue (inside of circle).




Classification of the TaWRKY Gene Family

In Arabidopsis, the WRKY gene family is classified into three groups based on the number of WRKY domains and the types of zinc-finger-like motif (Eulgem et al., 2000). Among these groups, group II is further divided into subgroups from IIa to IIe (Eulgem et al., 2000; Bakshi and Oelmüller, 2014; Chen et al., 2018). To classify the TaWRKY gene members, we selected the typical WRKY genes of each group from Arabidopsis and performed the phylogenetic analysis with all TaWRKY genes (Supplementary Figure 4). Chromosomes 1 and 5 had six groups, and chromosomes 2, 3, 4, 6, and 7 contained five groups of TaWRKY members (Figure 3A). Among the 294 TaWRKY gene copies, 94 belonged to group III, which possessed a CCHC type of zinc finger motif (Figure 3B). A total of 52 gene copies were classified into group I, which had two WRKY domains (Figure 3B). The rest of the gene copies belonged to group II, which was separated into IIa, IIb, IIc, IId, and IIe subgroups and contained one WRKY domain and C2H2 type of zinc figure motif (Figure 3B).


[image: image]

FIGURE 3. Phylogenetic classification (A) and number of TaWRKY homeologous protein in different groups (B). Different colors show different WRKY groups. C1–C7 indicate the wheat chromosome clusters.




The Expression Pattern of the TaWRKY Genes Under Abiotic Stresses

In order to characterize the expression profiles of the TaWRKY gene family, we analyzed the RNA-seq data downloaded from expVIP (Borrill et al., 2016; Ramírez-González et al., 2018). We specially tracked the expression patterns of the TaWRKY family members after 2 weeks of cold (Li et al., 2015), 6 h of drought and heat (Liu et al., 2015), and 12 h of PEG treatments (Supplementary Table 4). Notably, there were 68 TaWRKY gene copies that could not be detected or that can be detected under only one of the cold, drought, heat, and PEG stresses (Supplementary Figure 5). The rest of the TaWRKY gene copies could respond to at least two types of stresses (Supplementary Figure 5). Under the drought and PEG treatments, TaWRKY10, 34, 35, 41, 43, 55, 66, 74, 75, 78, 81, 83, 86, 88, 89, 93, and 112 displayed relatively high expression levels, and their gene copies showed similar expression trends under drought and PEG treatments (Supplementary Figure 5). Due to TaWRKY10, 34, and 43 having been cloned and studied (Bahrini et al., 2011; Wang et al., 2013; Kumar et al., 2014; He et al., 2016), we excluded these three genes out of our later analyses.

To investigate the expression profiles of the rest of the 14 TaWRKY genes, we monitored their expression trends under PEG (5% PEG6000) and high salinity (100 mM NaCl) stresses using qRT-PCR assay. Under PEG stress, TaWRKY41 and 55 were down-regulated compared with mock (0 h) at each time point, and TaWRKY78 remained almost unchanged (Figure 4A). The rest of the 11 TaWRKY genes responded to PEG stimulation after 1 h of treatment and displayed an increasing expression trends afterward (Figure 4A). Among these, TaWRKY75 showed the highest expression level after 1 h of PEG treatment compared with the other members (Figure 4A). Under a high salinity stress condition, the expression levels of TaWRKY35, 41, 55, 86, 88, 93, and 112 were inhibited at each time point (Figure 4B). No expression changes occurred in TaWRKY78 as it did after PEG treatment. The expression of TaWRKY81 increased after 1 h but was reduced subsequently compared to mock (0 h) (Figure 4B). Inversely, TaWRKY66, 74, 75, 83, and 89 were induced at each time point compared with mock (0 h). Similar as in drought stress, TaWRKY75 exhibited the highest fold change in the expression level at 1 h after treatment (Figure 4B). Notably, the physiological function of TaWRKY75 has not been reported to date. Therefore, we hypothesized that TaWRKY75 may serve as an important stress-related gene and conducted functional analyses as the following.
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FIGURE 4. qRT-PCR assay-based expression patterns of 14 selected TaWRKY genes in 2-week-old wheat leaves under polyethylene glycol (A) and salt (B) stresses. All experiments were replicated three times, and the relative expression levels are normalized with wheat 18S-rRNA gene. Bars indicate mean ± SD.




Characterization of Transcription Activity of TaWRKY75-A

TaWRKY75 harbored one WRKY domain and a CCHC zinc finger motif, and the encoding gene had three copies on chromosome 4 (Figure 3A). To assess the molecular function of TaWRKY75, we cloned the nucleic acid sequence of one of its copies, designated TaWRKY75-A. TaWRKY75-A contained 669 base pairs and encoded the protein which had 222 amino acids. To observe subcellular localization, TaWRKY-A was fused with GFP under 35S promoter and transiently expressed in wheat protoplast cells. The TaWRKY75-A-GFP was detected in the nucleus (Figure 5A), indicating that TaWRKY75-A was a nucleus-localized protein. To evaluate the trans activity of TaWRKY75-A, the complete coding sequence and special fragments shown in Figures 5B,C were fused with the GAL4 DNA binding-domain coding sequence of pGBKT7 vector, and this recombinant construct was transformed into the yeast strain AH109. It showed that the N-terminal region without WRKY domain (1–44 aa) was minimally and sufficiently required for its trans activity (Figure 5C). It is well known that WRKY TFs bind the W-box sequence (C/T)TGAC(T/C) (Ulker and Somssich, 2004; Chen et al., 2018). Indeed the yeast-one-hybrid assay showed that TaWRKY75-A binds W-box with a conserved sequence (Figure 5D). Taken together, the results mentioned above showed that TaWRKY75-A was a typical WRKY transcription factor.
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FIGURE 5. TaWRKY75-A is a typical WRKY transcription factor. (A) The subcellular location of TaWRKY75-A. Scale bars: 20 μm. (B) The protein structure of TaWRKY75-A. (C) Transactivation activity test of TaWRKY75-A in the yeast GAL4 system. CDS, coding sequence. (D) TaWRKY75-A can bind to the W-box motif. Yeast-one-hybrid assay was performed.




Ectopic Expression of TaWRKY75-A Improved Drought and Salt Resistances in Transgenic Arabidopsis

The expression results indicated that TaWRKY75-A responded timely to drought and salinity stresses and pertained its high expression along continued stress input (Figures 1–4). To understand the function of TaWRKY75-A under drought and salinity stresses, we generated eight transgenic Arabidopsis lines by introducing TaWRKY75-A under constitutive 35S promoter and selected three lines (OE1, OE2, and OE3) for characterizing a drought- and salt-induced phenotype (Supplementary Figure 6).

No significant differences were observed under normal condition between the WT and transgenic Arabidopsis lines in seed germination rate and length of the primary roots (Supplementary Figure 7). PEG-induced stress greatly reduced WT germination within 7 days, while this suppressive effect was largely abrogated in the transgenic plants. The seed germination rates in WT and transgenic lines were eventually kept at 89 and 100%, respectively (Figures 6A,B). The primary root growth of WT was also inhibited in the presence of PEG and partially recovered in transgenic lines (Figures 6C,D and Supplementary Figure 7). Under a long-term drought stress condition (2 weeks without watering), the transgenic plants retained larger and greener leaves than those of WT. After re-watering treatment, the transgenic plants further exhibited better performance in survival rate, relative water content, and chlorophyll content than WT (Figures 6E–H). On the medium containing a high level of salt (100 mM NaCl), the seed germination rate of WT was reduced to 73%, whereas the transgenic plants germinated at a higher level up to 83% (Figures 7A,B). Salt also reduced primary root growth and fresh weights in WT but to a lesser extent in transgenic lines (Figures 7C–F and Supplementary Figure 7). Under a soil condition with long-term salt stress, the transgenic lines also showed a remarkably higher survival rate than the WT (Figures 7G,H). Our data altogether showed that the ectopic expression of TaWRKY75-A increased the drought and salt tolerances in Arabidopsis.


[image: image]

FIGURE 6. Overexpression of TaWRKY75-A enhances drought tolerance in transgenic Arabidopsis. (A) Observation of seed germination in wild type (WT) and OE lines at 4 days after germination. (B) Seed germination rate of WT and OE lines within a week. One-way ANOVA followed by Tukey honest significant difference (HSD) test was performed. ∗∗p < 0.01. Bars indicate means ± SD. This experiment was replicated five times. (C) Observation of the primary root elongation of WT and OE lines at 7 days after germination. Scale bar: 1 cm. (D) Statistics of lengths of the primary root of WT and OE lines at 7 days after germination. One-way ANOVA, followed by Tukey HSD test, was performed. ∗∗p < 0.01, n = 20. Bars show the maximum and minimum values. (E) Observations of WT and OE seedlings during drought test. (F) Statistics of the survival rate of WT and OE lines at 4 days after re-watering. One-way ANOVA, followed by Tukey HSD test, was performed. ∗∗p < 0.01. Bars indicate means ± SD. This experiment was performed five times. (G) Quantification of the relative water content of the leaves of WT and OE lines after 2 weeks of drought treatment. One-way ANOVA, followed by Tukey HSD test, was performed. ∗∗p < 0.01. Bars indicate means ± SD. This experiment was performed five times. (H) Statistics of the chlorophyll content of the leaves of WT and OE lines after 2 weeks of drought treatment. One-way ANOVA, followed by Tukey HSD test, was performed. ∗∗p < 0.01. Bars indicate means ± SD. This experiment was performed five times.
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FIGURE 7. Overexpression of TaWRKY75-A increases salt tolerance in transgenic Arabidopsis. (A) Observations of seed germination in wild type (WT) and OE lines at 1 week after germination. (B) Seed germination rate of WT and OE lines within a week. One-way ANOVA followed by Tukey honest significant difference (HSD) test was performed. ∗∗p < 0.01. Bars indicate means ± SD. This experiment was replicated five times. (C) Observation of primary root elongation of WT and OE lines during 7 days after germination. Scale bar: 1 cm. (D) Quantification of primary root lengths of WT and OE lines at 7 days after germination. One-way ANOVA followed by Tukey HSD test was performed. ∗∗p < 0.01, n = 20. Bars indicate means ± SD. (E) Observations of the growing status of WT and OE seedlings under normal and salt conditions at 7 days after germination. (F) Quantification of fresh weight of 50 seedlings of WT and OE lines under normal and salt conditions at 7 days after germination. One-way ANOVA followed by Tukey HSD test was performed. ∗∗p < 0.01. This experiment was replicated five times. (G) Observations of WT and OE seedlings during salt stress. The salt stress was applied for 2 weeks. (H) Quantification of the survival rate of WT and OE lines after 2 weeks of salt treatment. One-way ANOVA followed by Tukey HSD test was performed. ∗∗p < 0.01. Bars indicate means ± SD. This experiment was performed five times.




Comparative Analysis of Transcriptome Data

To better understand the mechanism by which the ectopic expression of TaWRKY75-A increases drought and salt tolerances, we conducted the comparative transcriptome analysis in TaWRKY75-A transgenic plants treated with PEG or NaCl. A total of 3,655, 196, and 393 genes were differentially expressed at 2, 6, and 12 h after PEG treatment. Upon NaCl treatment, a total of 2,839, 1,189, and 96 genes were differentially expressed at 2, 6, and 12 h, respectively (Figure 8A). There were 19 and 27 genes that displayed expression changes throughout the PEG and salt-treated periods, respectively (Figure 8A). The GO and KEGG analyses of these DEGs indicated that they shared the same GO terms such as “membrane” and “membrane part” and KEGG pathways including “lipid metabolism” and “biosynthesis of other secondary metabolites” (Supplementary Figure 8), indicating that the ectopic expression of TaWRKY75-A might activate the same pathways via regulating the same genes to increase PEG and salt tolerance.
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FIGURE 8. Comparative gene expression using RNA-seq in transgenic Arabidopsis overexpressing TaWRKY75-A after polyethylene glycol (PEG) and salt treatment. (A) Differentially expressed genes (DEGs) in TaWRKY75-A Arabidopsis after PEG or salt treatment compared across different time points of each treatment (top) for 0 (CK), 2, 6, and 12 h. A comparative analysis of DEGs between PEG and salt treatments was also conducted (bottom). (B) Kyoto Encyclopedia of Genes and Genomes pathway enrichment of seven common DEGs isolated from PEG and salt treatments in (A). (C) Expression heat map of seven common DEGs after salt or PEG treatments. (D) qRT-PCR results of seven common DEGs after PEG (top) or NaCl (bottom) treatments. All experiments were replicated three times. Bars indicate means ± SD. The relative expression levels were normalized with Arabidopsis ACTIN2 gene (AT3G18780). (E) The proposed working model of TaWRKY75-A regulating drought and salt tolerance. TaWRKY75-A can regulate the expression of jasmonic acid (JA) biosynthetic enzyme-encoded genes to change the JA content under drought and salt stresses. The downstream genes, which take part in several metabolic pathways, make a fast response to JA, resulting in the alterations of membrane stability and metabolites in cells. These alterations afford drought and salt tolerances in wheat and transgenic Arabidopsis.


Furthermore, DEGs formed in PEG and salt treatments shared seven genes in common (Figure 8A). The GO function analysis results showed that six common DEGs participated in “metabolic process,” and five and four took part in “membrane” and “membrane part” terms, respectively (Supplementary Figure 9 and Supplementary Table 5). Meanwhile, the KEGG pathway analysis results revealed that three and four common DEGs were enriched in “α-linolenic acid metabolism” and “biosynthesis of secondary metabolites’ (q-value < 0.05), respectively (Figure 8B). Interestingly, these DEGs showed a similar expression pattern under PEG and NaCl treatments (Figure 8C), which was further confirmed by qRT-PCR assay (Figure 8D).



DISCUSSION

WRKY TFs, as a highly conserved protein family, are found in all plants and other eukaryotic lineages, such as fungi, Amoebozoa, diplomonads, and slime molds (Zhang and Wang, 2005; Liu et al., 2014; Rinerson et al., 2015). Progress in gene identification and functional evaluation of WRKY family members uncovered their important roles in plant adaptation to various environmental cues (Pan et al., 2017). In comparison to other crops, knowledge on WRKY gene family has remained relatively scarce in the wheat field due to the relatively backward release of complete and high-quality genome. Hence, a genome-wide systemic understanding of WRKY TFs would facilitate the evolution and function of particular WRKY genes in wheat development and stress response.


Features of TaWRKY Gene Family During Evolution

In crop plants, the WRKY gene family has been well investigated. Until now, there are 103 and 119 WRKY genes that have been isolated in the rice (O. sativa) and maize (Zea mays) genome (Ramamoorthy et al., 2008; Wei et al., 2012), respectively. Our study revealed that the wheat genome possesses 124 WRKY genes. This number is similar as that of the rice and maize. Because wheat is hexaploid and has three subgenomes, the number of TaWRKY homeologous copies should be threefold of the WRKY genes in rice and maize in theory. We identified 294 WRKY homeologous gene copies in wheat, which is 2.85 and 2.47-folds compared to that in rice and maize, respectively. These indicate that the TaWRKY gene family is evolutionarily conserved in wheat in the context of gene number. The current and widely accepted classification system shows that the structures of WRKY genes classified in seven types are well defined in wheat and several other plants (Figure 3; Chen et al., 2018). In wheat, group III had the highest number of WRKY genes (Figure 3), which was similar to that in rice and maize (Ramamoorthy et al., 2008; Wei et al., 2012). This result suggested that the classification of TaWRKY is also conserved. Moreover, 10 different motifs are present in different TaWRKY proteins, with each protein comprising conserved motifs ranging from 3 to 8 motifs. In addition, all proteins have motifs 1, 2, and 3, demonstrating that the TaWRKY proteins have a conserved motif distribution profile.

As an allohexaploid plant, the percentage of wheat genes in homeologous groups for all configurations is highly similar across the three subgenomes: 63% (subgenome A), 61% (subgenome B), and 66% (subgenome D) (Appels et al., 2018). Among 294 TaWRKY gene copies, we found 109 copies (37.08%) on subgenome D, 87 copies (29.59%) on subgenome B, and 98 copies (33.33%) on subgenome A. These percentages were similar with the configurations of homeologous groups. Among 124 TaWRKY genes, 75 genes (60.48%) contained triads with a single gene copy per subgenome (an A:B:D configuration). Besides that, in common wheat genome, the three subgenomes exhibit similar levels of loss of individual homeologous gene, showing 10.7% (B:D), 10.3% (A:D), and 9.5% (A:B) of the homeologous types in the A, B, and D subgenomes, respectively (Appels et al., 2018). However, we found only one homeologous type that lost the homeolog on D subgenome (0.81%) in the TaWRKY family. Furthermore, we found that 10 (8.06%), four (3.23%), and 15 (12.09%) TaWRKY genes, which located on A, B, and D subgenome, respectively, belonged to orphan genes. These results demonstrated that the TaWRKY gene family did not undergo duplicate events other than gene loss during the long evolutionary process.



TaWRKY Family Members Undertake Multiple Functions

Functional characterization of the individual WRKY gene in wheat has been carried out, primarily through interspecies gene expression. TaWRKY2 (corresponding to TaWRKY1 in our study) and TaWRKY19 (corresponding to TaWRKY35 in our study) are induced by salt, drought, and cold stresses. In TaWRKY10 (corresponding to TaWRKY47 in our study) transgenic tobacco, drought and salt stress tolerance is enhanced (Wang et al., 2013). Besides this, TaWRKY45 (corresponding to TaWRKY43 in our study) is upregulated in response to Fusarium graminearum, and the overexpression of TaWRKY45 confers increased resistance against F. graminearum in transgenic wheat (Bahrini et al., 2011). It has been reported that TaWRKY51 (corresponding to TaWRKY38 in our study) negatively regulates ethylene production and then promotes lateral root formation (Hu et al., 2018). These evidence show us that different TaWRKY family members have different functions and also uncover the potential roles of TaWRKY genes in regulating abiotic and biotic resistances and developmental process.

Given that expression patterns can lead to estimation of gene functions (Xiao et al., 2018), we monitored the expression profiles of TaWRKY family members under PEG, cold, heat, and drought conditions. A total of 68 TaWRKY genes (54.84% of 124 TaWRKY genes) did not respond to these stresses, indicating that these genes do not respond to the relevant abiotic stress responses. A considerable number of TaWRKY genes (14 genes) are shown to respond to PEG and drought stresses from our analysis, highlighting that these genes are promising regulators for drought and salt responses in wheat. While more studies would be required for evaluating the physiological function of these individual genes, our study provides that core candidate genes can be targeted for improvement of wheat tolerance against drought and salt in the future.



TaWRKY75-A Is the Positive Regulator of Drought and Salt Tolerance via Jasmonic Acid Biosynthesis and Membrane Metabolism

Lipoxygenase (LOX) and allene oxide cyclase (AOC) are two key enzymes that play decisive effects in jasmonic acid (JA) biosynthetic process (Farmaki et al., 2007). JA is one of the important phytohormones that regulate a plant’s response to abiotic stresses (Wang J. et al., 2020), and several JA-related genes including JAZ, AOS1, AOC, LOX, and COI have been reported to be upregulated upon various stresses (Robson et al., 2010; Hu et al., 2017). Drought condition also upregulates several JA biosynthesis and metabolism-related genes in wheat (Wang X. et al., 2020), and the exogenous application of JA was shown to enhance the activities of peroxidase, which, in turn, increases salt tolerance (Qiu et al., 2014). In addition, TaAOC1, which encodes an allene oxide cyclase involved in the a-linolenic acid metabolism pathway, has been demonstrated to enhance salt tolerance in wheat (Zhao et al., 2014). Our study reveals that TaWRKY75-A, when ectopically expressed in Arabidopsis, enhances drought and salt tolerance, most likely by upregulating JA biosynthetic genes AtLOX3 and AtAOC1, and this mechanism may be conserved in Arabidopsis and wheat.

In addition to JA-related genes, we found that a lecithin/cholesterol acyltransferase family protein, PDAT2, a calcium-dependent phosphotriesterase superfamily protein, SSL7, and an undefined gene AT4G36010, which are all clustered into “membrane” and “membrane part” GO terms, are upregulated under PEG and salt stresses in TaWRKY75-A transgenic Arabidopsis. These results indicate that TaWRKY75-A might enhance drought and salt resistance by altering cell membrane homeostasis via these genes. Besides that, we found that a nudix family protein NUDT8 and a farnesoic acid carboxyl methyltransferase (FAMT) are induced after PEG and salt treatments. In the JA biosynthesis defective mutant aos, the expression of NUDT8 is decreased significantly (Yan et al., 2007), suggesting that JA is required for NUDT8 expression in Arabidopsis. The expression of FAMT is promoted when exogenous methyl jasmonate is applied (Yang et al., 2006), revealing that this gene is a downstream component of the JA signaling pathway. This is in line with the previous finding that lipid-derived hormone JA plays key functions on the direct regulation of plant metabolism (Savchenko et al., 2019). Thus, JA might regulate metabolic processes in our transgenic plants. Hence, based on these data, we propose that TaWRKY75-A is a key stress-resistant gene in wheat for adaptation to drought and salt stress by modulating the JA biosynthetic pathway as well as other metabolic pathways (Figure 8E).

In summary, our study provides comprehensive insights into the WRKY gene family in wheat. Classification of all TaWRKY TFs from whole genome survey will inevitably contribute to further molecular research for the identification and understanding of key TaWRKY members against various biotic and abiotic stresses in wheat.
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Comparative Transcriptome Analysis of Two Contrasting Chinese Cabbage (Brassica rapa L.) Genotypes Reveals That Ion Homeostasis Is a Crucial Biological Pathway Involved in the Rapid Adaptive Response to Salt Stress
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Salt is the most important limiting factor in plant yield and quality. Different Chinese cabbage cultivars appeared different salt tolerances, but there are few studies attempting to elucidate the mechanism underlying this phenomenon. In this study, 100 mmol L–1 NaCl was found to be the most suitable treatment concentration according to a sprouting bag test of 39 Chinese cabbage cultivars, and through comprehensive comparison and analysis, the relative values of fresh weight and electrolyte leakage in leaves proved to be convenient indicators for the identification of salt tolerance in Chinese cabbage. We analyzed the physiological responses of Qinghua45 (salt-tolerant) and Biyuchunhua (salt-sensitive) in terms of the growth indexes, ion homeostasis and Photosynthesis, the results indicated that Qinghua45 could ensure osmotic regulation, ion homeostasis and photosynthesis under salt stress. Next, we compared the transcriptome dynamics of the two cultivars. Overall, 2,859 differentially expressed genes (DEGs) were identified, and the number of DEGs in Qinghua45 was significantly less than that in Biyuchunhua. VDAC promoted the release of Ca2+, which indirectly promoted the transport of Na+ to vacuoles through the SOS2 pathway. Cation/H (+) antiporter 17 and V-H + -ATPase improve the exchange of Na+ and H+ and maintain Na+ in the vacuoles, thereby reducing the injury affected by salt stress. Increases in galactinol synthase and soluble protein synthesis helped relieve osmotic stress caused by salt, together, they regulated the Na+ content and chlorophyll biosynthesis of the plant and enabled the plant to adapt to salt stress over time.

Keywords: Chinese cabbage, salt stress, ion homeostasis, photosynthesis, osmotic regulation, transcriptomics


INTRODUCTION

Salinity is a major environmental stress that negatively affects the growth and productivity of plant worldwide. Salinization of arable land is increasing, and it is estimated that by 2050, 50% of the world’s arable land will be affected by salinity (Bartels and Sunkar, 2005). World crop production is facing a crucial threat because of different environmental stresses, and salinity alone reduces crop yield by more than twofold (Hasanuzzaman et al., 2013).

Salt affected soils contain excessive soluble salts and exchangeable sodium on the surface or in the rhizosphere, which is associated with two main challenges to plants: osmotic stress and ionic stress. osmotic stress can due to the excess solutes outside the roots that reduce the ability of plants to extract soil water, and ionic stress which is usually caused by excessive influx of Na+ into the plant and lead to imbalanced metabolism, chlorosis, impaired photosynthesis, nutrient imbalance and yield loss (Deinlein et al., 2014; Hasanuzzaman et al., 2014; Geng et al., 2020). Growth inhibition is the most common physiological response of plants to salt, when salt accumulates above a certain concentration, it stops the plants from absorbing water and results in osmotic stress (Wu et al., 2016).

The accumulation of Na+ and K+ can play a role independently or in combination with other mechanisms in maintaining and adjusting the osmotic balance (Bayuelo-Jiménez et al., 2003). Under salt stress, an increase in Na+ content causes metabolism disorders and leads to the malabsorption of K+, Ca2+, Mg2+ and other mineral ions in plant (Parvaiz and Satyawati, 2008). In the mesophyll apoplast of leaves, insufficient osmotic adjustment results in reduced net photosynthesis because of stomatal closure (Flowers et al., 2015). Low calcium uptake by tomato has been linked with decreased transpiration rate, and the decreased absorption of Mg2+ shows serious impact on the photosynthesis of plant (Noble, 2018).

In recent years, many studies have explored the mechanism that governing salt tolerance in plants at the molecular level. After sensing salt stress, the signal transduction pathway has been found to be activated, and a large number of defense response-related genes were induced, which are mainly divided into the following five categories: (1) signal transduction-related proteins, (2) transcription factors (TFs), (3) proteins related to osmotic regulation, (4) antioxidant proteins and (5) genes induced by other salt treatments (Jamil et al., 2011). Studies have shown that the basic function of voltage-dependent anion channels (VDACs) in the signaling pathway is to promote and regulate the flow of metabolites between the cytoplasm and mitochondrial membrane (Camara et al., 2017). Osmotic stress induces a series of responses at the molecular and cellular levels, and the main events are the increase in intracellular calmodulin-like protein and calmodulin signal transduction, they can promote appropriate cellular responses in an effort to mitigate potential damage (Xiong and Zhu, 2002). The expression level of the V-H+-ATPase gene in leaves and roots increased under salt stress (Zhao et al., 2009). Chlorophyll synthesis plays an important role in plant stress, and previous studies on Arabidopsis thaliana Fluorescent (Flu) mutants also suggested that glutamyl-tRNA reduction is a limiting step in chlorophyll biosynthesis (Goslings et al., 2004).

Chinese cabbage, a leafy vegetable with a 1,500-year history, is now widely cultivated in China and other countries (Liu et al., 2010). Chinese cabbage is a glycophyte, and salt stress disturbs its photosynthesis and hormonal regulation, and causes nutritional imbalance, ion toxicity and osmotic stresses thereby reduce the yield and quality (Munns and Tester, 2008). However, the adaptation mechanism of plants to saline is still not clear; thus, understanding the responses of Chinese cabbage to salt stress and the associated tolerance mechanisms would help the development of strategies in improving the performance of Chinese cabbage under salt stress.

In this study, we established a simple way to evaluate the salt tolerance of Chinese cabbage, and two valid commercial Chinese cabbage cultivars were selected: Qinghua45 (QH) for its high-salt tolerance and Biyuchunhua (BY) for its sensitivity to salt stress. To gain insight into the mechanisms by which the cultivars improved the tolerance of Chinese cabbages and how are the related genes differently expressed under salt stress, we addressed the question of whether and how the increased tolerance of Chinese cabbage was associated with the maintenance of photosynthetic capacity, ion homeostasis and osmotic regulation. We treated Chinese cabbages with 100 mmol L–1 NaCl for 20 days and tried to analyzed the DEGs related to salt stress, mainly to identify key genes that play major roles under salt stress and how were they cooperated with physiological functions when treated with salt, further revealing the molecular mechanism of the salt tolerance response for the follow-up studies.



MATERIALS AND METHODS


Plant Materials and Experimental Design

The experiment was carried out in a solar greenhouse located at Shandong Agricultural University in Tai’an (36° 09′ N, 117° 09′ E) in eastern China. Thirty-nine Chinese cabbage cultivars were provided by Degao. A germination experiment and a whole growth stage experiment were carried out to study the appropriate NaCl concentration and convenient screening indicators for salt tolerance in 39 Chinese cabbage cultivars. Four treatments of 0 mmol L–1 NaCl, 50 mmol L–1 NaCl, 100 mmol L–1 NaCl, and 200 mmol L–1 NaCl were designed for the sprouting bag test, add the four treatments water to the sprouting bag and place the seeds into the bag to observe the growth of the 39 Chinese cabbage cultivars. Two treatments of 0 mmol L–1 NaCl (marked as: CK) and 100 mmol L–1 NaCl (marked as: ST) were established for the whole growth stage experiment. Firstly, we sprouted the 39 Chinese cabbage seeds and sowed them in nursery trays containing substrate with standard irrigation and fertilization, when the seedlings were in the two-leaf one-heart stage, transplanted them to pottery (280-mm diameter, 300-mm height) containing 9 kg of substrate composed of a sandy loam-soil/peat mixture (1:1, v/v). NaCl (final NaCl concentration, 100 mmol L–1) was used as the salt stress, and a full-strength nutrient solution was used as the control. Plants were watered once every 2 days to maintain vermiculite moisture at 70–80%. Each treatment had four biological replicates, and each replication included seven seedlings. Sampling was performed at the seedling stage, rosette stage, and heading stage to measure the physiological indicators. Based on the results of the above two experiments, further research on relevant indexes and transcriptome analysis was carried out with Qinghua45 (QH, a salt-tolerant material) and Biyuchunhua (BY, a salt-sensitive material), two treatments and growth conditions are consistent with the whole growth stage experiment, after treated for 20 days, three independent biological replicates for each tissue sample were harvested, and samples were frozen immediately in liquid nitrogen and stored at −80°C for physiological measurement and RNA extraction.



Measuring Methods


Growth Parameters

Fresh weight was measured gravimetrically.



Salt Injury Index

Seedlings were assessed by visual observation. Plants were classified for salt tolerance according to the salt injury index as described by Zhu et al. (2008) with some adjustments: 0 (no injury); 1 (the leaves of the plants are yellow, wilting or slightly curled); 2 (1/2 of the leaves are yellow, wilting and shrunk, with chlorotic or salty spots); 3 (2/3 of the leaves are yellow, leaves are wilting and dry); and 4 (all the leaves are wilting or dead). The salt injury index was calculated using the equation: salt injury index SI (%) = Σ (representative series × number of plants)/(the highest number × total number of plants) × 100.



Chlorophyll Content

Samples of 0.2 g leaves plus 20 ml 95% ethanol were sealed for more than 36 h in the dark until the leaves became white. The wavelengths 665 and 649 nm were selected for pigment content determination because they reflect the absorbance of Chlorophyll a and Chlorophyll b, respectively. The following equations were used:

[image: image]

[image: image]

[image: image]



Leaf Area

The fifth and sixth leaves, which were counted from the bottom, were chosen and measured with a Licor leaf area meter LI-3100C.



Electrolyte Leakage

Seven discs of fresh leaves (1 cm diameter) were cut from the fully expanded leaves (five plants per treatment), and the samples were washed three times with deionized water to remove surface-adhered electrolytes. Leaf discs were placed in closed tubes containing 10 mL of deionized water and allowed to stand in the dark for 24 h at room temperature. The EC (EC1) of the bathing solution was determined at the end of the incubation period using a conduct meter LEICI-DDB-303A. The samples were then incubated in a water bath at 100°C for 20 min to release all electrolytes and cooled to 25°C, and their final electrical conductivity (EC2) was measured. EC (EC0) was the electrolyte content of deionized water. The electrolyte leakage (EL) was calculated as EL (%) = [(EC1 - EC0)/(EC2 - EC0)] × 100.



Na+ and K+ Content

The leaves were dried for 72 h at 75°C and ground separately in a Wiley mill to pass through a 20-mesh screen. Then, 0.5 g of the dried plant tissues was analyzed for Na+ and K+. They were determined by dry ashing at 400°C for 24 h, dissolving the ash in 1:20 HNO3, and assaying the solution obtained using an inductively coupled plasma emission spectrometer (iCAP 7000 SERIES; Thermo Fisher Scientific).



Relative Value

Relative values were calculated as the absolute value under 100 mmol L–1 NaCl stress treatment conditions/absolute value without NaCl addition.



Soluble Protein

The extraction and determination of soluble proteins was done separately for leaves. Samples [0.5 g of fresh weight (F.W.)] were homogenized in a chilled mortar with liquid nitrogen and dissolved in 50 mmol L–1 Na-PB pH 7.8 containing 1 mmol L–1 EDTA, PVPP, and protease inhibitor cocktail tablet (Roche complete). The solution was centrifuged at 10,000 × g at 4°C for 20 min and the supernatant was collected. Total soluble protein content was measured using bovine serum albumin (BSA) as a standard via the specific reaction of Coomassie Brilliant Blue G-250 dye with maximum absorbance at 595 nm.



The Photosynthetic and Chlorophyll Fluorescence Parameters

These were measured at 20 days after salt treatment and selected the seventh of the full-expansion function leaves from bottom to top. Photosynthetic parameters in fully expanded leaves, including Pn, WUE, GS, and Tr were determined within the time period of 8:30 am to 10:30 am using a CIRAS-3 Portable Photosynthesis System (CIRAS-3; PP Systems, United States).



Transcriptome Analysis

Transcriptome analysis was performed in Biomarker Technologies Corporation (Beijing, China). Leaves coming from three individual plants at the rosette stage were used for RNA isolation. Three biological replicates for each genotype and treatment, resulting in total 12 samples.

After the collection and preparation of samples, RNA quantification and qualification were carried out, and the clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v4-cBot-HS (Illumia) according to the manufacturer’s instructions. After cluster generation, the library preparations were sequenced on an Illumina platform and paired-end reads were generated. Subsequently, data analysis was performed, such as quality control, comparative analysis, gene functional annotation, SNP calling, quantification of gene expression levels, differential expression analysis, GO enrichment analysis, KEGG pathway enrichment analysis.


Quality control

The quality control was conducted according to the method of Zhang et al. (2019). All the downstream analyses were based on clean data with high quality.

Comparative analysis: The adaptor sequences and low-quality sequence reads were removed from the data sets. Raw sequences were transformed into clean reads after data processing. These clean reads were then mapped to the reference genome sequence. Only reads with a perfect match or one mismatch were further analyzed and annotated based on the reference genome. Hisat2 tools soft were used to map with reference genome.



Gene functional annotation

Gene function was annotated based on the following databases: Nr (NCBI non-redundant protein sequences); Nt (NCBI non-redundant nucleotide sequences); Pfam (Protein family); KOG/COG (Clusters of Orthologous Groups of proteins); Swiss-Prot (A manually annotated and reviewed protein sequence database); KO (KEGG Ortholog database); GO (Gene Ontology).



SNP calling

Picard—tools v1.41 and samtools v0.1.18 were used to sort, remove duplicated reads and merge the bam alignment results of each sample. GATK2 or Samtools software was used to perform SNP calling. Raw vcffiles were filtered with GATK standard filter method and other parameters (cluster Window Size: 10; MQ0 = 4 and [MQ0/(1.0∗DP)] > 0.1; QUAL < 10; QUAL < 30.0 or QD < 5.0 or HRun > 5), and only SNPs with distance > 5 were retained.

Quantification of gene expression levels: Gene expression levels were estimated by fragments per kilobase of transcript per million fragments mapped (FPKM).

Differential expression analysis: Differential expression analysis of two samples was performed using the EBseq. The FDR < 0.01 and | log2 (fold change) | ≥ 2 was set as the threshold for significantly differential expression.



GO enrichment analysis

Gene Ontology (GO) enrichment analysis of the differentially expressed genes (DEGs)was implemented by the GOseq R packages based Wallenius non-central hyper-geometric distribution (Young et al., 2010), which can adjust for gene length bias in DEGs.



KEGG pathway enrichment analysis

KEGG is a database resource for understanding high-level functions (Kanehisa et al., 2008) and utilities of the biological system, such as the cell, the organism and the ecosystem, from molecular-level information, especially large-scale molecular datasets generated by genome sequencing and other high-throughput experimental technologies1. We used KOBAS (Mao et al., 2005) software to test the statistical enrichment of differential expression genes in KEGG pathways.




Verification of Selected DEGs by RT-qPCR

Qinghua45 and Biyuchunhua were used as test materials and cultured under normal growth conditions. When growing to 1 week of seedling age, the Chinese cabbage seedlings were treated with 0 mmol L–1 NaCl and 100 mmol L–1, respectively. After 20 days, the third to fourth tender inner leaves were taken for storage in liquid nitrogen. According to transcriptome analysis, four candidate genes were selected, and the corresponding nucleotide sequences were searched from the transcriptome, and the selected DEGs were verified by RT-qPCR. The RT-qPCR primers designed for the selected DEGs genes are listed in Supplementary Table 5, BrActin gene was used as internal control gene. Total RNA was extracted from leaves of 3 independent biological replicates (0 mM NaCl and 100 mmol L–1 NaCl treatment) using the EASYspin RN09 RNA isolation kitSuper Mix (Aidlab, China) and cDNA synthesized using the HiScript II Q RT SuperMix (Vazyme, China). Real-time quantification was performed using 96-well plate real-time PCR system (CFX96 BIORAD), with the following steps: 95°C for 30 s for Prevalence, 40 cycles of 95°C for 10 s and 60°C for 30 s for the melting curve, 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s. The qRT-PCR was amplified for 3 replications. The relative expression was calculated by 2–Δ Δ CTmethod (Livak and Schmittgen, 2001).




Statistical Analysis

The plant sampling in this study followed the principle of random sampling. The data are presented as the mean of three replications and corresponding standard errors. All data were statistically analyzed by ANOVA using the DPS software package (DPS for Windows, 2009). Bar chart were used origin 9.1 software. The differences between the samples were determined by Duncan’s multiple range test at P < 0.05.




RESULTS


Evaluation of Salt Tolerance of Different Chinese Cabbage Cultivars

To screen the appropriate concentration of NaCl, we carried out a sprouting bag test on 39 Chinese cabbage cultivars (Supplementary Figure 1). The length of roots were recorded in Supplementary Table 1, according to the results, when treated with 50 mmolL–1 NaCl, the relative reduction of each cultivars is all around 10% and this reduction is negligible, on the one hand, it shows that the concentration has little effect on the root length, on the other hand, because the relative reduction has little difference among 39 cultivars, it is impossible to accurately distinguish the tolerance, so the 50 mmolL–1 NaCl concentration was too low to distinguish the salt tolerance, but under 200 mmol L–1 NaCl treatment, most of the reductions are around 80%, this resulted in most of the cultivars cannot survive for enough time, so this treatment concentration was too high and unreasonable. 100 mmol L–1 NaCl can make a good distinction between salt tolerance and salt sensitive cultivars, and can also ensure that plants will not die during the test, thus, 100 mmol L–1 NaCl was selected for follow-up experiments.

To comprehensively evaluate the salt tolerance of Chinese cabbage, we measured the salt injury index of 39 Chinese cabbage cultivars at the seeding, rosette and heading stages (Supplementary Table 2), and through cluster analysis, in the seedling stage, rosette stage and the heading stage, 39 Chinese cabbage varieties could be divided into salt-tolerant, middle salt-tolerant and salt-sensitive types at Euclidean distances of 11.96, 12.62, and 18.66, respectively, and the clustering results at the three growth stages were identical (Figures 1A–C). The salt-tolerant type included cultivar number 6, 14, and 15, the salt-sensitive type included No. 4, 5, 12, 21, 22, 23, 34, and 35, and the rest were middle salt-tolerant cultivars. This indicated that the salt injury index can be used to reflect the salt tolerance of Chinese cabbage, we could evaluate salt tolerance at the seedling stage of the Chinese cabbage for easier and faster evaluation.
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FIGURE 1. Cluster analysis of salt tolerance of Chinese cabbage. (A) Clustering of salt injury index in seedling stage. (B) Clustering of salt injury index in rosette stage. (C) Clustering of salt injury index during heading stage. (D) Relative value of fresh weight, electrolyte leakage relative value clustering in seedling stage.


To determine the convenient physiological indexes that can identify the salt tolerance of Chinese cabbage, we recorded the salt injury index, plant growth, chlorophyll content, electrolyte leakage, the content of K+ and Na+ and the ratio of K+: Na+ of the 39 Chinese cabbage cultivars under NaCl stress at the seeding stage (Supplementary Table 3). Heat map clustering and principal component analysis were performed using all these indicators (Figures 2A,B). The two results are consistent with the clustering results of Figures 1A–C, but the correlation analysis between classes and indicators was not clear, therefore, we further analyzed the correlation by comprehensive comparative analysis (Supplementary Table 4). The results showed that under salt stress, there were significant differences in the salt injury index of different Chinese cabbage cultivars. The salt injury index significantly increased with increasing of salt stress days, but the coefficient of variation among treatments decreased. Through stepwise regression analysis, a mathematical model was established for the salt injury index and related test indicators at the Chinese cabbage seedling stage.
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FIGURE 2. Heat map clustering and two-factor principal component analysis of all indicators in seedling stage. (A) Heat map clustering of all indicators in seedling stage. (B) Two-factor principal component analysis of all indicators in seedling stage. “CK,” “T,” and “C” are markers for different calculation methods, “CK” are measurement indicators of Chinese cabbage seedlings treated with 0 mol L– 1 NaCl, “T” are indicators of Chinese cabbage seedlings treated with 100 mol L– 1 NaCl, “C” is the relative value (the value of 100 mol L– 1/0 mol L– 1 NaCl treatment), and index is the salt injury index (%) of Chinese cabbage seedlings treated with NaCl stress.


Although there were only two factors, the relative plant fresh weight and leaf electrolyte leakage were selected, and the coefficient of determination was as high as 0.9815 (P < 0.001). The salt tolerance results after the identification and evaluation of 39 Chinese cabbage cultivars with the selected two factors as statistical parameters were completely consistent with the salt injury index (Figure 1D), indicating that the relative values of the fresh weight and leaf electrolyte leakage in Chinese cabbage seedlings when treated with 100 mmol L–1 NaCl can be used as convenient indicators for salt tolerance identification. At the same time, by analyzing the growth conditions and phenotype, we selected the salt-tolerant cultivar Qinghua45 and the salt-sensitive cultivar Biyuchunhua for the follow-up test.



Plant Growth Conditions and Osmotic Regulations Under Salt Stress

Salt stress affected the growth of different Chinese cabbages to different degrees. As shown in Table 1, under salt stress, the fresh weight, leaf area, and root activity of Qinghua45 decreased by 6.9, 19.81, and 13.87%, respectively, and chlorophyll increased by 18.92% compared with the control. The impact of salt stress on Biyuchunhua seemed more serious than that on Qinghua45, the fresh weight, leaf area, chlorophyll, and root activity of Biyuchunhua decreased by 66.74, 60.43, 59.63, and 56.5% compared with those of the control, respectively. Salt stress increased electrolyte permeability (Figure 3A), and Qinghua45 increased by 52.93%, but Biyuchunhua increased by 124.55% when compared with the control, the soluble protein increased 323.06% in Qinghua45 but only 51.6% was increased in Biyuchunhua (Figure 3B), indicating that Biyuchunhua was more injured than Qinghua45, the growth performance of the two cultivars under treatments were presented in Figure 3C.


TABLE 1. Effect of salt on the growth parameters of Qinghua45 (QH) and Biyuchunhua (BY).

[image: Table 1]

[image: image]

FIGURE 3. Effect of salt on electrolyte permeability, soluble protein and the growth of Qinghua45 (QH) and Biyuchunhua (BY). (A) Electrolyte permeability. (B) Soluble protein. (C) Growth condition of the whole plant after treatment with NaCl for 40 days. QH-CK: Qinghua45 treated with 0 mmol L– 1 NaCl, QH-ST: Qinghua45 treated with 100 mmol L– 1 NaCl, and so on. All data were determined 20 days after NaCl treatment. The data are the mean ± SD, and the different letters (a–d) indicate a significant difference at P < 0.05 according to Duncan’s test.




Effect of Salt Stress on Ion Homeostasis in Chinese Cabbage

Salt stress seriously affected the absorption of mineral elements. The content of Na+ increased under salt stress, but increased by different percentages in the two cultivars. Na+ in Qinghua45 increased by 214.23% under salt stress compared with the control (Figure 4B), while that in Biyuchunhua increased by 386.04%, and the increasing rate was much higher than that of Qinghua45. Under salt stress, K+, Mg2+, and Ca2+ increased by 43.41, 7.34, and 26.68% in Qinghua45, and Biyuchunhua decreased by 21.01, 22.99, and 30.1% compared with the control, respectively (Figures 4A,C,D).
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FIGURE 4. Effect of salt on the content of ions in the leaves of Qinghua45 (QH) and Biyuchunhua (BY). (A) Content of K+. (B) Content of Na+. (C) Content of Mg2+. (D) Content of Ca2+. All data were determined 20 days after NaCl treatment. Data are the means ± SD, and the different letters (a–d) indicate a significant difference at P < 0.05 according to Duncan’s test.




Effect of Salt Stress on the Photosynthesis of Chinese Cabbage

The photosynthesis of Qinghua45 was not obviously injured by salt, but the photosynthetic rate of Biyuchunhua decreased by 21.02%. Stomatal conductance of Qinghua45 was affected but not obvious under salt stress, but a decrease of 19.88% appeared in Biyuchunhua. The trend of transpiration rate and instantaneous water use rate of the two cultivars under salt stress were consistent with the trend of stomatal conductance, and decreased by 6.71 and 4.23% compared with the control and showed no significant difference in Qinghua45; However, Biyuchunhua was severely affected, showing significant differences compared with the control with decreases of 43.23 and 25.55%, respectively (Figure 5).
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FIGURE 5. Effect of NaCl on the photosynthetic water vapor parameters of Qinghua45 (QH) and Biyuchunhua (BY). (A) Net photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) transpiration rate (Tr), and (D) water use efficiency (WUE) of Chinese cabbage under salt stress conditions. Data are the means of three replicates ± SD, and the different letters (a–d) indicate a significant difference at P ≤ 0.05 according to Duncan’s test.




Identification of Differentially Expressed Genes by Transcriptome Sequencing

To investigate the mechanism and determine the key genes underlying salt stress tolerance in Chinese cabbage, dynamic profiling of the mRNA expression affected by salt stress was performed by transcriptome sequencing in the leaves of Qinghua45 and Biyuchunhua cultivars after 20 days’ treatment. Table 2 summarized the results of three biological repeats of RNA-seq analysis for each sample in each treatment. In our experiment, we obtained 596.3 million original readings from 12 samples. After filtering the adapter sequence and low-quality reads, we obtained 542.2 million clean reads. The percentage of readings obtained from the samples mapped to the reference genome was more than 92.02%, which met the needs of subsequent analysis.


TABLE 2. Sequencing data for 12 libraries obtained by RNA sequencing.
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By comparing samples of the same Chinese cabbage cultivars under different conditions (control and salt) and different Chinese cabbage cultivars (Qinghua45 and Biyuchunhua) under the same conditions, we constructed four comparison groups: QHCK vs. QHS, QHCK vs. BYCK, QHS vs. BYS, and BYCK vs. BYS. In total, by restricting FDR < 0.01 and | log2(fold change)| ≥ 2, the analysis revealed 567 (227 upregulated genes and 340 downregulated genes), 1,157 (623 upregulated genes and 534 downregulated genes), 1,411 (758 upregulated genes and 653 downregulated genes) and 1,259 (495 upregulated genes and 764 downregulated genes) significant DEGs in QHCK vs. QHS, QHCK vs. BYCK, QHS vs. BYS, and BYCK vs. BYS, respectively (Supplementary Figure 2). The number of DEGs in QHCK vs. BYCK was lower than that in QHS vs. BYS, indicating that the number of DEGs in both cultivars was increased under salt stress. In addition, the number of DEGs in QHCK vs. QHS was much lower than that in BYCK vs. BYS, indicating that Biyuchunhua reacted more violently than Qinghua45 when exposed to salt stress, so the overall changes in genes of Biyuchunhua are larger, thus Biyuchunhua was more sensitive to salt stress than Qinghua45.



Classification of DEGs

A total of 2,859 unique DEGs were identified in all four groups. These DEGs could be divided into 15 disjointed subgroups, among which 19.83% (567/2,859), 40.47% (1,157/2,859), 43.35% (1,411/2,859), and 44.04% (1,259/2,859) were group-specific DEGs in QHCK vs. QHS, QHCK vs. BYCK, QHS vs. BYS, and BYCK vs. BYS, respectively. The Venn diagram of the 2,859 unique DEGs in the four groups is shown in Figure 6. Twenty-two DEGs were commonly expressed across all four groups.
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FIGURE 6. Venn diagrams for unique DEGs in four comparison groups. (A) Venn diagrams of DEGs in QHCK vs. QHS, QHCK vs. BYCK, QHS vs. BYS, and BYCK vs. BYS, (B) Total unique number of DEGs in group QHCK vs. QHS, QHCK vs. BYCK, QHS vs. BYS, and BYCK vs. BYS.


All transcripts were aligned to the COG database to predict possible functions. A total of 1,584 putative proteins were functionally classified into 25 groups. As shown in Figure 7, the difference between inorganic ion transport and metabolism (P), posttranslational modification, protein turnover, chaperones (O), transcription (K), and signal transduction mechanisms (T) was more obvious. In inorganic ion transport and metabolism (P), there were no significant changes in Qinghua45, but a large reduction appeared in Biyuchunhua. Qinghua45 increased more in posttranslational modification, protein turnover, and chaperones (O) under salt than Biyuchunhua. A larger decline appeared in transcription (K) in Biyuchunhua, and the signal transduction mechanisms (T) showed a serious reduction in Biyuchunhua.
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FIGURE 7. Functional classification in Clusters of Orthologous Groups of proteins (COG). Capital letters on the X-axis indicate the COG categories listed on the right of the histogram, and the Y-axis indicates the number of transcripts. (A) QHCK vs. QHS, (B) QHCK vs. BYCK, (C) QHS vs. BYS, and (D) BYCK vs. BYS, -1 up -2 down.


To study the molecular adaptation mechanism of the plants to salt stress, we further studied the expression and function of related genes that control the plant’s salt-related protein, chlorophyll synthesis, transcription factors and the signaling pathway, and eleven key and significantly different expressed genes in salt-tolerant and sensitive cultivars in these aspects were selected (Table 3). Based on the FPKM values of gene expression levels, we classified these genes and constructed a heat map for clustering (Figure 8). The gene expression of glutamyl-tRNA reductase (BraA01g027430.3C) showed the highest FPKM value, and V-type proton ATPase subunit e2 (Brassica_rapa_newGene_498) followed, and the reduction rate in Biyuchunhua was much larger than that of Qinghua45. The FPKM values of other genes in Biyuchunhua were all lower than that in Qinghua45 and were more seriously affected by salt stress.


TABLE 3. List of differentially expressed genes associated with interested pathways under salt stress.
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FIGURE 8. Heat map analysis of FPKM values of 11 key DEGs responding to salt stress in the transcriptome data in Qinghua45 (QH) and Biyuchunhua (BY). Color scale represents FPKM values. Data are the means of three replicates.


To verify the reliability of the RNA-seq data, quantitative real-time PCR (qRT-PCR) was performed on four randomly selected genes. The qRT-PCR results of these four genes are shown in Figure 9, and the primer design-related sequence is shown in Supplementary Table 5. The expression of the four selected genes showed differential expression between the two cultivars under salt stress. The relative trends in the expression patterns of the qRT-PCR results were roughly consistent with data trends in the transcriptome, which confirmed the reliability of our RNA-seq approach.
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FIGURE 9. Relative expression of MYB44, WRKY25, Rubisco and galactinol synthase in the leaves of Qinghua45 (QH) and Biyuchunhua (BY). (A) MYB44, (B) WRKY25, (C) Rubisco, and (D) galactinol synthase of Chinese cabbage under salt stress conditions. Data are the means of three replicates ± SD, and the different letters (a–d) indicate a significant difference at P ≤ 0.05 according to Duncan’s test.





DISCUSSION

Salt stress significantly inhibits seed germination, seedling growth (Jamil et al., 2007; Wu et al., 2019), and biomass yield (Tseng et al., 2007) in Chinese cabbage. Decreased growth and biomass yield have been noted by other researchers in tomato and wheat (Jan et al., 2017; Ahmad et al., 2018). The increase in fresh weight was used as an indicator for salt stress tolerance in all plants (Munns, 2005), indicating that according to the fresh weight we can have a preliminary understanding of the growth status of Chinese cabbages. Kumar et al. (2005) ascribed the reduced growth of plant to the decreased water absorption due to osmotic effects, the deficiency of nutrients as a consequence of the ionic imbalance, and decreased activities in many metabolic. However, some studies have reported that there are great differences in the response ability of their protective mechanisms under stress due to different cultivars. Munns et al. (2006) found that different plant species evolved via different strategies to address the deleterious effects of excess salts.

In this experiment, through the sprouting bag test, we determined the 100 mmol L–1 NaCl was suitable treatment concentration. By combining linear regression analysis and multiple traits, we efficiently and accurately evaluated the salt tolerance of Chinese cabbage, which avoided the shortcomings of simple correlation analysis and truly reflected the correlation between the inclusion factor and the dependent variable. The determination model on salt tolerance of Chinese cabbage was established in this study, and only the relative fresh weight and electrolyte leakage of seedlings were selected, but the coefficient of the model determination was as high as 0.9815, which proved the feasible of this model. Further verification analysis showed that the results of cluster analysis with the selected two factors as statistical parameters were consistent with the results of cluster analysis of the salt injury index, indicating that the relative value of the fresh weight and the leaf electrolyte leakage rate of Chinese cabbage seedlings under salt stress could be used to judge their salt tolerance, and the two can be used as a convenient indicator for quickly identify of the salt tolerance in Chinese cabbages. Çoban and Göktürk Baydar (2016) and Oyiga et al. (2016) also reported the EL and fresh weight as a useful screening index for wheat and peppermint treated with salt.

According to the previous results, Qinghua45 and Biyuchunhua were selected for their different tolerance to salt stress. It was convenient to explore the mechanisms underlying salt tolerance by comparing the two chultivars. After treated with salt, the fresh weight, leaf area and chlorophyll content of Qinghua45 showed no significant difference compared with those of the control, but the activity of the root system of Qinghua45 was lower than that of the control; However, all these indicators of Biyuchunhua were significantly reduced. Generally, Biyuchunhua was far more seriously injured than Qinghua45. Oyiga et al. (2016) reported that wheat species differ greatly in salt tolerance because of their genetic makeup. We speculated that there may be some resistance mechanisms in Qinghua45 that promoted its high salt tolerance.

The cell membrane is one of the first targets of many stresses. Damage to the cell membrane can lead to electrolyte extravasation, and it have been reported that elevated electrolyte leakage results in oxidative damage that troubles the membrane system (Bai et al., 2006; Demidchik et al., 2014). Wheat increased the levels of electrolyte leakage in sensitive genotypes under salt, whereas it did not change in the tolerant genotypes (Oyiga et al., 2016). In this experiment, the electrolyte permeability increased under salt treatment, but the increase in Qinghua45 was significantly lower than that of Biyuchunhua, suggesting that the cell membrane of Qinghua45 was more tolerant. Li et al. (2014) declared that salt stress increased the total soluble protein content. Under salt stress, soluble proteins in salt-tolerant cultivars of barley (Sikand et al., 2013), sunflower (Salgado et al., 2011), and rice (Aghaee et al., 2011) crops increase and work as osmotic regulators to balance the osmotic pressure of cells, thus, cells can normally absorb water and transport nutrients from the underground. In our results, soluble protein significantly increased in Qinghua45, and showed no difference in Biyuchunhua, indicating that soluble protein ensured the osmotic pressure of cells and improved salt tolerance of Chinese cabbage. Studies also reported that the soluble protein content of lentil pairs decreases under salt stress, and there is no distinction between salt-tolerant and salt-sensitive cultivars (Hossain et al., 2017), this is inconsistent with our results, which may be caused by species.

Salt stress results in ion toxicity in plant cells via a large influx of Na+, which leads to intracellular ion imbalance and results in an imbalance between the internal and external osmotic pressure of the cell (Zhu, 2001). When the content of Na+ exceeds the threshold that the plant can withstand, the ion balance will be destroyed and disturb the stability of the cell membrane, photosynthesis, absorption and utilization of other elements (Bybordy, 2012; Singh et al., 2016). In plant cells, maintaining the content of K+ in the environment with a high Na+ concentration is a key factor in determining the tolerance to salinity. Salt-tolerant crops have been characterized by a higher uptake affinity of K+ over Na+ (Kausar et al., 2014). Once Na+ enters the cytoplasm of the cell, not the vacuole, it may interfere with the function of K+ as a series of enzyme cofactors are excessive. The lack of Mg2+, an important component of pigments, will seriously affect photosynthesis and reduce organic synthesis, thus affecting the growth of plants (Qiu et al., 2004). Ca2+ can reduce the Na+ content of the plant itself through different pathways, such as the SOS pathway and MAPK pathway, maintain the osmotic pressure and water potential of the cells, and reduce the damage to the plant from salt stress (Batelli et al., 2007). Ca2+ also plays an important role in endoplasmic reticulum stress signaling. In our studies, salt stress caused an increase in Na+ content, but the increase in Qinghua45 was less than that in Biyuchunhua. At the same time, the absorption of K+ in Qinghua45 increased but decreased in Biyuchunhua. Less absorption of Na+ was an important reason for the tolerance of Qinghua45. The content of Ca2+ and Mg2+ in Qinghua45 increased, and that were decreased significantly in Biyuchunhua under salt stress. Salt stress promoted the content of Ca2+, which might because it plays important roles as a signal, Ca2+ indirectly promoted the excretion of Na+ into vacuoles through the SOS2 pathway and reduced the injury of Na+; additionally, the increase in Mg2+ increased the plant’s photosynthetic capacity and promoted organic synthesis in Qinghua45.

It is well-known that photosynthesis is inhibited by salt stress (Khan et al., 2014). The two cultivars in our experiment had different responses to photosynthetic indicators, such as chlorophyll content, Pn, Gs, Tr, and WUE. The chlorophyll content of Qinghua45 increased under salt stress, and the content in Biyuchunhua decreased. Pn also showed this trend. Gs, Tr, and WUE decreased under salt stress, but Biyuchunhua decreased more than Qinghua45, indicating that Qinghua45 had a higher chlorophyll synthesis ability than Biyuchunhua. Chlorophyll plays a very important role in the absorption, transfer and transformation of light energy in the photosynthesis of plants (Dordas and Sioulas, 2008). High Na+ interferes with K+ and Ca2+, and disturbs efficient stomatal regulation (Slabu et al., 2009), affects the inhalation of carbon dioxide and decreases the carbon dioxide assimilation ability under salt stress, thus, the absorption of carbon dioxide is affected (Shaheen et al., 2013). A large number of studies have reported that salt stress can affect the transpiration rate by limiting stomatal conductance. To reduce water loss under saline conditions, plants also regulate leaf stomatal conductance to reduce water evaporation and avoid affecting photosynthesis (Chen et al., 2013). The decrease in Gs in Qinghua45 under salt stress was smaller than that in Biyuchunhua, and the same trend appeared in WUE, indicating that salt-tolerant cultivars had a high ability to regulate the balance of reducing water dissipation and increasing carbon dioxide uptake by controlling stomatal conductance to maintain a high efficiency of photosynthesis under salt stress. In general, the strong chlorophyll synthesis ability and ion absorption regulation ability of Qinghua45 are important factors for its strong salt tolerance.

When Chinese cabbage is subjected to salt, it first activates the signal transduction pathway and then activate a series of genes related to the defense response (Jamil et al., 2011). Voltage-dependent anion channels (VDACs) are mitochondrial outer membrane proteins that are not only the main pathway of calcium uptake but also a variety of molecular movement channels across the mitochondrial outer membrane, including NAD, ATP, and superoxide dismutase (Han et al., 2003). The endoplasmic reticulum (ER) is the main place for cells to process proteins and store the Ca2+, which plays an important role in maintaining cell survival and ensuring the normal physiological function of cells. It is very sensitive to stress, under stress stimulation, the endoplasmic reticulum can cause homeostasis imbalance in the ER. The voltage-dependent anion channel (VDAC) is involved in sensing the signal and passing it on to promote the release of Ca2+. Calmodulin (CaM) and calmodulin-like (CMLS) are the main receptors of Ca2+ and play a key role in deciphering encrypted calcium signals (Gevaudant et al., 2007; Zeng et al., 2015). After sensing the stress signal, the expression of calmodulin and calmodulin-like protein increased in the tolerant cultivars. On the one hand, they act as nutrients to promote plant growth; on the other hand, they transmit signals to SOS2 as a signal molecule. In rice, V-H+-ATPase can improve the tolerance of plants to salt stress (Wang et al., 2011; He et al., 2014; Wei et al., 2017), and enhanced V-H+-ATPase expression provides the necessary energy for transmembrane ion transport in vacuoles to promote the entry of Na+ into vacuoles. The cation/H (+) antiporter 17 (CHX) was related to Na+ compartmentation, which helps the exchange of H+ and Na+, thereby reducing Na+ injury, we found that in the sensitive cultivar it decreased significantly, but it would increase in the tolerant cultivar. Chlorophyll biosynthesis is closely related to L-glutamyl-tRNA, which promotes the synthesis of chlorophyll a, and then chlorophyll a is oxidized by chlorophyll in an oxygenase to form chlorophyll b (Beale, 2005; Nagata et al., 2005). In our study, salt-tolerant plants promoted the synthesis of more chlorophyll by upregulating chlorophyll-related genes, which in turn promoted plant organic matter synthesis and maintained the growth of plants under stress.



CONCLUSION

In this report, we determined that 100 mmol L–1 NaCl was a suitable salt stress concentration for Chinese cabbage through the sprouting bag test. We classified the salt tolerance of 39 cultivars and found that the relative value of fresh weight and leaf electrolyte leakage can be used as convenient indexes to evaluate salt tolerance in Chinese cabbage at the seedling stage, also selected Qinghua45 (salt-tolerant) and Biyuchunhua (salt-sensitive) as follow-up materials. Then, we compared and analyzed the physiological morphology and indicators of Qinghua45 and Biyuchunhua cultivars under salt stress and found that the absorption and transport of ions play great roles in the salt tolerance of Chinese cabbages. Next, according to an analysis of the transcriptomic dataset, we successfully identified some key DEGs related to ion absorption under salt stress. This study helps elucidate the salt tolerance mechanism of Chinese cabbage. We briefly summarized the proposed model (Figure 10). Salt stress led to an increase in the absorption of Na+ and resulted in ion toxicity in Chinese cabbage. After sensing salt stress signaling, VDAC promoted the release of Ca2+, which indirectly promoted the transport of Na+ to vacuoles through the SOS2 pathway. Cation/H (+) antiporter 17 and V-H + -ATPase promoted the exchange of Na+ and H+ and kept Na+ in vacuoles, thus reducing the injury of salt stress. The increases in galactinol synthase and soluble protein synthesis also helped relieve osmotic stress caused by salt.
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FIGURE 10. Proposed model of the salt stress response of Qinghua45 (QH) and Biyuchunhua (BY). Salt stress resulted in Chinese cabbage suffering from ion stress and osmotic stress. Na+ content increased under salt stress. Salt-tolerant plants promote the transport of sodium ions in vacuoles, increase calcium content through ER stress signaling VDAC and indirectly promote the transport of sodium ions to vacuoles through the SOS2 pathway. Galactinol synthase and soluble protein content increased to balance the osmotic pressure.
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Salinity, as a major environmental stressor, limits plant growth, development, and crop yield remarkably. However, plants evolve their own defense systems in response to salt stress. Recently, microRNA (miRNA) has been broadly studied and considered to be an important regulator of the plant salt-stress response at the post-transcription level. In this review, we have summarized the recent research progress on the identification, functional characterization, and regulatory mechanism of miRNA involved in salt stress, have discussed the emerging manipulation of miRNA to improve crop salt resistance, and have provided future direction for plant miRNA study under salt stress, suggesting that the salinity resistance of crops could be improved by the manipulation of microRNA.
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INTRODUCTION

Salinity, as a major environmental stress factor, restricts crop growth and yield globally. It is reported that salinity affected a land area as large as 800 million hectares across the globe, accounting for 6% of the land (Abdel Latef et al., 2020; Attia et al., 2021). Approximately 20% of the irrigated soils are affected by salinity stress (Zhao et al., 2013), and 50% of arable land will be affected by 2050 (Butcher et al., 2016). Salt stress leads to changes in metabolic activity, cell wall damage, and cytoplasmic dissolution; it reduces the photosynthetic efficiency, accelerates aging, increases respiratory consumption and toxin accumulation, and eventually results in plant death (Osman et al., 2020; Abdel Latef et al., 2021). It is estimated that salinity can result in $27.3 billion in agricultural damage every year (Qadir et al., 2014). On the other hand, regional food scarcity will persist continually, particularly in South Asia, sub-Saharan Africa, the Middle East, and where population increase is rapid but agricultural outputs are low (FAO, 2017). Therefore, breeding and growing salt-tolerant crops to utilize the marginal and high-salinity soils are one of the most important strategies to meet the increase in food demand required by the estimated population in 2050 of 10 billion people (Mekonnen and Hoekstra, 2016; FAO, 2017; Morton et al., 2019).

MicroRNA (miRNA) is a non-coding single-stranded small RNA with a length of 21–24 nucleotides, and it acts as gene regulators to control the transcript abundance of its target gene. In the wild, miRNA exists in diverse organisms, including plants, animals, and microorganisms, and it regulates growth, development, signal transduction, response to adversity, and other biological processes. It was firstly discovered in Caenorhabditis (Lee and Ambros, 2001) and was then detected in four laboratories at approximately the same time in Llave et al. (2002), Mette et al. (2002), Park et al. (2002), Reinhart et al. (2002). After that, more and more plant miRNAs have been identified and functionally characterized in various plant species. MiRNA family names are listed in the order of publication, and miRNAs with similar sequences (usually fewer than 3 nt in difference) and common functions are classified as members of the same miRNA family (Wang Q. et al., 2014). Both the intraspecific conservation and interspecific differences of miRNAs are environmentally adaptive and evolve with the change in environment (Zhang et al., 2018). However, the evolution of miRNAs is conservative because some key target genes of miRNAs are conservative (Gramzow and Theißen, 2019).

Various enzymes and functional proteins are involved in the plant’s miRNA biosynthesis and functions. The primary miRNA transcripts for plants are produced by RNA polymerase II from miRNA genes, and these then pair with complementary bases to form special hairpin structures (Budak and Akpinar, 2015). Then, the stem ring secondary structure is generated by the DICER-LIKE1 (Bielewicz et al., 2013). After the methylation catalyzed by HUA Enhance 1 at the 3′ end, the double strand was transferred to the cytoplasm with the help of the transport protein HST. In the cytoplasm, this double-stranded miRNA is decomposed into mature single-stranded miRNA and integrated into RNA-induced silencing complex (RISC) cells, where miRNA interacts with the complementary target mRNA and activates the catalytic RISC with the assistance of Argonaute 1 (AGO1) (Koroban et al., 2016). There are two modes for miRNA to regulate gene expression: RNA cleavage and translation inhibition. The first mode is that miRNAs guide the Argonaute component of RISC to cleave a single phosphodiester bond opposite to the 10th and 11th nucleotides of the miRNA within complementary RNA. Then, the RISC will be free by releasing the fragments, and it then subsequently recognizes and cleaves another transcript (Jones-Rhoades et al., 2006). Afterward, the cleavage fragments are released to make the RISC competent for other RNA recognization and cleavage (Jones-Rhoades et al., 2006). MiRNA-mediated translational repression requires the participation of P-body components, a microtubule-severing enzyme, AGO1, and AGO10 (Brodersen et al., 2008). In addition, miRNA possibly prevents translation by triggering the sequestration of miRNA target in P-bodies (Chen, 2009). In addition, each miRNA can control multiple target genes (Haas et al., 2012). For instance, miR156 promotes floral meristem identity transformation by targeting SPL3, SPL4, and SPL5 in Arabidopsis thaliana (Xu et al., 2016). A gene can also be regulated by multiple miRNAs. For example, miR31 and miR143 affect steroid hormone synthesis by targeting the FSHR receptor (Zhang et al., 2019).

MiRNAs can regulate plant growth, development, pathogens, and abiotic stress responses. MiR160, miR169, peu-miRn68, and 477b are involved in the hormone signaling crosstalk model of root growth and development in apple rootstock, A. thaliana and Populus (Sorin et al., 2014; Lian et al., 2018; Meng et al., 2020). Cs-miR414 and cs-miR828 are involved in tea bud dormancy (Jeyaraj et al., 2014). For pathogen stress regulations, miR397 plays a negative regulatory role in apple resistance to hepatitis B virus (Yu et al., 2020), miR396 affects the susceptibility to rice blast (Chandran et al., 2019), and miR528 increases the viral defense ability of Oryza sativa (Wu et al., 2017). In the aspect of abiotic stress regulations, miR399 and miR827 are important for the resistance to phosphorus deficiency (Hackenberg et al., 2013; Du et al., 2018). The lack of sulfur induces the expression of miR395 for the regulation of genes in the sulfur assimilation pathway (Kawashima et al., 2009). The expression of miR319 is crucial for the cold tolerance of rice (Yang et al., 2013). MiR399 regulates Arabidopsis flowering at different temperatures (Kim et al., 2011). Recently, the comparative antagonistic expression profile of miR169 indicates that the miR169 family is a general regulator of various abiotic stresses (Rao et al., 2020). In addition, the over-expression of miR156 changes the expression level of other miRNAs, thus increasing the contents of anthocyanins, flavonoids, and flavonols and decreasing the total lignin content, suggesting the essential role of miRNAs in nutritional processes (Wang et al., 2020).

Noticeably, it is demonstrated that miRNA plays important roles in plant salinity responses and adaptation through various miRNA-mediated biological processes, including signal transduction, membrane transport, protein biosynthesis and degradation, photosynthesis, and transcription. In the present review, we mainly discuss the recent research progress on salt-stress-related miRNA in plants and the future research direction about miRNA in the salinity stress research field to come up with a strategy to improve the agronomic traits of stress tolerance through the manipulation of miRNAs.



IDENTIFICATION AND EXPRESSION OF PLANT MIRNAS UNDER SALT STRESS

In recent years, with the rapid development of biotechnology, such as microarray and high-throughput deep sequencing, thousands of plant miRNAs were identified under salt stress. As shown in Table 1, different concentrations (80–600 mM) of NaCl and treatment time (3 h to 15 days) were applied for salt stress treatments for identifying salt-responsive miRNA (Table 1). MiRNAs were detected in leaf, root, stem, and flower separately or in the whole seedling (Table 1). Fu et al. identified 1,077 miRNAs in Zea mays, comprising the highest number of identified miRNAs in various crops among the reports (Fu et al., 2017). Moreover, 882, 876, 693, and 650 miRNAs were identified in Mesembryanthemum crystallinum, Medicago truncatula, Vicia faba, and Ipomoea batatas, respectively (Jian et al., 2016; Cao et al., 2018; Alzahrani et al., 2019; Yang et al., 2020). The numbers of identified miRNA vary from dozens to hundreds, which may be due to the plant species, tissue specificity, development stage, and salt stress treatment methods. However, the large-scale identification of miRNAs under salt stress is very necessary and essential, and it lays a solid foundation for the further illumination of the miRNA network.


TABLE 1. The identification of plant miRNAs under salt stress by deep-sequencing.
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The expression levels of miRNA are up- or down-regulated by salinity stress. For instance, the expression of miR167 in panicle is negatively correlated with the increase of salt concentration (Jodder et al., 2018). In cotton, miR156, miR157, and miR172 are up-regulated at 0.25% NaCl, but their expression decreases with increasing salt concentration (Wang et al., 2013). The expression of miR164 also decreases with the increase of salt stress in maize (Shan et al., 2020). Macovei et al. found that the expression levels of Osa-miR414, -miR164e, and -miR408 significantly decrease with increased salt stress and further regulate the occurrence of genes to resist external salt stress by increasing the content of helicases (Macovei and Tuteja, 2012). In addition, some miRNAs are expressed differently in the early and late stages of salt stress treatment. For example, zma-miR169 displays initial up-regulation and subsequent down-regulation under salt stress (Luan et al., 2015). MiRNAs and their targets, such as cotton miR156-SPL2, miR159-TCP3, miR162-DCL1, miR395-APS1, and miR396-GRF1, exhibit negative correlation on expression levels (Wang et al., 2013).

Table 2 shows the expression levels of some representative miRNAs in plants under salt stress. MiR156, miR319, and miR528 are induced by salinity stress (Wang et al., 2013; Stief et al., 2014; Zhou and Luo, 2014; Xie F. et al., 2015; Yuan et al., 2015), while miR164 and miR397 are repressed (Macovei and Tuteja, 2012; Wang et al., 2013; Gupta et al., 2014; Qin et al., 2015; Xie F. et al., 2015; Lu et al., 2017), which were confirmed at least in two plant species (Table 2). Interestingly, the expression levels of nine miRNAs (e.g., miR159, miR168, miR169, miR172, miR393, miR395, miR396, miR399, and miR408) were promoted in some plant species but were inhibited in the other plant species. For instance, salinity stress increases the expression of miR393 in Arabidopsis thaliana, Triticum aestivum, and Agrostis stolonifera, but decreases the expression of miR393 in Oryza sativa, Gossypium sp., and Spartina alterniflora (Xia et al., 2012; Gupta et al., 2014; Iglesias et al., 2014; Qin et al., 2015; Xie F. et al., 2015; Zhao et al., 2019). Similarly, the expression of miR396 is increased by salinity in Solanum lycopersicum, Nicotiana tabacum, and Agrostis stolonifera but decreased in Arabidopsis thaliana, Oryza sativa, and Spartina alterniflora (Gao et al., 2010; Chen L. et al., 2015; Qin et al., 2015; Cao et al., 2016; Yuan et al., 2019). Up- or down-regulated gene expression usually suggests potential positive or negative functional role. However, the same miRNA has an opposite expression pattern in different plant species under salinity stress conditions, suggesting the same miRNA may play a diverse role in different plant species under salt stress. Moreover, the expression levels of some miRNAs, including miR167, miR390, miR394, miR402, and miR414 were only investigated in very few plant species under salinity stress (Table 2). Considering some miRNAs displayed totally different expressions in different species, their expression patterns need to be investigated in more plant species under salinity stress conditions.


TABLE 2. The expression of representative plant miRNAs under salt stress.
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MIRNA STUDIES IN HALOPHYTE PALNTS

Glycophyte plants, such as Arabidopsis and rice, can only survive at salinity levels 0–100 mM NaCl without any capability to adapt to high salt stress (Horie et al., 2012), whereas some remarkable halophytes can tolerate salinity levels as high as >1000 mM NaCl (Flowers and Colmer, 2008; Munns and Tester, 2008). To an extent, the salt-sensitive glycophytes may not provide enough insights into salt tolerance mechanisms, and the halophytes may have more value for expanding our knowledge about salt resistance mechanisms. Therefore, the exploration of the role of halophyte miRNAs in salinity adaptation can offer compelling contributions for devising strategies of resistance improvement in crops through genetic engineering and plant selection programs. However, there are not many reports on the discovery of salt-responsive miRNAs in halophytes (Table 1).

The halophyte plant Suaeda maritima grows naturally along the seashore. The expression of S. maritima sma-miR2 and sma-miR5 increases under the influence of seawater, suggesting their metabolic regulatory roles specific to saline environments (Gharat and Shaw, 2015). Eutrema salsugineum, a close relative of A. thaliana, can thrive in high salt conditions ranging from 100 to 500 mM (Amtmann, 2009). E. salsugineum has been developed as a valuable model plant for salt stress-tolerance study because its salinity tolerance is extreme, its lifetime is short, its seed production is copious, and its transformation is easy (Zhu, 2000; Amtmann et al., 2005). Zhang et al. (2013) identified 246 miRNAs candidates in E. salsugineum. In addition, 26 conserved miRNAs and 4 novel miRNAs were found to display a significant response to salt stress in E. salsugineum (Zhang et al., 2013; Wu et al., 2016). Recently, 88 conserved miRNAs and 13 novel miRNAs were identified from Reaumuria soongorica seeds treated with various NaCl concentrations, providing a useful reference for salt resistance improvement of seed germination (Zhang H. et al., 2020). A total of 135 conserved miRNAs and the hairpin precursor of 12 novel mcr-miRNAs were found from M. crystallinum seedlings treated with 200 mM NaCl (Chiang et al., 2016). Oryza coarctata is a wild relative of rice and grown in saline water. Mondal et al. found 338 known and 95 novel miRNAs in salt-treated O. coarctata leaves, providing a miRNA-target networking that is involved in salt stress adaption (Mondal et al., 2015). Halostachys caspica (Bieb.), a salt-tolerant short shrub, can be naturally grown on the field with a salt concentration as high as 100 g/kg dry soil (Song et al., 2006). (Yang et al., 2015) found that 31 conserved miRNAs and 12 novel miRNAs were significantly up-regulated, and 48 conserved miRNAs and 13 novel miRNAs were significantly down-regulated by salinity stress in H. caspica. A set of miRNAs were also identified in a salt marsh monocot halophyte smooth cordgrass (Spartina alterniflora Loisel) and another plant named salt cress (Thellungiella salsuginea) (Zhang et al., 2013; Zandkarimi et al., 2015). These identified miRNAs in halophytes can be further projected as potential miRNAs for developing salt tolerance in glycophyte crops.



FUNCTIONS OF MIRNA UNDER SALT STRESS

Numerous plant miRNAs have been identified under salt stress, but not many miRNAs have been functionally characterized in detail. Table 3 shows us the miRNAs responsive to salt stress, and these which were functionally studied by transgenetic approaches, such as overexpression and knocked down/out of the miRNA itself or its targets (Table 3). For instance, miR394a/b over-expression and lcr (functional loss of miR394 target LCR) mutant plants are hypersensitive to salt stress, but LCR over-expressing plants display the salt-tolerant phenotype (Song et al., 2013). MiR393 is a comparative well-studied plant miRNA in different plant species, including Arabidopsis, rice, and creeping bentgrass. MiR393ab mutant shows reduced inhibition of LR (lateral root) number and length, increased levels of ROS in LRs, and reduced APX enzymatic activity (Iglesias et al., 2014). Over-expressing Osa-mR393 in rice and Arabidopsis reduces tolerance to salt and drought and increases tillers and early flowering (Gao et al., 2011; Xia et al., 2012), while over-expressing miR393-resistant form mTIR1 in Arabidopsis enhances salt tolerance in mTIR1 transgenic plant (Chen Z. et al., 2015). However, over-expressing Osa-miR393a in creeping bentgrass improves salt stress tolerance associated with the increased uptake of potassium (Zhao et al., 2019), suggesting that the same miRNA or different miRNA from the same miRNA family may have different promotion and inhibition effects on salt tolerance in different plants. A similar situation was found for miRNA396, that is, over-expressing Osa-miR396c reduced salt and alkali stress tolerance in rice and Arabidopsis (Gao et al., 2010), but enhanced salt tolerance associated with improved water retention, increased chlorophyll content, cell membrane integrity, and Na+ exclusion during high salinity exposure in creeping bentgrass (Yuan et al., 2019). Additionally, over-expressing Sp-miR396a-5p in tobacco enhanced its tolerance to salt, drought, and cold stresses (Chen L. et al., 2015). The overexpression of miR395c or miR395e retarded and accelerated, respectively, the seed germination of Arabidopsis under high salt or dehydration stress conditions (Kim et al., 2010b).


TABLE 3. The functions of miRNA under salt stress.

[image: Table 3]
[image: Table 3]
Over-expressing miR156a weakens salt resistance in apples, whereas its target gene MdSPL13 strengthens salt resistance (Ma et al., 2020). Transgenic Arabidopsis plants over-expressing the target gene PeNAC070 of miR164 exhibits promoted LR development, delayed stem elongation, and increased sensitivity to salt stress (Lu et al., 2017). Over-expressing the target gene GmNFYA3 of miR169 reduces leaf water loss, enhances drought tolerance, and increases sensitivity to high salinity and exogenous ABA (Ni et al., 2013). Over-expression of miR172c substantially increased the sensitivity of plant roots to salt stress, and the removal of miR172c would decrease the sensitivity of plant roots to salt stress, respectively (Li et al., 2016; Sahito et al., 2017). Osa-miR319a and mi319b positively regulate salt tolerance in creeping bentgrass and swithgrass, respectively (Zhou et al., 2013; Zhou and Luo, 2014; Liu et al., 2019). MiR390 increases LR growth under salt stress via the auxin pathway (He et al., 2018). Additionally, over-expressing miR399f, miR402, and miR408 in Arabidopsis, Tae-miR408 and Sm-MIR408 in tobacco, and Osa-miR528 in creeping bentgrass increases salinity tolerance (Kim et al., 2010a; Feng et al., 2013; Ma et al., 2015; Yuan et al., 2015; Baek et al., 2016; Bai et al., 2018; Guo et al., 2018), indicating that these miRNAs enhance plant salt stress adaptation. By contrast, over-expressing miR414c, miR417, and miRNVL5 increases sensitivity to salinity stress (Jung and Kang, 2007; Gao et al., 2016; Wang et al., 2019). Collectively, these results suggest that the agronomic trait of salinity stress tolerance could be enhanced by the manipulation of miRNA or its target.



DISCUSSION AND FUTURE PROSPECTS

In the face of soil salinization, the cultivation of saline-tolerant plants is one of the most economical and effective technologies for biological improvement. Understanding the molecular mechanisms of miRNAs in abiotic stress provides an effective tool for plant breeding, especially in the context of climate and human-induced environmental changes. The essential regulating role of miRNAs in plant salt stress response reveals that miRNA could be applied for salt resistance improvement in crops. The salinity resistance of transgenic plants can be remarkably increased by over-expressing miRNA or knocking down/out the target gene of miRNA. Alternatively, the salinity resistance can be promoted by knocking down/out miRNA, which has a negative effect on salinity response, or over-expressing the target gene of the miRNA. Considering that one miRNA may have more than one targets that would cause totally different effects on plants, we should carefully consider the miRNA effects on crop growth, development, and the sensitivity to other abiotic stresses when optimizing the salinity resistance by miRNA manipulation.

The homologous tetraploid was more tolerant to salt stress than the diploid. Moreover, novel miRNAs induced by genome replication were identified, suggesting salt-responsive miRNAs could be screened by comparative analysis on the plant materials with different ploidy and salinity stress tolerance to explain the key roles of miRNA in achieving better salt stress tolerance. Generally, miRNAs are evolutionarily conserved in their functions in response to salt stress. However, the same miRNAs or different miRNAs from the same miRNA family may have different promotion and inhibition effects on salt tolerance in different plants. Therefore, the function of some miRNAs should be widely studied in different species, especially in crops.

Moreover, considering the significant number of salt- stress-responsive miRNAs identified by using powerful technology (such as high throughput sequencing), only a few miRNAs have been functionally characterized. Therefore, after the identification of plant miRNAs under salinity stress, further studies should be focused on the exploration of function, which will be very crucial for the salt tolerance improvement through miRNA manipulation in crops. Additionally, miRNAs may affect the plant stress tolerance through their interaction with ABA biosynthesis and the regulation of auxin response factors, The investigation of the crosstalk between miRNA and plant hormone will thus expand our knowledge and understanding of the role of plant miRNAs under stress conditions. Finally, the construction of the plant miRNA network in salt stress response will shed light on the salinity resistance improvement through miRNA manipulation in crops.
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Salt stress is an important environmental limiting factor. Water dropwort (Oenanthe javanica) is an important vegetable in East Asia; however, its phenotypic and physiological response is poorly explored. For this purpose, 48 cultivars of water dropwort were grown hydroponically and treated with 0, 50, 100, and 200 mm NaCl for 14 days. Than their phenotypic responses were evaluated, afterward, physiological studies were carried out in selected sensitive and tolerant cultivars. In the present study, the potential tolerant (V11E0022) and sensitive (V11E0135) cultivars were selected by screening 48 cultivars based on their phenotype under four different levels of salt concentrations (0, 50, 100, and 200 mm). The results depicted that plant height, number of branches and leaves were less effected in V11E0022, and most severe reduction was observed in V11E0135 in comparison with others. Than the changes in biomass, ion contents, accumulation of reactive oxygen species, and activities of antioxidant enzymes and non-enzymatic antioxidants were determined in the leaves and roots of the selected cultivars. The potential tolerant cultivar (V11E0022) showed less reduction of water content and demonstrated low levels of Na+ uptake, malondialdehyde, and hydrogen peroxide (H2O2) in both leaves and roots. Moreover, the tolerant cultivar (V11E0022) showed high antioxidant activities of ascorbate peroxidase (APX), superoxide dismutase, peroxidase, catalase (CAT), reduced glutathione (GSH), and high accumulation of proline and soluble sugars compared to the sensitive cultivar (V11E0135). These results suggest the potential tolerance of V11E0022 cultivar against salt stress with low detrimental effects and a good antioxidant defense system. The observations also suggest good antioxidant capacity of water dropwort against salt stress. The findings of the present study also suggest that the number of branches and leaves, GSH, proline, soluble sugars, APX, and CAT could serve as the efficient markers for understanding the defense mechanisms of water dropwort under the conditions of salt stress.
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INTRODUCTION

Salinity is one of the major abiotic stresses that has been significantly affecting the plant growth and yield (Gharsallah et al., 2016). The continuous increase in salinity in arable land due to poor cultivation practices and climate change have devastating global effects, and it is estimated that about 50% of arable land will be lost by the middle of the 21st century (Islam et al., 2019). To date, about 1,125 million hectares of agricultural lands have already been seriously affected by salinity, thus it is considered a serious threat to agriculture (Islam et al., 2019; Sanower-Hossain, 2019). In China, a total of 36.7 million hectares of land has been greatly affected by salinity, of which 12.3 million hectares is agricultural land (Li-ping et al., 2015).

A high level of salt results ionic imbalance and osmotic stress in plants which causes severe effects on morphology, biomass, and biochemical processes of the plants, and ultimately result in plant damages (Zhang et al., 2013; Rahneshan et al., 2018). Soil salinity enhances the Na+ and Cl− contents in plants which then increases the ratio of Na+/K+, which ultimately affects the regular ionic activities in plants (Singh et al., 2014). Several plants have developed different strategies to overcome these challenges. Among these, the first one is the maintenance of homeostasis by the osmotic adjustment that carries out the excessive Na+ ions to the vacuole, and the second is the synthesis of osmolyte to cope with this situation (Queirós et al., 2009; Silva et al., 2015; Rahneshan et al., 2018). A high K+/Na+ ratio also plays a vital role in maintaining membrane potential as well as osmotic and turgor pressures. It also helps in enzyme activation and tropisms (Rahneshan et al., 2018). Plants produce osmolytes, such as proline and soluble sugars protect the plant cells against the adverse effects of salt stress. These help in osmotic adjustment, and their higher production can increase the salinity tolerance (Rahneshan et al., 2018). Similarly, antioxidant molecules including glutathione (GSH) and proteins have the role in control of concentration of reactive oxygen species (ROS), which ultimately help in salinity tolerance. Proteins can also help in osmotic adjustment under salt stress (Zhang et al., 2013; Hasanuzzaman et al., 2018).

Salt stress also leads to increasing the level of ROS which results in oxidative stress, which in turn affects the plants both at cellular and metabolic levels (Ali et al., 2017; Sahin et al., 2018). The plants overcome the oxidative damage through activation of antioxidants through enzymatic and non-enzymatic mechanisms. The enzymatic component includes superoxide dismutase (SOD; EC 1.15.1.1), peroxidase (POD; EC 1.11.1.7), catalase (CAT; EC 1.11.1.6), and ascorbate peroxidase (APX; EC 1.11.1.1; Shaheen et al., 2013; Shafeiee and Ehsanzadeh, 2019; Soares et al., 2019; Sarker and Oba, 2020b). Moreover, the ROS, such as superoxide radicals ([image: image]), hydrogen peroxide (H2O2), and small amounts of transition metals, also increases the concentration of OH−. Therefore, plants carry out detoxification to avoid the oxidative damage where these antioxidant enzymes play an important role. A study reported that the antioxidant enzymes positively correlate with the plant tolerance in drought and salt stress (Wang et al., 2009). Moreover, the higher antioxidant activities can help improving death in plants (Khan et al., 2017).

Oenanthe javanica (Blume) DC (also known as water dropwort) is an aquatic perennial herb belonging to the family Apiaceae. It is mainly cultivated in East Asian countries, such as China, Japan, Korea, Thailand, Malaysia, and Australia (Jeon et al., 2007; Lee and Kim, 2009; Lu and Li, 2019). Water dropwort contains high contents of minerals and vitamins, and demonstrates medicinal properties (Jiang et al., 2015; Lu and Li, 2019; Kumar et al., 2020, 2021). It has been traditionally used as a vegetable in China. Various researchers have suggested that persicarin, isorhamnetin, and hyperoside are the three important compounds present in O. javanica, which possess the pharmacological activities for curing various ailments (Jiang et al., 2015; Chan et al., 2017; Lu and Li, 2019). Therefore, all these properties make the water dropwort a popular edible plant in China. The previous studies reported that O. javanica is sensitive to drought and salt stress, and these are the key limiting factors for its growth and production (Jiang et al., 2015; Kumar et al., 2020). There is only limited information available related to the salt tolerance mechanism of water dropwort concerning the regulation of free radicals quenching pathway with the antioxidative defense.

The present study is designed to access phenotypic responses of different water dropwort cultivars under salt stress and to select salt-tolerant and sensitive cultivars based on phenotype among them. Secondly, it aims to study some physiological parameters including enzymatic and the non-enzymatic antioxidant defense system, chlorophyll content, and ionic homeostasis regarding the salt tolerance in selected tolerant and sensitive cultivars of water dropwort. For these objectives, various parameters, such as plant growth, fresh and dry biomass, relative water content (RWC), chlorophyll content, Na+ and K+ content, production rate of ROS, osmolytes and antioxidant molecules concentration, and activities of antioxidant enzymes, were studied.



MATERIALS AND METHODS


Plant Culture and Salt Treatment

Seeds of 48 cultivars of Oenanthe javanica were kept in wet sand for 1 month and then shifted to the wet filter paper and placed in the growth chamber (12/12 h) at 25°C. After germination for 7–10 days, seeds were transferred to Hoagland nutrient solution (Hoagland and Arnon, 1950) and grown for 44 days in greenhouse condition at 20–25°C for 16 h photoperiod. The composition of media was 3.59 mm Ca(NO3)2, 8.7 mm KNO3, 0.713 mm N₂H₄O₃, 1.516 mm MgSO4, 1.314 mm KH2PO4, 62.5 μm FeSO4, 44.6 μm EDTA, 48.5 μm H3BO3, 13.2 μm MnSO4, 1.36 μm ZnSO4, 0.501 μm CuSO4, and 2.55 μm (NH4)2MoO4. Initially, the plants were grown hydroponically for 30 days than these plants were treated with 0 (control), 50, 100, and 200 mm NaCl for 14 days. Afterward, these treated plants were used for further analysis. All experiments were conducted in biological triplicates.



Morphological Parameters and Chlorophyll Content

After harvesting, morphological parameters, such as plant height, stem length, root length, and number of branches and leaves, were measured. The total chlorophyll content was determined using the SPAD-502Plus (Konica Minolta, Japan). The fresh and dry biomass of selected cultivars was also measured. The shoots biomass and roots biomass were determined after washing with distilled water and drying them gently on a paper towel. The dry weight (DW) was determined after drying for 72 h at 70°C.



Determination of RWC

Relative water content (RWC) of leaves was measured according to the method described by Sarker and Oba (2018) and Kumar et al. (2020). After determining the fresh weight (FW), leaves were immersed in distilled water in a closed Petri dish for 4 h, and the turgor weight (TW) of each leaf was noted. Thereafter, the leaf samples were placed in a pre-heated oven at 70°C for 24 h to obtain dry weight (DW). Afterward, RWC was calculated using the following formula:

[image: image]



Determination of Na+ and K+ Contents

For determination of Na+ and K+ contents, approximately 100 mg of dried leaves and roots was digested with 6 ml nitric acid in a microwave digestion system (Multiwave 3000, Anton Paar, Austria) for 90 min. The digested samples were diluted up to 10 ml with ultra-deionized water. The ions concentrations were determined by using the inductively coupled plasma-atomic emission spectroscopy ICP-OES (Optima8000, PerkinElmer, United States; Colomer-Winter et al., 2018).



Determination of Photosynthetic Pigments

For determination of chlorophyll and carotenoid concentrations, approximately 100 mg of fresh leaves was homogenized with 80% acetone and centrifuged at 7,000 × g for 10 min. The supernatant was collected, and the absorbance (A) was measured at 663 nm for chlorophyll a, 646 nm for chlorophyll b, and 470 nm for carotenoid using an ELISA plate reader (i3× molecular devices, United States; Sarker and Oba, 2020a; Kumar et al., 2021). The concentration of chlorophyll and carotenoids was calculated as follows:
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Determination of Lipid Peroxidation

For determination of malondialdehyde (MDA), approximately 50 mg of fresh leaves and roots was homogenized with 450 μl phosphate buffer saline (PBS; pH 7.4, 0.1 M) with a glass homogenizer. The samples were then centrifuged three times at 4,000 × g for 15 s with intervals of 30 s. Afterward, the homogenate was centrifuged at 3500 × g for 10 min. After centrifugation, the supernatant was used for the MDA analysis with a commercially available test kit (A003-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Finally, absorbance was measured at 530 nm (Dai et al., 2018).



Assays for Hydrogen Peroxide, Proteins, GSH, and Antioxidant Enzymes

For determination of H2O2, GSH, and antioxidant enzymes, approximately 200 mg of fresh leaves was homogenized with 1.8 ml of PBS (pH 7.4, 0.1 M) with a glass homogenizer and then centrifuged at 3,500 × g for 12 min. The supernatant was used for determination of total protein, H2O2, GSH contents, and antioxidant enzymes activities including APX, SOD, POD, and CAT with commercially available test kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China; Zhang et al., 2015; Hussain et al., 2016; Dai et al., 2018; Yang et al., 2018).

The Coomassie brilliant blue method was used for determining the total protein content with a commercially available total protein assay kit (A045-2; Nanjing Jiancheng Bioengineering Institute, China), and the absorbance was measured at 595 nm. H2O2 forms a complex with molybdate whose absorbance was measured at 405 nm. The GSH content was determined with a glutathione assay kit (A006-1; Nanjing Jiancheng Bioengineering Institute, China) according to the DTNB [5,5,-dithiobis (2-nitrobenzoic acid)] method. The absorbance was measured at 420 nm, and GSH content was expressed as mg g−1 protein (Zhang et al., 2015; Hussain et al., 2016; Dai et al., 2018; Yang et al., 2018).

The activity of APX was determined with the APX assay kit (A123-1-1; Nanjing Jiancheng Bioengineering Institute, China). APX catalyzed the oxidation of ascorbate at 290 nm and expressed as U mg−1 FW. One unit activity of APX is the amount of enzyme, which oxidizes 1 μmol ascorbate per min in 1 mg fresh sample (Nakano and Asada, 1981). The activity of SOD was determined with SOD assay kit (A001-1; Nanjing Jiancheng Bioengineering Institute, China) and was presented as U mg−1 FW. One unit of SOD activity is the amount of extract that gives 50% inhibition in reducing xanthine monitored at 550 nm (McCord and Fridovich, 1969). The activity of POD was measured by using a POD assay kit (A084-3-1; Nanjing Jiancheng Bioengineering Institute, China) on the basis of guaiacol oxidation at 470 nm by H2O2 and expressed as U mg−1. The change in absorbance at 470 nm was recorded every 20 s (Chance and Maehly, 1955). One unit of POD activity is the amount of enzyme, which causes the decomposition of 1 μg substrate per minute in 1 mg fresh sample at 37°C. Similarly, the activity of CAT was measured with a CAT assay kit (A007-1; Nanjing Jiancheng Bioengineering Institute, China) and was presented as U mg−1 FW. One unit of CAT activity is the amount of enzyme which causes the decomposition of 1 μmol H2O2 per minute in 1 mg fresh sample at 37°C (Beers and Sizer, 1952).



Determination of Concentrations of Proline and Soluble Sugars

Approximately 100 mg of fresh leaves and roots was homogenized for determination of proline content following the manufacturer’s instructions (A107-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and the absorbance was measured at 520 nm. For the analysis of soluble sugars, approximately 0.1 g of fresh samples was homogenized in 1 ml ddH2O with a glass homogenizer. The tubes were boiled at 95°C for 10 min and cooled with tap water. After cooling, the homogenate was centrifuged at 4,000 × g for 10 min. Thereafter, the supernatant was diluted with ddH2O at 1:9. The diluted extracts were used for determination of soluble sugar content using a commercially available test kit (A145-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Finally, the absorbance was measured at 620 nm and the soluble sugar concentration expressed and the results expressed in the fresh weight (FW) basis (Dai et al., 2018; Kumar et al., 2021).



Statistical Analysis

All experiments were performed in triplicates, and SPSS 25.0 statistical program (IBM Crop. Armonk, NY, United States) was used for statistical analysis. Tukey tests were performed for determining the significant differences (p ≤ 0.05) among treatments. GraphPad Prism 7 (San Diego, California, United States) was used for figures, and significant differences were indicated by different letters. All data are presented as mean ± standard error (SE).




RESULTS


Growth and Biomass of Water Dropwort

The growth properties of 48 cultivars were strongly influenced by the salt stress. The phenotypic parameters of water dropwort, such as plant height, stem length, root length, number of branches, and number of leaves in all treatments, were significantly lower than the control (p < 0.05; Supplementary Table S1). The plant growth showed an inverse relation with the different level of salt stress imposed. Moreover, a high reduction in the plant height, root length, stem length, and number of branches, and leaves was observed in all cultivars at 200 NaCl (Supplementary Table S1). Beside the plant height, the drastic effects of salinity were found in the number of branches and leaves of all cultivars. Furthermore, an increase in salt concentration caused a decline in the number of branches and leaves. Based on the phenotypic results, we identified V11E0022 as the potential tolerant cultivar, whereas the V11E0135 as the most sensitive cultivar among the 48 cultivars under consideration in the present study (Supplementary Table S1).

The growth parameters of selected tolerant and sensitive cultivars were greatly affected by the salt stress (Figure 1). A gradual decrease in the plant height, and root and stem length of both cultivars were observed under all treatments (50, 100, and 200 mm) in comparison with the control, and a maximum reduction was detected at 200 mm NaCl (Table 1). The plant height of V11E0135 was decreased by 28.5 and 31.4% by exposure of 100 and 200 mm NaCl, respectively, while it decreases only 16.5 and 22.7% in V11E0022 under 100 and 200 mm NaCl, respectively. Similarly, the number of branches and leaves of both cultivars were significantly reduced under different levels of NaCl compared to the control (p < 0.05). The number of branches in V11E0135 was reduced by 68.5 and 76.7% by exposure of 100 and 200 mm NaCl, respectively, whereas the reduction in V11E0022 was only 33.7 and 37.5% under 100 and 200 mm NaCl, respectively. Similarly, the number of leaves of V11E0135 decreased by 74.5 and 84.7% under 100 and 200 mm NaCl, respectively. However, V11E0022 showed only 31.3 and 34.9% reduction in number of leaves under 100 and 200 mm NaCl, respectively. The salt stress also significantly reduced the fresh and dry weight of the shoot and root (p < 0.05), and a maximum reduction was observed under 200 mm NaCl in V11E0135 when compared with the control (Table 2). The shoot fresh weight of V11E0135 was decreased by 70% at 100 mm and 80.3% at 200 mm NaCl. On the other hand, V11E0022 showed 40.7 and 45.3% decrease in shoot fresh weight under 100 and 200 mm NaCl, respectively. Furthermore, root fresh weight of V11E0135 decreased by 61.9 and 71.63% under 100 and 200 mm NaCl, respectively. In contrast, V11E0022 showed reduction of 47.5 and 51.1% at 100 and 200 mm NaCl, respectively. Overall, the shoot and root (fresh and dry) weight of the V11E0135 cultivar was reduced more than that of V11E0022. Overall, V11E0135 showed drastic effects for different growth parameters compared to the V11E0022 cultivar (Table 1).
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FIGURE 1. Effect of salt stress on the tolerant and sensitive cultivars of water dropwort. (A) potential tolerant cultivar (V11E0022) and (B) sensitive cultivar (V11E0135).




TABLE 1. Effect of salt stress on morphological parameters and relative water content (RWC) of two cultivars of water dropwort.
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TABLE 2. Effect of salt stress on fresh (FW) and dry weight (DW) of the shoot and root of two water dropwort cultivars.
[image: Table2]



Relative Water Content

Similarly, RWC decreased in both cultivars with the increase of NaCl compared to the control, except for 50 mm, where RWC was increased to 7.99 and 6.06% in V11E0022 and V11E0135, respectively (Table 1). Moreover, a relatively higher reduction of RWC was observed in V11E0135 compared to the V11E0022.



Na+ and K+ Concentrations

The salt stress significantly enhanced the Na+ content in the roots and leaves of both cultivars under all treatments (50, 100, and 200; p < 0.05). Furthermore, the leaves and roots of V11E0135 showed high uptake of Na+ ion than its counterpart, and the highest Na+ content was detected under 200 mm NaCl (Table 3). Similarly, the K+ content in the roots and leaves of both cultivars decreased with increasing NaCl concentration, and the lowest level of K+ uptake was observed in V11E0135 at 200 mm NaCl. Moreover, a negative relationship was found between the salt stress and K+/Na+ ratio in both cultivars (Table 3).



TABLE 3. Changes in leaf and root ionic contents of two water dropwort cultivars under salt stress.
[image: Table3]



Photosynthetic Pigments

A zigzag trend of chlorophyll content was found in the leaves under different salt concentrations of all 48 cultivars (Supplementary Table S1). Interestingly, the chlorophyll content was increased in many cultivars of water dropwort. Similarly, the concentration of photosynthetic pigments, including chlorophyll a (chl a) and chlorophyll b (chl b) as well as total chlorophyll (chl a+b) and carotenoids (Car), was higher in the salt-treated plants compared to the non-treated plants of both selected sensitive and tolerant cultivars (p < 0.05; Figures 2A–D). Specifically compared to the control, the concentration of chl (a+b) and chl b was higher in both cultivars, and maximum concentration was present at 200 mm NaCl treatment. Although higher than in the control situation, a comparable concentration of chl a and Car was present in all treatments.

[image: Figure 2]

FIGURE 2. Changes in the photosynthetic pigments under salt stress in leaves of two water dropwort cultivars. (A) Total chlorophyll content, (B) chlorophyll a content, (C) chlorophyll b content and (D) carotenoid concentration in the leaves of water dropwort. Means followed by different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. Error bars show mean ± SE.




Lipid Peroxidation and H2O2 Content

The salt stress significantly induced lipid peroxidation in terms of MDA content in both leaves and roots of water dropwort cultivars (p < 0.05). Moreover, high MDA content was present in V11E0135 compared to the V11E0022. Compared to the control, the MDA content was increased maximally up to 100 mm in leaves of V11E0022 and V11E0135 (Figure 3A), whereas in the roots of both cultivars were found significantly higher under all salt treatments compared to the control (p < 0.05; Figure 3B).

[image: Figure 3]

FIGURE 3. Changes in the lipid peroxidation and ROS in fresh leaves and roots of two water dropwort cultivars under salt stress. (A) MDA content in the leaves, (B) MDA content in the roots, (C) H2O2 content in the leaves and (D) H2O2 content in the roots of water dropwort. Means followed by different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. Error bars show mean ± SE.


The H2O2 production rate was significantly increased in leaves and roots of both cultivars as compared to the control (p < 0.05). Moreover, a significantly higher content of H2O2 was present in V11E0135 compared to the V11E0022 (p < 0.05). Compared to untreated plants, maximum H2O2 content was present at 200 mm NaCl concentration in leaves and roots of both cultivars (Figures 3C,D).



Osmolytes and Antioxidant Molecules

The proline concentration was found higher in V11E0022 compared to V11E0135. The proline content increases significantly in the leaves and roots of V11E0022 in all NaCl treatments compared to the control (p < 0.05). The V11E0135 showed a gradual rise in content of proline in leaves and roots up to 100 mm NaCl. Thereafter, a significant decline was observed at 200 mm NaCl (p < 0.05; Figures 4A,B). The concentration of soluble sugars was found higher in V11E0022 compared to the V11E0135. In leaves and roots of both cultivars, the concentration of soluble sugar was found to be significantly increasing up to 100 mm NaCl concentration compared to the control (p < 0.05; Figures 4C,D).
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FIGURE 4. Changes in the content of osmolytes and non-enzymatic antioxidant compounds in fresh leaves and roots of two water dropwort cultivars under salt stress. (A) Proline content in the leaves, (B) proline content in the roots, (C) soluble sugars content in the leaves, (D) soluble sugars content in the roots, (E) total protein content in the leaves, (F) total protein content in the roots, (G) reduced glutathione (GSH) content in the leaves and (H) GSH content in the roots of water dropwort. Means followed by different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. Error bars show mean ± SE.


The results showed that the protein content was increased with the increasing of NaCl concentration in both selected cultivars. A significant difference was observed in protein concentration with the increasing salt concentration in leaves and roots of V11E0022 as compared to the control (p < 0.05; Figures 4E,F). In contrast, the leaves of V11E0135 showed a significant increase in all treatments (p < 0.05; Figure 4E). However, protein content in roots of V11E0135 was significantly decreased by 21.09% at 50 mm in comparison with its respective control (p < 0.05), and thereafter increased at 100 and 200 mm NaCl concentrations (Figure 4F).

GSH content was increased in both leaves and roots of V11E0022 with the increasing NaCl concentration, and the highest GSH content was found at 200 mm NaCl concentration (Figures 4G,H). The V11E0022 showed higher GSH content than the V11E0135 in roots. Interestingly, the leaves of V11E0135 showed higher content of GSH compared to its counterpart, but its roots showed maximum GSH content at 100 mm NaCl concentration.



Antioxidant Enzymes

APX activity was found higher in V11E0022 compared to the V11E0135. The activity increased significantly with the increasing salt concentration in leaves and roots of V11E0022 compared to its counterpart (p < 0.05; Figures 5A,B). In contrast, the APX activity decreased gradually in leaves of V11E0135 with the increasing salt concentration (Figure 5A). However, APX activity decreased up to 10.68% at 50 mm NaCl concentration in roots; nevertheless, comparatively higher activity was observed at 100 and 200 mm NaCl concentration (p > 0.05; Figure 5B).
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FIGURE 5. Changes in activities of antioxidant enzymes in fresh leaves and roots of two water dropwort cultivars under salt stress. (A) APX activity in the leaves, (B) APX activity in the roots, (C) SOD activity in the leaves, (D) SOD activity in the roots, (E) POD activity in the leaves, (F) POD activity in the roots, (G) CAT activity in the leaves and (H) CAT activity in the roots of water dropwort. Means followed by different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. Error bars show mean ± SE.


A similar pattern was observed for SOD and POD in both cultivars under different NaCl treatments. Compared to the control, the activities of SOD and POD were increased significantly up to 100 mm in the leaves of V11E0022 (p < 0.05; Figures 5C,E), while decreased under 50 mm NaCl in the leaves of V11E0135. Furthermore, SOD and POD activities were decreased after 50 mm NaCl in roots of both cultivars. Interestingly, the POD activity in V11E0135 at 200 mm was 6.53% higher than the control (Figures 5D,F). When compared based on the difference in activities with their respective controls, V11E0022 was found comparatively higher than V11E0135 in both antioxidant enzyme.

A significantly higher CAT activity was observed in V11E0022 compared to the V11E0135 (p < 0.05). The CAT activity increased up to 100 mm NaCl concentration in leaves and roots of V11E0022 (Figures 5G,H). In contrast, the CAT activity was decreased significantly with the increasing salt concentration in leaves of V11E0135. In contrast, the CAT activity was found significantly higher in roots at 50 mm and thereafter decreased gradually at 100 and 200 mm NaCl concentrations (p < 0.05; Figures 5G,H).




DISCUSSION

Salinity is a major abiotic stress that significantly affects the plant growth by causing osmotic stress, and inducing ionic and nutrient imbalance. Such imbalances adversely affect different physiological and biochemical mechanisms related to the plant growth and development (Zhang et al., 2013). The present study investigated the phenotypic effects of salt stress on 48 water dropwort cultivars at different NaCl concentration (0–200 mm). The study proposed the tolerant and sensitive cultivars based on their performance against salt stress, and different components of the antioxidant defense system depicted the salt tolerance mechanism in selected sensitive and tolerant cultivars of water dropwort.

The results of the present study show that the plant growth (total height, stem and root lengths, and number of branches and leaves) was decreased significantly with the increasing NaCl concentration in all 48 cultivars of water dropwort, indicating that salt stress suppressed their growth. The growth reduction in V11E0135 was very pronounced in comparison with other cultivars, whereas V11E0022 showed better adaptation as compared to others. Similar studies were previously conducted on different plants also support our findings (Shaheen et al., 2013; Okkaoğlu et al., 2015; Menezes et al., 2017; Rahneshan et al., 2018; Sahin et al., 2018). Furthermore, the fresh and dry biomass of shoot and root was significantly decreased in both selected cultivars of water dropwort under all treatments of NaCl, whereas V11E0135 showed more reduction than the V11E0022. Previous studies on different plants showed the reduction of fresh and dry weights of root and shoot under NaCl stress (Inal et al., 2009; Shaheen et al., 2013; Kapoor and Pande, 2015). According to Meriem et al. (2014), a higher reduction in biomass was observed in sensitive cultivars than tolerant cultivar of coriander under different NaCl treatments. It is suggested that this decrease in the length and biomass of water dropwort could be due to the negative effect of NaCl treatment. The salinity increases the osmotic stress that inhibits absorption and transport of water. This inhibition leads to hormones-induced sequential reactions, which can reduce the stomatal opening, CO2 assimilation, and photosynthetic rate (Odjegba and Chukwunwike, 2012; Menezes et al., 2017; Sarker and Oba, 2020b). Another reason for reduction in growth might be the diversion of energy from growth to the homeostasis of salinity stress and a reduction in carbon gains (Atkin and Macherel, 2009; Sarker and Oba, 2020b).

Based on all phenotypic results of the current study, it is suggested that the decrease in growth and biomass could be due to the adverse effects of salinity on cell division and elongation. Moreover, salinity also causes the nutrient imbalance, overproduction of ROS, and inhibition of enzymatic activities, which significantly affect the cellular components and biological membranes and cause a decrease in biomass production (Ali et al., 2017; Alzahrani et al., 2019).

A high concentration of NaCl affects photosynthesis, and the exposure to salt stress for longer time causes a reduction in biosynthesis of chlorophyll protein-lipid complex (Akbari Ghogdi et al., 2012). Different opinions about the salinity effect on the chlorophyll content have been reported, and among these many studies have reported a significantly decreased in chlorophyll content under salt stress (Çelik and Atak, 2012; Meriem et al., 2014; Sharif et al., 2017). However, the results of higher chlorophyll a, b, and the total chlorophyll content in the present study are in agreement with the studies previously conducted on amaranth (Amaranthus tricolor), sugar beet, and cabbage (Wang and Nii, 2000; Jamil et al., 2007). These mentioned studies suggest that an increase in the chlorophyll content under salt stress could be due to the increased number of chloroplasts. Similar results on lettuce suggest that the increased chlorophyll content could be due to the accumulation of NaCl in the chloroplast (Ekinci et al., 2012). According to Jamil et al. (2007), tolerance of photosystem II (PSII) to high salt stress and increased chlorophyll content had played important in salinity tolerance of cabbage and sugar beet; therefore, it might be possible that PSII can play important role in salinity stress tolerance of water dropwort, but it needs further studies. Our results indicate that increased in chlorophyll content under salt stress could be helpful to grow water dropwort in the saline soils. Carotenoid is a type of antioxidant which helps in developing tolerance against salt stress in plants by reducing the free oxygen radicals (Ali et al., 2017). In the current study, the carotenoid concentration was slightly increased under NaCl stress in both selected cultivars compared to the control, where V11E0022 showed relatively high concentration. A previous study also reported an increase in the carotenoids concentration under salt stress (Çelik and Atak, 2012). As an antioxidant, carotenoids help reducing the singlet oxygen for preventing the oxidative damage.

Salt stress induces the concentration of Na+ ions in the plant cells. The excess accumulation of Na+ in the cytosol is concomitant with salt-induced K+ efflux, and the cytosolic K+/Na+ ratio decreases dramatically under salinity stress conditions (Silva et al., 2015; Sarker and Oba, 2020b). This might be linked with the fact that Na+ enters the roots passively through voltage-independent or weakly voltage-dependent nonselective cation channels. This could be also linked with other Na+ transporters, such as members of the high-affinity K+ transporters. Thus, increase in the level of external Na+ will sensibly rise the accumulation of Na+ in the plants with concomitant decrease in K+ uptake (Odjegba and Chukwunwike, 2012; Silva et al., 2015; Sarker and Oba, 2020b). Several authors have suggested that low uptake of Na+ and high uptake of K+ signifies salinity tolerance in higher plants (Yassin et al., 2019). In the present study, a significant increase in Na+ uptake and decrease in the K+ uptake was observed in leaves and roots of both cultivars with increasing NaCl concentration, whereas the leaves showed more ionic uptake than the roots. Furthermore, high uptake of Na+ was observed in the V11E0135 cultivar as compared to V11E0022. Previous studies on pistachio, paper mulberry, and wheat also showed a higher uptake of Na+ in sensitive cultivars, which support the findings of the current study (Zhang et al., 2013; Rahneshan et al., 2018; Yassin et al., 2019). Roots and shoots of the carrot and amaranth also showed high Na+ uptake and decreased K+ uptake under salt stress; moreover, the roots showed a considerably low concentration of Na+ and K+ compared to the shoots (Inal et al., 2009; Menezes et al., 2017). In the current study, we found the higher level of Na+ in the leaves as compared to the roots, and the reason is that leaves are most porn to Na+ than roots because Na+ and Cl− accumulate more in shoots than the roots. Roots maintain constant level of NaCl over time and can regulate NaCl levels by export to the shoots or to the soil. Na+ is transported to shoots in the rapidly moving transpiration stream in the xylem (Tester and Davenport, 2003). Different studies reported that salinity-tolerant plants either limit the excess salt in the vacuole or compartmentalize essential ions in different plant tissues. This compartmentalization of Na+ into the vacuoles or its efflux across the plasma membrane is controlled by the expression and activity of Na+/H+ antiporters, V-type H+-ATPase, and H+-PPase, which ultimately increased the K+/Na+ ratio (Türkan and Demiral, 2009; Tsujii et al., 2019). The results of these parameters in the present study suggest that a low-level uptake of Na+ in V11E0022 might be due to these antiporters and membrane transporters, which can help to stand against the salt stress. RWC is considered a useful and reliable parameter to check the salt stress (Sharif et al., 2017; Sarker and Oba, 2020b). V11E0022 showed the low uptake of Na+ and less reduction in K+ under salt stress enabled the plant to retain more RWC compared to the V11E0135. Thus, V11E0022 is able to keep a high salt concentration and can absorb more water and consequently has high RWC to adjust osmotic pressure.

Lipid peroxidation is an indicator of oxidative damage caused by salt stress, and the higher concentration of MDA under stress represents the degree of cell membrane damage and it is a common physiological indicator for evaluating plant exposed to biotic or abiotic stress (Sarker and Oba, 2020b). In general, the salt-tolerant cultivars exhibit less lipid peroxidation and ROS production (H2O2) compared to their sensitive counterparts, which is attributed to efficient protection mechanisms and predominantly high scavenging capacity of the tolerant cultivar (Yassin et al., 2019). The results of the present study showed a significantly higher concentration of MDA and H2O2 in V11E0135 compared to V11E0022 under salt stress, which is in agreement with the previous studies on different plants (Wang et al., 2009; Shafeiee and Ehsanzadeh, 2019; Yassin et al., 2019; Sarker and Oba, 2020b). In the current study, a minor decrease in MDA concentration was observed at 200 mm NaCl in the leaves of both cultivars. 200 mm NaCl might induces salt stress-related genes in the leaves of water dropwort (Kumar et al., 2020). Sustained decreases in MDA accumulation might be due to the activation of PSII core proteins and Rubisco (Morales and Munné-Bosch, 2019). A negative correlation between MDA content and electron transport was described by Morales and Munné-Bosch, which implies a feedback of PSII and lower MDA in salt-stressed plants. From the current study, we assume that the higher accumulation of MDA and H2O2 has severely affected the phenotype of V11E0135 as compared to the V11E0022. To cope with this situation, the plants have a defense system in the form of osmolytes, antioxidant molecules, and antioxidant enzymes.

To regulate the osmotic potential, different compatible solute, such as proline, soluble sugars, proteins, and GSH, was accumulated in plants. The higher level of these compounds helps in selecting the tolerant cultivar under stress conditions (Torabi et al., 2013; Sharif et al., 2017; Sarker and Oba, 2019). Accumulation of proline and soluble sugars under stress conditions protects the cell by maintaining the osmotic strength of cytosol with that of vacuole and external environment. In addition to its osmoprotection role, proline is prominently used against ROS as well as provide protection to enzymes and stabilize their structures (Rahneshan et al., 2018; Alzahrani et al., 2019). Previous studies reported that the salinity tolerant cultivars of canola, coriander, and tobacco showed an increment in the proline content and soluble sugars, which is in agreement with the current results (Çelik and Atak, 2012; Meriem et al., 2014; Sharif et al., 2017). Proline content increased with increasing NaCl stress in both roots and leaves of tolerant cultivar, whereas, in sensitive cultivar it starts to decrease after 100 mm NaCl. The decrease at 200 mm NaCl stress might be due to the low activity of enzymes (P5CS and glutamine dehydrogenase) of the proline biosynthetic pathway in V11E0135 (Chun et al., 2018). Another reason might be proline dehydrogenase (ProDH), which is one of the key enzymes that regulates proline accumulation. Therefore, it might be possible that ProDH genes (ProDH1 and ProDH2) expression has been decreased at higher concentration of NaCl in V11E0135 (Funck et al., 2010; Chun et al., 2018).

The reason for the increment of soluble sugars might be the higher enzymatic activities that help in the regulation of cellular structures and functions through the interaction with macromolecules (Sharif et al., 2017; Ibrahimova et al., 2019). The tolerant cultivars retain more water due to proline and sugars, and the present study also showed that the higher RWC of V11E0022 is due to the elevated concentrations of proline and soluble sugars, which improves the osmotic adjustment in water dropwort. Different studies revealed that the salt stress reduced the RWC in the plants, and a direct consequence of higher osmolytes in tolerant cultivar is the maintenance of comparatively higher RWC (Karlidag et al., 2009; Alzahrani et al., 2019; Shafeiee and Ehsanzadeh, 2019).

Furthermore, proteins act as osmotin and their accumulation play a potential role developing tolerance against the salt stress (Qados, 2011; Zhang et al., 2013; Sarker et al., 2018). Results of the current study showed that the protein content in leaves and roots of both cultivars was increased significantly under salt stress. The current results are in agreement with the previous studies conducted on Vicia faba, Broussonetia papyrifera, and Amaranthus tricolor, which showed an increment in the protein content in both roots and shoots under salt stress (Qados, 2011; Zhang et al., 2013; Sarker et al., 2018). According to Yan et al. (2018), the synthesis and accumulation of GSH can improve tolerance against biotic and abiotic stresses. Moreover, GSH helps in ROS scavenging by detoxifying the superoxide and hydroxyl radical (Ashraf, 2009; Hussain et al., 2016). In the present study, a higher level of GSH was found in both cultivars of water dropwort under salt stress compared to the control. The roots of V11E0022 showed a higher level of GSH in comparison with its counterparts, it could help in developing salt tolerance. Likewise, studies carried out on wheat and onion showed the positive effect of GSH by improving cell viability under salt stress (Aly-Salama and Al-Mutawa, 2009; Ahanger et al., 2019). Surprisingly, the leaves of V11E0135 showed higher GSH than the V11E0022, and this increase in leaves could be due to respiration, which plays a vital role in biosynthesis of GSH. Metabolites, such as glycine, are produced during the respiration that could be used in the biosynthesis of GSH (Aly-Salama and Al-Mutawa, 2009). This higher GSH content is concomitant with a higher respiration rate in V11E0135. All these osmolytes and antioxidants might be responsible for osmotic adjustment as well as the reduction of ROS and oxidative stress, which enhance the tolerance of V11E0022 under salt stress.

Higher activities of antioxidant enzymes (SOD, POD, CAT, and APX) provide tolerance against salt stress by scavenging ROS, and the tolerant plants possess higher enzyme activities than the sensitive counterparts (Ali et al., 2017; Polash et al., 2019). In a defense mechanism, the first line of defense is SOD that transforms the superoxides into H2O2. Thereafter, CAT further converts this H2O2 into H2O and oxygen. Likewise, APX converts the H2O2 into H2O. In addition to these, POD is also used to scavenge H2O2 from the chloroplast efficiently (Jalali-e-Emam et al., 2011; Polash et al., 2019). Similarly, GR converts the glutathione (GSSG) into reduced GSH which regulates the ROS removal (Elsawy et al., 2018; Polash et al., 2019). Previous studies reported the higher activities of APX, SOD, POD, and CAT in response to salinity in tomato, cabbage, amaranth, and wheat (Li, 2009; Ali et al., 2017; Sahin et al., 2018; Sarker and Oba, 2020b).

Considering biomass and growth as the indicators for salt tolerance, we deduce that V11E0022 is more tolerant than the V11E0135, and this high tolerance could be attributed to better antioxidant enzyme activities viz SOD, POD, CAT, and APX, which reduced the H2O2 and lipid peroxidation level in roots and leaves. SOD and POD of V11E0022 showed higher activity up to 100 mm in the leaves, whereas V11E0135 starts to decrease after 50 mm NaCl. The activity of SOD and POD in roots of both cultivars decreased after 50 mm NaCl, but comparatively higher activities were found in V11E0022. APX activity in the leaves of V11E0022 was increased with increasing NaCl concentration, whereas V11E0135 showed inverse relation with salt stress. Similarly, APX activity in roots was also found significantly higher in V11E0022 in comparison with V11E0135. CAT showed higher activities up to 100 mm in both leaves and roots of V11E0022; however, leaves of V11E0135 showed decrease in CAT activity with increasing NaCl concentration, whereas roots start to decrease after 50 mm NaCl. The observation of augmented antioxidant capacity of water dropwort up to 100 mm NaCl stress. Previous studies also reported the decreased antioxidant capacities after 100 and 150 mm NaCl stress in Vigna unguiculata, Brassica juncea, Oryza sativa, Morus alba, Broussonetia papyrifera and many other plants (Verma and Mishra, 2005; Ahmad et al., 2010; Maia et al., 2010; Zhang et al., 2013; García-Caparrós et al., 2019). Moreover, the present study also suggests that the different parts of water dropwort may behave differently against the salt stress, which depend on the type of cellular metabolism of the plant part. The findings of antioxidant capacity also reveal that APX and CAT could be efficient markers for understanding the potential defense mechanisms of water dropwort under NaCl stress conditions compared to other enzymes.



CONCLUSION

Based on the phenotypic and physiological studies, we found that V11E0022 cultivar is tolerance against salt stress among the 48 cultivars, whereas V11E0135 is the most sensitive. Moreover, the tolerance of water dropwort could be due to the higher content of osmolytes and antioxidants, and better activities of APX, SOD, POD, and CAT, which reduced the level of H2O2, and MDA in roots and leaves of water dropwort. Comparatively higher K+/Na+ ratio and higher concentration of proline and soluble sugars, which acts as osmoregulators helped in retaining higher water content in V11E0022. Based on the antioxidant defense system, it is suggested that this cultivar could efficiently tolerate the salt stress up to 100 mm NaCl. Furthermore, proline, GSH, APX, and CAT could play efficient roles in water dropwort under NaCl stress conditions compared to others and help to understand the salinity tolerance mechanism in water dropwort.
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KARRIKINS INSENSITIVE2 (KAI2) is the receptor gene for karrikins, recently found to be involved in seed germination, hypocotyl development, and the alleviation of salinity and osmotic stresses. Nevertheless, whether KAI2 could regulate cold tolerance remains elusive. In the present study, we identified that Arabidopsis mutants of KAI2 had a high mortality rate, while overexpression of, a bioenergy plant, Sapium sebiferum KAI2 (SsKAI2) significantly recovered the plants after cold stress. The results showed that the SsKAI2 overexpression lines (OEs) had significantly increased levels of proline, total soluble sugars, and total soluble protein. Meanwhile, SsKAI2 OEs had a much higher expression of cold-stress-acclimation-relate genes, such as Cold Shock Proteins and C-REPEAT BINDING FACTORS under cold stress. Moreover, the results showed that SsKAI2 OEs were hypersensitive to abscisic acid (ABA), and ABA signaling genes were w significantly affected in SsKAI2 OEs under cold stress, suggesting a potential interaction between SsKAI2 and ABA downstream signaling. In SsKAI2 OEs, the electrolyte leakage, hydrogen peroxide, and malondialdehyde contents were reduced under cold stress in Arabidopsis. SsKAI2 OEs enhanced the anti-oxidants like ascorbate peroxidase, catalase, peroxidase, superoxide dismutase, and total glutathione level under cold stress. Conclusively, these results provide novel insights into the understanding of karrikins role in the regulation of cold stress adaptation.
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INTRODUCTION

Plants are the sessile organisms which often exposed to a broad range of adverse environmental conditions. Among a large number of adverse conditions, cold (chilling and freezing) stress significantly limit crop growth and agricultural productivity. Under cold conditions, plants activate their cold resistance mechanism called cold acclimation (Thomashow, 1999; Stockinger et al., 2001; Shi et al., 2014b). Cold acclimation enhances the endogenous as well as inducible components accumulation. The endogenous components, which promote cold tolerance, have extensively been studied and mainly refer to metabolites with anti-oxidant activity (Winkel-Shirley, 2002), with hormonal responses (Eremina et al., 2016) or osmoprotective functions to limit ice nucleation and to overcome the freeze-induced dehydration inside the plant cells (Janská et al., 2010). Furthermore, other regulatory molecules such as polyamines, reactive oxygen species, nitric oxide have also been described to be involved in cold tolerance (Cuevas et al., 2008; Zhao et al., 2009; Puyaubert and Baudouin, 2014; van Buer et al., 2016).

Karrikins, a group of chemical compounds, are present in burnt or charred plant material and its smoke. Karrikins are also produced by the pyrolysis of cellulose and simple sugars (Flematti et al., 2011). To date, natural origin within the plant has not discovered. Karrikins are potent promoters of seed germination of various plants (Flematti et al., 2004). Karrikins promote photomorphogenesis in seedling and negatively regulate the hypocotyl elongation (Nelson et al., 2010). Karrikins inhibited the hypocotyl length under red light, and the length of Arabidopsis thaliana seedlings hypocotyl treated with one micromolar KAR2 was almost half of the hypocotyl of untreated Arabidopsis thaliana seedlings (Nelson et al., 2010; Waters and Smith, 2013). It has also been reported that karrikins might regulate cotyledon expansion and chlorophyll accumulation in the seedlings of Brassica tournefourtii and Lactuca sativa (Nelson et al., 2010).

Recently, karrikins role against abiotic stresses has also been discovered. For example, it has been found that karrikins might play an essential role in the chilling response of tea plants (Zhao et al., 2012). In tomato, seed primed in butenolide (a karrikin) produced significantly more vigorous seedlings than the water-primed seeds. Vigor indices of seedlings produced by butenolide-primed seeds were significantly higher under different abiotic stresses conditions (salinity, temperature, or osmoticum) compared to control or water-primed seeds (Neeru and Van, 2007). In a bioenergy plant, Sapium sebiferum, KAR1 has been reported to alleviate osmotic and salinity stresses by regulating redox homeostasis (Shah et al., 2020). KARRIKINS INSENSITIVE2 (KAI2), which encodes an α/β-fold hydrolase, is a receptor gene for karrikins (Scaffidi et al., 2012; Li et al., 2013). Hydrophobic pocket in KAI2 has a conserved catalytic triad (Ser–His–Asp) (Kagiyama et al., 2013) and, KAI2 also has a hydrolyzes pocket (Hamiaux et al., 2012), which may bind to the karrikins (Boyer et al., 2012; Hamiaux et al., 2012). KAI2 was reported to be involved in the stomatal closure, regulation of cuticle formation, membrane integrity, and anthocyanin biosynthesis, which contributes to plant alleviation to the osmotic stress (Li et al., 2017). Recently, it has been reported that the karrikins-KAI2 signaling system provided stress tolerance by inhibiting germination in Arabidopsis under unfavorable conditions (Wang et al., 2018).

In this study, the homologous gene of SsKAI2 was identified in an ornamental and bio-energetic woody perennial plant Sapium sebiferum and characterized in Arabidopsis thaliana under cold stress. After finding the SsKAI2 alleviation of the cold stress tolerance in Arabidopsis, we conducted several experiments to find out the possible mechanism in the SsKAI2 improved Arabidopsis under cold stress.



MATERIALS AND METHODS


SsKAI2 Gene Cloning, Bioinformatics Analysis, Vector Construction, and Obtaining Atkai2 Mutants

Full sequance of SsKAI2 was found by local blasting amino acids sequance of Arabidopsis KAI2 in Blast-2.2.31. S. sebiferum flower-bud transcriptome (Yang et al., 2015) (Accession: SRX656554)1 was used to built a local blast library. Bio-informatics analysis of SsKAI2 is given in Supplementary Figure 1. The full cDNA sequence of all genes with the translated amino acid sequence is given in Supplementary Data Sheet 1. The full-length open reading frame (ORF) of the SsKAI2 gene was found by the NCBI ORF finding tool. Neighbor-Joining method was used to built the evolutionary history (Saitou and Nei, 1987). The bootstrap consensus tree built from 500 replicates (Felsenstein, 1985) is representing the taxa evolutionary history. Branches matching to partitions reproduced in <50% bootstrap replicates were distorted. The evolutionary distances were calculated by using the p-distance method (Nei and Kumar, 2000) and were represented in the number of amino acid differences per site. The analysis involved 30 amino acid sequences. All positions containing missing data or gaps were excluded. In the final dataset, there were 249 positions. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016).

Gene-specific primers were designed by Primer Premier 5 to amplify the full-length ORF of SsKAI2 (Supplementary Table 1). The ORF of the SsKAI2 gene was sequenced from Sangon Biotech (Shanghai) Co., Ltd. Cloned gene sequence double digested at Sal1 from start and Sma1 from stop codon site. Full-length ORF of SsKAI2 was inserted into the expression vector pOCA30 under the control of the CaMV35S promoter, and the resulting 35S:SsKAI2 plasmid was transformed into the Agrobacteria EHA105 strain. The floral dip method was performed for the transformation of the recombinant expression vector in Arabidopsis. Atkai2 mutants, previously described in Waters et al. (2012), were gifted by Dr. Jiayang Li from the Chinese Academy of Sciences.



Plant Materials and Growth Conditions

Sapium sebiferum seedlings were established by our previously developed method (Shah et al., 2018). The seed of the Arabidopsis Columbia-0 (Col-0) genotype was obtained from the Arabidopsis Biological Resources Center (Columbus, OH, United States). SsKAI2 was identified, cloned, transformed to Arabidopsis, and homozygous SsKAI2 OEs lines were selected for further experiments. Seeds of wild-type and SsKAI2 OEs were surfaces sterilized with 70% (v/v) ethanol for 2 min, then incubated in 10% (v/v) sodium hypochlorite (NaClO) for 10 min at room temperature, and washed thrice with double distilled water. The sterilized seeds were plated on ½ Murashige and Skoog (MS) medium supplemented with 1% (w/v) sucrose and 0.8% (w/v) agar and placed at 4 degrees Celsius (°C) for 2 days. Seeds were germinated in a growth room 16/8 h (day/night) photoperiod at 22°C. Seven-day-old Arabidopsis seedlings were transferred from ½ MS medium to the soil and grown in a chamber at 22°C, with 16/8 h (long-day conditions) photoperiods, approximately 120 μmol/m2/s radiation strength, and 75% humidity.



Cold Treatment

Cold resistant plants have developed a coping mechanism called cold acclimation (Thomashow, 1999). Cold acclimation mechanism includes the accumulation of soluble sugars (Guy and Huber, 1992), and proline (Verbruggen and Hermans, 2008), stimulation of antioxidants activity, and changes in the plant transcriptome and proteome (Thomashow, 1999; Zuther et al., 2019). Cold acclimation makes the plants ready in low temperatures to face the upcoming freezing temperatures. So, for phenotypical analysis under cold stress, 5-day-old Arabidopsis seedlings were cold acclimatized to 4°C for 12 h and then subjected to cold treatment at −20°C for an hour. The plants were again kept at 4°C for 12 h, the plants were then shifted to a plant growth room with a 16/8 h photoperiod at 22°C, approximately 120 μmol photons/m2/s, and 75% humidity. The recovery rate was measured 10 days after the cold-shock treatment. Photographs were taken by a Nikon D90 having Nikon DX AF-S NIKKOR 18-105 mm lens (Nikon Corporation, Tokyo, Japan).



Electrolyte Leakage Measurement

Electrolyte leakage was determined by the previously reported method in the study of Nishiyama et al. (2011). In detail, after placing 15-day-old plants at 0–, – 4−, – 8−, – 12−, – 16−, and −20°C for an hour, five leaves of different plants of each genotype were collected, then plant samples were shifted to the 50 mL tubes containing 40 mL of double distilled water for 24 h. The electric conductivity (EC) of water was determined by the electric conductivity meter. The tubes having 40 ml of water were autoclaved for 20 min at 121°C, and the EC was measured again. The following equation calculated the percentage of electrolyte leakage.
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Biochemical Analysis

For biochemical analysis, each line of every genotype was subjected to cold acclimation temperature (4°C). The samples were randomly taken from the leaves of five plants of each treatment after 0 (control at 22°C), 3−, 6−, and 12 h of cold treatment (4°C). Samples were immediately frozen in liquid nitrogen, the stored in to −80°C. The total proline, total soluble sugar (TSS), total soluble protein (TSP), hydrogen peroxide (H2O2), malondialdehyde (MDA), total glutathione (GSH), peroxidase (POD), superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) contents were determined by using a Proline assay kit, a plant soluble sugar content test kit, a total protein quantitative assay kit, an H2O2 assay kit, an MDA assay kit, a T-GSH assay kit, a POD assay kit, a SOD assay kit, an APX assay kit, and a CAT assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), respectively, as previously described by Ni et al. (2018).



Stomata Analyses

Epidermal peels from mature leaves removed with forceps and were incubated in MES/KCl (2-(N-morpholino) ethanesulfonic acid/potassium chloride) buffer supplemented with 0, 10, 30, and 50 μM ABA for 2 h. Stomata were visualized under an epifluorescent microscope using 100× lenses (Eisele et al., 2016). Stomatal aperture was measured by analyzing pictures in ImageJ 1.52a.



RNA Extraction and Quantitative Real-Time PCR (qPCR)

Fifteen-day-old Sapium sebiferum seedlings were subjected to cold stress (4°C), salt stress (200mM NaCl), and osmotic stress (300mM mannitol). The samples were randomly taken from the leaves of five plants of each treatment after 0 h (control at 22°C), 3−, 6−, and 12 h of. Samples were immediately frozen in liquid nitrogen, and stored in to −80°C. S. sebiferum flower-bud transcriptome (Accession: SRX656554, see text footnote 2) (Yang et al., 2015) was used to build the local blast library in blast-2.2.31. The full sequences of all genes were searched by local blasting Arabidopsis amino-acids sequence. Full-length mRNA sequences of SsKAI2 is available in Supplementary Data Sheet 1. Primers for quantitative real-time PCR were designed in primer premier 6, and a list of all primers is available in Supplementary Table 1. Expression of cold-acclimation-related genes, ABA-responsive genes under cold stress were investigated in each line after 0 h (control at 22°C), 3−, 6−, and 12 h of cold treatment (4°C). The samples were randomly taken from the leaves of five plants of each treatment. Samples were immediately frozen in liquid nitrogen, the stored in to −80°C. RNA from already frozen and stored samples at −80°C was extracted by E.Z.N.A® plant RNA extraction kit (Omega Bio-tek, Inc., Norcross, GA, United States) using the standard protocol. 500 nanograms of RNA of each sample was reverse transcribed by cDNA Synthesis SuperMix (TransGen Biotech., Shanghai, China) according to the standard protocol. Each cDNA sample was diluted 25 times with double distilled water. The reaction for RT–qPCR was prepared according to the standard protocol of QuantiNova SYBR Green PCR Master Mix (QIAGEN, Pudong, Shanghai, China) then run in the Light Cycler®96 (Roche Diagnostics, Indiana, United States). Following the program was set in qPCR: preheating, 95°C for 10 min; amplification (45 cycles) at 95°C for 10 s, at 60°C for 20 s, and 72°C for 20 s; melting curve at 95°C for 2 min, and at 60°C for 30 s, then continuously increased to 95°C. The 2–ΔΔCt method was used to calculate the relative gene expression, as described by Livak and Schmittgen (2001).



Statistical Analysis

The statistical analyses were done in R Studio 1.1.442. All data were presented in the form of mean ± standard deviation. One-way analysis of variance (ANOVA) was used to test the significant difference between the treatments. The significant difference between the means of different treatments was determined by using the Tukey test at P < 0.05.




RESULTS


Abiotic Stresses Significantly Induced KAI2 Expression in the Sapium sebiferum Seedlings

The SsKAI2 homolog with 77.8% sequence similarity with Atkai2 was identified from the S. sebiferum transcriptome database (Supplementary Figure 1A). Then, the phylogenetic analysis of the KAI2 protein sequences was carried out from more than 30 plant species (Supplementary Data Sheet 1). The results showed that SsKAI2 had the highest sequence identity with perennial woody plants, such as Jatropha caucus and Populus euphratica, which also belong to the Euphorbiaceae family (Figure 1A). We investigated the time-course expression pattern of SsKAI2 in response to the abiotic stresses (osmotic, salt, and cold) in the 25-day-old S. sebiferum seedlings. The results showed that the expression of KAI2 in Sapium sebiferum was increased under cold stress (4°C), salinity (200 mM NaCl), and osmotic stress (300mM mannitol) as compared to control condition (Figures 1B–D). These results suggested that KAI2 is a stress-responsive gene, which might have a role in the acclimation of abiotic stresses.
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FIGURE 1. Phylogenetic analysis and relative expression of KAI2 in Sapium sebiferum under cold, salinity, and osmotic stresses. (A) Phylogenic analysis of SsKAI2 protein with its homologs from other species. (B) SsKAI2 relative expression under cold (4°C), salinity (200 mM NaCl) (C), and osmotic stress (300 mM mannitol) (D). Twenty-five-day-old seedlings were used to determine the SsKAI2 expression level under abiotic stresses. Leaf samples were collected after 3−, 6−, 12−, and 24 h of each treatment. Sapium sebiferum UBQ10 was used as a reference gene; control treatment at 0 h was considered as 1. qPCR was used to determine gene expression, one-way ANOVA was used to analyze all data, and HSD Tukey’s test was used to perform multiple comparisons at P < 0.05 significant level (n = 3). Bars with uncommon letters show significant difference at P < 0.05.




SsKAI2 Overexpression Lines (OEs) Had a Much Higher Survival Rate and Lower Electrolyte Leakage Under Cold Stress

Cold stress is one of the unfavorable environmental factors that restrict plant growth and development and might cause mortality in the plant. Cold stress alters the structure of the cell membrane, which makes it leaky and results in the loss of ions that are essential for proper functioning in the cell (Uemura et al., 1995). The membrane injury in the plant exposed to cold temperatures is measured by the rises in electrical conductivity resulting from the leakage of the electrolyte from the plant tissues. Exogenous application of KAR1 showed 96 ± 3.3% survival rate in Arabidopsis under cold stress (Supplementary Figure 2). The results showed that SsKAI2 OEs, kai2 mutant, and wild-type Arabidopsis started wilting 2 h later cold-shock treatment. On the third day of post-cold-shock treatment, the plants started to regenerate new apical leaves. The recovery rate was recorded on the 10th day after treatment (Figure 2A). The results showed that two overexpression lines SsKAI2 OE1 and OE2 showed 90 ± 3% and 95 ± 2% recovery rate, respectively, while wild-type was 45 ± 10%, and kai2 was 30 ± 10% recovered after cold stress (Figure 2B). Further, we determined the electrolyte leakage of SsKAI2 OEs, kai2, and wild-type Arabidopsis after subjecting plants in 0−, – 4−, – 8−, – 12−, – 16−, and −20°C for an hour. The results showed that cold stress increased electrolyte leakage in SsKAI2 OEs, wild-type, and kai2 plants. Overall, the electrolyte leakage of SsKAI2 OEs was significantly lower than wild-type plants and kai2 plants (Figure 2C). These results are suggesting that KAI2 is involved in the regulation of cold stress alleviation.
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FIGURE 2. SsKAI2 alleviated cold stress in Arabidopsis. (A) Phenotypes of wild-type (WT), Atkai2, and SsKAI2 (OE1 and OE2) Arabidopsis at room temperature and under cold stress (−20°C). Pictures were taken after ten days after cold stress, white bar = 2cm. (B) Statistical presentation of survival rate after cold stress. (C) Electrolyte leakage was measured by subjecting 15-day-old plants at 0−, – 4−, – 8−, – 12−, – 16−, and −20°C for an hour. One-way ANOVA was used to analyzed all data, and HSD Tukey’s test was used to perform multiple comparisons at P < 0.05 significant level (n = 5 in survival rate measurement and n = 3 in electrolyte leakage test). Bars or points with uncommon letters showing significant difference at P < 0.05.




SsKAI2 OEs Had Increased Proline, Total Soluble Sugars, and Proteins Contents Under Cold Stress

Under abiotic stresses, the accumulation of the total soluble sugars is one of the primary acclimation symptoms. Then sugars modulate the expression of both abiotic and biotic stress-related genes in plants (Barau et al., 2015; Tarkowski and van den Ende, 2015). In this study, total soluble proteins (TSP), the total soluble sugars (TSS), and proline content in the leaves of different Arabidopsis lines were determined under cold stress. The results showed that the levels of TSS, TSP, and proline were all significantly increased in both SsKAI2 OEs in comparison with wild-type and kai2 mutant (Figures 3A,B). The results suggested that KAI2-regulated immediate induction of endogenous metabolites might play an important role in conferring the cold stress acclimation in Arabidopsis.
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FIGURE 3. Overexpression of SsKAI2 promoted TSS and TSP under cold stress. (A) Total soluble sugars. (B) Total soluble protein contents. (C) Proline contents. Twenty-five-day-old plants were subjected to cold treatment. The samples were taken randomly from the leaves of three plants of each independent [(wild-type (WT), Atkai2, KAI2 over-expressed line 1 (OE1) and line 2 (OE2)] line after 3−, 6−, and 12 h under cold treatment (4°C). One-way ANOVA was used to analyzed all data, and HSD Tukey’s test was used to perform multiple comparisons at P < 0.05 significant level (n = 3). An “h” at the X-axis of each graph represents time in hours under cold stress. Bars with uncommon letters showing significant difference at P < 0.05.




SsKAI2 OEs Had Lower Hydrogen Peroxide (H2O2) and Malondialdehyde (MDA) Level Under Cold Stress

Like other abiotic stresses, cold stress can also increase the production of ROS in plants that can cause cellular oxidative damage when over-accumulated in cells (Karuppanapandian and Manoharan, 2008; Mafakheri et al., 2010). H2O2 is considered as a relatively long-lived molecule and moderately reactive, which can disseminate short distances away from its production site. H2O2 causes inactivation of enzymes by oxidizing their thiol groups. H2O2 enables it to diffuse the damage and also act as a messenger in the stress signaling response and thus can travel freely across membranes (Møller et al., 2007). ROS can cause oxidation of membrane lipids and degrade the cell membrane while MDA has been reported as an end product of lipid peroxidation, which is why MDA and H2O2 levels are markers of determining necrosis and cell damage in living organisms (MaBgorzata and Andrzej, 2016). In order to know whether the involvement of H2O2 in cold accumulation, we measured H2O2 content in SsKAI2 OEs, Atkai2, and WT under cold stress. The results showed that cold stress induced a significant increase of H2O2 content in the WT, while in the SsKAI2 OEs, the H2O2 content was not significantly increased in response to the cold stress (Figure 4A). Meanwhile, the results also revealed that the kai2 mutant had a higher increase of H2O2 level in comparison with WT after 6 h by cold treatment. An end product of lipid peroxidation, MDA, is a biochemical marker for the measurement of cell epidermal layer degradation. MDA level was increased in kai2 and wild-type Arabidopsis under cold stress, but on the other hand, SsKAI2 OEs had a decreased level of MDA contents with time under cold stress (Figure 4B). These results demonstrated that the stress-induced accumulation of H2O2 is strictly regulated by KAI2, which further led to enhanced stress tolerance in Arabidopsis.
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FIGURE 4. Overexpression of KAI2 in Arabidopsis reduced H2O2 and MDA levels under cold stress. (A) H2O2 contents. (B) MDA contents. The samples were taken randomly from the leaves of three plants of each independent (WT, Atkai2, OE1, and OE2) line after 0−, 3−, 6−, and 12 h under cold treatment (4°C). One-way ANOVA was used to analyzed all data, and HSD Tukey’s test was used to perform multiple comparisons at P < 0.05 significant level (n = 3). Bars with uncommon letters showing significant difference at P < 0.05. An “h” at the X-axis of each graph represents time in hours under cold stress.




SsKAI2 OEs Had Enhanced the Level of Enzymatic Anti-oxidants and Glutathione Under Cold Stress

Ascorbate peroxidase (APX), catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) are the key enzymatic anti-oxidants which prevent the cell necrosis by scavenging ROS and alleviate oxidative stress. We further investigated the enzymatic anti-oxidants level of different Arabidopsis lines under cold stress. In this study, we demonstrated that the SOD activity was significantly higher in SsKAI2 OEs after six and 12 h of cold stress, but it was much lower in kai2 mutant in comparison with wild-type and SsKAI2 OEs during each time point of cold stress (Figure 5A). Nevertheless, under different time points of cold stress, the activity of other anti-oxidant enzymes, such as POD, CAT, and APX, was increased dramatically in SsKAI2 OEs (Figures 5B–D). Glutathione is a non-enzymatic anti-oxidant in the plant, which protects cellular damage from ROS under environmental stresses (Edwards et al., 2000). The results showed that SsKAI2 OEs could produce higher concentrations of T-GSH as compared to kai2 mutant and wild-type plants under cold stress (Figure 5E). These results suggested that KAI2 conferred cold stress via activating enzymatic and non-enzymatic anti-oxidant systems in Arabidopsis.
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FIGURE 5. Anti-oxidants contents raised in SsKAI2 OEs under cold stress. (A) SOD. (B) POD. (C) CAT. (D) APX. (E) T-GSH. Twenty-five-day-old plants were subjected to cold treatment. The samples were randomly taken from the leaves of three plants of each genotype after 0−, 3−, 6−, and 12 h under cold treatment (4°C). One-way ANOVA was used to analyzed all data, and HSD Tukey’s test was used to perform multiple comparisons at P < 0.05 significant level (n = 3). Bars with uncommon letters showing significant difference at P < 0.05.




SsKAI2 OEs Had Induced Expression Levels of CSPs Genes and CBFs Under Cold Stress

During cold stress acclimation, cold-shock protein (CSP) genes, and C-repeat binding factors (CBFs) transcription factors are central regulators (Yamaguchishinozaki and Shinozaki, 1994; Chinnusamy et al., 2010). We found that the expression of all CSP genes was more significantly induced by cold treatment in the SsKAI2 OEs as compared to kai2 mutant and wild-type Arabidopsis (Figure 6A). Although the cold stress could significantly induce the expression of all CBF transcription factors in all the SsKAI2 OEs, the SsKAI2 OEs exhibited a much higher expression level than kai2 mutant and wild-type plants (Figure 6B). These results suggested that the KAI2 could potentially target the CSPs and CBFs in the regulation of cold acclimation in Arabidopsis.
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FIGURE 6. SsKAI2 OEs have enhanced cold-acclimation-related genes. (A) CSP1. (B) CSP2. (C) CSP3. (D) CSP4. (E) CBF1. (F) CBF2. (G) CBF3. (H) CBF4. Expression of cold-acclimation-related genes was investigated in three plants of each line after 0- (control at 22°C), 3−, 6−, and 12 h of cold treatment (4°C). The samples were randomly taken from the leaves of five plants of each treatment. Arabidopsis thaliana ACTIN 2 was taken as a reference gene, and control treatment at 0 h was considered as 1. One-way ANOVA was used to analyzed all data, and HSD Tukey’s test was used to perform multiple comparisons at P < 0.05 significant level (n = 3). Bars with uncommon letters showing significant difference at P < 0.05. An “h” at the X-axis of each graph represents time in hours under cold stress.




SsKAI2 OEs Exhibited Hypersensitivity to ABA During Seed Germination and Stomatal Aperture

Abscisic acid is the fundamental phytohormone that positively regulates the abiotic stress adaptation in various plants. To clarify whether karrikins could potentially interact with ABA in the regulation of cold acclimation, firstly we investigated the senstivity of SsKAI2 to ABA. Then we checked the expression level of ABA biosynthesis, ABA catabolism, and ABA signaling genes. The results showed that the seed germination in the SsKAI2 OEs was more likely to be inhibited in MS medium supplemented with ABA in comparison with wild-type, while Atkai2 seeds were less senstive to ABA as compare to wild-type (Figure 7A). The stomata started to close when SsKAI2 OEs leaves were incubated in ABA supplemented MES (2-(N-morpholino) ethane sulfonic acid) buffer (Figure 7B). Stomatal aperture decreased significantly in SsKAI2 OEs than wild-type and kai2 mutant when leaves were dipped in the medium containing 10 or 20 μM ABA. Stomata were completely closed when leaves were dipped in the solution containing 50 μM ABA (Figures 7C,D). These results demonstrated that overexpression of KAI2 could lead to hypersensitivity to ABA, suggesting a potential interaction between karrikins and ABA.
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FIGURE 7. SsKAI2 OEs were hypersensitive to exogenous ABA. (A) An effect of ABA on seed germination in KAI2 overexpression line1 (OE1), line2 (OE2), WT (Col-0), and Atkai2 Arabidopsis. (B) KAI2 plants stomata showed hypersensitivity to ABA. 25-day-old plant leaves were selected for this treatment; white bar = 50 μM. (C) Stomatal aperture under different concentrations of ABA. (D) Stomatal aperture percentage closed after ABA treatment. Data shown are the mean ± SD of 15 replicates. One-way ANOVA was used to analyzed all data, and HSD Tukey’s test was used to perform multiple comparisons at P < 0.05 significant level (n = 15). Bars or points with uncommon letters showing significant difference at P < 0.05.


Furthermore, to clarify the association of karrikins regulated cold acclimation to ABA, we determined the expression level of cold-responsive ABA biosynthesis genes such as NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 3 (NCED3) and ABSCISIC ALDEHYDE OXIDASE 3 (AAO3)(Qin and Zeevaart, 1999; Seo et al., 2004; Urano et al., 2009), ABA catabolic genes CYP707A family (Okamoto et al., 2006; Umezawa et al., 2010), and ABA signaling genes such as ABI3,ABI5, ABF1, MYB96, MYB3R2, and SIZ1 (Choi et al., 2000; Lee et al., 2005; Seo et al., 2009; Yuan et al., 2012; Guo et al., 2013; Liu et al., 2013; Dekkers et al., 2016; Skubacz et al., 2016). The results showed that the expression of NCED3 and AAO3 was not likely to be induced by cold treatments in the SsKAI2 OEs (Figures 8A,B). Under cold stress, the expression of CYP707A1, CYP707A2, CYP707A3, MYB96, and SnRK2.3 had no significant differences in all genotypes (Figures 8C,D,E,J,L). Under cold stress, the expression level of cold responsive ABA signaling genes such as SIZ1, and SnRK2.3 was significantly increased in SsKAI2 OEs. Meanwhile the expression of the key ABA signaling genes ABI3, ABI5, MYB3R2, ABF1 was also significantly increased in SsKAI2 OEs as compared to WT (Figures 8F–I,K). These results suggested that KAI2 potentially affected the ABA downstream signaling, which could contribute to the enhanced cold tolerance in the SsKAI2 OEs.
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FIGURE 8. ABA-related genes expression in SsKAI2 OEs under cold stress. (A) NCED3. (B) AAO3. (C) CYP707A1. (D) CYP707A2. (E) CYP707A3. (F) ABI3. (G) ABI5. (H) ABF1. (I) MYB3R2. (J) MYB96. (K) SIZ1. (L) SnRK2.3. Twenty-five-day-old plants of SsKAI2 overexpression line1 (OE1), overexpression line1 (OE2), Atkai2, and WT (Col-0) Arabidopsis were subjected to cold stress (4°C), and samples were taken on given time points. The samples were randomly taken from the aerial of five plants of each treatment. Arabidopsis thaliana ACTIN2 was taken as a reference gene, control treatment at 0 h was considered as 1. The data shown in the figure are the mean ± SD of three replicates. One-way ANOVA was used to analyzed all data, and HSD Tukey’s test was used to perform multiple comparisons at P < 0.05 significant level (n = 3). Bars with uncommon letters showing significant difference at P < 0.05.





DISCUSSION

KARRIKINS INSENSITIVE2 (KAI2) is a receptor gene for karrikins, which encodes α/β-fold hydrolase, a hydrophobic pocket which may bind to the karrikins (Boyer et al., 2012; Hamiaux et al., 2012; Scaffidi et al., 2012; Li et al., 2013). KAI2 has been reported to be involved in the regulation of seed germination, hypocotyl development, and photomorphogenesis. Previously, KAI2 was reported to be involved in the stomatal closure, regulation of cuticle formation, membrane integrity, and anthocyanin biosynthesis, which contributes to plant alleviation of drought stress (Li et al., 2017). It has been reported that the karrikins-KAI2 signaling system provided stress tolerance by inhibiting germination in Arabidopsis under unfavorable conditions (Wang et al., 2018). A few studies have reported the involvement of KAI2 in the mitigation of environmental stresses such as osmotic and salinity in Arabidopsis, but there was not report regarding the role of karrikins-KAI2 in the regulation of cold stress. Cold resistant plants have induced level of TSS, TSP, and Proline contents (Hellmann, 2012; Keunen et al., 2013; Tarkowski and van den Ende, 2015), which are interlinked with the ROS homeostasis. Higher level of CSPs and CBFs gene expression is one of the fundamental characters of cold resistant plants (Fowler and Thomashow, 2002; Sasaki et al., 2007). Cold tolerance plants have induced expression level of ABA-responsive genes, which lead to stomata closure, and maintain the ROS balance (Thomashow, 1999; Wasilewska et al., 2008; Chinnusamy et al., 2010; Usadel et al., 2010; Hong et al., 2012; Shi et al., 2012; Jurczyk et al., 2019). In this study, we revealed that SsKAI2 OEs have higher levels of TSS, TSPs and Proline contents, and induced the expression level of CSPs and CBFs. SsKAI2 OEs were hypersensitive to ABA, and have induced the expression level of ABA-responsive genes, which are important characteristics of a cold resistant plant, and necessary for ROS homeostasis. In this study, we firstly reported that role of KAI2 in cold stress resistance in Arabidopsis, and revealed the biochemical and physiological mechanisms of KAI2 in the regulation of cold acclimation.

Among a large number of unfavorable conditions, cold (chilling and freezing) stress significantly limits the plant growth and development, and causes losses of the agricultural productivity. Cold resistant plants have developed a defensive system called cold acclimation (Thomashow, 1999; Stockinger et al., 2001; Shi et al., 2014b). Cold acclimation is a highly complicated process that includes an array of physiological, biochemical, and molecular modifications (Chinnusamy et al., 2010; Nakashima et al., 2014; van Buer et al., 2016). We found that overexpression of SsKAI2 in Arabidopsis recovered after cold stress. SsKAI2 overexpression lines (OEs) had significantly increased levels of proline, total soluble sugars, and total soluble protein. Under cold stress, cold-resistant plants produce an excessive level of soluble sugars, which directly interacted with the phosphate in the lipid headgroups of the cell membrane and decreased the membrane permeability (Strauss and Hauser, 1986). Soluble sugars accumulated in the apoplast of cold-stressed plants also suggested having a role in the protection of the plasma membrane (Valluru et al., 2008). At the same time, cold-resistant plant cells produce the proline, which helps the synthesis of specific proteins necessary for plasma membrane protection (Song et al., 2011; Tian et al., 2011; Melnikov et al., 2016). Furthermore, stress-resistant plants accumulate TSS and TSP to prevent the membrane damage and produce proline, which also plays a unique role in the synthesis of new proteins and may have a role in stress alleviation (Tarkowski and van den Ende, 2015; Li et al., 2018; Ni et al., 2018; Sadiq et al., 2018). In non-resistant plants, cold stress disrupts the cell membrane and cause leakage of electrolytes from the cytosol. Electrolytes leakage could cause the death of the plant (Demidchik et al., 2014). Our results are suggesting that SsKAI2 accumulated a significant amount of soluble sugars and proteins, which may strengthen the plasma membrane and protected SsKAI2 OEs from more electrolyte leakage under cold stresses.

Overproduction of ROS in plants under various abiotic stresses, including cold stress, causes oxidative cellular damage (Karuppanapandian and Manoharan, 2008; Mafakheri et al., 2010; van Buer et al., 2016). Among ROS, H2O2 is a relatively long-lived molecule and moderately reactive, disseminating short distances away from its production site. H2O2 enables it to diffuse the damage, act as a messenger in the stress signaling response, and travel freely across membranes (Møller et al., 2007). H2O2 can cause oxidation of membrane lipids and degrade the cell membrane, while MDA has been reported as an end product of lipid peroxidation, which is why MDA and H2O2 levels are markers of determining necrosis and cell damage in living organisms (MaBgorzata and Andrzej, 2016). In this study, we found that SsKAI2 OEs produced significantly lower amount of H2O2, and MDA level than WT under cold stress (Figures 3A,B). SsKAI2 had lower percentage of EL than WT under freezing temperature (Figure 2C), these results are consistent with previous report, demonstrating that a cold-sensitive S. lycopersicum genotype under cold stress produced significantly higher MDA and H2O2 content compared with controls. Han et al. (2017) found an increased level of MDA and EL contents in rice seedlings under cold stress. Similarly, Xue et al. (2019) reported that WT plants accumulate higher levels of H2O2 compared with transgenic Ammopiptanthus mongolicus under cold stress. These results are suggesting that SsKAI2 provided shield to cold stress via reducing H2O2 level, decreasing MDA content, and protecting plant cells from electrolyte leakage.

Various anti-oxidative defense systems scavenge ROS under steady-state conditions (Navrot et al., 2007). In anti-oxidative defense systems, ascorbate peroxidase (APX), catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) are the key enzymatic anti-oxidants that prevent cell necrosis by scavenging ROS and alleviate oxidative stress (Sairam et al., 2005; Fabio et al., 2007; Songbi and Bruria, 2013; Luis et al., 2018). When we investigated the activity of different enzymatic anti-oxidants such as APX, SOD, POD, and CAT in different Arabidopsis lines under cold stress, we found that the SOD activity was significantly higher in SsKAI2 OEs after six and 12 h of cold stress, but it was much lower in Atkai2 mutant than wild-type at each time point after cold stress (Figure 5A). Results here are agreement with a previous report, describing that cucumber seedling showed an induction in SOD activity under the cold stress (Zhao et al., 2016). Under different time points of cold stress, the activity of other anti-oxidant enzymes, such as POD, CAT, and APX, was increased dramatically in SsKAI2 OEs as compared to WT (Figures 5B–D). Previous studies showed an increased CAT activity in Cynodon dactylon, Capsella bursa pastoris, and Citrus reticulata, under cold stress (Shi et al., 2014a; Wani et al., 2018; Mohammadrezakhani et al., 2019). A higher activity of APX was detected in cold tolerant Jatropha macrocarpa, whereas reduction in APX activity was observed in cold sensitive Jatropha macrocarpa (Spano et al., 2017). Glutathione is a non-enzymatic anti-oxidant in the plant, which protects cellular damage from ROS under environmental stresses (Edwards et al., 2000). Cheng et al. (2016) observed the significantly higher GSH level in treated Citrullus lanatus compared with control samples under cold stress 24 h after treatment. Similarly, Wang Q. J. et al. (2016) demonstrated the increased GSH levels in transgenic apple seedlings as compared with WT under low temperature stress. We found that SsKAI2 OEs produced higher concentrations of T-GSH, while Atkai2 produced a significantly lower T-GSH contents than the WT plant under cold stress (Figure 5E). These results suggested that KAI2 conferred cold stress via activating enzymatic and non-enzymatic anti-oxidant systems in Arabidopsis.

During the process of cold acclimation, COLD SHOCK PROTEINS (CSPs) and C-REPEAT BINDING FACTORS (CBFs) were highly expressed in the cold-resistant plants. In the model plants Arabidopsis and poplar, the expression level of four CSP genes is differentially regulated in response to cold cues (Karlson and Imai, 2003; Benedict et al., 2006; Sasaki et al., 2007; Nakaminami et al., 2009). Overexpression of AtCBFs in the other plant species, or overexpression of CBFs from other species in Arabidopsis alleviated the freezing tolerance (Benedict et al., 2006; Tondelli et al., 2011). Previous studies revealed that the exogenous application with karrikins in Arabidopsis up-regulated the expression level of COLD SHOCK PROTEIN 2 (Baldrianová et al., 2015), which might be a reason for induction in cold resistance in Arabidopsis by the exogenous application of KAR1 (Supplementary Figure 2). It has also been reported that cold shock proteins were up-regulated by the transcription factors C-REPEAT BINDING FACTORS (CBFs) in response to cold stress (Fowler and Thomashow, 2002; Gilmour et al., 2004). In this study, SsKAI2 OEs has the highest level of CSPs and CBFs genes expression, while kai2 mutant exhibited the lowest expression level when compared to wild-type plants under cold stress (Figure 6). These results are consist with the previous studies showing that the cold resistant plants had a higher expression level of CSPs and CBFs (Fowler and Thomashow, 2002; Sasaki et al., 2007), suggesting that KAI2 might have a relationship with CSPs and CBFs in the regulation of cold acclimation in Arabidopsis.

Cold stress, same as other abiotic stresses, also cause water imbalance in plants and increase the abscisic acid (ABA) biosynthesis which could trigger the stomatal closure. Hence, stomatal closure is an adaptive strategy to drought, and cold (Shi and Yang, 2014; Jurczyk et al., 2019). In this study, SsKAI2 OEs were hypersensitive to ABA, and exogenous application of ABA, severely repressed seed germination, and caused induction in stomatal closure whereas Atkai2 mutants were not that sensitive to ABA as compared to WT (Figure 7), which are in agreement with the results of Li et al. (2017). However, it has also been suggested that ABA played a role in cold acclimation via triggering the expression of a set of stress responsive genes (Shi and Yang, 2014). ABA causes several changes in plant molecular, developmental, and physiological progressions resulting in plant adaptation to environmental stresses (Ton et al., 2009). Our results are consistent with Lee and Luan (2012), depicted that abiotic stresses stimulate ABA production which further triggers the expression of stomatal closure and stress-related genes. We found that SsKAI2 OEs promoted the expression level of ABA responsive genes, such as ABI3, ABI5, MYB96, MYB3R2, and ABF1 under cold stress (Figure 8), which is an agreement with the results of Li et al. (2017) suggesting that KAI2 might regulate the abiotic stress tolerance could be ABA-dependent. The relationship of ABA with redox homeostasis is well documented in different studies (Wang H. et al., 2016; Postiglione and Muday, 2020; Wenjing et al., 2020). Altogether, our results are suggesting that SsKAI2 enhanced response to ABA and induced expression level of ABA-responsive genes might be a pathway leading to redox homeostasis under cold stress.

Conclusively, in this study, the karrikins receptor gene KAI2 from the perennial woody plant Sapium sebiferum was the first time isolated and characterized under cold stress. The results of this report represented a novel function of KAI2 in the regulation of cold stress resistance in Arabidopsis by maintaining the redox homeostasis, increasing the ABA sensitivity, and inducing the expression of CSPs or CBFs genes. This study is providing foundations for researchers to explore abiotic stresses regulation functions of KAI2 in different plant species. Our discovery provides a foundation for the production of cold resistant plants. This study is beneficial for improving agronomic, horticultural, and forest plant research.
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ABA, abscisic acid; APX, ascorbate peroxidase; CAT, catalase; CBFs, C-REPEAT BINDING FACTORS; CSPs, cold shock proteins; H2O2, hydrogen peroxide; KAI2, KARRIKINS INSENSITIVE2; KAR1, karrikin 1; KAR2, karrikin 2; KCl, potassium chloride; MDA, malondialdehyde; MES, 2-(N-morpholino) ethanesulfonic acid; POD, peroxidase; ROS, reactive oxygen species; SOD, superoxide dismutase; TB, toluidine blue; T-GSH, total glutathione; TSP, total soluble protein; TSS, total soluble sugars.
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Hydrogen Sulfide Alleviates Alkaline Salt Stress by Regulating the Expression of MicroRNAs in Malus hupehensis Rehd. Roots
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Malus hupehensis Rehd. var. pingyiensis Jiang (Pingyi Tiancha, PYTC) is an excellent apple rootstock and ornamental tree, but its tolerance to salt stress is weak. Our previous study showed that hydrogen sulfide (H2S) could alleviate damage in M. hupehensis roots under alkaline salt stress. However, the molecular mechanism of H2S mitigation alkaline salt remains to be elucidated. MicroRNAs (miRNAs) play important regulatory roles in plant response to salt stress. Whether miRNAs are involved in the mitigation of alkaline salt stress mediated by H2S remains unclear. In the present study, through the expression analysis of miRNAs and target gene response to H2S and alkaline salt stress in M. hupehensis roots, 115 known miRNAs (belonging to 37 miRNA families) and 15 predicted novel miRNAs were identified. In addition, we identified and analyzed 175 miRNA target genes. We certified the expression levels of 15 miRNAs and nine corresponding target genes by real-time quantitative PCR (qRT-PCR). Interestingly, H2S pretreatment could specifically induce the downregulation of mhp-miR408a expression, and upregulated mhp-miR477a and mhp-miR827. Moreover, root architecture was improved by regulating the expression of mhp-miR159c and mhp-miR169 and their target genes. These results suggest that the miRNA-mediated regulatory network participates in the process of H2S-mitigated alkaline salt stress in M. hupehensis roots. This study provides a further understanding of miRNA regulation in the H2S mitigation of alkaline salt stress in M. hupehensis roots.
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INTRODUCTION

Salinity stress is an increasingly critical global agricultural problem. Salt affects plant root growth at the microcosmic level, reducing the quality and yield of crops (Munns and Tester, 2008; Zelm et al., 2020). The terrestrial soil affected by salt is mainly divided into three types: saline soil, alkaline soil, and saline alkali soil (Zhang et al., 2018). Neutral salt, NaCl, is the main component of salt stress, while NaHCO3 and Na2CO3 play a significant role in soil alkalization by increasing pH (Xu et al., 2019; Li et al., 2020). Under soil salinity and salinization, the primary stresses are osmotic stress and ionic toxicity in plants. These cause secondary damage, such as oxidative stress and nutrition disorders, that can damage plant cells, reduce production, and inhibit growth (Sun et al., 2015; Liang et al., 2018). The osmotic stress, ionic stress, and high pH caused by alkaline salt stress promote more direct toxicity than neutral salt stress (Shi and Wang, 2005; Yang et al., 2007). Except for plant halophytes adapted to salinization, most plants are salt sensitive. Therefore, optimizing crops in order to cultivate more salt-tolerant plants is an important strategy to improve crop yield and quality in salinized agricultural production (Zelm et al., 2020). Genetic engineering is a promising approach to improve plant salt tolerance, which is modulated by multiple genes and regulated at multiple levels. Deciphering the molecular genetic mechanisms associated with alkaline salt stress resistance can help researchers understand the complicated biological responses to alkaline salt and contribute to the genetic engineering of stress-resistant plants (Sun et al., 2015; Gao et al., 2016).

MicroRNAs (miRNAs) are evolutionarily conserved and single-stranded non-coding RNAs with a short length (about 21 nucleotides) that are major regulators of plant gene expression. miRNAs negatively modulate their targets by mRNA cleavage, DNA methylation, and the inhibition of translation. This process relies on a perfect complementary sequence between miRNA and target mRNA (Jones-Rhoades et al., 2006; Yu et al., 2017; Song et al., 2019). In addition to being a key regulator in plant development (D’Ario et al., 2017; Tang and Chu, 2017), numerous studies have reported that miRNAs are involved in the response of plants to various abiotic stresses, such as salinity (Zhu et al., 2013; Chen et al., 2015), alkalization (Cao et al., 2018; Xu et al., 2019), cold (Yang et al., 2013; Liu et al., 2017), drought (Li et al., 2008; Arshad et al., 2017), heat (Ding et al., 2017), and oxidative stress (Sunkar et al., 2006; Yue et al., 2017).

According to miRBase 22.11, 10,405 miRNA sequences from 82 plants have been registered to date (Parmar et al., 2020). Some new and conserved miRNAs have recently been discussed in the salt responses of different plant species using next generation sequencing (NGS), which has greatly enriched the miRNA database. Forty-nine known (belonging to 28 miRNA families) and 22 predicted novel miRNAs were found to be differentially expressed in radish under salt stress (Sun et al., 2015). The most abundant miRNA families, MIR166, MIR156, and MIR171-1, may play critical roles during the response to salt in Paulownia (Fan et al., 2017). The overexpression of gma-miR172c, which was induced via abscisic acid (ABA), improved the tolerance of salinity and drought in Arabidopsis (Li et al., 2016). Like gma-miR862a, gma-miR5036, gma-miR1691-3p, and gma-398a/b were specifically induced by phosphorus deficiency and salinity stress in soybean root (Ning et al., 2019). MiRNVL5 and its target GhCHR were found in cotton, which can reduce Na+ uptake and enhance salt sensitivity as well as improve primary root growth and biomass in A. thaliana (Gao et al., 2016). A total of 75 differentially expressed miRNAs were identified and the expression of the miR390/tasiRNA-ARFs/ARF4 pathway was altered in cotton exposed to salinity (Yin et al., 2017). In Jerusalem artichoke, miR390 was induced by 100 mM NaCl and the miR390-TAS3-ARF model has an essential function in the regulation of Jerusalem artichoke in response to salt stress (Wen et al., 2020). However, reports on the comparative studies of miRNA expression profiles under alkaline stress are relatively scant. The miR156, miR159, miR398, miR319 (Zhu et al., 2011; Cao et al., 2018), miR139, miR172, miR408, miR169, and miR528 families (Xu et al., 2019) were observed to participate in salt or alkali stress responses in certain plant species.

Hydrogen sulfide (H2S), as well-known signal regulator, has been proposed to participate in various plant physiological processes and responses to abiotic stress. Evidence has proven that exogenous H2S can enhance salt tolerance in strawberry (Christou et al., 2013), Medicago sativa (Lai et al., 2014), rice (Mostofa et al., 2015), wheat (Deng et al., 2016), poplar (Zhao et al., 2018), and cucumber (Jiang et al., 2019).

Important breakthroughs in enhancing salt tolerance in plants using H2S have mainly focused on plant physiological and biochemical aspects, such as Na+/K+ balance, antioxidation system, photosynthesis, stomatal responses, and reactive oxygen species accumulation in the roots or leaves of plants. How H2S alleviates alkaline salt stress through miRNAs and the regulatory pathways of their target genes remains unclear and requires further study.

Apple trees are important economic fruit trees cultivated widely in temperate areas. In the apple industry, the salt in the soil is actually a mixture of NaCl, Na2SO4, NaHCO3, and Na2CO3 in addition to other salts. This mixture is alkaline, which is termed alkaline salt in soil science (Kawanabe and Zhu, 1991; Singh, 2019). Alkaline salt soil has seriously threatened the growth and production of crops including fruit trees such as apples. Cultivated apple plants are grafted from scions and rootstock. The salinization of soil is mainly caused by the stress of apple rootstock. Malus hupehensis Rehd. var. pingyiensis Jiang (Pingyi Tiancha, PYTC) is an excellent rootstock for apple cultivation due to its strong cold and water-logging resistance, but its tolerance to salt stress is weak (Yang et al., 2008; Zhang W. W. et al., 2019; Li et al., 2020). PYTC and Malus domestica Brokh belong to the same family and genus. Previous studies have shown that plant hormones (Wang X. X. et al., 2019), MdMYB46 (Chen K. Q. et al., 2019), and MdPUB29 (Han et al., 2019) play a vital regulatory role in improving the salt tolerance of apple. Moreover, some conserved miRNAs, such as miR396, 160, 393, miR159, 319, 164, and their targets were found to be responsible for bud growth and the formation of flower buds (Xing et al., 2016). mRNA and miRNA sequencing were used to understand the different flower-induced responses mediated by GA3 and its inhibitor paclobutrazol (PAC) (Fan et al., 2018). Zhang Y. et al. (2019) found that Md-miRln20 could suppress Md-TN1-GLS expression to negatively regulate Glomerella leaf spot (GLS) resistance in apple. At present, few reports have focused on the underlying regulation mechanism of miRNAs and their target genes in response to alkaline stress in M. hupehensis.

Our previous studies have shown that H2S pretreatment regulates oxidative stress and Na+/K+ homeostasis to mitigate alkaline salt stress in Malus hupehensis roots (Li et al., 2020). Here, we further investigated the molecular mechanism of H2S regulating tolerance to alkaline salt stress at the miRNA level through the analysis of differentially expressed miRNAs and their target genes in response to H2S and alkaline salt stress. We concluded that H2S alleviated alkaline salt stress due to several factors, including the specific induction of salt-tolerant miRNAs and improved elemental uptake, as well as changes in root architecture. Lastly, we established a comprehensive regulatory network based on miRNA-mediated H2S to mitigate alkaline salt stress responses in M. hupehensis roots.



MATERIALS AND METHODS


Plant Culture and Different Treatments

This study was conducted at the National Research Center for Apple Engineering and Technology, Shandong Agriculture University (SDAU), Taian (36°18′ N, 117°13′ E), China. Seedlings of PYTC (M. hupehensis) were grown in black plastic bowls (diameter 11 cm, height 9 cm) that contained clean river sand, then cultivated in a greenhouse with a natural photoperiod. The seedlings were irrigated nutrition solution containing macronutrients and micronutrients every other day. When the seedlings reached the 6–7 leaf stage, they were pretreated with 0.5 mM sodium hydrosulfide (NaHS, H2S donor) for 72 h (changed every 24 h), which was dissolved in nutrient solution. Subsequently, they were transferred to nutrient solution for 1 day as an adaptation period. H2S-pretreated and alkaline salt stress treatments were carried out according to the method used by Li et al. (2020; Supplementary Figure 1).

Root samples were cut off carefully and rapidly frozen in liquid nitrogen at the end of the experiment, then stored at –80°C until extraction.



Root sRNA Library Construction and Sequencing in BGISEQ-500 Platform

Total RNA was extracted from 0.1 g of frozen root samples using CTAB-PBIOZOL reagent (Hangzhou Bioer Technology Co. Ltd) according to the manufacturer’s instructions. Twelve small RNA libraries were constructed following the method of Zhu et al. (2018). Briefly, sRNAs were separated from the total RNA, and 18–30 nt (14–30 nt sRNA Ladder Marker, Takara) strips were selected and recycled. sRNAs were ligated using a 5′ and 3′ adaptor system. Subsequently, first strand reverse transcription was prepared and the cDNA fragments were enriched. In the purified PCR products, the final library was single strand circle DNA (ssCirDNA), which was then sequenced on a BGISEQ500 platform (BGI-Shenzhen, China).



sRNA Annotation and miRNA Identification

We obtained clean reads by removing adaptors, 5′ primer contaminants, poly A tags, and small tags. We then summarized the length distribution of clean tags. Afterward, clean reads were mapped to reference genomes using other sRNA databases and Bowtie22. For Rfam, we used cmsearch3. In the annotation information of different RNAs, to ensure that each small RNA was mapped to a unique category, we set the following rules: MiRbase > pirnabank > snoRNA(human/plant) > Rfam > other sRNA. Novel miRNA precursors were predicted by exploring the characteristic hairpin structure using miRA4.



Differential Expression Analysis of miRNA

The RNA sequencing method was based on that of Jiang and Wong (2009). DEGseq (Wang et al., 2010) uses a binomial distribution statistical model to propose a new method according to the MA-plot (Yang et al., 2002). The calculated P-values of each gene are tested with multiple corrections by adjusting the Q-values (Benjamini and Hochberg, 1995; Storey and Tibshirani, 2003). We define the gene as a differentially expressed gene (DEG) when its ∣Fold Change∣ ≥ 2 and Q-value ≤ 0.001.



Target Prediction of Known and Novel miRNAs

Various types of software were used to find more accurate targets. Target prediction of miRNAs was performed by psRobot or TargetFinder based on rules suggested by Fahlgren and Carrington (2010) and Wu et al. (2012).



Functions of the Potential Targets of the Differentially Expressed miRNAs

To find significantly enriched differentially expressed target genes, all targets were mapped to the GO (gene ontology) terms database5 in order to find the genes that corresponded to specific biological functions. The discovery of significantly enriched GO terms was described using “GO:TermFinder6.”

The Bonferroni method was carried out to correct the P-value, and the threshold of P-value ≤ 0.05 (Abdi, 2007). The significantly enriched GO terms fulfilled the above conditions.



Validation of miRNAs and Their Target Gene Expression by qRT-PCR

Total RNA was extracted from Control, H2S, H2S + AS, and AS treated roots according to the standard protocol of Trizol (Invitrogen, CA, United States). Total RNA was tailed addition reaction and first strand cDNA synthesis employed TransScript® miRNA RT Enzyme Mix and 2 × TS miRNA Reaction Mix (TransGen Biotech, Beijing, China). The cDNA template for miRNA target gene qRT-PCR was synthesized using the TransScript® All-in-One First-Strand cDNA Synthesis SuperMix for qPCR Kit (TransGen Biotech, Beijing, China). PerfectStartTM Green qPCR Super Mix was used for qRT-PCR (TransGen Biotech, Beijing, China). Fifteen miRNAs and nine target genes were selected to conduct qRT-PCR and then verify the miRNA expression revealed by the RNA-seq. qRT-PCR was performed following the method used by Li et al. (2020). U6 and 18S rRNA were used as an internal standard to normalize the expression of miRNA and target genes. The roots from the Control treatment were taken as a reference sample and the relative expression level of genes was set to 1. All primers, including miRNAs and their targets in the qRT-PCR experiments, are shown in Supplementary Tables 3, 4.



Statistical Analysis

Our experiments were constructed with 50 plants per treatment and three replications for each treatment. The least significant difference (LSD) test at the P < 0.05 level was used for the difference between treatments.



RESULTS


Sequencing and Analysis of Twelve sRNA Libraries From M. hupehensis Roots

Twelve libraries were constructed from M. hupehensis roots subjected to pretreatment with H2S or alkaline salt. These libraries were sequenced by BGISEQ500 sequencing (Mortazavi et al., 2008; Wang et al., 2009), and the NCBI SRA database accession number was SRR13586165-SRR13586176. The raw reads generated from different libraries (Control, H2S, AS, and H2S + AS) ranged from 27.79 M to 30.05 M (Supplementary Table 1). The length distributions of cleaning tags obtained by filtering adapters, contaminants, and low-quality tags are shown in Supplementary Table 1. The length of sRNAs mainly ranged from 21 to 24 nt, and the 24 nt sRNAs manifested the most dominant length among the 12 libraries (Supplementary Figure 2), which was consistent with previous results in higher plants species, such as M. hupehensis and ‘Hanfu’ apple (Xing et al., 2014; Ma F. L. et al., 2020). Clean reads from Control, H2S, H2S + AS, and AS roots were mapped to the genome of domesticated apple in the Rfam database (see foot note 3) using cmsearch software. Furthermore, the clean reads were annotated into six different categories (Supplementary Table 2). Remarkably, a portion of unique sequences were unannotated sRNAs, which might be novel miRNAs in M. hupehensis.



Identification of Known miRNAs in M. hupehensis Roots

To identify the known miRNAs in M. hupehensis, the sRNAs in the 12 libraries were aligned with the known miRNAs from M. domestica in the miRBase18.0 (see footnote 1) database using BLASTN. Only exactly matching sequences were considered. A total of 115 known miRNAs were identified, belonging to 37 miRNA families (Figure 1). Among them, the number of miRNA members in different families was roughly similar, with 1–3 members in most of the conserved miRNA families. Plenty of known miRNA families had many members, such as miR156 (six members), miR171_1 (seven members), miR482 (five members), and miR159 (six members). The mature miRNA sequences of identified known miRNAs are shown in Supplementary Table 5. In the 12 libraries, the known miRNA expression levels can also be expressed by the frequency of their reading content. According to the read count, the expression levels of known miRNAs in different treatments were divided into eight categories: 0 reads as no expression, 1–9 reads as lowest, 10–49 reads as lower, 50–99 reads as low, 100–499 reads as moderate, 500–999 reads as high, 1000–9999 reads as higher, and >10000 reads as highest (Xing et al., 2016). Our results suggested that the percentages of known miRNAs belonging to these eight categories in most libraries were extraordinarily similar (Figure 2). The largest percentage of known microRNA distributed in the no expression (0 reads) category ranged from 16.7 to 26.7% in different treatments, and the distribution in the highest (>10000 reads) category contained the lowest percentages in the six libraries at 1.7, 2.1, 4.2, 3.3, 2.9, and 3.3% in H2S + AS-1, H2S + AS-2, H2S + AS-3, AS-1, AS-2, and AS-3, respectively (Figure 2).
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FIGURE 1. Distribution of conserved miRNA family members in M. hupehensis roots. 76 of 115 identified known miRNAs belong to 37 families.
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FIGURE 2. The read content frequencies of miRNAs in different libraries. Three biological repetitions were performed for each treatment. The significant differences (P < 0.05) between different treatment are shown on the right. AS, alkaline salt. ns, not significant.




Identification of Novel miRNAs in M. hupehensis Roots

Novel miRNA precursor was predicted by exploring the characteristic hairpin structure using miRA (see footnote 4). We identified a total of 15 novel miRNAs (for example, novel_mir10 and novel_mir11) from roots in different treatments. The mature sequence information of identified novel miRNAs is shown in Supplementary Table 6.



Differentially Expressed miRNAs in M. hupehensis Roots

To better identify the expression patterns of differentially expressed miRNAs in the Control, H2S, H2S + AS, and AS treatments, a statistical comparison of the miRNAs between them was performed. The expression levels of differentially expressed miRNAs were represented in a heatmap (Figure 3). We identified nine known and nine novel miRNAs as differentially expressed in H2S + AS compared with the control, including six downregulated and 12 upregulated genes (Table 1). In addition, the expressions of 12 miRNAs (2 known and 10 predicted novel) were upregulated, and 10 miRNAs (eight known and two predicted novel) were decreased by alkaline salt stress when compared with the control (Figure 4 and Table 1). Among the 15 miRNAs, seven were upregulated and eight were downregulated in H2S + AS compared with AS. Many alkaline salt-responsive miRNAs, such as mhp-miR394a, mhp-miR395d-5p, mhp-miR160a, and mhp-miR408, were markedly downregulated, suggesting that these miRNAs may be completely induced or inhibited by alkaline salt stress. Further analysis also found that the expression of mhp-miR477a and mhp-miR827 was induced by hydrogen sulfide. This further demonstrated the complexity of the miRNA regulatory mechanism of H2S mitigation of alkaline salt stress.
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FIGURE 3. The expression levels of differential miRNAs identified in the roots of M. hupehensis. Differentially expressed miRNAs in apple under H2S, H2S + AS, and AS stresses as compared with control treatment. These miRNAs were clustered into four classes (Cluster 1–4).



TABLE 1. Differentially expressed miRNAs in H2S alleviate alkaline salt and alkaline salt stress in M. hupehensis roots.
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FIGURE 4. The number of upregulated and downregulated miRNAs. Number of differentially expressed miRNAs in M. hupehensis under H2S, H2S + AS, and AS stresses as compared with the control treatment.




Prediction of Targets for Differentially Expressed miRNAs

In order to better understand the biological functions of the miRNA gene regulatory network of M. hupehensis, we used Targetfinder and psRobot to predict the target genes. Detailed annotation results of the target gene prediction are shown in Supplementary Tables 7, 8. In AS compared with control group, eight differentially expressed miRNAs targeted (six known and two novel miRNAs) 112 genes. Most of these miRNAs had multiple targets. Moreover, in H2S + AS compared with control group, the target genes for seven (six known and one novel miRNAs) differentially expressed miRNAs were predicted; these miRNAs targeted 100 genes. Six (four known and two novel miRNAs) differentially expressed miRNAs targeted 32 genes in H2S + AS compared with the AS group.

GO and KEGG analyses were used to annotate the predicted target genes. GO analysis was carried out on the predicted targets based on cell composition, molecular function, and biological processes. GO analysis showed that a total of 100, 112, and 32 targets mainly participate in an extensive range of biological processes, including metabolic process, biological regulation, cellular process, regulation of biological process, multicellular organismal process, reproductive process, response to stimulus, signaling, single-organism process, and other biological processes in H2S + AS/Control, AS/Control, and H2S + AS/AS, respectively (Figures 5A–C). These targets also have multiple cellular components, such as cells, cell parts, membranes, membrane parts, and organelles (Figures 5A–C). As shown in Figure 5, the identified miRNA targets were involved in three molecular functions: binding, nucleic acid binding transcription factor activity, and catalytic activity. On the basis of the KEGG database, target genes were divided into five different processes: genetic information process, metabolism, tissue system, cell process, and environmental information process (Figures 6A–C). Many of these targets encoded stress-related transcription factors, such as auxin response factor (ARF) family, nuclear transcription factor Y, and WRKY transcription factor (Supplementary Tables 7, 8). Moreover, other predicted target genes encoding crucial proteins participated in diverse metabolic pathways, including TMV resistance protein, heat shock 70 kDa protein, SPX domain-containing membrane protein, and ribosomal RNA-processing protein.
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FIGURE 5. Gene ontology classification of predicted target genes for the identified miRNAs. Blue, green, and red represent three GO ontologies: biological process, cellular component, and molecular function, respectively. (A) Number of genes under AS stresses as compared with control treatment; (B) number of genes under H2S + AS stresses as compared with control treatment; (C) number of genes under H2S + AS stresses as compared with AS treatment.
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FIGURE 6. KEGG classification of predicted target genes for the identified miRNAs. Blue, red, green, purple, and orange represent five KEGG ontologies: Cellular processes, Environmental information processing, Genetic information processing, Metabolism, and Organismal systems, respectively. (A) Number of genes under AS stresses as compared with control treatment; (B) number of genes under H2S + AS stresses as compared with control treatment; (C) number of genes under H2S + AS stresses as compared with AS treatment.




qRT-PCR Validation

To validate the results of BGISEQ-500 sequencing and determine whether the dynamic expression observed in the H2S mitigation of alkaline salt stress was biologically consistent, qRT-PCR was used to analyze the expression of alkaline salt-response miRNAs. As expected, the data obtained showed that most detected miRNAs had a consistent expression change between sRNA sequencing and qRT-PCR. qRT-PCR analysis indicated that 14 of the 15 miRNAs were quantitatively consistent with the expression profile obtained by deep sequencing (Figure 7). Furthermore, we also investigated the correlation between miRNAs and their target genes in H2S pretreatment and alkaline salt stress. One downregulated and eight upregulated miRNAs among nine targeted genes were assayed by qRT-PCR. These results suggested that there was an approximate negative correlation between the expression of miRNAs and their corresponding targets.
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FIGURE 7. qRT-PCR analysis of identified miRNAs in M. hupehensis roots under different treatments. Three biological replicates were conducted for each sample and three technical replicates. The relative expression level of different miRNAs was calculated by the 2–ΔΔCT method. U6 was used for normalizing miRNA expression. The expression levels were normalized to those of the control. The standard error (SE) values are represented by the error bar, and the significant differences (P < 0.05) are indicated by different lowercase letters above each bar.




DISCUSSION

Alkaline salt stress is a common factor in natural environments. The area affected by alkaline salt stress is increasing due to unreasonable irrigation, fertilization, and climate change. Long-term alkaline salt stress can inhibit plant growth and reduce crop yield, ultimately reducing the economic benefits of agricultural products and land use efficiency (Munns and Tester, 2008; Zelm et al., 2020). Some reports have determined that miRNAs are involved in the salt stress response of different plant species (Zhu et al., 2013; Chen et al., 2015). However, reports on the role of miRNAs in alkaline salt stress are limited. Apple is a major economic fruit that is widely planted in temperate regions worldwide (Boyer and Liu, 2004; Duan et al., 2017). Several studies have proven that exogenous H2S can relieve salt/alkali tolerance in many plant species (Christou et al., 2013; Mostofa et al., 2015; Zhao et al., 2018; Jiang et al., 2019; Li et al., 2020). Nevertheless, at present there is little information on the roles of H2S mitigation of alkaline salt regulation through miRNAs and their target genes in M. hupehensis.

In the present study, 115 known miRNAs and 15 novel candidate miRNAs were identified in M. hupehensis. The acquired sequences of these miRNAs were in accordance with the secondary structure criteria of miRNAs (Supplementary Tables 5, 6; Jiang et al., 2014; Hu et al., 2018). The length of M. hupehensis miRNAs in 12 libraries displayed more 24 nt than 21 nt miRNAs. sRNAs 24 nt in length were most abundantly expressed in libraries, suggesting that they could play a pivotal role in the response to alkaline salt stress. This is in agreement with previous studies in other plant species, such as Arabidopsis, C. intermedia, and bermudagrass (Rajagopalan et al., 2006; Zhu et al., 2013; Hu et al., 2018). The different sizes of sRNAs identified in this study had various functions in gene expression regulation. sRNAs may function as a broader modulation of gene expression during alkaline salt stress response.

Many miRNAs are highly conserved and widespread in plants, some of which are only observed-specific in plants (Jiang et al., 2014). The conserved miRNA family has only a few (0–2) nucleotide bases substituted in different plant species, and the abundance and number of the miRNA family members determines their diversity (Zhang et al., 2005; Sun et al., 2015). In the present research, conserved miRNA families had a relatively larger number of family members but a lower expression level when compared with non-conserved ones. The novel miRNAs represented non-conserved miRNA. Similarly, the known miRNAs represented conserved miRNAs, which could be divided into 37 miRNA families (Figure 1). The 115 known miRNAs belong to 37 conserved miRNA families, which are widely distributed in dicot and monocot model species (Jones-Rhoades et al., 2006; Rajagopalan et al., 2006; Lin et al., 2010). Some known miRNA families might have multiple members, such as miR156 (six members), miR171_1 (seven members), miR482 (five members), and miR159 (six members) (Figure 1). The results were consistent with those of Xing et al. (2016). Moreover, according to the read content’s frequencies, the expression levels of identified known miRNAs in the 12 libraries (Control, H2S, H2S + AS, and AS treatments) were subdivided into eight different categories, which were highly similar in the libraries (Figure 2). Our result indicated that these miRNAs participated in the regulation of H2S pretreatment induction in response to alkaline salt stress. Moreover, it was speculated that the differences in miRNAs’ reading number reflected their diverse expression levels in M. hupehensis. Many of the conserved miRNAs had higher read numbers. For example, mhp-miR398b/c, mhp-miR156, mhp-miR159d/e/f, and mhp-miR396a had extremely high read numbers, indicating that the expression of these miRNAs might be higher. Similar results have been reported in radish (Raphanus sativus L.) and bermudagrass (Sun et al., 2015; Hu et al., 2018).

A number of miRNAs have been observed to be salt/alkali stress regulated in diverse plant species, such as radish (Sun et al., 2015), Zea mays (Ding et al., 2009), Paulownia (Fan et al., 2017), Medicago truncatula (Cao et al., 2018), and tobacco (Xu et al., 2019). In our study, a total of 115 miRNAs were identified under H2S pretreatment and alkaline salt stress. However, several salt/alkali-responsive miRNAs, including miR159c, miR169, and miR399, did not show significant expression changes under alkaline salt stress in M. hupehensis roots. This contradiction implied that these miRNAs may be expressed in a plant-specific manner under alkaline salt stress. It was noteworthy that the expression of these salt/alkali-responsive miRNAs identified in our study might be fine-tuned in other species. For instance, miR156, miR169, and miR319 have been found to play important roles in flowering, heat, drought, cold, and salt stress responses (Sunkar et al., 2012; Wei et al., 2017; Cao et al., 2018; Song et al., 2019). This cross-kingdom regulation of gene expression indicates that these stress-related miRNAs could move from one species and target the mRNA of another interacting species in diverse stress responses (Song et al., 2019).

Here, 175 targets of 21 miRNAs were predicted (Supplementary Tables 7, 8). The GO analysis revealed that the dominant biological processes of these target genes were cellular process, biological regulation, metabolic process, regulation of biological process, reproductive process, and response to stimulus (Figure 5). This result indicates that these miRNA functions are correlated with enzyme metabolism, stress response, and growth transition in M. hupehensis under H2S pretreatment and alkaline salt treatment. Additionally, the pathway enrichment analysis of H2S pretreatment showed that these targets were involved in various pathways, including plant hormone signal transduction, DNA replication, MAPK signaling pathway–plant, plant–pathogen interaction, tryptophan metabolism, and glutathione metabolism (Figure 5), suggesting that these targets play critical roles in diversified biological processes by regulating the MAPK and hormone signal pathways involved in H2S alleviating alkaline salt stress.

Several stress response-specific miRNAs have been demonstrated in previous studies. Zhao et al. (2007) confirmed that the miRNA osa-miR169g was only induced by drought in rice. The specific up regulation of miRNA Athi-mir319c was caused by cold rather than salt, dehydration, or ABA stress (Sunkar and Zhu, 2004). In the present research, we compared the differentially expressed miRNAs in roots in response to H2S and alkaline salt stress. We found that H2S pretreatment induced specific upregulation of mhp-miR477a and mhp-miR827 and inhibited the expression of mhp-miR408. In addition, miR408 can regulate basic blue (Plantacyanin-like) protein in a very stable and conservative way (Maunoury and Vaucheret, 2011). A number of studies have shown that basic blue (plantacyanin) genes were increased during high salinity, heavy metal stress, oxidative stresses, and drought (Richards et al., 1998; Miller et al., 1999; Ma et al., 2011; Ruan et al., 2011). It has been confirmed that the overexpression of plantacyanin can promote cell growth at high salinity levels (Feng et al., 2013). The miR477 family is a miRNA family that can be induced by stress. Several studies have indicated that the miR477 family was differentially expressed during salt stress in maize, Populus cathayana, and Salix matsudana (Ding et al., 2009; Zhou et al., 2012). This result revealed that the mitigation effect of H2S on alkaline salt stress comprises the direct or indirect induction of more miRNAs and target genes resistant to alkaline salt stress. Based on this, we assume that H2S may have a unique induction mechanism on saline-tolerant miRNA and target genes, thus reducing the negative effects of alkaline salt stress on M. hupehensis roots. M. hupehensis is an excellent rootstock in the apple industry. However, it is sensitive to salt and alkali, which limits its application in saline-alkaline soil regions. In the future, it will be necessary to evaluate the miRNAs and target genes of H2S response to salt and alkali stress to understand the relationship between miRNAs and salt and alkali. miR827 and its target SPX have been identified to regulate the response to Pi starvation in rice (Aung et al., 2006; Lin et al., 2010). Consistent with miR827, miR399 and its target (ubiquitin-conjugating E2 enzyme, UBC) are involved in regulating phosphorus homeostasis (Chiou et al., 2006; Lin et al., 2010). In addition, we noticed that the expression of miR399 was downregulated by alkaline salt treatment. These findings seem to suggest that H2S may modulate the absorption of phosphorus and maintain phosphorus homeostasis, thus alleviating the damage caused by alkaline salt stress to M. hupehensis roots. However, the reasons behind this regulated phosphorus homeostasis pattern have not been determined. One of the challenges in the future is to completely decipher the molecular mechanism of phosphorus homeostasis in response to H2S and alkaline salt stress. Long-term salt stress can generally lead to secondary stress such as oxidative stress and nutritional imbalance in plants (Chinnusamy et al., 2006), and the increase of pH around the plant roots impedes the absorption of mineral nutrients (Capula-Rodríguez et al., 2016). Moreover, we found that there is a slight change in the pH of the growing medium before and after the irrigation with NaHS solution, all these pH values are suitable ranges for root growth.

In our study, the mhp-miR159c expression was decreased in response to H2S pretreatment and alkaline salt, which had more than one target. miR159-regulated MADS-box was also considered to modulate root development as well as regulating flowering time and salt stress (Saedler et al., 2001; Michaels et al., 2003; Guo et al., 2016). Meanwhile, CaMADS from pepper, as a positive stress response transcription factor, plays valuable role in the salt stress signaling pathway (Chen R. G. et al., 2019). In our study, the expressed miR159 and its target gene MADS-box JOINTLESS-like (MBP) may take part in H2S alleviating alkaline salt stress in the roots of M. hupehensis. Similar to MADS-box, miR169-targeted nuclear factor Y subunit A (NF-YA) in H2S pretreatment and alkaline salt treatment, which conditioned whole plant root architecture through altering specific cell type numbers and dimensions in the root meristem (Sorin et al., 2014), was widely regulated under salt and drought stress (Ni et al., 2013; Sun et al., 2015). Plant root architecture and morphological distribution directly affect the absorption of nutrients (including phosphorus) and water in soil, and further affect the growth and ecological function of the aboveground parts of plants (Lynch, 1995; Liao et al., 2001). The ideal root system configuration can guarantee the sustainable and stable development of forestry. In a previous study, we reported that H2S could alleviate the decrease in the numbers of absorbing roots and the inhibition of root activity under alkaline salt stress (Li et al., 2020). Taken together, these results reveal that miRNA mediated the improvement of root architecture, which may be the key to H2S alleviating alkaline salt stress. Therefore, it will be valuable to conduct an extensive evaluation of these miRNAs in the future to understand their potential in regulating root architecture.

In our results, alkaline salt decreased mhp-miR160a expression and increased mhp-miR160 target auxin response factors (ARF18) in M. hupehensis roots. Additionally, it was identified that miR160 participates in auxin signaling pathways and regulation of flower induction and growth (Sunkar et al., 2012; Xing et al., 2016). Similar results reported in salt-stressed Populous tomentosa, soybean, and radish that miR160 mediated target ARF regulation (Ren et al., 2013; Sun et al., 2015; Ning et al., 2019). Additionally, miR156p targeted SPL (SPL2/6/7), which was involved in conferring enhanced tolerance to Cd stress in Arabidopsis and regulating salt stress responses of tamarisk (Wang J. W. et al., 2019; Zhang et al., 2020). Moreover, the overexpression of MIR156a decreased salt resistance, while the overexpression of MdSPL13 targeting MdWRKY100 promoter strengthened salt tolerance in apple (Ma Y. et al., 2020). miR394 and its target F-box protein were reported to participate in the regulation of leaf inclination (Qu et al., 2019). The findings indicate that these miRNAs and their target genes might play prominent roles in M. hupehensis root adaptive response to alkaline salt stress, as an essential part of the alkaline salt stress regulation network in M. hupehensis (Figure 8).
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FIGURE 8. qRT-PCR analysis of predicted target genes of differentially expressed miRNAs in M. hupehensis roots under different treatments. Three biological replicates were conducted for each sample, and three technical replicates were conducted. The relative expression level of miRNAs was calculated by 2–ΔΔCT method. The 18S rRNA was used as internal reference for normalizing gene expression. The expression levels were normalized to those of the control. The standard error (SE) values are represented by the error bar, and the significant differences (P < 0.05) are indicated by different lowercase letters above each bar. ARF17, auxin response factor 17; BBP, basic blue protein-like; BRI1, receptor-like protein kinase BRI1-like 3; HSP70, heat shock 70 kDa protein; NF-YA, nuclear transcription factor Y subunit A-5-like; SPL, squamosa promoter-binding-like protein 18; SPX, SPX domain-containing membrane protein; TMV-RP, TMV resistance protein N-like.




CONCLUSION

Our present study revealed that H2S could alleviate alkaline salt stress in M. hupehensis roots. Differentially expressed microRNAs and target genes involved in H2S and alkaline salt stress provide new insight for understanding the mechanism of how H2S alleviates alkaline salt stress in M. hupehensis roots. A total of 115 known miRNAs and 15 novel miRNAs were identified in alkaline salt treatment and H2S pretreatment. Furthermore, H2S specifically induces the expression of salt-tolerant mhp-miR408a and mhp-miR477a. In addition, the upregulated mhp-miR827 maintains phosphorus homeostasis in roots. Root architecture was improved by regulating the expression of mhp-miR159c and mhp-miR169 and their target genes. Collectively, these results suggest that H2S alleviates alkaline salt stress by contributing to the specific induction of salt-tolerant miRNAs and improved elemental uptake, as well as by inducing changes in root architecture (Figure 9). The current study revealed a miRNA-mediated network through which H2S alleviates alkaline salt stress in M. hupehensis roots.
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FIGURE 9. A potential regulatory network model of miRNAs in H2S alleviates alkaline salt stress in M. hupehensis roots. This model reveals how H2S alleviates the alkaline salt stress through mediating miRNAs. ARF17, auxin response factor 17; BBP, basic blue protein-like; BRI1, receptor-like protein kinase BRI1-like 3; HSP70, heat shock 70 kDa protein; NF-YA, nuclear transcription factor Y subunit A-5-like; SPL, squamosa promoter-binding-like protein 18; SPX, SPX domain-containing membrane protein; TMV-RP, TMV resistance protein N-like.
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Functional Characterization of GhACX3 Gene Reveals Its Significant Role in Enhancing Drought and Salt Stress Tolerance in Cotton
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The acyl-coenzyme A oxidase 3 (ACX3) gene involved in the β-oxidation pathway plays a critical role in plant growth and development as well as stress response. Earlier on, studies focused primarily on the role of β-oxidation limited to fatty acid breakdown. However, ACX3 peroxisomal β-oxidation pathways result in a downstream cascade of events that act as a transduction of biochemical and physiological responses to stress. A role that is yet to be studied extensively. In this study, we identified 20, 18, 22, 23, 20, 11, and 9 proteins in Gossypium hirsutum, G. barbadense, G. tomentosum, G. mustelinum, G. darwinii, G. arboretum, and G. raimondii genomes, respectively. The tetraploid cotton genome had protein ranging between 18 and 22, while diploids had between 9 and 11. After analyzing the gene family evolution or selection pressure, we found that this gene family undergoes purely segmental duplication both in diploids and tetraploids. W-Box (WRKY-binding site), ABRE, CAAT–Box, TATA-box, MYB, MBS, LTR, TGACG, and CGTCA-motif are abiotic stress cis-regulatory elements identified in this gene family. All these are the binding sites for abiotic stress transcription factors, indicating that this gene is essential. Genes found in G. hirsutum showed a clear response to drought and salinity stress, with higher expression under drought and salt stress, particularly in the leaf and root, according to expression analysis. We selected Gh_DO1GO186, one of the highly expressed genes, for functional characterization. We functionally characterized the GhACX3 gene through overexpression and virus-induced gene silencing (VIGS). Overexpression of this gene enhanced tolerance under stress, which was exhibited by the germination assay. The overexpressed seed growth rate was faster relative to control under drought and salt stress conditions. The survival rate was also higher in overexpressed plants relative to control plants under stress. In contrast, the silencing of the GhACX3 gene in cotton plants resulted in plants showing the stress susceptibility phenotype and reduced root length compared to control. Biochemical analysis also demonstrated that GhACX3-silenced plants experienced oxidative stress while the overexpressed plants did not. This study has revealed the importance of the ACX3 family during stress tolerance and can breed stress-resilient cultivar.
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INTRODUCTION

Drought and salt stresses are environmental factors that affect plant growth and development (Su et al., 2020), reproduction, ultimately, and reduce crop yield. The deleterious effect on crop yield is magnified with the ever-changing climatic situation (Allen et al., 2010). Plants have developed elaborate mechanisms that initiate physiological, morphological, and molecular changes to adapt to stress conditions (Ahuja et al., 2010). Stress-responsive genes are known to regulate these mechanisms. Notably, the ACX3 gene is involved in central metabolisms that respond to stress.

The acyl coenzyme A oxidase (ACX) gene family is a diverse family of enzymes involved in the β- oxidation pathway of fatty acids (Graham and Eastmond, 2002). These genes are present in all organisms, plants (Grossi et al., 1995; De Bellis et al., 2002; Graham and Eastmond, 2002; Li, 2005), yeast (Kim and Kim, 2018), nematodes (Joo et al., 2010), microbial organisms (Reiser et al., 2010), and mammals (Eaton et al., 2015). Acyl CoA oxidases (ACXs) participate in the initiation step of the β-oxidation pathway; thus, they are essential genes (Kindl, 1993). Acyl coenzyme A oxidase (ACX) genes, in plants, are located in the peroxisome, whereas in animals, in the mitochondria (Reddy and Hashimoto, 2002). ACXs genes differ from one another, some are homodimers, and others occur in a single copy. The family also differs according to catalytic positions and the precision of the substrate they catabolize. For instance, in Arabidopsis, there are six isoforms of ACX, but each act on different (sized) carbons present in the acyl-CoA substrate. AtACX1 catalyzes the breakdown of medium and long-chain acyl-CoA, AtACX2 prefers long chain acyl-CoA, and AtACX3 prefers medium-chain acyl-CoA while AtACX4 acts on short-chain acyl-CoA. Experimentally, AtACX5 and AtACX6 have not been characterized (Kim and Kim, 2018). ACXs have a significant role not limited to primary and secondary metabolism, growth, and development but also in responses to abiotic and biotic stresses (Hu et al., 2012). β-oxidation results in phytohormone production like jasmonic acid, indole acetic acid, and salicylic acid involved in stress responses (Kim et al., 2009; Sandalio, 2015). In addition, hydrogen peroxide produced in this process serves as a stress signal molecule (Kindl, 1993). Another scientist found that genes encoding ACXs are distributed in most plant tissues, including leaves, roots, inflorescence, and bolts; this is because β-oxidation of fatty acid occurs throughout plants’ life cycles (Eastmond et al., 2000). It has been demonstrated that, through fatty acid β-oxidation, the plant utilizes its storage reserves and initiates stress signaling (Li, 2005). Acetyl-CoA produced in β-oxidation is important in histone acetylation. These were clearly demonstrated by an acx4-4 mutant immunoblotting assay conducted to identify the effect of the acx4-4 mutant on histone acetylation and found to impair histone acetylation relative to WT. The above findings indicate that gene mutations in β-oxidation reduce acetyl-CoA in peroxisomes, which can lower cytosol acetyl-CoA levels and reduce histone acetylation and increase DNA methylation (Wang et al., 2019). Acetyl-CoA produced during β-oxidation drives a cycle of tricarboxylic acid (TCA) for the aerobic production of ATP (de la Peña Mattozzi et al., 2010). Therefore, ACXs genes are critical in the production of energy under aerobic conditions, gene epigenetic modification, and transcription of stress-responsive genes.

The role of ACX genes as a protein that impedes stress has been examined in other plants like cucumber (Apoprotein et al., 1986), Arabidopsis thaliana (Kim and Kim, 2018), pumpkins (De Bellis et al., 2002), tomato (Li, 2005), maize (Hooks et al., 1996), and barley (Grossi et al., 1995), among other plants, to understand ACX genes involvement during the abiotic and biotic stress response. For instance, in maize, it has been demonstrated that, during glucose starvation, which can occur due to drought, ACXs enzyme activity increased, subsequently upregulating β-oxidation activity as well (Hooks et al., 1996). In Arabidopsis, during abiotic stress, AtACX3 gene mechanisms increased and resulted in a high concentration of hydrogen peroxide (Froman et al., 2002). The ACX3 gene is upregulated during foliar senescence in response to stress in plants like barley (Grossi et al., 1995) and cucumber (Kindl, 1993). Another study demonstrated that these genes participate in the oxidation of toxic short-chain fatty acids produced during abiotic stress like drought (Hayashi et al., 1999). In a study to identify the effect of overexpressing GaJAZ1 in upland cotton, ACX3 (Gh_D01G0186) was highly upregulated. Overexpression of the G. arboreum JAZ1 enhanced salt stress tolerance in cotton (Ali and Baek, 2020).

Cotton (G. hirsutum) is predominantly, on a commercial scale, the main source of fiber worldwide. However, due to drastic climate change, drought and salt stress have negatively affected cotton production resulting in reduced yield and quality fiber. Previous researchers have demonstrated that plants can sense and respond to abiotic stresses. Different aspects, including modifying protein and enzyme production, diversely control plant response to abiotic stress. ACX3 is an enzyme but plays a role in stress response. Therefore, understanding ACX3 nuclear modification and its role in response to abiotic stress tolerance is essential. To get some insight into the function of GhACX3 in improving drought and salt tolerance in cotton, we undertook the functional characterization of this gene through overexpression and knockdown of this gene in Arabidopsis and cotton, respectively. We analyzed the effect of salt and drought stress in overexpressed and knockdown plants. We undertook bioinformatics analysis to understand the structure of the gene and motif and cis-regulatory elements present. We also studied the evolutionary relationship of this gene in wild and domesticated cotton species and other plant species. Our study revealed this gene as a candidate for cotton genetic modification and provided insights into cotton’s stress tolerance mechanisms.



MATERIALS AND METHODS


Identification of ACX3 Protein and Sequences Retrieval

We obtained the ACX3 protein sequences of different plant species from published genome databases utilizing the BlastP program, with the AtACX3 protein sequence obtained from Arabidopsis as the query. The ACX3 proteins were obtained for the plant species; Arabidopsis thaliana (Cao et al., 2011), Theobroma cacao (Argout et al., 2011), Populus trichocarpa (Tuskan et al., 2006), Gossypium hirsutum (Wang L. et al., 2019), Gossypium barbadense (Wang L. et al., 2019), Gossypium tomentosum [27], Gossypium mustelinum, Gossypium darwinii (Chen C. et al., 2020), Gossypium arboreum (Wang et al., 2019), and Gossypium raimondii (Wang H. et al., 2012; Wang K. et al., 2012). This was to allow for the analysis of the phylogeny of the proteins encoded by the ACX3 genes. The Pfam database was then employed to query all the genes, the genes with the ACX3-conserved domain PF01756 were then selected. In addition, the physiochemical properties were analyzed by using an online tool ExPASy Server1 (Swiss Institute of Bioinformatics).



Phylogenetic Tree, Collinearity, and Selection Pressure Analysis

In order to elucidate the phylogeny of the proteins encoded by the ACX3 genes, all the identified proteins from the various plants were aligned by using a free online tool, the ClustalX package. The phylogenetic tree was then constructed using MEGA 7 (Horiike, 2016), where the evolutionary history of the different proteins was determined using the neighbor-joining method (Saitou and Nei, 1987). Furthermore, in the analysis of the collinearity of the ACX3 genes from the three cotton genomes, the gff3 files containing the ortholog and paralog genes of G. hirsutum, G. arboretum, and G. raimondii were downloaded from the cotton genome database2. These files were then submitted to TbTools (Chen C. et al., 2020) to draw the gene family’s collinearity map. The non-synonymous (Ka)/synonymous (Ks) mutation ratio (Ka/Ks), which infers the selection pressure of proteins in a particular gene family, the CDS sequences, gene IDs, and homologous genes of G. hirsutum, G. arboreum, and G. raimondii were employed to analyze the type of selection pressure within the cotton ACX3 proteins.



Chromosome Allocation, Gene Structures, Conserved Motif, GO Analysis, and Cis-Acting Regulatory Element Identification

The position- and the chromosome-specific genes were then mapped using TbTools (Chen C. et al., 2020). The nucleotide sequence 2000 bp upstream of the transcription site of the ACX3 of G. hirsutum, G. arboreum, and G. raimondii were submitted to the PlantCARE database to ascertain the associated cis-regulatory elements (Lescot, 2002). To predict the structure of these genes and the position of the introns and exons, an online tool Gene Structure Display Server (GSDSv2)3 (Hu et al., 2015) was used. Moreover, the preserved motifs were identified by the online tool MEME Suite4 (Bailey et al., 2009; Kirungu et al., 2020). Finally, gene ontology helps in understanding the possible pathways in which the proteins encoded by the ACX3 genes are involved. We employed the GO analysis toolkit and database, AgriGO v2.0, to conduct gene ontology enrichment analysis to identify the gene family’s molecular function, cellular component, and biological function (www.bioinfo.cau.edu.cn/agriGO) (Tian et al., 2017).



Plant Material and Treatment

The seeds of G. hirsutum, Marie-Galante 85, a semi-wide variety with higher tolerance to various abiotic stress factors (Kirungu et al., 2019; Nyangasi et al., 2019; Xu et al., 2019) was used. The delinting was done using sulfuric acid and afterward grown on absorbent paper for 48 h. After germination, the seedlings were then transferred to a Hoagland nutrient-rich solution (Hoagland and Arnon, 1950) in the greenhouse, with conditions set at 16 h light/8 h dark, the temperature at 28°C in the day and 25°C at night. A drought and salt stress simulation was done at the three-leaf stage by adding 300 mM of sodium chloride for salt treatment and 17% (w/v) PEG-6000 for drought treatment to the Hoagland solution (Lu et al., 2018; Magwanga et al., 2019c; Yang et al., 2019a; Magwanga and Kirungu, 2020). Thereafter samples were taken from the leaf, stem, and root tissues at 0, 12, 24, and 48 h post stress exposure, as previously explained by Magwanga et al. (2019a). To further understand the possible roles of the ACX3 genes, one of the highly upregulated genes was then transformed into the model plant: Arabidopsis ecotype Col-0 plants. The Arabidopsis seeds used in this study were surface sterilized and grown on 50% MS medium, and grown in the greenhouse with conditions set as explained by Yang et al. (2019b).



Isolation of RNA and qRT-PCR Analysis

Total RNA was isolated from plant tissues using an RNAprep Pure Plant kit (Tiangen, Beijing, China) as per the manufacturer’s instructions. We further determined the RNA quality and concentration by use of agarose gel electrophoresis and spectrometric analysis (Kirungu et al., 2018; Lu et al., 2018, 2019). The RNA was then used for cDNA synthesis using a cDNA conversion kit obtained from Transgene, Beijing, China (EasyScript First-strand cDNA Synthesis SuperMix). The applied biosystems 7500 real-time PCR system performed the RT-qPCR (Zhang et al., 2020), using 2 × AceQTM Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China). The samples for analysis were used in three independent biological and technical replicates. All the gene-specific primers are shown in the Supplementary Materials. The transcript variation was calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001).



Subcellular Localization of GFP–Tagged ACX3 Protein

To determine the subcellular localization of the ACX3 protein, we used the online tool WoLF PSORT (Hortona et al., 2006) and the TargetP1.1 server (Emanuelsson et al., 2000). In order to confirm the subcellular localization, a GhACX3-coding DNA sequence was amplified using its specific primer; 5′-GAGAACACGGGGGACTCTAGAATGGAACAAGCTTTCAA AAGA-3′ and 5′-ACCCATGTTA ATTAAGGATCCA ACCGAAGACCAAGCGTTTGC-3′. The PCR product was infused and ligated into a p2300-eGFP vector under the regulation of the CaMV 35S promoter. After that, the product was transformed into Agrobacterium tumefaciens strain GV3101, and empty vector p2300-eGFP was used as control (CK). The agrobacterium suspensions were infiltrated into the abaxial leaf side of 4-week-old N. benthamiana plants. Afterward, they were put in the dark for 48 h, then the GFP signal was observed under a fluorescence confocal microscope (Leica DMi8 Microscope).



Plasmid Construction of Overexpressed GhACX3 and Stress Treatment

The open reading frame of GhACX3 2013 bp was amplified using G. hirsutum cDNA, 5′GAGAACACGGGGGACTCTAGAATGGAACAAGCTTTCA AAAGAACCCAAATT 3′ and 5′GGACTGACCACCC GGGGATCCTTAAACCGAAGACCAAGCGTTTGCTTCAAT3′ primers through PCR. It was then inserted in the Xbal1 and BamH1 sites of the PBI121 vector and transformed to Agrobacterium tumefaciens strain GV3101. The A. thaliana, ecotype Colombia-0 (Col-0), was transformed by adopting the floral dip method (Hu et al., 2019). Transformed T1 and T2 generations were selected on 50% MS medium with kanamycin. The T3 homozygous generations were then selected from the T2 generation through semi-quantitative RT-PCR and qRT-PCR analysis. Salt and drought treatment was done on the T3 generation. Drought stress was simulated by withholding water for 8 and 12 days, while salt stress was initiated by watering the plants with 250 Mm of sodium chloride (NaCl) for 8 and 12 days (Magwanga et al., 2018a). The plants that were relieved of drought stress by being re-watered to determine the survival rate.



Root Stress Tolerance Assay

The T3 generation lines and WT were used for the root assay. Sterilized seeds of WT, L1, L2, and L3, the T3 generation lines chosen through semi-quantitative PCR and RT-qPCR, were grown in plates with 50% MS medium augmented with different concentrations of NaCl and mannitol. The concentration for salt stress was NaCl (0, 75, and 150 mM) and for drought stress, mannitol (0, 100, and 300 mM). After 10 days, the germination rate was determined. To evaluate root length, L1, L2, L3, and WT Arabidopsis seeds were grown in 50% MS media for 6 days then transferred to 50% MS medium with varying concentrations of mannitol (0, 100, and 300 mM) and NaCl (0, 75, and 150 mM) (Ma et al., 2019). The root length was then measured after 7 days of stress exposure; photographs were taken alongside the measurements.



Virus-Induced Gene Silencing (VIGS) and Stress Treatment

Fragment of the coding DNA sequence of GhACX3 2013 bp was used to design the specific primer, forward sequence: GTGAGTAAGGTTACCGAATTCCCAATCATCTGCTCCAAT CC and reverse sequence: CGTGAGCTCGGTACCGGATCCGA ACACCTTCCCTCCCCTAA and amplified by PCR. The product was then cloned into the EcoR1 and BamH1 sites of the plasmid tobacco rattle virus vector (pTRV) to generate pTRV: ACX3. The A. tumefaciens LBA4404 strain was transformed using the freeze and thaw method (Jyothishwaran et al., 2007). The preparation of the bacteria inoculum and inoculation to the cotton plant’s cotyledon was done as described by Corbin et al. (Yang et al., 2019b). At the three-leaf stage after inoculation, drought and salt stress was initiated. Drought and salt stress concentrations were 17% (w/v) PEG-6000 and 250 mM of NaCl, respectively. pTRV: 00 (empty vector) and wild-type (untreated) plants were used as a negative control (Yang et al., 2019b). A phytoene desaturase (PDS) was used as a phenotypic marker to ascertain the effectiveness of the knockdown of the gene. We further conducted RT-qPCR to determine silencing efficiency.



Assessment of the Physiological and Morphological Plant Features Under the Conditions of Drought and Salt Stress

All samples were collected with three biological replicates before treatment, and at 48 h post stress treatment. We analyzed the physiological and morphological traits of the plants. The physiological characteristics analyzed were excised leaf water loss (ELWL), relative leaf water content (RLWC), and cell membrane stability (CMS) which were measured through ion leakage as described by previous researchers (Clarke, 1986; Pietragalla and Mullan, 2012; and Ilík et al., 2018). At the same time, the morphological traits encompassed plant height (PH), root length (RL), shoot fresh weight, and root fresh weight were evaluated as previously outlined (Kirungu et al., 2020).



Biochemical Analysis, Chlorophyll Content Determination, and Diaminobenzidine (DAB) Staining

By quantifying the oxidant and antioxidant levels in control, silenced, and transformed plants, we were able to examine the effect of simulated drought and salt stress on oxidant and antioxidant activities. The oxidants activities assayed were malondialdehyde (MDA) and hydrogen peroxide (H2O2), while the antioxidants were peroxidase (POD) and catalase (CAT). In all the assays, 0.1 g of ground tissue was used in three biological replicates. Extraction and spectrometric analysis of the oxidants and antioxidants was carried out using their respective assay kits supplied by Beijing Solarbio Science & Technology, China. In determining chlorophyll content, 0.1 g of Arabidopsis rosette leaves were immersed in 1.5 mL of 95% ethanol and put in a dark environment for 48 h at room temperature. The absorbance of the chlorophyll extracted was measured at 649 and 665 nm (Lichtenthaler and Buschmann, 2001). Whereas DAB (3,3′-Diaminobenzidine) staining was done using a DAB staining kit (Solarbio LIFE SCIENCE) with reference to the manufacturer’s instructions. Thereafter, images of the stained leaves were taken.



Expression Profiling of Stress-Responsive Genes

We evaluated the expression level of the abiotic stress-responsive genes GhMYB, GhG-T2, GhP5CS, AtAB15, AtP5CS, and AtRD22 through RT-qPCR in the tissues of control, VIGS, and overexpressed plants under drought and salt stress conditions, using AtActin2 and GhActin7 as the endogenous control. As demonstrated by previous researchers, these genes are highly upregulated in various cotton and Arabidopsis plants’ tissues and enhance drought and salt stress tolerance.



Statistical Analysis

The experiments were done in three biological replicates, and the data were statistically analyzed by the analysis of variance (ANOVA) procedure (Molugaram and Rao, 2017), using GraphPad Prism. The least significant difference test (P ≤ 0.05) was used for mean comparison.



RESULTS


Identification of ACX3 Proteins

The ACX3 domain PF01756, obtained from the Pfam database, was used to identify the proteins in the cotton sub-genomes. In G. hirsutum (AD) 1, we identified 20 proteins, in G. barbadense (AD) 2, 18 proteins, in G. tomentosum (AD) 3, 22 proteins, G. mustelinum (AD) 4, 23 proteins, G. darwinii (AD) 5, 20 proteins, in G. arboreum A2, 11 proteins, and G. raimondii D5, nine (9) proteins. The tetraploid proteins (AD) 1–(AD) 5 outnumbered diploid A2 and D5 due to gene replication over the years. The molecular weight in G. hirsutum proteins ranged between 17 and 78.075 kDa, while in G. raimondii and G. arboreum it ranged between 18.054 and 77.329 kDa. The isoelectric point ranged from 4.972 to 8.672, the CDS GC percentage content was an average 44.5%, and the grand average of the hydropath, Gravy, was negative in all the proteins (Supplementary Table 1).



Evolutionary Analysis, Gene Duplication, and Selection Pressure of the ACX3 Protein

To determine the evolutionary relationship of the ACX3 protein, protein sequences of Arabidopsis thaliana, Theobroma cacao, Populus trichocarpa, G. hirsutum, G. tomentosum, G. barbadense, G. mustelinum, G. darwinii, G. raimondii, and G. arboreum were aligned. We constructed the phylogenetic tree, which showed the evolution relation of ACX3 proteins in the tetraploid cotton, diploid cotton, and the other plant species. The ACX3 proteins were clustered in three groups (clades) (Figure 1A). The G. hirsutum proteins were closely clustered to G. darwinii compared to other species. In contrast, G. barbadense and G. mustelinum proteins were closely clustered together; all these indicate a closer evolution relationship.
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FIGURE 1. (A) Phylogenetic tree analysis of the tetraploid cotton, diploid cotton, and other plant proteins encoded by the ACX3 proteins; Arabidopsis thaliana, Theobroma cacao, Populus trichocarpa, Gossypium hirsutum, Gossypium tomentosum, Gossypium barbadense, Gossypium mustelinum, Gossypium darwinii, Gossypium raimondii, and Gossypium arboreum. The different colors indicate the different ACX3 proteins. The phylogenetic tree was generated from an alignment of the ACX3 proteins using the neighbor-joining method in the MEGA 7 software package. (B) Collinearity analysis in Gossypium hirsutum, Gossypium raimondii, and Gossypium arboreum. Syntenic relationships among ACX3 genes from G. hirsutum, G. raimondii, and G. arboreum. Their chromosomes are indicated in different colors. The putative orthologous ACX3 genes between G. raimondii and G. arboreum are represented in green and between G. raimondii and G. hirsutum is represented by yellow and between G. hirsutum and G. arboreum is represented by red.


The principal causes of gene-family enlargement in cotton species are tandem and segmental replication, which occurs during polyploidization. Two or more genes, one after the other, on the same chromosome confirm tandem duplication events, while gene duplication is characterized as a segmental duplication event on multiple chromosomes. During evolution, duplicated genes undergo selection. The Ka/Ks ratio denotes the orientation and magnitude of the natural selection of protein-coding genes. A ratio greater than 1 means positive or Darwinian selection; less than 1 means selection purification or stabilization (acting against change); and a ratio of exactly 1 means selection neutral (i.e., no selection) (Kondrashov et al., 2002). In this study, we determined that this gene family undergoes purifying selection (Figure 1B and Supplementary Table 2).



ACX Gene Structures, Domain, and Conserved Motif

The gene structure of G. hirsutum, G. arboreum, and G. raimondii were analyzed to determine the exon and intron arrangement and CDS. The exons number ranged between 5 and 15 introns in a gene. In the analysis of the conserved motif, most of the genes had the same type of motif. For example, motifs 1, 2, and 8 were present in most genes indicating close evolution (Figures 2A–C).
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FIGURE 2. (A) Gene structure of cotton, G. hirsutum, G. arborem, and G. raimondii. (B) ACX3-conserved domains present in the G. hirsutum genes. (C) Motif for the G. hirsutum, G. arboretum, and G. raimondii ACX3 genes. The identified motifs are denoted by different colors.




Cis-Acting Regulatory Element, Gene Ontology (GO), and Chromosome Mapping

Several ACX3 cis-regulatory elements associated with abiotic stress responsiveness were identified in G. hirsutum (AD1), G. arboreum (A2), and G. raimondii (D5). The identified cis-regulatory elements were W-Box (WRKY-binding site), ABRE, CAAT–Box, TATA-box, MYB, MBS, TGA, LTR, TGACG, CGTCA-motif, G-Box, and Box-4, among others (Figure 3A). These cis-regulatory elements were involved in phytohormones (abscisic acid, auxin hormone, and Meja) low-temperature responsiveness, light responsiveness, and a binding site for abiotic stress transcription factors. In order to predict the putative role of the proteins encoded by the ACX3 genes in cotton, gene ontology provided basic information. In the analysis of gene ontology, all the three basic classifications as per gene ontology, cellular component (CC), biological processes (BP), and molecular functions (MF) were observed. The GO terms associated with molecular function were: GO: 0003997-Acyl-CoA oxidase activity, GO: 0016622-oxidoreductase activity, GO: 0003995-acyl-CoA dehydrogenase activity, and GO: 0050660-flavin adenine dinucleotide binding activities. Biological process GO terms were: GO: 0006632-fatty acid beta-oxidation, GO: 0055114-oxidation-reduction process, GO: 0006631-fatty acid metabolic process, and GO: 0008152-metabolic process. The cellular component was the peroxisome-GO: 00057777 (Figure 3B).


[image: image]

FIGURE 3. (A) Cis-regulatory elements and Gene Ontology annotation. (A) Average number of cis-promoter elements in the regions of G. hirsutum, G. raimondii, and G. arboreum ACX3 genes. The cis-promoters were analyzed in the 2 kb up/down stream promoter regions of the translation start site, using the PLACE database. (B) Gene Ontology (GO) annotation results for upland cotton ACX3 genes. Various GO terms were predicted that indicated ACX3 genes’ involvement in various biological processes, cellular component, and molecular functions.


GFF3 files containing chromosome position information of all the ACX3 genes in G. hirsutum, G. arboreum, and G. raimondii were retrieved from the cotton functional genomic database, and TbTools was used for mapping. In G. hirsutum, the ACX3 genes identified were mapped to seven chromosomes in At subgenomes, five chromosomes from Dt subgenomes, and two scaffolds. While G. arboreum and G. raimondii were mapped to chromosomes 1, 2, 3, 5, 6, 7, 8, 9, 10, 11, and 12 and one was localized in the scaffold (Figures 4A–D). We conducted GO enrichment analysis and identified the molecular function, biological process, and cellular component of these genes’ activities.
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FIGURE 4. Chromosome mapping of ACX3 genes. (A,B) Chromosome mapping for the tetraploid cotton, G. hirsutum, (C) chromosome mapping for G. arboretum, a diploid cotton of the A genome. (D) Chromosome mapping for the diploid cotton, G. raimondii of the D genome. The genes are distributed on different chromosomes and chromosome number indicated.




Profiling of GhACX3 Gene Under Drought and Salt Stress

We treated the G. hirsutum seedlings grown in the hydroponic solution for salt and drought stress by supplementing hydroponic water with 250 Mm of NaCl and 17% PEG-6000, respectively. Samples were collected at an interval of 3 h, starting from 0 to 12 h, then at 24 and 48 h from the leaf, stem, and root. RNA extracted from the tissues was converted to cDNA and used for RT-qPCR analysis. The expression of the GhACX3 genes was differential (Figure 5). Under drought stress, most of the genes were highly expressed in the leaf and root. While under salt stress, most of the genes were highly upregulated in the leaf, stem, and roots. Even though the genes were upregulated differentially in all tissues, the roots’ expression was higher under both salt and drought stress. This was more evident when we evaluated the cloned Gh_DO1GO186 gene expression in leaf, stem, and root organs; this gene was highly upregulated in the roots.
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FIGURE 5. RT-qPCR analysis of the cotton GhACX3 genes under drought and salt stress conditions. (A) Heatmap of the GhACX3 genes expression under drought stress in the leaf (Lf), root (Rt), and stem (St). (B) Heatmap of the GhACX3 genes expression under salt stress conditions in the leaf (Lf), root (Rt), and stem (St). Yellow represents a high expression of the genes, and blue represents a low expression of genes. Black represents no expression of the genes at a particular time.




Subcellular Localization and Knockdown of GhACX3 Reduced Cotton Plant Tolerance to Drought and Salt Stress

The online tool WoLF PSORT and the TargetP1.1 server predicted that this gene is located in the nucleus, mitochondrion, chloroplast, cytoplasm, and peroxisome (Figure 6A). To confirm the subcellular localization, GhACX3 was transformed in Agrobacterium and inoculated in N. benthamiana leaves. It revealed that the proteins encoded by the ACX3 genes were located within the cytoplasm (Figure 6B). Adaptation to stress requires cellular ion homeostasis involving net intracellular vacuolar compartmentalization without toxic ion accumulation in the cytosol. The balancing of the ions at the cytoplasm is critical in maintaining various cellular activities, and perhaps the ACX3 proteins could be playing a critical role. Moreover, in order to further elucidate the possible role of the ACX3 protein, the key gene was determined and knocked down in cotton. Furthermore, virus-induced gene silencing is an innovative tool that has been used to characterize genes (Kant and Dasgupta, 2019) functionally. In this study, we silenced the Gh_DO1GO186 gene in cotton plants. Phytoene desaturase (PDS) was used as a phenotypic marker. Plants were inoculated with TRV2: PDS after 14 days, the TRV2: PDS-inoculated plant leaves showed a bleached phenotype (Figure 6Ci). This result is an affirmative indication that the knockdown vector was effective, and the Gh_DO1GO186 gene knockdown was successful. We further conducted RT-qPCR to validate the knockdown efficiency; the expression level of Gh_DO1GO186 in silenced plants was relatively lower than WT in leaf, stem, and root tissues, however, the knocked-down gene expression was significantly higher in the root compared to the leaf and or stem (Figure 6Cii); similarly, when the VIGS plants and wild-type were subjected to both drought and salinity stress, the induction level of the silenced gene was significantly reduced in the VIGS plants compared to the wild-type, and the expression pattern depicted that of non-treated plants, with the roots exhibiting significantly higher expression levels (Figure 6Ciii).
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FIGURE 6. Subcellular localization and confirmation of silencing. (A) Subcellular localization in G. hirsutum, G. arboretum, and G. raimondii as predicted by WoLF PSORT. (B) Subcellular localization of GhACX3. GhACX3-GFP represents the gene and GFP represents the control that is an empty vector. (C) Confirmation of silencing. (i) Representative images of PDS (ii) expression of the silenced gene in the leaf, stem, and root. (iii) Relative expression of the GhACX3 gene in normal condition (WT), empty vector (TRV2: 00), and silenced GhACX3 plants.




Morphological and Physiological Evaluation of the VIGS Plants and Wild-Type

We treated silenced GhACX3 and control WT plants with drought and salt stress. Before the stress treatment, there was no significant differences observed on the various phenotypic variances measured but 24 h after drought and salt stress exposure, the plants exhibited a significant difference on the phenotypic variance (Figures 7Ai–iii). The leaves of silenced GhACX3 had the wilted phenotype compared to the wild-type (WT). This showed that the knockdown of GhACX3 significantly reduced the ability of the plants to tolerate the effects of drought and salt stresses.
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FIGURE 7. Phenotypic observation of the plants’ morphological and physiological evaluation. (A) (i–iii) Representative images of the WT, TRV2: 00, (empty vector), TRV2: GhACX3 (silenced plants), and (iv) root morphological difference between WT, TRV2:00, and GhACX3 plants before drought and salt stress treatment. (B) Determination of (i–iii) plant height and root length, shoot fresh weight and root fresh weight of untreated, drought, and salt-treated plants. (C) Quantitative determination of (i–iii) excised leaf water loss, ion leakage, and relative leaf water content in untreated, drought, and salt-treated plants. Each experiment was repeated three times, bar indicates standard error (SE). Different letters indicate significant differences between wild-type and VIGS plants (ANOVA; p < 0.05). Untreated indicates normal conditions.


The fresh root (FR), shoot weights (SW), root length (RL), and plant height (PH) of silenced plants and the WT plants were evaluated. The root length of the wild-type exhibited higher growth or root extension compared to the VIGS plants (Figure 7Aiv), the higher root growth in wild-type was further evidenced by higher root biomass, no significant differences were observed among the untreated control for both VIGS and WT plants, however, under drought and salt stress conditions, the VIGS plants’ root biomass was significantly reduced compared to the WT or the positively controlled plants (TRV: 2) (Figure 7B). Moreover, similar trends were observed on other morphological parameters such the PH, and shoot fresh weight (Figure 7B). The results obtained were in agreement with previous findings in which knockdown of LEA2 genes led to a reduction in both morphological and physiological traits under abiotic stress conditions (Magwanga et al., 2018b). We further evaluated various physiological parameters such as the excised leaf water loss (ELWL), relative leaf water content (RLWC), and cell membrane stability (CMS) in VIGS plants and WT. ELWL and ion leakage were higher in silenced plants compared to WT, while RLWC was lower in silenced plants relative to WT (Figures 7Ci–iii). We went further to determine the effect of Gh_DO1GO186 knockdown by quantifying the oxidant and antioxidant activities. Under the simulated stress conditions, the oxidant levels were high, and the antioxidant levels were low in GhACX3 plants compared to the WT. The silenced plants’ ability to tolerate the effects of drought and salinity stress was significantly reduced as evidenced by the DAB staining (Figure 8Ai); the VIGS plants had a high accumulation of hydrogen peroxide compared to the wild-type (Figure 8Aii). The MDA concentration level also increased more in silenced plants than in wild-type plants (Figure 8Aiii), whereas the antioxidant levels were significantly reduced in silenced plants (Figure 8Aiv). Previous studies have indicated that stress-responsive gene expression directly correlates to response to salt and drought stress situations. High expression of stress-responsive genes is a clear indication that the genes have a positive role in enhancing tolerance level to various abiotic stress factors (Butt et al., 2017; Magwanga et al., 2019a). In this study, the expression levels of known stress-responsive genes were determined; GhMYB, GhG-T2, and GhP5CS, previously found to have a higher functional role in enhancing plants response to various abiotic stress factors (Magwanga et al., 2019b), were evaluated. Their expression was significantly suppressed in the GhACX3 knocked-down plants under drought and salt stress compared to the wild-type (Figure 8Bi–iii). These findings further confirm that knockdown of the GhACX3 gene in plants compromised their ability to tolerate the effects of drought and salt stresses.
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FIGURE 8. Biochemical analysis and RT-qPCR analysis of abiotic stress-responsive genes in Arabidopsis. (A) (i) Representative image of DAB staining assay of WT, TRV2: 00, and TRV2: GhACX3 in untreated, drought, and salt stress conditions, and quantitative determination of (ii) H2O2, (iii) MDA, and (iv) POD concentration in WT and silenced VIGS plants. (B) (i–iii) Relative expression of stress-responsive genes (GhMYB, GhTH, and GhP5CS) in silenced plants. Each experiment was repeated three times, and the bar indicates a standard error (SE). Different letters indicate significant differences between wild-type and VIGS plants (ANOVA; p < 0.05). Untreated indicates normal conditions.




Overexpression of GhACX3 Enhanced Tolerance to Drought and Salt Stress

Silenced GhACX3 exhibited high susceptibility to these stresses; therefore, we went further to overexpress the gene in the model plant; Arabidopsis t was used to evaluate the plant’s stress response under these stresses. GhACX3 was overexpressed in A. thaliana plants through the floral dip method. We selected the positively transformed plants from 50% MS with kanamycin. At T2, we selected the transformed lines through semi-quantitative RT-qPCR, and we choose three lines (L1, L2, and L3) for T3 generation (Figures 9Ai,ii). Phenotypically, all the plants showed no significant differences, but when the T3 lines were subjected to drought and salt treatment. The WT dried up under drought and salt stress, while the overexpressed lines were resilient and showed a higher level of survival (Figure 9B). The survival level of the plants after drought stress exposure through re-watering, revealed that survival rate of the overexpressed lines, L1, L2, and L3 were 9-fold higher compared to the wild-type (Figure 9C). The results obtained were in agreement with previous findings in which the overexpression of a novel G-protein-coupled receptors (GPCR) gene enhanced the ability of the model plant to tolerate the effects of salt stress (Lu et al., 2018).
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FIGURE 9. (A) Relative expression of overexpressed lines and phenotypic observation of the overexpressed plants. (A) (i) Relative expression of overexpression lines as determined by RT-qPCR. (ii) Semi-PCR analysis of the overexpressed lines. (B) Representative image of WT and L1, L2, and L3 overexpressed lines before treatment and under drought and salt treatment. (C) Comparison in survival rate between WT and overexpressed lines under drought stress after re-watering the plants.


Moreover, the size and shape of the leaf and seedpod were evaluated; there was a significant difference between overexpressed and WT plants, an attribute which showed enhanced stress-tolerance (Figures 10A–C). To ascertain this phenotypic variance, we assessed the RLWC, ELWL, chlorophyll content, and ion leakage among the overexpressed lines L1, L2, and L3 compared to the wild-type. The ion leakage and ELWL levels were high in WT relative to overexpressed lines, while the RLWC and chlorophyll content was high in overexpressed GhACX3 relative to WT (Figures 10Di–iv). We further evaluated the level of oxidant and antioxidant enzymes in overexpressed lines and the wild-type. The overexpressed lines registered significantly higher levels of antioxidant enzymes, compared to the wild-type (Figures 11Ai,ii), moreover, the oxidant levels were reduced under drought and salt stress conditions as evidenced by reduced malondialdehyde (MDA) and hydrogen peroxide (H2O2) concentrations in the overexpressed lines compared to control WT (Figures 11Aiii,iv). The results obtained were in agreement with previous studies which showed that the overexpressed lines were significantly well-adapted to the various stress factors, and were able to mobilize more of the antioxidant enzymes when exposed to various stress conditions (Kirungu et al., 2019; Magwanga et al., 2019a,c). Furthermore, the stress-responsive gene expression directly correlated to the plant’s drought and salt stress resilience (Finkelstein and Lynch, 2000; Silva-Ortega et al., 2008; Wang K. et al., 2012). In this study, we conducted RT-qPCR to profile the stress-responsive gene’s transcript level on overexpressed plants. AtAB15, AtRD22, and AtP5CS, these genes were significantly suppressed in WT compared to GhACX3-overexpressed Arabidopsis plants, were highly expressed (Figures 11Bi–iii).
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FIGURE 10. Phenotypic observation of leaf and seed pods and physiological analysis. (A) Representative leaf image of WT and overexpressed lines before and after drought and salt treatment. (B) Representative image of the seed pod of WT and overexpressed lines before and after drought and salt treatment. (C) DAB staining assay of WT and GhACX3-overexpressed lines in untreated, drought, and salt stress plants. (D) Quantitative determination of (i) chlorophyll content, (ii) ion leakage, (iii) excised leaf water loss, and (iv) relative leaf water content. Different letters indicate significant differences between wild-type and VIGS plants (ANOVA; p < 0.05). Untreated indicates normal conditions.
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FIGURE 11. Biochemical analysis and qRT-PCR analysis of abiotic stress responsive genes in Arabidopsis plants. (A) (i–iv) Quantitative determination of CAT, POD, H2O2, and MDA in WT and overexpressed lines before and after stress treatment. (B) Relative expression of stress-responsive genes in WT and overexpressed GhACX3 Arabidopsis plants. (i) Relative expression of AB15, (ii) relative expression of P5CS, and (iii) relative expression of RD22. Error bars represent SD for three biological replicates. Different letters above the columns indicate significant differences at P < 0.05. Untreated indicates normal conditions.




The Root Stress Tolerance Assay

The seeds of overexpressed GhACX3 and WT Arabidopsis were grown on MS medium with different NaCl and mannitol concentrations. Overexpression of this gene in Arabidopsis enhanced the seed resilience to salt and drought stress under different concentration levels. Even at higher stress levels, most overexpressed seeds were able to germinate, while most of the control seeds could not initiate root germination (Figures 12A,B). To determine the effect of stress on root development or elongation, we grew the seeds in a suitable growth medium for 6 days then transferred them to different concentrations of drought and salt stress to determine their tolerance levels. Under normal conditions, there was no significant difference in root development between overexpressed lines and WT. Nevertheless, after initiating stress, there was a clear significant difference in root development and elongation. The stress condition did not significantly hinder root development in overexpressed plants compared to WT (Figures 12C,D).
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FIGURE 12. Root germination and elongation assay in Arabidopsis plants. (A) Analysis of germination in GhACX3-overexpressing lines and wild-type under stress conditions. (B) Phenotypic comparison of seedlings grown on 50% MS medium or MS with 100 mM of mannitol, 300 mM of mannitol, 75 mM of NaCl, and 150 mM of NaCl after 8 days. (C,D) The germination rate of the seedlings grown on MS medium and different concentrations of mannitol and NaCl. Analysis of root elongation in GhACX3-overexpressing lines and wild-type under MS added NaCl and mannitol and statistical analysis of the root lengths. Different letters above the columns indicate significant differences at P < 0.05. MS represent normal conditions.




DISCUSSION

Drought and salt stress affect cotton plant optimal growth and development, ultimately resulting in low yields (Zulfqar et al., 2016; Odongo et al., 2020). An elaborated integrated molecular, cellular, and physiological response by the plant to abiotic stress ensures its survival and acclimation. Stress-responsive genes are involved in these critical mechanisms. Acyl-coenzyme oxidases 3, peroxisomal activities, and genes belonging to the ACX gene family, for a long time, have been thought to be primarily involved in the initial step of fatty acid β-oxidation. However, recent studies have proven that their functions have evolved and fatty acid β-oxidation occurs during various plant processes. This process occurs throughout the plant’s life cycle, and acyl-coenzyme A oxidase activities are upregulated in response to internal and external changes (Goepfert and Poirier, 2007). β-oxidation occurs in the process of IBA conversion to IAA (Ludwig-Müller, 2000), and in the production of jasmonic acid (Schilmiller et al., 2007) and hydrogen peroxide (Mano and Nishimura, 2005). Acetyl-CoA produced in β-oxidation is essential in histone acetylation (Wang et al., 2019) and also drives the cycle of tricarboxylic acid (TCA) for the aerobic production of ATP (Minard and McAlister-Henn, 1999; de la Peña Mattozzi et al., 2010); all these processes are in responses to abiotic stresses.

The advent and availability of the published genome sequence of cotton is undeniably a vital genomic resource in studying the gene’s evolutionary relationships. In this study, using the available published genome sequence, we identified several protein-encoding ACX3-conserved domain PF01756s. We identified 20, 11, and 9 proteins in G. hirsutum (AD) 1, G. arboreum (A2), and G. raimondii (D5), respectively. Physiochemical properties identified in the cotton ACX3 included: CDS GC at an average 44.5% and negative grand average of hydropath (Gravy), among others. Negative Gravy is known as hydrophilicity. Hydrophilicity is an important feature associated with improving the protein membrane’s stability and osmotic modification during stress. This feature is also found in other stress-related genes like dehydrin in cotton (Kirungu et al., 2020).

We constructed a phylogenetic tree to study the evolutionary relationship of tetraploid cotton, diploid cotton, and other plant species. These genes evolved into three clades. The tetraploid cotton evolved closely together, with little variation as we observed. Notably, even their numbers were ranging between 18 and 22 proteins. The results indicate a close evolutionary relationship of genes that belong to the AD genome (tetraploids) relative to the A and D genome (diploids). The primary sources of gene-family enlargement in the cotton species are tandem and segmental replication, which occurs during polyploidization. Two or more genes, one after the other, on the same chromosome confirm tandem duplication events, while gene duplication is characterized as a segmental duplication event on multiple chromosomes. Duplication analysis of ACX3 genes in cotton shows that these genes underwent segmental duplication. During evolution, duplicated genes undergo selection. The Ka/Ks ratio denotes the orientation and magnitude of the natural selection of protein-coding genes. A ratio greater than 1 means positive or Darwinian selection; less than 1 means selection purification or stabilization (acting against change); and a ratio of exactly 1 means selection neutral (i.e., no selection) (Kondrashov et al., 2002). In this study, we determined that this gene family undergoes purifying selection. Purifying selection is important during the evolution or duplication of genes as it ensures that genes that have an important role in the plant are maintained. These gene functions are stable throughout evolution (Article, 2018).

The intron-exon arrangement of genes in each genome was similar, and all had many introns. Introns form part of genome organization and function. The introns can house the regulatory elements and participate in initiating transcription and enhancing splicing (Rose et al., 2008). These are vital aspects that contribute to improved tolerance and plant adaptability to abiotic stress. Cis-regulatory elements identified were W-Box (WRKY-binding site), ABRE, CAAT–Box, TATA-box, MYB, MBS, TGA, LTR, TGACG, CGTCA-motif, G-Box, and Box-4 among others. All these are the binding sites for abiotic stress transcription factors, indicating that this gene is essential.

Gene Ontology analysis identified several GO terms associated with the gene family. The cellular component that denotes where all these functions occur was GO: 0005777; peroxisome. We went further and conducted bioinformatics prediction and found that in cotton, ACX3 is localized in the peroxisome, nucleus, mitochondrion, chloroplast, and endoplasmic reticulum. Peroxisomes are very dynamic and are involved in the cellular processes that include growth and development to signaling stress response (Sandalio, 2015). Peroxisomal activities involve interaction with other plant organelles in response to specific internal and external changes. Thus, peroxisomes are polyvalent organelles, and their functions differ significantly depending on cytoplasmic changes. For instance, fatty acid is transported to the peroxisomal for β-oxidation to occur and the products are precursors of different cellular processes. Their availability depends on cytoplasmic changes (Grevengoed et al., 2014).

The differential gene expression in different organs and tissue under stress can indicate the gene family’s function. In this research work, we studied the expression pattern of GhACX3 genes under stress. We found that most of the genes were highly upregulated in the roots and differentially expressed in the leaf and stem. These outcomes agree with a previous study in Arabidopsis that found AtACX3 highly expressed in the root (Eastmond et al., 2000). Roots have the ability to sense the change in the soil’s osmotic potential, thereby initiating an appropriate response to drought and high salinity (Perlikowski et al., 2020). The process of sensing and signal transduction plays a critical role in initiating specific plant responses to stress. The ACX3 gene is directly involved in the conversion of IBA to IAA; these phytohormones are involved in root elongation. This was demonstrated by studying the effect of acx3 Arabidopsis mutant plants on IBA and was found to interfere with its responsiveness (Strader et al., 2010). Once ACX3 converts IBA to IAA, IAA stimulates mechanisms that stimulate some phytohormones-related genes like auxin, abscisic acid, jasmonic acid, and halts the effect of drought and salt stress (Schlicht et al., 2013; Pandey, 2017).

The VIGS assay and overexpression assay for loss and gain of function mutations has been used to study the function of genes in plants. We employed both assays to study the role of GhACX3 in drought and salt stress conditions. Plant stress inhibits plant optimal growth and development. These result in changes in transpiration rate, development, and composition of photosynthetic apparatus, increased ROS production, and biochemical composition changes. In this study, loss of function caused the plants to be more vulnerable to drought and salt stress. This was well depicted with the phenotypic difference between control and silenced plants, lower relative leaf water content (RLWC), and shoot fresh weight (SFW) compared to control WT. This indicated that the silenced plants were experiencing a high transpiration rate. Lipid peroxidation and high hydrogen peroxide are markers for oxidative stress in plants. Increased oxidation, which is often evaluated through MDA, H2O2, and the DAB assay, correlates to increased susceptibility of plants to drought and salt stress. This is because the high production of oxidants in plants indicates the plant’s compromised or weak mechanisms of producing antioxidants. Antioxidants play an essential role in maintaining homeostasis in plant cellular organs, like the chloroplast, peroxisome, and mitochondria that produce oxidants, thereby offering the plant defense against oxidative stress (Maryam et al., 2012). Low concentrations of antioxidants (CAT and POD) and high concentrations of oxidants (MDA and H2O2) correlate to compromised plant mechanisms to maintain a homeostatic environment in its cell compartments. Therefore, the plant produces a high amount of ROS, which damages the plant’s photosynthetic apparatus. As a result, the cell membrane is damaged; as demonstrated from this study, silenced plants had a high ion leakage and lower chlorophyll content relative to control WT.

In contrast, GhACX3-overexpressed Arabidopsis plants had enhanced tolerance to drought and salt stress. The plants had a high survival rate after re-watering the plants, which were under water withdrawal. Physiological parameters evaluated on overexpressed plants under drought and salt stress demonstrated high water retaining capability due to a lower transpiration rate. Evident from this experiment, RLWC was high and ELWL was lower relative to control WT. The ion leakage was also lower relative to control WT. Further we analyzed oxidants (MDA and H2O2) and antioxidants (CAT and POD) levels. Overexpressed plants visibly demonstrated lower oxidants and a high concentration of antioxidants relative to control WT. When we planted the Arabidopsis seeds of WT and GhACX3 lines under drought and salt stress, overexpressed plants exhibited high tolerance by having higher root germination and elongation rate relative to WT. Evidently, from this study, GhACX3-overexpressed plants had improved drought and salt stress tolerance.

Under drought and salt stress conditions, plants have evolved and initiate complex mechanisms to enhance survival strategies. This mechanism also involves high expression of transcription factors and stress-responsive genes. GhMYB, GhT2, and GP5CS are stress-related genes studied in cotton plants. From the study of these genes, the researchers concluded that they significantly participated in cotton plant tolerance and acclimation to abiotic stress (He et al., 2016; Magwanga et al., 2019a) and (Dobrá et al., 2011). In this study, we examined the expression of these genes in silenced GhACX3 plants, and the expression was relatively regulated compared to WT. These findings show that the silencing of GhACX3 in the cotton plant comprised the plant’s ability to initiate a stress response.

Similarly, we examined the expression of the AtAB15, AtP5C5, and AtRD22 stress-related genes in overexpressed plants. The expression of AtAB15, AtP5C5, and AtRD22 in GhACX3-overexpressed plants was high from our research. The results demonstrated that the overexpression of GhACX3 in Arabidopsis enhanced the regulation of other genes responsive to drought and salt stress. Previous studies on stress-related genes showed that these genes’ overexpression enhanced drought and salt tolerance in cotton and other plants (Finkelstein and Lynch, 2000; Silva-Ortega et al., 2008; Wang H. et al., 2012).



CONCLUSION

These research findings have shown that plant ACX3 protein plays a role in enhancing drought and salt tolerance. Overexpression of this gene enhanced tolerance under stress, which was exhibited by the germination assay. The overexpressed seed growth rate was faster relative to control under stress conditions. The survival rate was also higher in overexpressed plants relative to control plants under drought stress. In contrast, silencing the GhACX3 gene in cotton plants resulted in plants showing a stress susceptibility phenotype. These findings provide fundamental molecular knowledge on the role of ACX3 in drought and salt tolerance and can be exploited further for genetic improvement and to breed drought- and salt stress-resilient cotton varieties.
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Soil salinity is a major problem in agriculture because high accumulation of Na+ ions in plants causes toxicity that can result in yield reduction. Na+/K+ homeostasis is known to be important for salt tolerance in plants. Na+/K+ homeostasis in rice (Oryza sativa L.) involves nine high-affinity K+ transporter (HKT) encoding Na+-K+ symporter, five OsNHX Na+/H+ antiporters, and OsSOS1 Na+/K+ antiporter genes. In the present study, we investigated various molecular and physiological processes to evaluate germination rate, growth pattern, ion content, and expression of OsHKT, OsNHX, and OsSOS1genes related to Na+/K+ homeostasis in different rice genotypes under salt stress. We found a significant increase in the germination percentage, plant vigor, Na+/K+ ratio, and gene expression of the OsHKT family in both the roots and shoots of the Nagdong cultivar and salt-tolerant cultivar Pokkali. In the roots of Cheongcheong and IR28 cultivars, Na+ ion concentrations were found to be higher than K+ ion concentrations. Similarly, high expression levels of OsHKT1, OsHKT3, and OsHKT6 were observed in Cheongcheong, whereas expression levels of OsHKT9 was high in IR28. The expression patterns of OsNHX and OsSOS1 and regulation of other micronutrients differed in the roots and shoots regions of rice and were generally increased by salt stress. The OsNHX family was also expressed at high levels in the roots of Nagdong and in the roots and shoots of Pokkali; in contrast, comparatively low expression levels were observed in the roots and shoots of Cheongcheong and IR28 (with the exception of high OsNHX1 expression in the roots of IR28). Furthermore, the OsSOS1 gene was highly expressed in the roots of Nagdong and shoots of Cheongcheong. We also observed that salt stress decreases chlorophyll content in IR28 and Pokkali but not in Cheongcheong and Nagdong. This study suggests that under salt stress, cultivar Nagdong has more salt-tolerance than cultivar Cheongcheong.

Keywords: Na+/K+homeostasis, cultivar Pokkali, cultivar IR28, high-affinity K+ transporter family, sodium/proton exchangers family, salt overly sensitive


INTRODUCTION

Rice is one of the most important staple foods for a least half the world's population and is considered a salinity-sensitive crop (Munns and Tester, 2008). Rice cultivation systems are threatened by the effects of climate change because many rice-growing areas are located in vulnerable regions (Masutomi et al., 2009). In particular, salinity hazards are major problems in arid and semi-arid regions; irrigation is important for crop production in these regions and the main causes of salinity are salt-rich irrigation water, and improper management of irrigation (Plaut et al., 2013). Salinity stress can result in a 50% yield loss; such a loss was previously estimated at around 6.9 dsm−1 for rice (Van Genuchten and Gupta, 1993).

Plants can respond to various environmental stresses on an individual cellular level or synergistically as a whole organism. Salinity stress reduces plants growth rates and can be distinguished by measuring effects immediately upon addition of salt or after several days to weeks (Roy et al., 2014). The cytosol of plant cells normally contains 100–200-mM K+ and 1–10-mM Na+; this Na+/K+ quotient is a requisite for many cellular metabolic activities. Cytosolic Na+ ion homeostasis may be maintained by transporter genes such as OsHKT1, OsHKT2, and OsVHA in Oryza sativa L. indica cvs Pokkali and BRRI Dhan29 (Kader et al., 2006). In Arabidopsis thaliana, overexpression of vacuolar Na+/H+ antiporter can promote plant growth and development in soil when it is watered with up to 200-mM sodium chloride (Apse et al., 1999).

In a previous study, it was proposed that a salt-stress-elicited calcium signal activates a protein kinase complex consisting of the myristoylated calcium-binding protein salt overly sensitive (SOS)3 and the serine/threonine protein kinase SOS2; this protein kinase complex then phosphorylates and activates the plasma membrane Na+/H+ antiporter SOS1 (Zhu, 2003). The susceptibility of rice to salinity stress varies with growth stage, but it can cause reductions in final germination percentage, speed of germination, germination energy percentage, and lead to decreased root and shoot lengths and reduced dry matter (Ologundudu et al., 2014).

The O. sativa cultivar Nipponbare possesses nine HKT genes in its genome, with two considered pseudogenes (Garciadeblás et al., 2003). These transporters have also been identified in Arabidopsis (Mäser et al., 2002), wheat (Schachtman and Schroeder, 1994; Gassmann et al., 1996), common ice plant (AAK52962) (Su et al., 2003), eucalyptus (Liu et al., 2001), and rice (Horie et al., 2001; Golldack et al., 2002). The salt tolerance of plants may depend on HKT transporters, which play critical roles in regulating Na+ homeostasis because they mediate Na+-specific or Na+-K+ transport (Garciadeblás et al., 2003). The antiporter genes OsNHX1 to OsNHX5 have also been identified in rice (Fukuda et al., 2011). Across the plasma membrane, Na+/H+ antiporters catalyze the exchange of Na+ for H+ that regulates internal PH, cell volume, and sodium levels in the cytoplasm. Antiporters are mainly found in yeast, bacteria, animals, and plants with localization typically in the plasma membrane (Orlowski and Grinstein, 1997) and organelles including the perivacuolar compartment (Nass and Rao, 1998) (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic representation of the transport regulatory mechanisms of Na+ in plants under salinity stress adapted from (Roy et al., 2014; Zhang et al., 2018). Different signaling pathways regulate the expression of ion homeostasis-related genes: high-affinity K+ transporter (HKT1) plays a key role in maintaining Na+ homeostasis and mediating Na+-specific transport or Na+-K+ transport. Salt overly sensitive 1 (SOS1) plasma membrane Na+/H+ antiporter exports intracellular Na+ to the extracellular space. Sodium/proton exchangers (NHX1) in the tonoplast can exchange Na+ for protons, resulting in the removal of ions from the cytosol into the vacuole or extracellular space, which thereby minimizes cytotoxicity. While balancing the Na+ in the cytoplasm, both of these Na+/H+ antiporters, i.e., SOS1 and NHX1, convert H+ in the extracellular and vacuolar spaces to the cytoplasm, and excess H+ in the cytoplasm is transported to the extracellular space via the consumption of energy (ATP is converted to ADP + Pi).


Na+/K+-ATPase or Na+-ATPase are absent from plant cells but act to omit Na+ from animal and fungal cells (Axelsen and Palmgren, 2001). In plants, H+-ATPase and H+-inorganic pyrophosphatase are the primary active transporters that induce an H+-motive force, whereas the Na+/H+ antiporter is the main transporter of Na+ (Hasegawa et al., 2000). Maintenance of intracellular ion concentrations is essential for ion homeostasis; under salt stress, Na+ can enter into plant cells via several pathways and may become harmful to cytosolic enzymes at high concentrations. Therefore, it is essential that plant cells maintain high and low K+ and Na+ concentrations in the cytosol, respectively, and that they release excessive Na+ or collect it in vacuoles (Taiz and Zeiger, 2002). In A. thaliana, Na+/H+ antiporters, encoded by the AtSOS1 gene, help to catalyze Na+ efflux in the plasma membrane (Shi et al., 2000, 2002).

The solubility of micronutrients such as (Cu, Mn, Zn, Fe, and Mo) is generally low, in both saline and sodic soil, and plants growing on such soils often experience deficiency of these elements but not in all cases (Page, 1996). Under salt stress, maize is grown both in solution culture, and soil (Izzo et al., 1991; Rahman et al., 1993), show a decrease in the concentration of Cu ion in the leaf and stem parts, but on the other hand salinity stress, substantially increased leaf Cu in hydroponically-grown tomatoes (Izzo et al., 1991). Most of the studies suggested that salt stress decreases Mn level in corn shoot tissue (Izzo et al., 1991; Rahman et al., 1993). However, some studies, show that salinity had no effect (Al-Harbi, 1995) or increase the Mn level in leaf or shoot tissue of tomato (Niazi and Ahmed, 1984). Most of the studies demonstrate that salinity stress, increase Zn concentration in shoot tissue such as in maize (Rahman et al., 1993), tomato (Knight et al., 1992), and citrus (Ruiz et al., 1997). But in some studies, it was not affected (Izzo et al., 1991), or on the other hand, Zn concentration was found to decrease in the case of cucumber leaves (Al-Harbi, 1995). Previous study reported that under salt stress, 12 soybean cultivars show a higher level of Fe, Mn, Cu, and Zn in the region of the roots compared with those in leaves and stem (Tunçturk et al., 2008). In a previous study, it was reported that salinity stress, did not affect on grapevine Shoot Ca and Mg, trunk P, and Mg, and root P, Ca, and Mg concentration. Some studies suggested that salt stress has an antagonistic effect on Ca+2, K+, Fe, Mn, P, and Zn but has a synergistic effect on Nitrogen (N) and Mg in rice crops (Jung et al., 2009; García et al., 2010).

In the present study, we compared two famous cultivars of the plant molecular breeding lab at Kyungpook National University, South Korea, namely Nagdong and Cheongcheong, with the salt-tolerant variety Pokkali and salt-sensitive variety IR28. We conducted molecular and physiological analyses of these four rice genotypes to identify the relative salt tolerance and sensitivity of the cultivars from the plant molecular breeding lab. The findings of this study could help develop new salt-tolerant or -sensitive cultivars via CRISPR/Cas9 knockout or overexpression methods in future studies.



MATERIALS AND METHODS

Four different rice (O. sativa) genotypes Pokkali (Gyehwa-20), IR28, Cheongcheong, and Nagdong were provided by the plant molecular breeding lab of Kyungpook National University. Pokkali (Gyehwa-20) is a unique salt-resistant cultivar that is cultivated in water-logged coastal regions, whereas IR28 is salt-sensitive. The cultivars Cheongcheong and Nagdong were used for comparison; “Cheongcheong (IT228761, IT number is a resource number managed by the National Academy of Agricultural Sciences of Rural Development Administration, Korea)” was established in 1974, YR675153-2-2, a sister line of “Miryang 29,” which is a high-quality and -yield, to cultivate a new variety of disease resistance, high quality, safety and high yield. “Nagdong (IT006182)” was an artificial crossing in 1968 with a copy of Mineyudaka, a Japanese-type virus-resistant variety, as a model of “Nonglim 6” at the Yeungnam Agricultural Research Institute (Milyang, Gyungsnagnam-do, Korea) in order to cultivate a variety of safe virus-resistant varieties. These are two famous cultivars of the plant molecular lab from which the double haploid population consists of 133 lines that were derived from 2010 to 2012 (Yun et al., 2014) at Gunwi-gun near Kyungpook National University.


Seed Germination Test

Rice seeds of the four different genotypes were surface sterilized with 70% ethanol and 1% (v/v) sodium hypochlorite solution for 30 min and afterward rinsed three times with deionized water. Small Petri dishes (~9 cm in diameter) containing autoclaved filter paper were used for germination tests; 15 seeds were placed in each Petri dish to give three replicates for each cultivar. Salt solutions of 0, 100, 150, 200, 300, and 400 mM were used in the germination tests. Each Petri dish was fixed with plastic paraffin film and placed inside a growth chamber with a 12 h light/12 h dark photoperiod at 30°C in the light and 25°C in the dark. Relative humidity was maintained at 60% inside the growth chamber. The salt stress treatment lasted for two weeks. Seeds were considered to have germinated when the radical was protruding from the seed coat. Germinated seeds were counted after each week.



Growth Conditions and Salt Treatment

Clean and strong seeds of the four different rice cultivars were selected for germination and incubated for 4 days at 33°C using small plastic bags previously punched with a screw to allow entry and exist of water inside the incubator. Uniformly germinated seeds were selected and cultivated for 5 weeks in pots containing soil in a greenhouse at 20–25°C with a 10 h light/14 h of dark photoperiod to give three replicates for each cultivar. Before salinity stress, soil clay was kept overnight, and afterward filter the clay soil using filter paper and measure pH 6.5 using a pH meter for 1 kg of soil. After 5 weeks, we treated the rice cultivars with 150 mM NaCl for 7 days. The rice plants were watered daily with 150 mL of brine solution. After salinity stress, the rice plants were washed five times with tap water and three-time with distilled water afterward kept for 30 min in 150 mM NaCl solution. The samples were dried at 65°C for 2 days and determined the ion contents in both roots and shoot regions, and phenotypic data were also collected before and after the 7 days of salinity stress.



Measurement of Chlorophyll Content

Chlorophyll content was measured after salinity stress in control and treated cultivars using a SPAD device (Konica Minolta Sensing, Inc. Japan). From each replicate, five leaves were randomly selected and the lower apex, middle, and lower portions of the leaves were used to determine chlorophyll content.



Quantitative Real-Time PCR Analysis

Twenty germinating seeds of each rice genotype were grown for 14 days in pots containing soil up to the three-to-four-leaf stage. These plants were treated with 150-mM NaCl and then RNA was extracted from their roots and shoots regions after 0, 8, 24, and 48 h using an RNeasy Plant Mini Kit (Qiagen, Germany) according to the manufacturer's instructions. A NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) was used to measure RNA concentrations. For first-strand cDNA synthesis, the qPCRBIO cDNA Synthesis Kit and 400 ng of total RNA were used. For quantitative RT-PCR, we used the Eco Real-Time PCR system (Illumina, Inc., San Diego, CA, USA), 2X qPCRBIO SyGreen (www.pcrbio.com; London, UK), and primers specific to the selected genes (Table 1). OsActin1 (accession no. AB047313) was used as an internal reference gene for normalization.


Table 1. List of primers used for qRT-PCR analysis of different rice genotypes.
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Analysis of Ion Content

Roots and shoots of different rice genotypes from the greenhouse were used for ion determination as described by Rus et al. (2001). Briefly, samples were dried at 65°C for 2 days, and then ground in liquid nitrogen. Subsequently, 100 mg of tissue powder was extracted with 10 mL of 0.1 N HNO3 for 30 min. Samples were filtered and Na+/K+ ions and other micronutrients were analyzed using an ICP Spectrometer (I) (Optima 7300DV & Avio500; PerkinElmer).



Statistical Analyses

Statistical analysis was performed for three replicates, where each replication was considered as a block and arranged in different Petri dishes or pots in the control conditions. The experiment was repeated twice. Differences among treatment means were evaluated using Duncan's multiple range test with significance set at P < 0.05. Data analysis was conducted in SPSS (IMMSPSS Statistics, version 22, NC). Figures were produced using Graph Pad Prism version 5.0 (Graph Pad Software Inc., San Diego, USA).




RESULTS


Salinity Effect on Seed Germination

Among the four different rice genotypes, germination percentage and growth of rice seedlings gradually decreased as salt concentration increased (Figures 2A–C). After 7 days of salt stress, there was a significant increase in the percentage of seeds germinating in both Pokkali and Nagdong up to 200-mM NaCl. A few seeds germinated under 300-mM NaCl in Nagdong, but at 400-mM NaCl Nagdong seeds failed to germinate. Seed germination was significantly higher in Pokkali than in the other three rice genotypes. Seed germination percentage was significantly higher in the salt-sensitive cultivar IR-28 at 200-mM NaCl than that in Cheongcheong, but IR-28 seed germination was lower than Nagdong seed germination (Figure 2B). In both Cheongcheong and IR-28, seed germination was completely inhibited in the presence of 300 and 400 mM of NaCl with 7–14 days of treatment. However, more than 20% of seeds germinated in Pokkali with salt stress of 400 mM NaCl (Figures 2B,C).


[image: Figure 2]
FIGURE 2. Seed germination rate and seedling growth of different rice genotypes under salt stress. Various concentrations of salt stress were used to determine the seed germination and seedling growth represented in (A), (B), and (C).




Growth and Chlorophyll Reduction Under Salinity Stress

Growth was affected in all rice genotypes after 3, 5, and 7 days of salinity stress. The growth rate of all rice cultivars declined under 150-mM NaCl stress relative to the growth in the control (Figure 3). The growth rates of Cheongcheong, IR28, and Pokkali dramatically alter compared with growth in the control. However, Nagdong suffered a slight in growth under salinity stress when compared with salt-treated Cheongcheong, IR28, and Pokkali cultivars (Figure 3). Similarly, under salinity stress, the chlorophyll content of IR28 and Pokkali were significantly reduced compared with that in the control group. The highest chlorophyll content was recorded in Cheongcheong before and after salinity stress; similarly, Nagdong maintained its chlorophyll content under salt treatment. The chlorophyll contents of Cheongcheong, IR28, and Pokkali were significantly higher than that of Nagdong in the control groups; however, after salinity stress, the chlorophyll contents of all cultivars were statistically similar, except for those of Cheongcheong (Figure 3B).


[image: Figure 3]
FIGURE 3. Phenotypic representation of different rice genotypes under 150-mM salinity stress in a greenhouse. (A) Effects of salt stress after 3, 5, and 7 days; (B) Chlorophyll measurements before and after salinity stress.




Comparison of Ion Transport-Related Gene Expression Under Salt Stress Among Rice Genotypes

The expression levels of eight ion transport regulation genes differed under salt stress according to real-time PCR (Figure 4). Among eight HKT genes, OsHKT1, OsHKT2, OsHKT3, OsHKT4, OsHKT6, and OsHKT9 were highly expressed in the roots and shoots regions of salt-tolerant cv. Pokkali (Figures 4A–E,H). OsHKT8 was highly expressed only in the shoots regions (Figure 4G). After salt stress treatment, OsHKT genes were differentially regulated in Pokkali rice; however, high expression of these genes was mainly found at 8 and 24 h. Similarly, OsHKT1, OsHKT3, and OsHKT6 were upregulated in the root region of Cheongcheong at 8, 24, and 48 h (Figures 4A,C,E). However, all OsHKT family genes were downregulated in the Cheongcheong shoot regions at 8, 24, and 48 h (Figures 4A–H). The Nagdong cultivar showed the most significant upregulation of OsHKT1, OsHKT3, OsHKT4, and OsHKT7 at 48 h in the shoot regions (Figures 4A,C,D,E). In contrast, OsHKT6, OsHKT7, and OsHKT8 genes were upregulated at 8, 24, and 48 h in both the roots and shoots regions of Nagdong (Figures 4E–G). All OsHKT family genes were significantly downregulated in both the roots and shoots regions of salt-sensitive IR-28 except for OsHKT3 and OsHKT9, which were significantly upregulated in the roots region at 8, 24, and 48 h (Figures 4C,H).


[image: Figure 4]
FIGURE 4. Quantitative real-time PCR analyses of HKT family genes from root and shoot tissues of salt-tolerant and salt-sensitive rice varieties (Pokkali and IR28) and plant molecular breeding lab varieties (Cheongcheong and Nagdong) under salt stress. The expression pattern of OsHKT genes under 150-mM NaCl stress is shown in (A–H). Different letters in the graphs indicate statistical differences among the treatments when compared with the control (P < 0.05 by Duncan's multiple range test).


Under salt stress treatment, OsNHX family genes were differentially expressed at different time points. OsNHX1 was significantly upregulated in both IR-28 and Pokkali, with maximum levels of expression observed at 48 h in the roots of IR-28 and at 24 h in the shoots of Pokkali (Figure 5A). Similarly, OsNHX2 was upregulated in both IR-28 and Pokkali, but high expression levels were observed at 8, 24, and 48 h in the shoots of Pokkali and at 24 h in IR-28 (Figure 5B). High expression of OsNHX2 was observed in the roots region of Nagdong at 8 and 24 h and IR-28 at 8, 24, and 48 h (Figure 5B). The expression of OsNHX3 was upregulated in the roots of Nagdong and Pokkali at 8 and 24 h; in the shoots region, it was only upregulated in the Pokkali cultivar (Figure 5C). High expression of OsNHX5 was observed in both the roots and shoots regions of Pokkali at 48 h of stress (Figure 5D). On the other hand, OsNHX5 was highly expressed in the shoots of Cheongcheong at 8, 24, and 48 h of salt stress (Figure 5D). In contrast, expression of OsSOS1 was significantly downregulated in the roots and shoots of both IR-28 and Pokkali; however, OsSOS1 was significantly upregulated in the roots and shoots of both Nagdong and Cheongcheong at 8, 24, and 48 h (Figure 5E).


[image: Figure 5]
FIGURE 5. Quantitative real-time PCR expression analysis of NHX family and OsSOS1 genes from the root and shoot tissues of different rice genotypes. The expression patterns of OsNHX and OsSOS1 genes under 150-mM NaCl stress are shown in (A–E). Different letters in the graphs indicate statistical differences among the treatments when compared with the control group (P < 0.05 by Duncan's multiple range test).




Comparative Analysis of Ion Content Under Salt Stress

Under salt stress, we examined nine elements, namely Na+, K+, Ca2+, Mg2+, Cu2+, Zn2+, Fe2+, Mn2+, and P, in the roots and shoots of both control and treated plants. These elements were differentially regulated in the rice genotypes under salt stress. After 7 days of 150-mM salt stress, Na+, and K+ ions were inversely regulated in the roots and shoots of control and treated plants: as Na+ levels increased K+ ions decreased and vice versa. Under salt stress, Na+ content significantly increased in the roots of all four rice genotypes relative to levels in the control, whereas K+ content decreased in the roots of Cheongcheong and Pokkali relative to content in the control (Table 2). On the other hand, in Nagdong and IR28, K+ content was significantly higher than that in the control. In the respective roots of Cheongcheong and IR28, content of Na+ increased by ~748.35- and 2140.06-fold, whereas K+ ion content inversely decreased by 698.45- and 1443.72-fold. In Nagdong and Pokkali roots, K+ content increased by ~1069.88- and 3786.88-fold, whereas Na+ content decreased by 935.50- and 3556.27-fold, respectively. Both Na+ and K+ contents were significantly higher in salt-treated plant shoots than in control plant shoots. In treated plant shoots, Na+ and K+ ions were present inversely, with K+ ions found at significantly higher levels than those of Na+ ions in all four rice genotypes. The content of K+ ions was approximately 406.82-, 2684.84-, 6365.42-, and 7562.18-fold higher than that of Na+ ion in the treated cultivars Cheongcheong, IR28, Nagdong, and Pokkali, respectively (Table 2.). In addition to Na+ and K+ ions, the uptake and transportation of other ions also differed in the roots and shoots of all four rice genotypes relative to that in the control. For example, compared with control plants, the content of Ca2+ decreased after salt stress in the roots of Nagdong and shoots of Pokkali, whereas Mg2+ content decreased in the roots of Cheongcheong. Both Ca2+ and Mg2+ content were increased in the roots and shoots of IR28, as well as in the shoots of Cheongcheong and Nagdong, and in the roots of Pokkali; in the shoots of Pokkali, only Mg2+ was increased. In addition, Cu2+ content increased in the roots and shoots of all rice genotypes after salt stress except in IR28 shoots. On the other hand, after salt stress and compared with the control, Zn2+ content increased in the roots and shoots of Nagdong and IR28, but was significantly decreased in the roots and shoots of Cheongcheong and Pokkali. Furthermore, the contents of Fe2+, Mn2+, and P were significantly increased in Cheongcheong and Nagdong shoots. In the roots of Cheongcheong, Fe2+ and P decreased, and in the roots of Nagdong Mn2+ decreased, all relative to levels in control plants. In the roots of IR28, the content of Fe2+, Mn2+, and P were increased; in the roots of Pokkali, these three elements were significantly decreased. However, in the shoots of IR28, Mn2+ was increased; in the shoots of Pokkali, Fe2+ and P were increased.


Table 2. Inductively coupled plasma spectroscopy analysis [in ppm (mg/kg)] conducted under 150-mM NaCl stress.
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DISCUSSION


Salinity Inhibits Seed Germination and Reduces Rice Seedling Growth

A previous study suggested that salinity stress up to 20 dS m−1 strongly inhibits rice seed germination, yield reduction, growth reduction in shoot and root length, and dry matter (Hakim et al., 2010). However, another study reported that rice is salt tolerant to some extent at germination and, in some cases, not significantly affected by salt up to 16.3 dS m−1 (Khan et al., 1997). In contrast, high concentrations of salinity affect the seedling stage of rice (Lutts et al., 1996). Our results demonstrate that NaCl, treatment inhibits rice seed germination as well as seedling growth as salt concentrations increase. Furthermore, the high levels of germination were recorded in the salt-resistant Pokkali and plant molecular breeding lab Nagdong cultivars. Salt stress inhibits seed germination along with seedling growth, reduces photosynthesis levels, and promotes senescence (Tuteja et al., 2013). However, up to 100-mM NaCl, the germination percentage was similar among the four tested rice genotypes.



Salt Accumulation Leads to Reduced Growth Patterns and Chlorophyll Content

Through several different processes, salinity reduces plant growth, which is related to the accumulation of salt in the shoots and/or roots. These effects can be experimentally distinguished within a minute to several days or weeks (Sirault et al., 2009). For example, salt stress reduces the growth of sugar beet (Ghoulam et al., 2002), cotton (Meloni et al., 2001), and tomato (Romero-Aranda et al., 2001). To explore that salinity stress decreases the growth rate and chlorophyll content. In our study, we observed growth reduction in all genotypes under salt stress. High salt uptake mostly causes necrosis and leaf tip burn in plants (Wahome et al., 2001). Previous studies suggest that both growth and photosynthesis are interdependent; therefore, environmental stress affecting growth also affects photosynthesis (Dubey, 1996; Taiz and Zeiger, 1998). Another report has indicated that salt stress reduces photosynthesis rates mainly via water potential (Cushman et al., 1989). Our results demonstrate that, under salinity stress, chlorophyll content was decreased in IR28 and Pokkali compared with the content in Cheongcheong and Nagdong, all relative to control plant levels.



Differential Expression of Ion Transport-Related Genes in Rice Genotypes Under Salt Stress

We detailed the differential pattern of gene expression of HKT, NHX, and SOS1 in the roots and shoots regions of rice genotypes under salt stress. In the current study, we found high induction of OsHKT1 in the roots of Cheongcheong and Pokkali following 8 and 24 h of salt stress, although the degree of induction in the shoots of Nagdong and Pokkali was varied with time. However, in salinity stress, Na+ ion competition at K+ binding sites may contribute to K+ deficiency (Maathuis and Amtmann, 1999) and thus might cause the high induction of OsHKT1 in rice genotypes observed here. Under a high level of NaCl, there is another possibility that excess Na+ entering the cytosol increases the ideal cytosolic Na+/K+ ratio in cells which might recognize as a K+ deficiency, thus inducing OsHKT1 as suggested by Horie et al. (2001) in case of the K+ deficiency. A previous study reported that 150-mM NaCl stress induced high levels of OsHKT1 in both the root and shoot tissues of salt-sensitive BRRI Dhan29, whereas salt-tolerant Pokkali showed high expression of OsHKT2 in shoots and lower expression in root tissue (Kader et al., 2006). Our results also suggest the involvement of OsHKT2 in the salt-stress response, especially in salt-tolerant Pokkali. High induction of OsHKT2 was observed in Pokkali, which was 20-fold higher in the roots, 15-fold higher in the shoots, and 5-fold higher in the shoot of Nagdong.

Previous studies have reported tissue-specific localization of three members of each HKT subfamily: from subfamily 1: AtHKT1;1 from Arabidopsis (Berthomieu et al., 2003; Horie et al., 2005), OsHKT1;5 from rice (Ren et al., 2005), and McHKT1 from ice plant (Su et al., 2003); for sub family 2: TaHKTT2;1 from wheat (Schachtman and Schroeder, 1994), OsHKTT2;1 (Golldack et al., 2002; Kader et al., 2006; Horie et al., 2007), and OsHKT2;2 (Kader et al., 2006). All results emphasize that HKT transporter is actively expressed in tissues (e.g., the root epidermis and cortex, xylem and phloem, and vascular bundle region). Expression patterns of subfamily 1 transporters have been consistently found in the vasculature and rarely in other tissues, whereas expression of subfamily 2 transporters has mainly been observed in root periphery cells and often tissues in or near to the plant vasculature (Horie et al., 2007). OsHKT1;1 and OsHKT1;3 are mostly expressed in bulliform cells, enlarged epidermal, cells, and are responsible for both Na+ and K+ permeability; thus, HKT transporter expression is not restricted to root periphery cells and vascular regions (Jabnoune et al., 2009). Rice has a total of nine HKT transporter genes, which raises interesting questions about the functional diversity within this transporter family (Garciadeblás et al., 2003).

Our result demonstrates differentially induction of HKT family genes in the roots and shoots of the four tested rice genotypes, OsHKT1 was highly expressed in the roots of Cheongcheong and Pokkali and the shoots of Nagdong and Pokkali after 24 and 48 h. Additionally, upregulation OsHKT3, OsHKT4, and OsHKT6, 7–17-fold increases in expression were found in the roots of Cheongcheong after 24 and 48 h of stress, whereas OsHKT6, OsHKT7, OsHKT8, and OsHKT9 were downregulated in both the roots and shoots of Cheongcheong. In the salt-sensitive cultivar IR28, all OsHKT family genes were downregulated in both the roots and shoots (compared with control expression), except for OsHKT3, OsHKT8, and OsHKT9 expression in the roots.

Golldack et al. (2002) previously reported that OsHKT1 transcription is downregulated in the root tips of Pokkali and IR29 under salt stress. We found a consistent difference in expression of OsHKT family genes among the tested rice cultivars; however, high expression of OsHKT3, OsHKT8, and OsHKT9 was observed in the shoots of Pokkali under salt stress while low expression of OsHKT3, OsHKT7, OsHKT8, and OsHKT9 was observed in the roots. The lab cultivar Nagdong showed the highest expression of OsHKT1, OsHKT2, OsHKT4, OsHKT6, and OsHKT8 in the shoot region while expression levels in the roots were lowest (except for expression of OsHKT7 and OsHKT8 genes) under salt stress.

In a previous study, OsNHX proteins were placed into two subgroups: OsNHX1–OsNHX4 and OsNHX5. These play important roles in the response to salt stress; for example, OsNHX1, OsNHX2, OsNHX3, and OsNHX5 can suppress Na+, Li+, and K+ that are localized in the tonoplast (Fukuda et al., 2011). Another study reported that nhx1 mutants exhibit lower K+ content in both the shoots and roots compared with that found in the wild type (Pardo et al., 2006). Under stress conditions, transcription levels of OsNHX1 in the shoots are higher than those in the roots, whereas transcription levels of OsNHX5 are higher in the roots than those in the shoots (Fukuda et al., 2004, 2011). We also found that expression of OsNHX family genes was regulated differentially in the roots and shoots of the four tested rice genotypes. High expression of OsNHX1 was observed in the roots of IR28 and Pokkali, but expression was higher in the shoots of Pokkali. Similarly, OsNHX2 was highly expressed in the roots of Nagdong and IR28, whereas expression of this gene in the shoots was found to be higher in IR28 and Pokkali after 8, 24, and 48 h of stress. Zhang et al. (2018) previously reported high expression of OsNHX3 and OsNHX4 in the salt-tolerant JYGY-1 rice variety under salt stress. Our results also indicate that expression of OsNHX3 and OsNHX5 was relatively high in roots and shoots after 24 and 48 h of salt stress in the salt-tolerant variety Pokkali. Similarly, in the roots of Nagdong, high expression levels of OsNHX3 were observed after 24 h of salinity stress, whereas expression of OsNHX3 and OsNHX5 was relatively low in the shoots of Cheongcheong after 8 h of salt stress.

The SOS pathway is involved in maintaining the Na+/K+ ratio in cells; the SOS1 Na+/K+ antiporter reduces accumulation of Na+ and improves salt tolerance in mutant cells (Shi et al., 2002). In Arabidopsis, the SOS1 genetic locus confers salt tolerance (Wu et al., 1996). In a previous study, high induction of OsSOS1 was observed under salt stress in the roots of cultivated and weedy rice (Zhang et al., 2018). In the present study, high expression of OsSOS1 was observed in the roots and shoots of both Cheongcheong and Nagdong cultivars after 8, 24, and 48 h of salt stress; in contrast, OsSOS1 was least expression after 24 h in the shoots of salt-tolerant Pokkali. Under salt stress, the high expression of OsSOS1 in both Cheongcheong and Nagdong might have led to the discharge of toxic apoplastic Na+ from inside the cellular environment, which in turn would have led to better salt tolerance management.



Ion Homeostasis and Combinations Among Rice Genotypes

Various studies have suggested that salt tolerance is ultimately manifested in plants through several physiological processes. During salt stress, high Na+ concentrations outside of plant cells create an electrochemical gradient that facilitates the transport of Na+ into the cell through K+ transporters, resulting in high cytosolic Na+ concentrations (Blumwald, 2000). Salt-stressed plants show high Na+ contents and this increase in intracellular Na+ results in destructive effects caused by competition with K+ in enzyme activation and protein biosynthesis (Shabala and Cuin, 2008; Wang et al., 2013). Plants under salt stress show not only increased Na+ uptake but also reduced K+ uptake (Horie et al., 2001; Zhu, 2003). K+ ions are important to plants; by increasing K+ content, plants can reduce Na+ ions to some extent, which thereby reduces the Na+/K+ ratio (Zhang et al., 2018). The extent of salt tolerance in plants is known to be correlated with a more efficient system for the selective uptake of K+ over Na+ (Noble and Rogers, 1992; Ashraf and O'leary, 1996). In the current study, both Na+ and K+ ions were significantly increased in the roots and shoots of all four rice genotypes when compared with levels in the control. Among treated plant roots, the Na+ ratio was higher than that of K+ in Cheongcheong and IR28, whereas Nagdong and Pokkali had higher K+ than Na+ thus it might be possible that cultivars Pokkali and Nagdong had more salt-tolerant than that of Cheongcheong and IR28.

A previous study reported a negative relationship between Mg+ and K+ ions (Valdez-Aguilar et al., 2009). However, in our study, we measured a decrease in Mg+ ions rather than K+ ions in the roots and shoots of all four treated rice genotypes. High salt absorption interferes with the absorption of other nutrient ions such as Ca2+, K+, N, and P, which results in nutritional deficiency and eventually reduced yield and quality (Grattan and Grieve, 1999). We found a significant increase in Ca2+ in the roots and shoots of treated Cheongcheong and IR28 cultivars but a decrease in Ca2+ in the roots of Nagdong and shoots of Pokkali. A previous study reported that mangrove (Bruguiera parviflora) leaves under salt stress cannot alter their endogenous levels of K+ and Fe2+ (Parida et al., 2004). However, in our study, we found a significant decrease in Fe2+ in the roots of Cheongcheong and Pokkali and in the shoots of IR28, in contrast to an increase in Fe2+ in the roots and shoots of Nagdong. Similarly, Fe2+ was increased in the roots of IR28 and shoots of Cheongcheong and Pokkali. Achakzai et al. (2010) reported that sunflowers subjected to high doses of salinity increase their uptake of micronutrients including Cu2+, Mn2+, and Fe2+ in the roots, and Cu2+, Fe2+, and Zn2+ in the shoots. Salt stress has also been shown to increase the concentration of Na+, Ca2+, Mg2+, and Cu2+ while decreasing the concentration of P and K+ in the shoots and straw of IR28 and IR101998-66-2 (Verma and Neue, 1984). In our study, Zn2+ uptake decreased in the roots of Cheongcheong and the roots and shoots of Pokkali under salt stress. On the other hand, Zn2+ uptake increased in the roots and shoots of Nagdong and IR28 and the shoots of Cheongcheong. Salinity stress, also increased Cu2+ uptake in all four genotypes (except in the shoots of IR28, in which a slight reduction was observed). Mg2+ uptake increased in the roots and shoots of all salt-stressed rice genotypes, except in the roots of Cheongcheong. Finally, Mn2+ uptake increased in Cheongcheong, Nagdong, and IR28 roots and shoots but decreased in the roots of Nagdong and roots and shoots of Pokkali.

Given that rice is a staple food facing yield reduction issues caused by environmental stress, climate change, and geographic problems, there is a need to understand how rice cultivars respond to salinity stress. In the present study, Pokkali and Nagdong cultivars were found to have strong salt tolerance during both seed germination and seedling growth. Under 150-mM NaCl stress, these cultivars showed slight reductions in plant growth, but the plants remained vigorous in comparison to Cheongcheong and the salt-sensitive cultivar IR28. The salt-tolerant varieties Pokkali and Nagdong enhance their salt tolerance by regulating the Na+/K+ ratio in the roots and shoots regions. Under salt stress, ion homeostasis is considered a complex network system that regulates other micronutrients together with OsHKT, OsNHX family, and OsSOS1 genes. Our results indicate that ion transport-related genes and other micronutrients are differentially regulated among rice cultivars under salt stress. In conclusion, growth of the plant molecular breeding lab cultivar Nagdong is superior to that of Cheongcheong under salt stress. The findings of the present study could contribute to the development of high-yielding and salt-tolerant varieties of rice for plant molecular breeding via the CRISPR/Cas9 system.
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Bpev01.c2439.g0003 NAC domain containing protein
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Line Seedling height before and after salt stress (cm) Height growth (cm) Relative height growth
0 day 25 days

WTH 67.08 + 7.05¢ 86.33+7.71e 19.25 £+ 1.23de 0.289 + 0.028b
WT2 79.58 £ 3.73a 98.58 + 6.58b 19.00 £ 3.32¢ 0.238 + 0.034¢
WT3 74.83 + 6.34b 96.08 + 3.73ab 21.25 + 1.36¢d 0.285 + 0.023b
OE4 66.33 + 4.05¢ 88.42 + 4.07de 22.08 + 1.61bc 0.334 + 0.035a
OE9 81.08 + 4.19a 107.17 £ 6.96a 26.08 + 3.66a 0.321 £ 0.038a
OE10 68.33 + 4.61¢ 92.25 + 5.52cd 23.92 £ 3.07b 0.352 £ 0.051a
KO4 81.42 + 5.62a 97.92 + 6.44b 16.5 £ 2.14f 0.203 + 0.028d
KO15 68.08 + 4.87¢ 79.25 + 3.29f 11.17 £ 1.86g 0.167 + 0.038e
KO18 64.83 + 2.83¢ 77.33 + 3.54f 12:64+2.259 0.193 + 0.036de

HG (cm) = plant height at 25 days (cm)-plant height at O days (cm); Relative HG = HG (cm)/plant height O day (cm); Data indicate means + STDEV (n = 12, P < 0.05,

Duncan multiple comparison method).
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Concentration (mM) NaCl Nay,SO,4

Brown seed Black seed Brown seed Black seed
0 0.0 £ 0.0Ac 2.0 £+ 2.0Af 0.0 £ 0.0Ac 4.5+ 29Ac
50 0.0 £ 0.0Ac 2.0 £+ 2.0Af 0.0 £ 0.0Ac 2.9+ 2.9Ac
100 0.0 £ 0.0Ac 0.0 £ 0.0Af 0.0 £ 0.0Ac 4.3+ 2.7Ac
200 0.0 £ 0.0Ac 16.2 + 5.9Aef 0.0 £ 0.0Ac 7.8+ 4.8Ac
300 0.0 £ 0.0Ac 20.1 & 8.7Adef 0.0 £ 0.0Bc 19.3 + 5.5Ac
400 0.0 £ 0.0Bc 27.2 + 7.7Acde 0.0 £ 0.0Bc 18.8 £ 4.2Ac
600 0.0 £ 0.0Bc 42.9 + 6.8Abc 0.0 £ 0.0Bc 42.7 £ 6.9Ab
800 3.3 £ 3.3Bbc 41.1 &+ 3.0Abcd 1.2+1.2Bc 62.4 + 3.7Aa
1000 7.3+ 1.1Bab 54.4 + 4.8Ab 6.8 + 1.0Bb 76.0 £ 4.7Aa
1200 9.6 + 1.6Ba 79.2 + 3.2Ba 17.0 £ 2.8Ba 80.8 + 6.4Aa

For each treatment there were five biological replicates. Different lower-case letters indicate significant differences (P < 0.05, Tukey’s test) in recovery percentages among
different concentration for the same seed type and salt type. Different upper-case letters indicate significant differences (P < 0.05, Tukey’s test) between dimorphic seeds
at the same concentration of NaCl or Nas SQg.
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Concentration NaCl Nay,SO,4
(mM)

Brown seed Black seed Brownseed Black seed

0 98.6 4+ 0.34a 36.3+5.3Ba 989+ 0.24a 44.7 +£3.4Ba
50 98.1+£0.24a 443+4.0Ba 98.4+0.24Aa 452 +3.3Ba
100 97.6+0.94a 41.8+35Ba 96.4+0.84a 40.6+3.4Bab
200 96.8+ 0.7Aa 38.0+4.9Ba 80.9+23Ab 43.9+4.4Ba
300 94.44+0.84Aa 342+3.6Ba 585+27Ac 36.8+3.3Bab
400 925+ 11Aa 323+ 4.7Bab 43.1 £ 6.5Ad 28.8+1.7Ab
600 71.4+35Ab 19.0+£3.4Bbc 29.4 +25Ae 16.3 +4.2Bc
800 491+ 37Ac 75+1.1Bcd 20.3+3.6Ae 0.0 £0.0Bd
1000 1983+ 1.7Ad  00+0.0Bd 4.5+ 1.2Af 0.0 £ 0.0Bd
1200 50+14Ae 0.0+£0.0Bd 0.5+ 0.5Af 0.0 + 0.0Ad

For each treatment there were five biological replicates. Different lower-case letters
indicate significant differences (P < 0.05, Tukey’s test) in germination indexes
among different concentration for the same seed type and salt type. Different
upper-case letters indicate significant differences (P < 0.05, Tukey’s test) between
dimorphic seeds at the same concentration of NaCl or NasSQOj.
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Constructs

Forward and reverse primers (5'-3')

Genes Primers used in real-time RT-PCR analysis

ThSOS1 CTGATGCTGATCTGGATCCTAT ATGCTAGACTGAAGAAATCGGT
ThSOS2 AGTAGAGGCCTTGTACGAGCT ACCCAGTATGCCTCAGATCAT
ThSOS3 TGACGTTGATCCGATCAATTC CCATAACAGGATCACATGCATAT
ThSOS4 CAATTTGCCTTATTCAGGAAT CCACTATGCTCCCAACGATCT
ThSOS5 ATAGCCCACCATGGACGGCTT ACCCTTGTGACTGAGAACCT
Actin (FJ618517) AAACAATGGCTGATGCTG ACAATACCGTGCTCAATAGG
B-tubulin (FJ618519) GGAAGCCATAGAAAGACC CAACAAATGTGGGATGCT

Primers used in constructing plant plasmids

pROKII-ThSOS3
pFGC5941-ThSOS3

GCTCTAGAATGGGCTGCTTCCATTCAAAG
ThSOS3-Sense-F:
CATGCCATGGATGGGCTGCTTCCATTCAAAG
ThSOS3-Anti-F: GCTCTAGAATGGGCTGCTTCCATTCAAAG

GGTACCCCGTACTTCTGAATCTTCAACTT

ThSOS3-Sense-R:

GCTCTAGATTATACTTCTGAATCTTCAACTTCCG

ThSOS3-Anti-R: CATGCCATGGTTATACTTCTGAATCTTCAACTTCCG
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Name Locus ORF (bp) Introns Protein Theoretical Aliphatic Molecular Localization predictions

length pl index weight (kD)
ThSOS1 Unigene22889 3,498 11 1,165 6.42 108.24 128.83 Plasma membrane
ThSOS2 Unigene13265 1,371 2 456 6.29 92.08 51.44 Cytoplasmic
ThSOS3 Unigene1212 642 6 213 4.76 96.53 22.42 Cytoplasmic
ThSOS4 Unigene24293 927 11 308 6.22 105.1 33.58 Extracellular or Chloroplast

ThSOS5 Unigene1744 675 0 224 5.00 88.39 25.57 Cytoplasmic
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Gene name Log,FC FDR Function annotation
Transcription regulation
0s01g0224100 2.616 0.00039587 OsERF53
0s02g0764700 1.635 0.00067469 OsERF103
0s03g0183000 2.749 0.00097458 OsERF62, OsLG3
0s03g0232200 8.919 1.79E-12 OsERF137
0s03g0770700 5.614 1.15E-08 OsPLT7
0s04g0653600 6.215 1.97E-10 OsPLT1
0Os06g0194000 1.191 0.00305225 OsERF71
0s06g0657500 8.936 4.71E-11 OsPLT2
0s07g0124700 7.165 4.94E-13 OsCRL5, AP2/EREBP TF
Os10g0390800 5.465 0.00059738 OsERF59
0s12g0168100 3.722 0.00951772 OsERF124
0s03g0727000 4167 7.91E-21 OSH1
0s03g0673000 1.958 0.00222027 OSH10
0s07g0129700 5.246 5.92E-14 OSH15
0s03g0727200 5.631 0.00019368 OSH3
0s01g0302500 4.782 3.50E-09 OsH6
0s05g0129700 6.787 3.23E-20 OSH71
0s03g0640800 1.151 0.00362214 OSHB4
0s079g0581700 6.204 1.84E-09 OsHOX14
0s03g0170600 6.653 1.94E-14 OsHOX21
0s02g0649300 4.678 1.45E-07 OsHOX24
0Os10g0377300 2.906 3.02E-06 OsHOX8
0s05g0455200 1.609 0.00076726 SH5, Homeobox TF
0s06g0562300 4.631 7.99E-08 Homeobox TF
0s08g0136100 1.518 0.00297554 Homeobox TF, ROC7
0s04g0545000 2.599 0.001123 OsWRKY36
0s02g0698800 4.877 2.20E-11 OsWRKY66
0s01g0182700 2.723 0.00067466 OsWRKY79
0s01g0571300 5.237 2.74E-09 OsHsfA7
0s02g0598200 2.039 0.00794651 B3 domain TF
Phytohormone responsive
0s04g0673300 1.356 0.00538601 OsRR6, cytokinin responsive
0s05g0523300 1.551 0.00916964 OslAA18, auxin responsive
0s02g0141100 1.615 3.04E-05 OsARF5, auxin responsive
0s02g0164900 1.106 0.00506874 OsARFB, auxin responsive
0s01g0785400 4.791 1.07E-10 OsGH3-1, auxin responsive
0s05g0500900 4.365 2.06E-07 OsGH3-4, auxin responsive
0s02g0512000 3.041 0.00239214 OsSAURT10, auxin responsive
0s03g0347700 8.157 6.99E-12 BTBNG, auxin responsive
0s01g0719000 2.655 0.00051309 DUF581
0s05g0245300 3.580 1.50E-06 OsBLE3, BR responsive
0s03g0602300 1.784 0.00277323 OsDWARF, BR responsive
0s1290586100 2.887 0.00037074 OsSAPK9, ABA responsive
0s04g0432000 2.284 0.00518292 OsSAPK7, ABA responsive
0s05g0349800 5.638 3.49E-11 OsEM1, ABA responsive
Abiotic stress responsive
0s02g0669100 3.206 0.00115264 OsLEA23
0s11g0451700 4.731 4.08E-05 OsLEA25
Os11g0453900 7.080 5.08E-08 OsLEA26
0Os11g0454000 5.317 5.38E-05 OsLEA27
0Os11g0454200 7.152 8.00E-06 OsLEA28
0Os11g0454300 6.625 1.71E-06 OsLEA29
0s05g0214900 1.616 0.00362214 OsTBL48
0Os11g0547000 2.845 0.00279553 OsFKF1
0s03g0432100 2.546 1.25E-08 OsPPDKA
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Pathway Metabolite Metabolite name Log2
ID (FC)

mws0192 Succinic acid —0.81
mws0219 L-Aspartic Acid —-2.10

Alanine, aspartate, and glutamate mws1706 Glutamic acid —1.01

metabolism (ko00250) pme0193 L-Glutamine 0.79
pme2559 N-Acetylaspartate  1.29

Amino sugar and nucleotide sugar mws1090 Glucose-1- —1.43

metabolism (ko00520) phosphate

Cutin, suberine, and wax pmn001578 Hexadecanoic —-0.83

biosynthesis (ko00073) acid

Linoleic acid metabolism (ko00591) pmb2787 9-KODE 2.48
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Means + SD (three biological replicates) with different letters are significantly different at p < 0.05.
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3.797 £ 02257

Reducing sugar (mg g DW-1)

26.577 £0.105°
20000  1.0017
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No salt Control (CK)
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NS100

Akaline salt (AS) AS25
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Data are the means of three biological replicates with standard deviation (SD).
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FA P1 P2 AA P1 P2

C14:0 —0.361 0.129 Asx 0.27584 —0.2529
C16:0 —0.379 —-0.193 Glx 0.09916 —0.1804
C16:1 —0.251 0.577 Ser 0.28269 0.18125
C18:0 0.215 —0.441 HIS 0.20599 —0.2524
C18:1 —0.393 —0.087 THR 0.15491 —0.2467
C18:2 —0.385 —-0.129 UNK/Met 0.19645 0.2698
C18:3 —0.388 -0.112 Gly 0.29309 0.17982
C20:0 0.100 0.615 ARG 0.27283 —0.0731
Squ —0.392 —0.062 Tyr 0.22704 0.3124
Cys 0.28287 —0.0019

Ala 0.28775 0.18406

TRP 0.23725 —0.2243

VAL/MET 0.15452 —0.2182

PHE 0.174 —-0.1771

LE 0.27396 0.2324

LEU 0.23391 0.07064
LYS 0.07773 —0.3848

Pro 0.20496 0.2899

Total AA 0.25727 —0.2893

Bold types indicate the highest values.
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RT AA Soil salinity types

Control NaCl NasSO,4 NaCl + NaxSO,4
2.87 Asx 10.99 + 1.202 11.32 + 1.302 10.64 + 1.202 10.14 + 1.002
4.05 Glx 12.66 + 1.252 12.96 + 0.502 13.12 £ 1.102 11.44 + 1.502
7.16 Ser 461+ 0.35° 5.62 + 0.502° 5.79 + 0.402 5.53 + 0.502P
7.34 HIS 4.90 + 0.352 4.75 £ 0.30% 5.18 £ 0.502 4.40 £ 0.602
8.25 THR 5.38 + 0.502 4.47 £ 0.40° 4.72 £ 0.402 4.96 + 0.402
8.51 UNK/Met—O 3.34 +0.202 3.44 + 0.502 401 +0.302 4.88 +0.30P
8.62 Gly 3.96 + 0.202 4.60 + 0.50P 4.21 + 0.40P 4.86 + 0.30P
9.57 ARG 8.04 + 0.752 8.89 + 0.402 8.48 + 0.402 8.08 + 0.402
9.96 Tyr 3.59 + 0.202 478 £ 0.20P 457 +0.20P 4.94 +0.35P
10.97 Cys 113+£0.152 1.40 =+ 0.452P 1.82 4 0.45° 1.35 4 0.452P
12.41 Ala 3.79 + 0.202 414 +0.30%P 3.95 + 0.202P 451 +0.40P
12.85 TRP* 0.57 + 0.052 0.47 £ 0.252 0.51 £ 0.452 0.49 + 0.352
13.85 VAL/MET 8.45 + 0.752 7.91 + 0.60° 7.15 £ 0.402 8.05 + 0.202
14.16 PHE 5.86 + 0.602 4.99 + 0.80% 4.93 £ 0.302 5.62 + 0.402
15.02 ILE 2.16 + 0.202 3.12 £ 0.40° 2.65 + 0.502P 3.44 + 0.40P
15.57 LEU 3.16 £ 0.202 4.17 £ 0.20° 3.32 £+ 0.202 3.57 £ 0.302
16.96 LYS 13.22 + 1.352 12.99 + 0.302 11.44 £ 1.002P 10.34 + 0.40P
18.47 Pro* 2.16 + 0.252 2.42 + 0.3520 2.98 +0.15P 319 +£0.15P
Total AA = protein% 14.4 £1.32 142 +1.12 13.9+1.32 13.2 4+ 1.52

The values are means + SEs. Different letters represent significant differences at the p < 0.05 level (Tukey pairwise comparison). *Trp calculated from alkaline hydrolysate.
**Proderivatization with FMOC. Bold and uppercase types indicate essential amino acid (for human;, His and Arg for children). Quantity of amino acids indicated as g/100 g
of protein; protein content calculated as total yield of amino acids (g) from 100 g of seed mass. Position with RT 8.51 min unidentified. Similar RT with methionine sulfone.
AA, amino acid; Asx, asparagine and aspartic acid; Glx, glutamate and glutamine; Ser, serine; HIS, histidine; THR, tireonine; UNK/Met, methionine; Gly, glutamic acid;
ARG, arginine; Tyrtyrosine; Cys, cysteine and cystin; Ala, alanine; TRR, tryptophan; VAL/MET, valine/methionine; PHE, phenylalanine; ILE, isoleucine; LEU, leucine; LYS,
lysine; Pro, proline.
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Element Soil salinity types

Control NaCl Na,SO4 NaCl + NaySO4

Mg 2,300 2,700 1,900 2,200
Cl 1,160 2,200 2,540 2,710
Mn 19 19 15 30
Cu 68 63 65 38

a 187 212 238 245
K 13,200 10,210 11,500 11,600
Mo <0.1 0.32 <0.1 0.49
Lu <0.001 <0.001 <0.001 <0.001
U <0.01 <0.01 <0.01 <0.01
Yb <0.001 <0.001 <0.001 <0.001
Au 0.0017 0.0015 0.0013 0.0017

d <1.0 <1.0 <1.0 <1.0
As <0.1 <0.1 <0.1 <0.1
Br 4.2 4.6 22 0.80
Ca 780 930 620 1,500
La <0.01 0.020 <0.01 0.055
Ce <0.1 <0.1 <0.1 <0.1
Se <0.1 <0.1 <0.1 0.12
Hg <0.01 0.015 0.017 <0.01
Cr 0.36 0.36 0.44 0.48
Ba <10 34 36 2.9
Sr 16 36 15 15
Sc 0.0090 0.0088 0.0069 0.013
Rb 59 8.1 59 58
Zn 36 39 39 48
Co 0.12 0.12 0.094 0.058
Fe 62 70 64 110

Sb 0.17 0.022 0.027 0.024
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Soil salinity type Anions Cations Sum anions Humus, %

cations
HCO3~ cI- S042- Ca?t Mg?+ Nat K+
Control 0.4+004> 04 40.03° 114+009° 0940.11° 024003 0540077 0.3240.022 1.9/2.0 1.8
NaCl 0.5 + 0.042 2.0+ 0.9° 1.44+021° 074+009° 044005 26+021°  0.11+0.02° 3.9/3.8 0.9
Nap SO, 0.5+ 0.058 0.6+ 0.04° 124+013°  08+007° 054+006° 1.0+009° 0.08+0.01° 2.3/2.3 0.8
Nay SO, + NaCl 024003 167+ 1.152 145+1.23% 62+0542 8940142 162+2.03% 0.10+0.01° 31.3/31.5 0.6

The values are means + SEs. Different letters represent significant differences at the p < 0.05 level (Tukey pairwise comparison).
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Soil salinity type Plant height, Shoot dry Root dry Panicle Panicle Seed output Weight of

cm weight, g weight, g height, cm weight, g of plant, g 1,000 seeds, g
Control 132.7 £ 12.12 192.3 + 20.52 81.3+7.32 42.4 +3.82 63.0 &+ 6.02 426 +4.12 1.7 +£0.132
NaCl 1102 £9.3° 174.1 £15.72 68.4 + 5.1P 343 +3.2° 56.8 + 5.42 32.3+3.0° 1.6 4 0.152
Nay SO, 119.8 + 11.92P 174.3 £ 16.12 70.1 + 6.92P 35.7 £3.3° 52,6+ 4.92 34.3+3.1P 1.640.112
Nay SO, + NaCl 92.3+7.4° 135.8 + 14.2P 579+ 4.1° 27.2+2.6° 35.8 + 3.2° 27.0+1.9° 1.5 4 0.142

The values are means + SEs. Different letters represent significant differences at the p < 0.05 level (Tukey pairwise comparison).
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Fatty LIT (10) Soil salinity types

Control NaCl NayS04 NaCl + Nay,SO4
Myristic C14;0 01x24 0.47 £ 0.032 0.42 + 0.0Sab 0.38 + 0.03b 0.35 + 0.04b
MyristoleicC14. 1 01+1.0 <0.1° 0.15 + 0.052 <0.1° <0.1°
Palmitic C16.0 92 +11.1 11.54 £ 0.302 9.46 + 0.25P 8.77 £ 0.30° 8.49 £+ 0.30°
PalmitoleicC+g. 1 02 -1.2 0.14 £ 0.012 0.17 £ 0.022 0.15 £+ 0.022 <0.1P
Stearic 01810 06+11 0.92 £ 0.052 0.95 £ 0.052 0.71 £ 0.04b 1.71 £ 0.06°
Oleic C1g:1 2284205 23.95 + 0.702 19.34 4+ 0.60° 18.81 4 0.60° 16.81 £ 0.60°
Linoleic C1g:2 48.1 £52.3 53.98 + 1.802 43.01 + 2,000 41,52 + 2.00° 38.51 + 1.70°
Linolenic 01313 46 +8.0 8.62 £+ 0.052 5.30 + 0.04b 4.72 £ 0.06° 4.02 £ 0.04d
Arachidic Cgo.0 ND* 0.35 + 0.022 0.43 £ 0.03° 0.40 + 0.042 0.39 + 0.032

S/ST* 6.5 5.8 5.3 5.0

Squalene D 3.45 + 0.022 3.05 + 0.03° 2.90 + 0.04° 2.69 + 0.034
The values are means + SEs. Different letters represent significant differences at the p < 0.05 level (Tukey pairwise comparison). *No data. **NS/ST, non-saturated (NS)

to saturated (ST) FA.
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400 50.2 £ 4.0Acd 41.9 &+ 1.2Ade 36.2 & 1.6Abcd 27.4+0.78Bc
600 39.1 £ 3.7Ade 34.1 + 1.4Ae 31.0 & 0.9Acd 21.24+0.88c
800 39.1 £+ 4.0Ade 26.5 + 1.0Be 27.9 4+ 0.8Acd 0.0 £ 0.0Bd
1000 26.4 £ 1.7Ae 0.0 £ 0.0Bf 17.5 £ 3.1Ade 0.0 £ 0.0Bd
1200 18.7 & 3.3Ae 0.0 £+ 0.0Bf 1.4 +1.44e 0.0 £+ 0.0Ad

For each treatment there were 10 biological replicates. Different lower-case letters indicate significant differences (P < 0.05, Tukey’s test) in radicle tolerance indexes among
different concentration for the same seed type and salt type. Different upper-case letters indicate significant differences (P < 0.05, Tukey’s test) between dimorphic seeds
at the same concentration of NaCl or NasSOy.
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Concentration (mM) NaCl Na,S0,4

Seedlings from brown seeds Seedlings from black seeds Seedlings from brown seeds Seedlings from black seeds

0 100.0 £ 3.4Aa 100.0 + 2.5Aab 100.0 + 6.5Aa 100.0 + 4.0Aa
50 102.3 £ 9.04a 122.6 + 156.04a 83.8 + 2.9Ba 98.5 &+ 4.8Aa
100 101.1 £ 3.84a 104.5 £+ 1.5Aab 67.0 &+ 4.4Ab 77.8 + 6.8Ab
200 78.4 £ 6.8Aab 84.9 & 3.3Abc 67.4 £ 3.7Ab 57.8 +1.68c
300 67.8 &+ 6.4Abc 82.0 & 2.9Abc 55.5 &+ 2.6Abc 53.7 £ 1.1Ac
400 59.4 £ 3.3Bbc 75.6 + 2.4Ac 54.8 &+ 1.6Abc 459+ 2.1Bc
600 53.8 & 3.8Abc 61.7 &+ 2.1Acd 56.3 & 2.2Abc 28.2 + 3.6Bd
800 55.9 £ 7.8Abc 48.4 &+ 3.56Ad 44.7 £ 2.9Ac 0.0 £ 0.0Be
1000 50.5 & 3.4Acd 0.0 £ 0.0Be 22.6 &+ 4.5Ad 0.0 £ 0.0Be
1200 24.2 £+ 6.8Ad 0.0 £ 0.0Be 0.0 £ 0.0Aef 0.0 + 0.04e

For each treatment there were 10 biological replicates. Different lower-case letters indicate significant differences (P < 0.05, Tukey’s test) in shoot tolerance indexes among
different concentration for the same seed type and salt type. Different upper-case letters indicate significant differences (P < 0.05, Tukey’s test) between dimorphic seeds
at the same concentration of NaCl or Nas SQg.
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Concentration (mM) NaCl Na,SO,4

Brown seed Black seed Brown seed Black seed

0 100.0 £ 0.0Aa 60.8 & 7.2Bab 100.0 £ 0.0Aa 70.4 £+ 4.8Bab
50 100.0 £ 0.0Aa 73.6 + 4.1Bab 100.0 £ 0.0Aa 73.6 &+ 3.5Bab
100 99.2 + 0.84a 72.0 + 5.8Bab 99.2 + 0.84a 69.6 &+ 2.4Bab
200 99.2 + 0.84a 76.0 & 5.5Bab 84.8 + 2.3Ab 72.8 + 4.5Bab
300 99.2 + 0.84a 72.0 + 4.6Bab 62.4 +£2.7Bc 73.6 + 3.5Aab
400 98.4 + 1.0Aa 72.8 £ 4.1Bab 46.4 +£7.0Ac 60.0 + 1.3Ab

600 77.6 + 3.9Ab 68.0 & 7.2Aab 32.8 £2.7Bd 63.2 + 4.5Aab
800 57.6 + 4.5Ac 54.4 + 2.0Ab 24.8 + 4.8Bde 62.4 + 3.7Aab
1000 30.4 + 1.6Bd 54.4 + 4.8Ab 12.8 +1.5Be 76.0 £ 4.7Aab
1200 17.6 +2.0Be 79.2 + 3.2Aa 17.6 +3.2Be 80.8 & 6.4Aa

For each treatment there were five biological replicates. Different lower-case letters indicate significant differences (P < 0.05, Tukey'’s test) in final germination percentages
among different concentration for the same seed type and salt type. Different upper-case letters indicate significant differences (P < 0.05, Tukey'’s test) between dimorphic
seeds at the same concentration of NaCl or NagSOg.
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miR-name Fold Change miR-name Fold Change miR-name Fold Change miR-name Fold Change

Log2 Log2 Log2 Log2
(H2S/Con) (AS/Con) (H2S + AS/Con) (H2S + AS/AS)

mhp-miR408a -1.84 mhp-miR11011b 113 mhp-miR11011b 1.09 mhp-miR319a/b-3p 1.15
mhp-miR408b-d -1.06 mhp-miR156p-s -1.08 mhp-miR10996a 1.67 mhp-miR10996a 1.14
mhp-miR827 578 mhp-miR160a-e 217 mhp-miR160a-e ~1.10 mhp-miR160a-e 1.68
mhp-miR477a 1.64 mhp-miR319a/b-3p 1,82 mhp-miR159¢ .21 mhp-miR394a/b 2.64
mhp-miR169a/g-j 1.15 mhp-miR390a-f 1.03 mhp-miR10996b 1.54 mhp-miR477a 1.37
mhp-miR394a/b -3.20 mhp-miR169k-n -1.08 mhp-miR827 6.09

mhp-miR7126-5p —1.28 mhp-miR399a-c —1.11

mhp-miR482a-3p -1.37 mhp-miR477a 1.87

mhp-miR535b/c -1.09 mhp-miR827 5.81

mhp-miR395d/g/i/j -3.81

AS, alkaline salt; Con, control treatment.
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Genotype Fresh weight Dry weight Total carbohydrate Photosynthetic pigments
(mg plant=1) (mg plant—1) (mg g~ 'DW plant-1) (mg g~ 1FW plant-1)

Shoot Root Shoot Root Chlorophylla Chlorophyllb  Carotenoid
omM  WT 36.67 £2.77° 9.07£0.16° 3022+121°  7.0041.11° 24.31 4 0.46° 1.794+0.08%° 1.05+0.48  0.63 +0.04%°
NaCl Mul7 30.16+2.869 11.70+£0.822 2291 +212d  9164+0.732 25.18 4 1.62¢ 1.64+£0.11P 12440038 064 +0.08°

Mu26 327841689 11.87+0612 2618+1.184  9.38+0512 12.58 + 0.61° 159+£0.07° 1.19+0.118 057 £ 0.02%
DM 4289 +1.93° 1215+0272 36.12+1.74% 960+ 0.232 20.78 + 0.50¢ 1614021 1.15+0.06% 055+ 0.04°
OE17 46.91+£1.28% 1151 £0.642 3872+203% 88740512 4281 +1.472 1.98+0.158  1.43+0.13 079+ 0.03?
OE26 4200+ 0.56P 7.95+0.35° 34.86+1.44° 5954 0.44P 29.17 4+ 0.57° 201+02428 137+£0.17%  0.73+0.042
50mM  WT 2420+ 1.70° 10.31 £0.56%° 18.00+2.01°  8.08 + 0.522 22.55 + 1.66° 123+0.82° 1.464+0.05° 054+ 0.06°
NaCl Mui17 2116 +£1.349 1378+0472 145840619 858+ 0252 14.04 +0.779 050+ 0.03¢  0.61+0.04 046 +0.02°
Mu26 10.43+£1.709 10524+ 0.52°  11.76 + 0.67° 8.09 + 0.512 17.47 £ 0.44° 1.03+£0.20%° 0.77 +£0.049  0.43 & 0.02°
DM 35.00+0.80° 873+0679 27.85+068  6.62+0.53° 17.24 +1.11° 0.98+0.14° 1.02+0.18°  0.34 £ 0.049
OE17 4302+1.822  996+098%° 2735+1718  7.68+050% 2996+ 0.63° 1.86+0.062 1.91+0.118 078+ 0.06%
OE26 36.42+1.70° 9.61+0.63° 21.68+093°  6.67+0.81° 23.03 + 0.86° 1.65+0.16% 147 +0.09° 0.61+0.02°
100 MM WT 1836 £0.78° 907 +0.262 1294 +0.70°  7.12+0.75° 18.59 + 0.53° 051+004° 084+0.13° 0.4440.07°
NaCl Mul7 1420 +£1.32¢  621+0.78° 79440429 457 +053P 11.44 +1.30° 03040029 048+0.04° 0.1640.01°
Mu26 1521 +057° 4.98+099° 800+0.189  3.40+0.63° 9.17 £ 0.924 0.45+0.04°¢  0.64 £0.07%  0.39 +0.04°
DM 18347 £0.37°¢ 266+028  848+1019 237 +081d 1213 £ 1.01¢ 0.49+003° 06740054 0.2440.01°
OE17 3242+ 0512 890+052% 2390+054%  6.87 + 0.392 33.85 + 1.732 1.05+0.15%  1.29+0.12%  0.61+0.03?
OE26 314643622 864+1342 2137+121° 64040312 11.76 + 1.01° 0.88+0.04°> 1.07+0.05°> 0.58 4 0.00°
150 MM WT 13.60 £ 0.76° 398+ 0.52° 8264108 277+ 0.42° 9.45 + 0.33° 041+0.03° 057+£0.09° 0.29 + 0.04°
NaCl Mui17 751+£023° 1.984+006° 56340299  0.75+0.064 3.96 + 1.08° 013+0.01% 015+0.060 0.10+0.019
Mu26 97140280 2984+0.12% 46440599  1.74+0.10° 11.11 £ 0.34P 029+ 0.06° 044+0.05% 0.21+0.01°
DM 807 +0.77¢ 319+024%® 551+0609 1.93+0.18° 6.76 + 0.69¢ 0.18+0.03¢ 027 +£0.07° 0.16 +0.01°
OE17 25704+1.008 754+1112 1960+158 57240782 18.75 + 0.987 0.62+005 10340072 0.46+ 0.03
OE26 22544148 677 +£0.812 1671 +£145° 51040622 10.04 + 0.64°° 055+0022 0744003 04240.33°

For each level of NaCl concentration, the significant differences between means were shown with different letters at P < 0.05.
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Gene name Accession number Primer sequence

a-Tubulin

AtSOS1

AtSOS2

AtSOS3

AtNHX1

AtHKT1

AtAVP1

AtPAP17

AtPAP26

AT4G14960

AT2G01980

AT5G35410

AT5G24270

AT5G27150

AT4G10310

AT1G15690

AT3G17790

AT5G34850

5'-GCTTTCAACACCTTCTTCAG-3'
5'-GAATAGTTCGCTTGGTCTT-3/
5'-TCTCTTCGTCGGAATGTCTCTGG-3'
5'-TAAGCCAGTCAGCAGGTCCTAGC-3'
5'-AACGGATCTGCACGGACGTTCG-3
5'AGCTAACTGTCCGGCCTTGATCG-3
5'-CCGAGCTTCTTGCATCCGTCAC-3'
5'-GCACAGTACACAAGGCAAGTCCA-3'
5'-AGCAAGGGACCGTACACGTCTC-3'
5'-TCAGACCGGTTGCAGCACCAAGC-3
5'-GAGGATCGCTGTGACGTTGAGACTG-3'
5'-GCAGCCACCATCGCTGATGTC-3'
5'-TGCATTCAGGTCTGGTGCTGTGATG-3'
5-GCTCCAATAGCAGCAGTGGTGTTT-3/
5'-CGAGTCTGAGTTTGCTGTTGT-3
5'-ACATAAGAGTTGCGAGATGGAAC-3'
5'-ATAGGCGATATGGGTCAGACATTC-3'
5'-CAGCGTACCAAAGAGGACTGCTAC-3
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Treat STeulleat/stem) STys(stem/root)

s 0.69+0.09b 3.17+008a
st 096+006a 144£004¢
A 0.65+0.08b 3.36+005a
At 0.79.£0.05ab 2.11£0.10b
) 046004 ¢ 3.69£009a
81-J 0.55+0.06 ¢ 231+005¢c
A 0.70£001b 3.36+0.17b
A1-J 092:003a 2.16+006¢C

S, St indicate no compound material was applied in salinized soll, organic polymer was
applied in salinized soll, respectively; A, A1 indicate no compound material was applied
in alkalized soi, organic polymer was applied in akalized soi, respectively. Values are
means  SD of three independent replications (n = 3). Diferent lower-case letters
indicate that there were significant diiferences among treatments at the level of 0.05.
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Year Treat Plant height (cm) Root length (cm) Total dry matter (g) Boll weight (g barrel-')

s 74265 1.77% 23.00 + 2.83* 54,04+ 101 216.70 + 10.49"
S8 st 77.00+ 1.41° 2650 £2.12° 60.60 + 3.97° 250.14 +7.36°
A 7150+ 2.12° 19.00 = 2.83" 5041+ 1.12¢ 218.22 +9.06°
At 74.75 £ 3.89% 23.75 £ 2.47% 57.86 £ 0.53% 246.29 + 12.08"
s 59.40 + 1.42" 19.09 £ 2.35° 45.93 + 0.86™ 175.52 + 8.50°
2019 st 6314+ 1.16" 2147 £1.72° 49.69 +2.78" 210.12£6.18°
A 57.921.72° 16.15 £ 2.41% 42.34 £ 0.95° 185.49 £ 7.70°
At 6279+ 2.72° 19.71 £ 2.05° 48.60 + 0.45° 201.96 + 9.43*

S, 81 indicate no compound material was applied in salinized soil, organic polymer was applied in salinized soll, respectively; A, A indicate no compound material was applied in
alkalized soil, organic polymer was applied in alkalized soil, respectively. Values are means = SD of three independent replications (n = 3). Different lower-case letters indicate that
there were significant dilferences among treatments at the level of 0.05.
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Group Phioem girdling Compound material

application

s No girdiing No added

A No girding No added

st No girding Organic polymer
compound material

Al No girdling Organic polymer
‘compound material

s Stem girding No added

A Stem girding No added

S1-J Stem girding Organic polymer
compound material

Al-J Stem girdling Organic polymer

compound material
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Genotype

0mM WT

NaCl Muil7
Mu26
DM
OE17
OE26

50 mM WT

NaCl Mu17
Mu26
DM
OE17
OE26

100mM  WT

NaCl Mu17
Mu26
DM
OE17
OE26

150 mM  WT

NaCl Mu17
Mu26
DM
OE17
OE26

Proline content

(wmol g~ FW plant~!

Shoot

3.05 +0.21P
3.01 £ 0.42P
2.09 4+ 0.16°
2.31 + 0.20°
1.39 + 0.30¢
417 £0.522

17.45 +1.07¢
7.92 +0.53°
9.20 + 0.33%

10.34 + 1.18d

26.41 + 0.392

23.95 + 1.08°

17.77 £ 0.60°
12.64 + 0.80°
11.40 + 0.30f
14.27 + 0.63¢
30.45 + 0.73°
32.94 +0.922

23.67 + 0.99°
10.13 £ 0.71©
11.90 + 0.28°
18.28 + 0.59¢
36.81 £ 2,032
2012 +2.63°

Root

5.08 £ 0.47°
5.02 £+ 0.52°
3.48 +£0.264
4.72 £0.64°
8.10 £0.75°
6.95 £ 0.67°

23.58 + 1.59°
13.20 + 1.28°
15.33 4+ 1.55°
17.24 + 2.24d
35.33+0.912
30.65 + 1.25°

30.48 + 0.64°
21.06 + 0.96%
18.99 + 0.50°
23.79 + 0.90¢
44.96 + 1.93°
51.42 + 2.892

45.24 + 1.64°
26.44 +2.12f
31.42 +2.03°
36.26 + 0.969
74.37 + 3,552
60.11 + 2.94P

GB content
(nmol g~

FW plant~1)

1.97 +0.522
1.94 +0.382
1.81 £0.132
2.00 +£0.172
1.20 4 0.472
2.27 +0.15°

8.10 + 0.34
4.28 £ 0.56°
4.97 £1.07°
5.59 + 0.49°
14.27 +£1.148
12.94 +£1.192

9.60 + 0.320
6.83 + 1.05°
6.16 4 0.16°
7.72 +1.45°
16.46 =+ 1.472
17.80 =+ 0.492

12.80 + 1.16°
5.48 + 0.384
6.43 +0.15d
9.88 + 0.32°

16.90 + 1.112

16.74 +1.312

MDA content

(wmol
mg~! FW

1.29 4+ 0.10%
1.40 + 0.05°
1.65 4 0.152
1.34 4+ 0.10%
1.19 +0.10°
1.34 + 0.26%

4.75 + 0.49°
4.44 + 0.41P
5.94 +1.072
4.24 +0.18%
3.00 + 0.31%d
3.57 +£0.17¢

5.94 + 0.059
8.11 4+ 0.49¢
10.54 + 0.542
9.71 £ 0.67°
4.39 4 0.42¢
3.82 +0.33°

7.96 + 0.444
9.25 4 0.67°
13.28 4+ 0.602
11.52 + 0.59°
5.42 4+ 0.80°
6.20 4+ 0.09¢

H, O, content
(wmol mg~' FW)

0.08 £0.018
0.09 +0.018
0.08 + 0.00P
0.10 4+ 0.03%°
0.08 £0.01°
0.10 £0.012

0.12 +£0.22%
0.11 £0.01%
0.12 4+ 0.23%°
0.12 +£0.19%
0.11 £0.01°
0.13 +£0.012

0.17 £0.01°
0.16 4+ 0.02b
0.21 4+ 0.03?
0.25 4 0.042
0.16 + 0.02b
0.13 +£0.02°

0.26 +0.02°
0.28 +0.03°
0.31 4+ 0.30?
0.32 4+ 0.30?
0.14 £ 0.30°
0.14 +0.01¢

APX
(Ug 'FW)

0.00 + 0.00°
1.25 +0.322
0.85 + 0.542b
0.40 + 0.16°
0.00 + 0.00°
0.00 + 0.00°

1.02 + 0.22P
1.95 +0.242
1.88 +0.442
218 +0.50°
0.71 + 0.10°
0.90 + 0.43°

1.97 + 0.80%°
1.65 & 0.16°
2.13 + 0.40°
1.96 4 0.19°0
2.99 + 0.39?
2.68 4+ 0.122

1.82 + 0.80%°
1.18 4 0.32¢d
0.83 + 0.144
1.51 + 0.67°
3.63 4+ 0.38?
2.42 4+ 0.46°

For each level of NaCl concentration, the significant differences between means were shown with different letters at P < 0.05.

POX
(Ug™' Fw)

3.02 £ 0.09¢
6.24 + 0.47°
5.18 + 0.26°
7.18 £ 0.112
2.94 +0.129
2.74 +0.33d

5.82 +0.91°
15.76 + 0.26°
14.24 + 0.54P
12,51 4+ 0.64¢

5.23 + 0.39°

7.55 + 0.634

10.77 + 0.474
11.86 + 1.184

7.97 £ 0.24¢
15.26 + 0.61°
21.20 + 0.552
17.66 + 0.33°

12,57 4+ 0.65°
5.98 + 0.25°
6.24 + 0.15°
9.60 + 0.459

23.24 + 0.56°

16.05 + 1.46°

CAT
(Ug™'Fw)

1.15 4 0.25°
4.60 + 0.23°
5.23 + 0.32b
6.50 + 0.57a
1.89 + 0.27
1.91 +0.079

6.67 + 0.664
7.49 + 0.29°
8.64 + 0.32°
11.66 4+ 0.912
2.80 + 0.56
5.24 +0.31¢

8.09 + 0.69°
9.27 +£0.33°
5.04 + 0.439
9.35 + 0.63°
11.34 4+ 0.58?
10.56 + 0.302

5.78 + 0.52°
2.95 + 0.34°
3.75 + 0.804
1.31 + 0.67f
13.27 + 0.582
9.69 + 0.92°
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lons

P
Ca2t
Mg+
cut
Zn2+
Fe?*
Mn2+
P

Control
root

7162.76 £ 167.75°
47322.37 £ 1492.07°
1216.82 + 47.38"
3718.77 & 137.94°
53.69 + 3012

109.02 + 1.8
478.08 + 20.84¢
2524.12 & 131.26°
4115.76 & 115.19°

1863.74 & 117.75%
5271.43 & 206.6°
1053.14  46.449
1144.26 + 54.67
19.02 £ 0.53°
27.92 +059°
181.97 % 0.05°
2345.94 & 113.99°
461.38 + 16,689

Cheongcheong

Treated root
150 mM (NaCl)

13566.1 + 748.35%
13311.39 & 698.45%
212853 & 64.67'
3129.29 & 40.79°
54.58 + 1.75°
10857 & 3.26°
4669  13.229
7949.05 & 106.31
159651 + 31.119
IR28

30116.15  2140.06
20496.77 + 1443.720
2010.48 & 25.659
3613.83 + 2510
31.02 +0.04°
64.35 + 151°
274.86 + 54"
3138.09 & 49.03°
1704.81 + 30.76'

Control
shoot

886.88 + 6.43¢
15703.47  240.86
1906.42 + 12.124

101024 + 9.95'

129+ 008¢
3043 + 1.16°
710.89 + 0.63°
26906 £ 7.81%
1816.64 + 7.19°

1158.76  48.31%¢
17127.61 £ 421.779
1504.71 % 16.81°
1242.62 + 48.19°
14.79 + 0.06°
24.35 + 0.65°
708.76 + 12.18°
22081  1.05°
1841.56 + 19.5

Treated shoot
150 mM (NaCl)

9438.99 & 104.51%
32020.11 & 406.82°
3398.86 =+ 57.98°
26116 + 90.12¢
27,66+ 0.14%
63.16 + 0.28%
1226.89 + 14.53°
422822 % 174.5¢
3616.16 & 25.89°

743018 & 952.499
19987.48 + 2684.11>
2049.78 & 14.739

1538.29 + 46.18'
1334 & 0.03"
32.94 + 1.36°

697.62 % 151"
547.4 % 205.789
176212 4+ 19.72'

Control
root

2331.19 = 30.89°
720556 = 34.78°
428203 & 26.9°
2795.77 % 10.81°
19.21 £ 0.18°
66.99 = 8.6°
47112 £3.129
9425.34 & 164.28°
1616.29  8.25°

7837.89 + 1059.42%
42294 + 5328.69°
2586.02 + 69.3°
3907.19 =+ 62.24*
26.75 + 0.39°
87.07 + 051>
1986.29 + 45.56*
8454.1 + 268.94°
2643.12 % 64.05

Nagdong

Treated root
150mM (NaCl)

16045.18 & 936.5°

17962.58 + 1069.88°

3784.76 + 58.75°
3542.99 & 31.88°
23.55 % 0.11°
84.25  1.36°
800.45 & 1.4°
7646.2 £ 83.68°
2931.81 % 16.46¢

34243.13 + 3556.27%
37697.25 + 3786.88%

3017.59 + 43.75¢
4482.88 + 60.05*
35.56 % 0.05°
59.46 + 2.22%¢
1051.35 + 5.99¢
6772.82 + 76.93°
2321.95 4 7.53°

Control
shoot

817.76 + 56.51¢
5852.8  339.86°

1035.65 % 55.429

773.18  46.979
6.46  0.45°
16.26 + 3.8'
607.24 + 35.79°
220.48 + 48.21°
742.49 & 57.3'

Pokkali

1830.72  38.83%
28045.71 + 11.87°
3256.09 & 2.43°
1833.98 + 16.14¢

139 +0.23¢
42,86 +1.2¢
1981.8 + 15.78°
5457 + 6.98¢

2364.91 + 8.34°

Treated shoot
150 mM (NaCl)

11543.04 = 2034.33%¢
35696.97 + 6365.42°
2629.04  38.74°
2200.65 = 44.84°
25.71 £ 0.18°
58.76 + 3.05¢
1464.06 + 6.94°
864.62 + 23.16'
3427.35 & 4.53°

10427.33 + 2230.61¢
36320.41 + 7662.18%
3153.01 + 28.96°
2099.7 + 43.35°
16.16 £ 0.189
30.74 £ 2.83°
3340.17 & 64.3°
218.18 + 15.52"
2990.565 + 32.89°

After 7 days of salt stress, Na*, K+ and other micronutrients, such as Ca?*+, Mg+, Cu?*, Zn*, Fe?*, Mn2*, and P, were measured in the roots and shoots of both control and treated plants. Data = standard error are shown. Different

letters after data (a-h) indicate significant differences between salt treatments (P < 0.05 by Duncan’s multiple range test).
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KEGG ID Description DEGs P-value
Up Down Count

ST (ALL)

ath04016  MAPK signaling pathway-plant 8 3 11 7.47E-04

ath00940  Phenylpropanoid biosynthesis 3 8 11 4.00E-04

ath00196  Photosynthesis-antenna proteins 9 0 9 4.91E-09

ath00280  Valine, leucine and isoleucine 2 6 8 1.41E-04
degradation

ath00710  Carbon fixation in photosynthetic 6 2 8  8.39E-04
organisms

ath00071  Fatty acid degradation 2 4 6 1.37E-03

SS (ALL)

ath00940  Phenylpropanoid biosynthesis 6 13 19  1.43E-05

ath00270  Cysteine and methionine metabolism 10 9 19 2.80E-06

ath00564  Glycerophospholipid metabolism 3 10 13 2.58E-03

ath00920  Sulfur metabolism 8 3 11 2.76E-06

ath00053  Ascorbate and aldarate metabolism 6 3 9 1.25E-03

ath00280 Valine, leucine and isoleucine 0o 9 9 2.82E-03
degradation

ath00565  Ether lipid metabolism 0 7 7  4.08E-04

ST (FC > 2)

ath00940  Phenylpropanoid biosynthesis 2 6 8 2.01E-06

ath04016  MAPK signaling pathway-plant 5 0 5 2.90E-03

ath00906 Carotenoid biosynthesis 3 0 3 1.92E-03

SS (FC > 2)

ath00940 Phenylpropanoid biosynthesis 2 9 11 1.18E-07

ath00564  Glycerophospholipid metabolism 2 4 6 2.23E-04
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Accession

AB061311
ABOB1313
AJ491820
AJ491816
AJ491818
AK109852
AK108663
AJ491855
AB021878
AB531435
AB531433
ABS531434
AY785147
ABO47313

Gene

OsHKT1
OsHKT2
OsHKT3
OsHKT4
OsHKT6
OsHKT7
OsHKT8
HKT9
OsNHX1
OsNHX2
OsNHX3
OsNHX5
0sSOS1
OsActin

Forward primer (5'-3')

TCGGCAAGCACTGTGATAAG
GGGAAAGGTGACCAAGTTGA
AACAGCAGCGCAGTAGGTTT
AACTGGGTCCTTTTGCTCCT
GGAAGCACCCAATACATGCT
CATCTGCATCACCGAGAGAA
CTCAGGGAAGTGGAGCAAAC
ATTCCATCTTAGCCCGCTTT
ATTGGGGAATCTGTTTGCTG
GCTATTCAACGCAATGCAGA
ATGGATGCACTGGACATTGA
GATGGACCTGGGCTACAGAA
GGCAGGATAATGTGGTGCTT
CGTCCTCCTGCTTGTTTCTC

Reverse primer (5'-3)

CGCTTGCTCCTCTTCAAATC
AGTCGGCAACTTAGGAAGCA
CAACCTCCACAACTGCAAGA
ACCTTCCCCAAAACCCATAC
AATGTGCGGAAAGTTTGGAG
CTTGCCTGAGCAACTTCGACA
AACTTCTTGAGCCTGCCGTA
CCAAGGCAACAAAACCAAGT
ACAGACAGCTAGGCCCAGAA
GTGCTCGTGGCAAACAGATA
TGAATTGGTCGTGGACAAAA
AGATGGGCAATGGAAACAAG
TGAGCAGCAGGCAATATCAC
TAGGCCGGTTGAAAACTTTG

Fragment size (bp)

98
o1

73
98
100
86
72

74
84
99
70
98
70
72
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MAPK cascade Phytohormone
CTR1 NDPK2 ACS NCED IS SnRK2 ETR1
CYP707A ACO ABF PPZ2C
PYL SAMDC

Transcription factors

ERF12  ERF17  WRKY33
DREB1D WRKY22 NAC81
ERF1B  bZIP1 NACZ29

ROS generation ROS scavening

RbohA  RbohD APX3  PNC1
RbohB  RbohC CAT  POD
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Morphological and Standardized Shoot biomass Morphological and Standardized Root biomass

physiological traits coefficients physiological traits coefficients

Plant height ns Root length ns
Leaf area 0.438 3.6 Root surface area 0.487 4.2
Leaf dry weight ns Root average diameter ns
Photosynthetic rate 0.446 3.8 Root tip number 0.409 3.5
MS regression 25120.5 MS regression 3759.7
MS residual 264.1 MS residual 352
R? 0.718"* R? 0.741*

F-values and significance levels are shown for traits with a significant effect. Mean squares for the final regression equations (containing the “significant variables” with
standardized coefficients), and proportion of variance explained by the model (R?) are indicated for both biomasses.

ns, not significant.

**n «:0:01,. *p «0:001.
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Marginal Effects

Conditional Effects

Variable Var.N Lambda1 LambdaA F P

Na* 1 0.57 0.57 95.20 0.002
CO52~ 5 0.36 0.12 30.36 0.002
Cl- 2 0.30 0.00 2.87 0.012
S04%~ 3 0.18 0.09 25,55 0.002
HCO3™ 4 015 0.02 549 0.002
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Emergence rate

Plant height

Shoot dry weight

Leaf area

Leaf dry weight
Photosynthetic rate
Stomatal conductance
Transpiration rate
Water use efficiency
Root dry weight

Root length

Root surface area
Root average diameter
Root tips number

pH

—0.893"*
—0.927**
—0.353"
—0.221"
—0.206"
—0.332"
—0.255"
—0.299"
—0.370"
—0.275"
—0.296"
—0.242"
—0.199"¢
—0.119™

Salinity

—0.211"

—0.204"

—0.834*
—0.951
—-0.915"
—0.907
—0.857"**
—0.937
—-0.719™
—0.822"
—0.899"*
—0.888"*
—0.778"*
—0.871*

[Na*]

—0.420"

—0.433"

—0.794*
—0.904*
-0.815"*
—0.899"*
—0.836"*
—0.944*
—0.723"
—0.759"*
—0.886"*
—0.856"*
—0.729"
—0.789"*

[cr]

—0.158"
—0.079™
—0.487~
—0.602**
—-0.712
—0.598*
—0.574*
—0.5624**
-0.612"
—-0.527**
—0.5685""
—0.578"
—0.541**
—0.634

[804%7]

0.466*

0.508™
—0.483*
—0.563"
—0.505"*
—0.414*
—0.485*
—-0.519"
—0.108™
—0.498*
—0.465*
—0.503"
—0.457*
—0.549™

[HCO®-]

—0.068"
—0.155"
—-0.519"
—0.5635"
—0.362"
—0.475*
—0.433*
—0.602"*
—0.213™
—0.453*
—0.475*
—0.471*
—0.376"
—0.387"™

[CO42-1

—0.872
—0.905™*
—0.401*
—0.449*
—0.490"
—0.5693"
—0.450*
—0.486*
—0.768™*
—0.376"
—0.623"
—0.458*
—0.384"
—0.383™

ns, not significant.

0 < 0.05, **p < 0.01, and **p < 0.001.
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GmMYB3a

GsSKP21

GsERF6

GsERF71

GsNACO19

SsMT2

SbWRKY50

ThNAC13

TaMYBS6B

TaNAC47

Soybean (Glycine
max)

Soybean (Glycine
soja)

Soybean (Glycine
soja)
Soybean (Glycine
soja)
Soybean (Glycine
soja)

Suaeda salsa

Sweet sorghum

Tamarix hispida

Wheat

Wheat

Free Pro content decrease;
photosynthesis rate decrease; reduced
the transcription of stress related genes
Altering the expression of ABA
signaling-related and ABA-induced
genes

ABA and ET signaling pathways

Upregulate HT -ATPase expression and
by modifying auxin accumulation
Regulate expression of
stress-responsive genes, decreases
plant ABA sensitivity, recognize
AtRD29B promoter

Directly bind ion and trigger other
genes’ function, or indirectly improve
ROS scavenging

Directly binding to the upstream
promoter of SOS7 and/or HKT1 to
control ion homeostasis

Enhance the ROS-scavenging
capability and adjusting osmotic
potential

Regulate ion homeostasis, maintain
osmotic balance and decrease ROS
levels

Up-regulate stress responsive genes in
ABA pathway, including AtRD29A,
AtRD29B, AtCOR47, AtRD20,
AtGSTF6, and AtP5CS1 by binding
ABRE cis-element

NaCl or
NaQCO;g

NaHCO3

NaH 003

NaHCO3

NaHCO3

NaCl or
NaH003
NaCl

NaCl

NaCl

NaCl

QOverexpression in
soybean

Overexpression in
Arabidopsis

Overexpression in
Arabidopsis
Overexpression in
Arabidopsis
Overexpression in
Arabidopsis

Overexpression in
Arabidopsis

Overexpression in
Arabidopsis and
sweet sorghum
Overexpression and
RNAI in T. hispida;
Overexpression in
Arabidopsis
Overexpression in
wheat

Overexpression in
Arabidopsis

He et al., 2018
Liu A. etal,,
2015

Yu et al., 2016
Yuetal., 2017
Cao et al.,
2017
Jinetal., 2017
Song et al.,
2020a

Wang L. et al.,
2017

Song et al.,
2020b

Zhang et al.,
2015
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Dependent variable

Emergence rate

Plant height

Shoot dry weight

Leaf area

Leaf dry weight
Photosynthetic rate
Stomatal conductance
Transpiration rate
Water use efficiency
Root dry weight

Root length

Root surface area
Root average diameter
Root tips number

df

ns, not significant.

0 < 0.05, **p < 0.01, and **p < 0.001.

pH

138,20
223"
ga.8
&
5 g
24,0
108"
11.20%
16,27
16.9%
o G
-
1.5ns
18.47
4

Salinity

1gigne
1.2
19477
125.4"
957"
87 54
107.7%
943
449
171.4m
64.9"
925"
18,1
281.3"
4

pH x Salinity

3.7
2.2¢
10.6"*
1 .zns
2.0

3.
2.2*
O.gns
5.6+
6.5+
1.3n8
2.0
1.4ns
10.6™*
16
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ZmWRKY114

MxWRKY64

NItCIPK9

AsSnRK2D

PoCIPK1

PtSnRK2.5 PtSnRK2.7

PeNAC036

PeNACO034

PeNAC045

PnHB7

CDPK2

OsHKT1,5

OsSTAP1

SeMAPKK

SIWRKY28

SpSOS1

GsMAPK4

GmWRKY16

GmPKS4

GmMYB68

Maize (Zea mays)

Malus xiaojinensis

Nitraria tangutorum

Oat

Physcomitrella
patens

Poplar (Populus
trichocarpa)
Populus euphratica

Populus euphratica

Populus euphratica

Populus nigra

Potato

Rice

Rice

Salicornia europaea

Salix linearistipularis

Sesuvium
portulacastrum

Soybean (Glycine
soja)
Soybean (Glycine
max)

Soybean (Glycine
max)

Soybean (Glycine
max)

Regulate stress- and ABA-related gene
expression

Higher activities of SOD, POD, and
CAT, higher contents of proline and
chlorophyll, while MDA content was
lower

Promote the expression of genes
controlling ion homeostasis

Modulate the expression of
stress-inducible genes including
dehydrins, cell signaling components,
transcription factors, antioxidative
enzymes, and proline biosynthesis
Regulate ionic homeostasis, HoOp
accumulation, photosynthetic activity
Increase survival rates and metabolic
regulatory genes expression
Upregulate the expression of COR47,
RD29B, ERD11, RD22 and DREB2A
Downregulate the expression of
COR47, RD29B, ERD11, RD22 and
DREB2A

Decrease net photosynthesis rate,
stomatal conductance and transpiration
rate

Increase expression of some TFs and
stress-defense-related genes in ABA
pathway

Promote ROS scavenging, chlorophyll
stability and salt-tolerant gene induction
Mediate Na*t exclusion in the phloem to
prevent Na* transfer to young leaf
blades

Decrease the Na* /K™ ratio, increasing
the activities of antioxidant enzymes

Improve plant growth

Regulating enzyme genes associated
with ROS scavenging pathway

Regulate ion homeostasis and
protecting the plasma membrane
against oxidative damage

Improve plant growth

Regulate transcription of the stress-
and ABA-responsive genes with ABA
and proline accumulation, and MDA
decrease.

Enhance the scavenging of ROS,
osmolyte synthesis, and the
transcriptional regulation of
stress-related genes

Adjust osmotic and photosynthetic
processes; increased grain number and
100-grain weight

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaH COg

NaCl

NaCl

NaCl

NaCl + NaHCOgz

NaCl or
Na2003

QOverexpression in
rice
QOverexpression in
Arabidopsis

QOverexpression in
Arabidopsis
Overexpression in
tobacco

Gene knockout in
P, patens
QOverexpression in
Arabidopsis
QOverexpression in
Arabidopsis
QOverexpression in
Arabidopsis

QOverexpression in
poplar

Overexpression in
tobacco

Overexpression in
potato

T-DNA insertion
mutation in rice

Overexpression in
rice
QOverexpression in
Arabidopsis
Overexpression in
Populus

davidiana x P. bolleana

Overexpression in
Arabidopsis

QOverexpression in
soybean
QOverexpression in
Arabidopsis

QOverexpression in
soybean and
Arabidopsis

Overexpression and
RNAI in soybean

Bo et al., 2020

Han et al., 2021

Luetal., 2020

Xiang et al.,
2020

Xiao et al.,
2021

Song et al.,
2016

Luetal., 2018

Luetal., 2018

Luetal, 2018

YuX. etal,
2020

Grossi et al.,
2021

Kobayashi
etal., 2017

Wang V. et al.,
2020

Rehman et al.,
2020

Wang X. et al.,
2020

Zhou et al.,
2018

Qiu et al.,, 2019

Ma et al., 2018

Ketehouli et al.,
2021

He et al., 2020
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pH

7.31
8.48
9.10
10.14
10.66
7.49
8.58
9.20
10.19
10.73
7.48
8.58
9.28
10.19
10.73
7.34
8.59
9.22
10.156
10.71
7.46
8.55
9.16
10.07
10.69

Salinity (mmol L~—1)

40
40
40
40
40
80
80
80
80
80
120
120
120
120
120
160
160
160
160
160
200
200
200
200
200

[Na+] (mmol L~1)

30
60
58
60
60
60
120
116
120
120
90
180
174
180
180
120
240
232
240
240
150
300
290
300
300

[CI-] (mmol L-1)

20
10
4
10
16
40
20
8
20
32
60
30
12
30
48
80
40
16
40
64
100
50
20
50
80

[SO42-] (mmol L-1)

20
20
16
10
4
40
40
32
20
8
60
60
48
30
12
80
80
64
40
16
100
100
80
50
20

[HCO3~] (mmol L-1)

0
10
18
10

4

0
20
36
20

8

0
30
54
30
12

0
40
72
40
16

0
50
90
50
20

[CO32-] (mmol L)
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Gene name

VaERF3

MsGSTUS

MsMYB4

MsWRKY11

MsSiR

MdHB-7

MdWRKY100

MdANACO047

AtHKT1

CPK12

AtMYB49

BdCIPK31

ChbZIP1

CsTGase

GsPPCK3

ItERF

LKERF-B2

ZmCPK11

ZmCIPK42

Source of species

Adzuki bean

Alfalfa (Medicago
sativa)

Alfalfa (Medicago
sativa)

Alfalfa

Alfalfa (Medicago
sativa)

Apple (Malus
domestica)

Apple (Malus
domestica)
Apple (Malus
hupehensis)

Arabidopsis

Arabidopsis

Arabidopsis

Brachypodium
distachyon

Chlorella sp. BLD

Cucumber

Glycine soja

Iris typhifolia

Larix kaempferi

Maize (Zea mays)

Maize (Zea mays)

Regulatory functions

Promote proline accumulation;
decrease MDA and ROS contents;
promote the expression of stress
responsive genes

Maintain the chlorophyll content;
improve antioxidant enzyme activity and
soluble sugar levels; reduce ion
leakage, ROS accumulation and MDA
content

Increase the plants’ salinity tolerance in
an ABA-dependent manner

Increase the contents of chlorophyll,
proline, soluble sugar, SOD and CAT;
reduce the relative electrical
conductivity, the contents of MDA and
ROS; Increase pods per plant, seeds
per plant and 100-seed weight
Increase the GSH content

Reduce root damage; maintained ion
homeostasis; detoxify ROS

Increase chlorophyll content, reduce
HoO, and MDA levels

Directly activate the expression of
MCAERF3 and facilitate ethylene release

Reduce Nat toxicity

Regulate Na* and HoOo homeostasis

Modulate the cuticle formation and
antioxidant defense

Promote stomatal closure, ion
homeostasis, ROS scavenging,
osmolyte biosynthesis, and regulation
of stress-related genes

Active stress response gene such as
GPX1, DOX1, CAT2, and EMB by
binding G-box 2 motif and active
oxygen detoxification pathway
Regulate PA metabolism and Na*/K*
balance

Decrease ion leakage and MDA
content, increase chlorophyll content
and root activity

Activate the expression of stress-related
genes through binding to the GCC-box
Higher content of chloroplast pigments;
the activity of SOD and POD was also
enhanced

Regulate Na* and K+ homeostasis and
stabilizing photosystem |l

Interaction with ZmCBL1, ZmCBL4,
and ZmMPI

Types of
saline- alkali
stress

NaHCO3

NayCO3 4+ NaHCO3

NaCl

NaCl or
NazCO3 + NaHCO3

N8H003

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaCl

NaHCO3

NaCl

NaH003

NaCl

NaCl

NaCl

NaCl

Transgenic
species

Overexpression in
Arabidopsis

QOverexpression in
tobacco

Overexpression in
Arabidopsis
QOverexpression in
soybean

QOverexpression in
alfalfa
Overexpression
and RNAI in apple
QOverexpression in
Apple
Overexpression in
apple and
Arabidopsis

Gene knockout and
complementation in
Arabidopsis

RNAI mutation in
Arabidopsis

Gene knockout and
overexpression in
Arabidopsis
Overexpression in
tobacco

Overexpression in
Arabidopsis

QOverexpression in
tobacco
QOverexpression in
Medicago sativa

QOverexpression in
Arabidopsis
Overexpression in
Arabidopsis

Overexpression in
Arabidopsis
Overexpression in
maize and
Arabidopsis
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Plant response to
salt-alkali stress
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& | Increasing endogenous hormone synthesis
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Treatment groups NaCl Na,S0,4 NaHCO3 Na,CO3

A 1 1 0 0
B 1 2 1 0
C 2 8 9 1
D 1 1 1 1
E 8 2 2 8

A, pH 7.31-7.49; B, pH 8.48-8.59; C, pH 9.10-9.28; D, pH 10.07-10.19; E,
pH 10.66-10.73.
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Accession Description Gene name Ratio upon NaCl treatment

NJ4375/F1 MB1942/F1 F1 SNP/Con F1 cPTIO/Con
AOAO078FMN3 Dihydrolipoamide acetyltransferase PYD2 0.227 0.199 3.775 0.589
AOCAQ078IHO4 Citrate synthase cs 0.331 0.313 16.720 0.373
AOAO78FVIO Isocitrate dehydrogenase ICDH 0.490 0.328 2.460 0.333
AOAO78FRZ0 Dihydrolipoamide succinyltransferase 0oGD2 0.528 0.436 1.865 0.491
AOAQ78HSE9 Succinyl-CoA synthetase SCS 0.394 0.384 2.023 0.478
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Accession Description Gene name Ratio upon NaCl treatment

NJ4375/F1 MB1942/F1 F1 SNP/Con F1 cPTIO/Con
AOAO78E0Y2 Delta-1-pyrroline-5-carboxylate synthase A P5CS1 0.334 0.396 3.422 0.401
AOAO078HWQ9 Delta-1-pyrroline-5-carboxylate synthase B P5CS2 0.439 0.445 1.815 0.5562
AOAO78F9Z9 Pyrroline-5-carboxylate reductase P5CR 0.548 0.548 2.039 0.605
AOCAQ078G092 Proline dehydrogenase PDH 3.004 1.821 0.553 2.453
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Accession Description Gene name Ratio upon NaCl treatment

NJ4375/F1 MB1942/F1 F1 SNP/Con F1 cPTIO/Con

AOA078G803 Hydroxymethylbilane synthase HEMC1 0.203 0.152 2.065 0.631
AOAO078FSF5 Protoporphyrinogen/coproporphyrinogen Il oxidase PPOX 0.263 0.275 4.852 0.491
AOA078HA16 Magnesium-protoporphyrin O-methyltransferase CHLM 0.206 0.250 2.088 0.572
AOAO078GUT8 Protochlorophyllide reductase PORB 0.489 0.477 46.212 0.451

AOAO78FHJ5 Divinyl chlorophyllide-a 8-vinyl-reductase PCB2 0.351 0.339 9.302 0.268
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Accession Description Gene name Ratio

NJ4375 Con/F1 Con MB1942 Con/F1 Con NJ4375 NaCl/F1 Con MB1942 NaCIl/F1 Con F1 NaCl/F1 Con

P39867 Nitrate reductase 1 NIAT 0.997 0.961 1.908 1.781 2.812
P39868 Nitrate reductase 2 NIA2 0.954 0.959 1.380 1.263 1.843
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0mM
NaCl

50 mM
NaCl

100 mM
NaCl

150 mM
NaCl

Genotype

WT
Mu17
Mu26
DM
OE17
OE26

Mu17
Mu26
DM

OE17
OE26

Mu17
Mu26
DM

OE17
OE26

WT
Mu17
Mu26
DM
OE17
OE26

Flowering %

65.04 & 5.1°
25.95 + 1.0°
61.62 + 3.6°
7111 £ 4.4
94.44 + 5.5°
76.67 + 6.7°

51.19 + 1.9°
74.60 + 12.9%
75.84 +7.3°
81.57 + 4.20
90.58 + 1.2P
88.64 + 7.3°

81.82 + 2.0%
7114 +53°
7115+ 450
70.85 £ 7.9°
90.11 £ 5.0
69.80 + 1.6°

54.44 +10.92
47.59 + 5.5%°
60.32 4+ 5.22
33.12 + 12.0°
64.50 & 4.5°
65.48 + 3.0

Number of pods plant—1

6.44 +1.32
2.66 +0.2P
6.51+0.32
8.78 +£0.92
842+ 1.22
7.89 +0.42

6.70 £ 1.12
3.47+0.8°
571+ 0.6%
6.01 +0.8%
5.81 +1.1%
6.59 +0.82

427 +0.5°
435+0.3°
6.75 + 0.42
501 +0.6°
412 +0.2°
5.33+0.3°

3.23 +0.4Pc
3.05+0.3°
450+ 0.42
2.52 +0.2°
3.90 + 0.2%
3.22 +0.20°

Number of seed pods~

36.00 + 0.6°
35.00 &+ 1.7°
34.67 +1.20
36.33+0.3°
40.67 + 1.22
33.33+0.7°

32.00 + 1.5°
17.67 £ 1.4¢
28.00 & 1.5°
21.00 + 1.0°
36.67 + 1.22
38.33 £ 0.72

28.33 + 3.5°
22.33 + 1.4°
25.67 = 0.3b°
0.00 £ 0.0¢
26.67 + 0.3%°
34.33+£0.72

21.33+2.1b
10.00 + 0.0°
0.00 + 0.0d
0.00 + 0.09
31.67 +1.22
22.67 +0.3°

1000 seed weight (mg)

17.00 + 0.2°
15.78 4+ 0.5°
16.40 + 0.1P
15.20 + 0.1¢
18.07 + 0.42
18.07 £ 0.22

15.67 + 0.2°
11.93 + 0.8°
13.00 4+ 0.3°

9.00 + 0.29
17.13 £ 0.82
15.183 + 0.5°

12.06 + 1.8°
9.733 +0.3°
11.40 4+ 0.4P

0.00 + 0.0°
15.26 4+ 0.22
12.00 & 0.4°

9.60 + 0.3¢
0.00 + 0.09
0.00 + 0.0d
0.00 + 0.0d
14.33 +1.02
11.53 + 0.6°

Total seed yield (mg plant—1)

3.92 +0.8%
347 +0.1P
3.70 + 0.2%
4.86 + 0.5%
527 +£0.6%
477 +0.3%

3.32 +0.42
0.71 +£0.1P
210+ 0.3%
112 +£0.1°
3.69+0.82
2.90+0.82

1.45 4+ 0.3°
0.94 +0.1d
1.73 + 0.0
0.00 £ 0.0°
2.14 +0.1%
219+ 0.12

0.67 £ 0.1¢
0.00 + 0.0¢
0.00 + 0.0d
0.00 £ 0.0
1.88 +£0.22
1.27 £0.1°

For each level of NaCl concentration, the significant differences between means were shown with different letters at P < 0.05.
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Genotype

Total P content
(wmol g=' DW plant-1)

Pi content
(wmol g—1 DW plant-1)

Po content
(wmol g~ DW plant-1)

APase activity
(U mg~1 protein)

Shoot Root Shoot Root Shoot Root Shoot Root
0omM WT 28.83+0.79° 3656+ 1.89°  6.49+036°  6.71+066° 22.34+050° 29.84+231° 054+005  1.02+0.15%
NaCl Mui7 20.87 £0.49° 27.68+2.119 5504 038d° 6.46+0.64° 1528+0.469 2122+1919 0514003  0.64+0.16°

Mu26 2519 +£2.36%° 2496+ 071 589+ 0.32° 427 £0259  19.31 £2128 20.69 +0479 0594002 071+ 0.02P
DM 27.34 +0.34° 2279+116°  7.19+0.22° 39040179  2015+0.55% 18.89+0.99° 076+0.08"  0.55+0.15%
OE17 4242 £3.84% 5031 £1.197 952 4+0.782 8.044+026° 3290+ 1958 4228+1.07% 155+001%  1.70+0.36°
OE26 37.90 £1.408 4267 +0.89° 8544073 9.23+0218 2936+1.01P 3344 +069° 157+005  1.31+0.122
50mM  WT 19.76 £ 0.68° 22.614+ 0529 392+ 1.00° 458 +0.78%9 1584 +0.71¢ 18.03+0.919 087 +0.11P  1.20+0.01¢
NaCl Mut7 37.73+0.1228  33.55 4 1.93° 9.73 + 0.70° 587 £0.12%° 28.00+0.812 27.68+1.94° 04940079 1.23+0.12°
Mu26 1439 £1.929  29.414+1.94° 474 +0.64° 553+ 0.16%  9.65+0.44° 2388+1.87° 067+003  0.90+0.149
DM 17.21 £1.279 20.07 £1.06°  4.65 + 0.43¢ 3.69+0509 1256+0.899 16.38+1.42d 09740120  1.32+0.11¢
OE17 39.26 +£3.3728  52.92+2018 11.61+1.062 7.02+091°  27.64+£157% 4590 +3.058 219400% 227 +0.092
OE26 3094 +£152° 3365+0.76° 9.71+069° 10.36+1.232 2122+197° 2269+215° 230+0.1%2 1.85 + 0.08P
100mM  WT 1550 £ 0.61° 18.68 +£2.35°  3.68 + 0.40° 3484069° 11.82+0.95° 1520+1.80° 143+007° 1.56+0.11°
NaCl Mut7 549 +£0.37¢  15.01 £3.77° 2.46 + 0.35° 3.70 £ 0.30° 3.03+0.08° 11.31+1439 053+0.13  0.80 =+ 0.059
Mu26 11.34 £0.829  17.76 + 0.15° 3.23 + 0.20% 3.29 + 0.29P 8.11+£0.629 14.47 £0.39° 0.82+0.29 0.57 +0.119
DM 1179 £0.859 18.83+1.54° 321 +027% 2754+ 059° 8584+ 0.639 16.08 +1.04° 1.08+0229  081+0.15¢
OE17 36.25+0.792 4817 +1.85%  7.18+0532 6.77 £0.73%  29.07 £0.42% 4140 +1.302 2664023  255+0.16°
OE26 27.79 +£2.01°  29.36 + 1.35° 7.87 £+ 0.642 6.78+0.792  19.92+1.41P 2210+231° 2384008  3.13+0.302
150mM  WT 9.02 +£1.09° 12.414+137°  323+0.11° 2.65 + 0.56° 5794+1.18°  976+0.83° 2.07+004° 206+ 0.16°
NaCl Mui7 48440519 8944+036¢ 0.73+0.23 0.91 4 0.22° 4104028% 803+025° 0.85+006° 1.13+0.03¢
Mu26 3.84 £0.19¢  4.76 + 0.44¢ 1.35 4+ 0.11¢ 0.98 + 0.07¢ 24840229  378+050° 05040109 059+ 0.01¢
DM 582 +0.439  8.43+0.709 2.09 +0.199 1.71+£0.21°¢ 3.73+0239  6.72+0599 0.78+£0.14°  0.78 + 0.04°
OE17 2218 +£1.322 31.68+1.76°  4.94+ 029 6.11+016% 1724 +1612 2557 +1.92¢2 280+0.122 367 +0.112
OE26 1827 £1.120 2612 4+218>  6.56 +0.47° 542 +0.65% 11.71+£066° 19.75+266° 215+0.15°  3.04 +0.20P

For each level of NaCl concentration, the significant differences between means were shown with different letters at P < 0.05.
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Genotypes Shoot length Root length

SSI-T1 SSI-T2 STI-T1 STI-T2 SSI-T1 SSI-T2 STI-T1 STI-T2
SITARA-16 3.832776 —176.308 0.913462 0.971154 —9.18668 —22.7716 1.35 115
CIM-602 —6.01467 3093.728 1.135802 1.506173 —11.0683 —42.0681 1.421687 1.277108
CIM-779 —3.26346 128.6737 1.073684 1.021053 5.047628 —2.91944 0.807692 1.019231
6071/16 4.758414 —404.099 0.892562 0.933884 6.788189 —19.6307 0.741379 1.12931
FH-326 3.321739 —611.2 0.925 0.9 —2.94366 —5.67517 1.11215 1.037383
FH-152 2.259686 374.2041 0.94898 1.061224 3.340612 156.18108 0.872727 0.9
IR-NIBGE-13 2.214493 —1324.27 0.95 0.783333 —0.99048 34.37226 1.037736 0.773585
GH-HADI 4.960464 —195.584 0.888 0.968 —1.35297 7.8253 1.051546 0.948454
BS-2018 1.265424 698.5143 0.971429 1.114286 5.883097 14.39585 0.775862 0.905172
NIAB-512 —5.2726 —291.048 1.119048 0.952381 4.729309 12.30898 0.81982 0.918919
NIAB-135 0.556231 —86.3548 0.987441 0.985871 4.721207 5.526304 0.820128 0.963597

SSI-T1, stress susceptibility index under 15 dS/m salt stress; SSI-T2, stress susceptibility index under 20 dS/m salt stress; STI-T1, stress tolerance index under 15 dS/m
salt stress; STI-T2, stress tolerance index under 20 dS/m salt stress.
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Sr. No. Genotypes Sr. No. Genotypes

(1) 6071/17 (5) IR-NIBGE-13
(2) FH-326 (6) GH-HADI
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Sr. No. Genotypes Sr. No. Genotypes
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Genotypes Sr. No. Genotypes

ROHI 1 (12) CIM-779
SASUI-2018 (13) 6071/16
SITARA-16 (14) FH-326
MNH-1026 (15) FH-1562
MNH-1020 (16) IR-NIBGE-13
CMB-CLEAN COTTON-1 (17) GH-HADI
CRIS-671 (18) BS-2018
WEAL-ag-08 (19) VH-189
UB-69 (20) RH-670
BT-CIM-678 (21) NIAB-512
CIM-602 (22) NIAB-135





OPS/images/fpls-12-683891/fpls-12-683891-g008.jpg
FPKM values of different genes

— Gene Annotation QHCK QHS BYCK BYS

il ' Glutamyl-tRNA reductase 160.53 133.05 185.16 29.32
V-type proton ATPase subunit 2 1046 1143  0.00 0.0

El N voltage-dependent anion channel protein (VDAC) 1935 27.55 449 631
Galactinol synthase 35582073 1086 2.87

i MYB44 168 070 729 031
WRKY25 153 201 09 049

Cation/H(+) antiporter 17 150 18 097 0353

Calmodulin-like protein 462 289 375 071

Calmodulin-like protein 220 407 194 087

. | Calmodulin-like protein 154 047 027 0.00
Calmodulin-binding protein 275 169 021 0.06
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Leat ions (mg g~ DW)

Root ions (mg g~ DW)

Cultivars NaCl
Na* K K*/Na* Na* K K/Na*
0 327015 70,93+ 1.16" 21.70£1.26° 1.05+0.05 54.05+1.93" 51.50 £3.93°
HEDaZS 50 1923017 69.36 + 0.84" 361004 10.94 £ 052° 40.80 + 1.00° 374025
100 28.13+0.32° 69.59 + 0.94" 2.44£005 14.01 +0.66° 2319 1.10° 166+ 0,05
200 33.57 £ 0.44° 64.83+1.04° 193£003" 16.10£0.78° 17,67 £ 067 109+ 0.05°
0 4.47£0.10" 75.80 + 0.96° 16.94 £ 023 0.98 +0.04° 50,01 +2.23° 50.85 + 2.05°
VI1E0135 50 27.57£0.38" 74.54 +1.06° 271004 13.33 £ 045" 47.32+1.25° 3550107
100 30.29 + 0.46° 68.93+1.07" 228002 18.32 + 0.80° 27.58 £ 0.79" 151£0.10°
200 4527 £1.22° 63.59 + 0.89" 1.40+0.05" 26.16 £ 1.59° 14.76 £ 062 0,57 +0.04°

Different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. The values are means + SE.
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200

Shoot biomass (mg plant-’)

W

50.93 +0.59"
38.99+1.72°
30.19+1.02°
27.85+0.06°

562035
3.16+0.19°
295019
275021

V11E0022

bw

3.69 £ 0.04°
290014
234005
219001

0.338 £ 0.017°
0.239 20,02
0.234 +0.02°
0.225+0.01°

V11EO0135

W

46.51+1.07
22.43 + 0.80°
13.93 £ 0.67°

9.16 +0.36"

483031
2.95+0.18"
184£0.13°
137 £0.09°

Different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. The values are means + SE.

bw

3.58 £0.00°
1.80+0.09°
1.14£0.05"
072003

0.255 £0.02
0.187 £0.01°
0.150 £ 0.01°
0.108 +0.01°
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Different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. The values are means + SE.
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68.3+1.5°
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57.0£2.0%
528413

583415
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417215
400£1.5°

Root length (cm)
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21.3+06°
19.0+05°
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45306
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36315

37.0+1.0°
27308
267 £0.3"
260£1.0°

Number of branches

8.0x00°
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50£00"
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63.0+30°
513215
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VariablesLYCO-20 dS/m

LYCO-20 dS/m1
CHLa-20 dS/m0.093.
CHLb-20 dS/m0.461
T-CAR-20 dS/m0.329
T-chl-20 dS/m0.532
TPC-20 dS/m0.735
Tan-20 4S/m-0.315
TF-20 dS/m0.848
AsA-20 d4S/m0.808
TSP-20 dS/m-0.171
RS-20 dS/m-0.405.
Amy-20 4S/mO311
CAT-20 dS/m0.173
POD-20 dS/m-0.074
APX-20 dS/mO.555
T0S-20 dS/m-0.437
MDA-20 dS/m-0.856
TAG-20 dS/m-0.133
TSS-20 dS/m0.272
SOD-20 dS/m-0.670

CHLa-

ds/m

CHLb-

ds/m

1
-0209
0650
0003
-0629
0799
~0009
0091
-0203
0625
0478
0683
0652
-0.183
-0511
-0036
0339
-0074

T
cAR-
20
ds/m

1
0.451
023
0.465
0.044
0.154
0270

~0326

-0333
0.006

-0.375
0233
0232

-0336

-0418

-0378

~0.664

Techl-

ds/m

1
~0.106
-0381
0600
0118
0470
~0484
-0046
0541
0286
0847
~0065
~0450
-0669
~0.259
~0665

TPC-
20
ds/m

1
0025
o462
0.763

-0.159
o072
0349

-0.058

-0.450

~0.008

~0.498

-0679
0352
0352

~0.250

Values in bold are different from O with a significance level alpha = 0.05.

Tan-20 TF-20  AsA-

as/m

1
-0382
-0301
~0.197
0052
-0.186
~0630

ds/m

1
0.454
-0269
~0362
0586
0206
0340
0749
-0285
-0722
0062
0507
-0361

20
ds/m

1
-0263
~0.287

0.004
~0008
-0402

0.154
~0572
-0612
-0.54

0126
-0624

TSP-
20
ds/m

1
~0056
o071
0277
0223
-0292
0207
-0283
-0318
~0327
-0.110

RS-20
ds/m

-0083
03%
-0444
-0606
~0481
0445
0435
~0233
0719

Amy-
20
ds/m

1
-0.162
0610
0108
0072
-0.549
0641
0857
02904

CAT-20 POD-

dsim 20

ds/m
1

-0089 1
0491 0407
-0652  0.467
~0109 -0.167
-0.433 0058
-0560 0489
-0083 0145

APX-
20
ds/im

0.060
-0336
-0393

0.123
-0542

Tos-
20
ds/m

0204
0053
0200
0051

MDA-
20
ds/m

1
0.058
-0355
0.567

TAC-
20
ds/m

0733
o727

Tss-

ds/m

0264

soD-

ds/m
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Variables LYCO- CHLa- CHLb- T-  Tchl- TPC- Tan-15 TF-15 AsA- TSP- RS-15 Amy- CAT-15 POD- APX- TOS- MDA- TAC- TSS- SOD-

15 15 15 CAR- 15 15 dS/m ds/m 15 15 ds/m 15  dS/m 15 15 15 15 15 15 15
dS/m  dS/m dS/m 15  dS/m  dS/m dS/m  ds/m ds/m dS/m  dS/m  dS/m  dS/m  dS/m  dS/m  dS/m
ds/m

LYCO-15dS/m 1

CHLa-15d3/m 0760 1

CHLb-15dS/m 0002 0176 1

TCAR5dS/m 0756 0866 0014 1

Tohh5dS/m 0756 0928 0203 0866 1

TPC-5dS/m 0618 0282 -0029 0417 0270 1

Ten-5dS/m 0492 -0028 0231 0375 0059 0672 1

TF15d$/m 0647 0527 -0722 0324 0251 0452 0120 1

AsA15dS/m 0706 0725 0206 0879 0810 0319 0359 0162 1

TSP-15dS/m  -0.484 -0038 0338 -0.126 0091 —-0871 -0647 -0645 -0028 1

RS-15dS/m  -0281 -0595 -0.335 -0.629 -0719 -0210 0113 0228 -0650 -0258 1

Amy-15dS/m 0083 -0011 -0399 -0442 -0.162 0103 -0405 0546 -0451 -0317 0374 1

CAT15dS/m 0297 -0121 0677 0219 0135 0818 0666 -0304 0548 -0.166 —0.176 -0.451 1

POD-15dS/m 0262 0227 0582 0554 0446 0330 0443 -0374 0766 0033 -0.710 -0674 0782 1

APXA5dS/m 0221 0559 -0250 0590 0462 0029 ~0002 0463 0184 0.167 -0265 -0364 -0474 -0.097 1

TOS-15dS/m 0728 -0922 -0.175 -0837 0984 0157 0018 -0254 —0838 —0.169 0691 0148 0149 —0439 -0892 1

MDA15dS/m -0200 0442 -0.631 -0315 -0098 -0502 —-0812 0395 -0419 0270 0277 0662 -0829 -0788 0112 0023 1

TAC-15dS/m 0041 0114 -0834 -0173 0203 —0315 -0445 0620 -0.176 —0047 0426 0504 —0526 —0.598 -0055 0088 0790 1
TSS-15dS/m  -0500 -0.860 0408 -0737 0701 -0398 0119 -0511 -0550 0170 0670 -0022 0285 0221 -0509 0675 -0.167 -0.78 1
SOD-15dS/m  -0.086 -0.004 -0626 0133 0241 —-0102 0213 0320 -0.183 —-0.156 0445 -0257 —-0.412 -0.392 0609 0250 0151 0369 -0050 1

Values in bold are diferent from O with a significance level aipha = 0.05.
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Variables ~ LYCO- CHLa- CHLb- T T-chk TPC- Tan- TF- AsA- TSP- RS- Amy- CAT- POD- APX- TOS- MDA- TAC- TSS- SOD-
Control Control Control CAR- Control Control Control Control Control Control Control Control Control Control Control Control Control Control Control Control
Control

LYCO-Control 1
CHLaContol 0532 1

CHLbControl 0789 0470 1

TCARContol 0514 0967 0347 1

TchlContol 0746 0898 0810 0815 1
TPC-Control 0472 —0.389 -0350 —0504 —0432 1
Tan-Control  ~0.643 -0.761 -0879 -0633 -0943 0302 1
TF-Contol  -0341 0351 -0349 0321 0059 0355
AsAContol 0123 0274 0183 0190 0274 0515
TSP-Control 0819 0204 0745 0146 0506 —0.007
RS-Control  -0069 -0082 0300 —0223 0095 0650
Amy-Control 0183 —0447 0286 -0345 —0414 0117
CAT.Control 0035 0055 -0319 0287 -0122 -0343
POD-Control 0231 0425 0512 0383 0537 -0254
APX-Contol 0683 0450 0415 0528 0505 -0800
TOSControl 0863 ~0.311 -0918 —-0.186 -0664 0.189
MDAControl  ~0090 0346 0.159 —0.405 —-0.151 0556
TAC-Control 0213 -0363 0482 -0491 —0001 -0.427
TSS-Control 0195 0350 -0.127 0321 0169 0244
SOD-Control  —0.737 0745 —0634 —0746 —0811 0629

1
0017 1

-0337 0389 1

0190 0575 0442 1

0572 0178 0275 -0251 1

0120 -0.184 -0011 -0226 0179 1

0386 0158 0260 0420 -0770 0.186 1

-0555 -0089 0241 -0650 0204 0120 -0.476 1

0448 -0239 0864 -0250 —0005 0385 0224 -0432 1

-0209 0684 0433 0794 0247 -0007 -0025 —-0380 -0194 1

-0488 0430 0238 0045 -0053 —0601 0090 0052 -0536 0022 1

0710 -0.047 0106 -0041 -0091 0064 0106 -0.183 -0014 -0451 -0230 1

0352 —0277 -0382 0290 -0020 0021 -0066 —0870 0566 0168 0082 0138 1

Values in bold are different from O with a significance level alphs

05,
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PC1

PC2 PC3 PC4 PC5 PCé PC7 Pcs PC9 PC10
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Root length Shoot length Fresh weight Dry weight

R® 0.329 0.523 0.536 0.601
F 1.5618 3.395 3.569 4.654
Pr>F 0.061 <0.0001 <0.0001 <0.0001
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Yuan et al., 2019

Chen L. et al.,

2015

Baek et al., 2016
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Ma et al., 2015
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Genotypes

Na* content

Na + /K + ratio

SSI-T1 SSI-T2 STI-T1 STI-T2 SSI-T1 SSI-T2 STI-T1 STI-T2

SITARA-16 0.341495 0.172787 1.139445 1.184181 0.147589 —0.1269 1.140432 0.845925
CIM-602 —0.02141 0.469071 0.991259 1.5 —0.66263 —0.2059 0.369501 0.75

CIM-779 8.847853 5.7499 4.612903 7.129032 4.489623 1.627089 5.271889 2.975596
6071/16 1.546711 1.616409 1.631579 2.616397 2.622059 2172452 3.494896 3.637771
FH-326 7.524984 3.292024 4.072727 4.509091 4.299419 2.405675 5.090909 3.920949
FH-152 0.080237 —0.11067 1.032764 0.88214 2.204925 4.358455 3.097993 6.291996
IR-NIBGE-13 0.820384 0.967852 1.334993 2.031669 5.311725 5.100416 6.0564122 7.192879
GH-HADI —0.47396 —0.03025 0.806464 0.967757 0.079062 0.239124 1.075228 1.2900343
BS-2018 —-0.61577 1.383826 0.748558 2.475071 0.150801 0.327585 1.143488 1.397751
NIAB-512 1.263252 1.644566 1.511749 2.753004 0.808035 0.938074 1.768847 2.139

NIAB-135 3.738854 2.768775 2.526712 3.95134 2.073148 1.716422 2.972606 3.084063
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Species Common MiRNA name Target gene Salt tolerance phenotype Method/Technology References
Name
Malus Apple MiR156a MdSPL13 Overexpressing MiR156a weakened salt MiR156a and SPL13 Ma et al., 2020
domestica resistance in apple, whereas MdSPL13 overexpression
strengthened
Populus Peu-miR164 PeNACO70, Promoted lateral root development, Overexpress Luetal., 2017
euphratica PeNACO12, delayed stem elongation, and increased PeNACO70 in
PeNAC028 sensitivity to drought and salt stresses in Arabidopsis
PeNACO70 transgenic plants
Glycine max Soybean MiR169 GmNFYA3 Reduced leaf water loss, enhanced Overexpress GmMNFYA3  Niet al., 2013
drought tolerance and increased in Arabidopsis
sensitivity to high salinity and exogenous
ABA in GmNFYAS overexpression plants
Glycine max Soybean Gma-miR172¢ Glyma01939520 Soybean miR172c confers tolerance to Overexpress of Lietal, 2016
water deficit and salt stress, but soybean miR172¢
increases ABA sensitivity in transgenic
Arabidopsis thaliana
Glycine max Soybean MiR172¢c NNC1 Overexpression and knockdown of Overexpress miR172c Sahito et al.,
miR172c activity resulted in substantially and knockdown 2017
increased and reduced root sensitivity to miR172c
salt stress, respectively
Agrostis Creeping Osa-miR319a AsPCF5, AsPCF6, Enhanced drought, salt tolerance, Overexpressing Zhou and Luo,
stolonifera bentgrass AsPCF8, AsTCP14 increased leaf wax content and water Osa-miR319a in 2014; Zhou
retention, but reduced sodium uptake creeping bentgrass etal., 2013
Panicum Switchgrass Osa-miR319b PvPCF5 Osa-miR319b positively regulated ET Overexpress Osa- Liuetal., 2019
virgatum synthesis and salt tolerance miR319b, target mimic
miR319 in swithgrass
Populus spp. Poplar MiR390 ARF3.1, ARF3.2, Stimulated LR development and Overexpress and He et al., 2018
ARF4 increased salt tolerance knockdown (STTM)
miR390 in poplar
Helianthus Jerusalem MiR390 TASS, ARF3/4 May play an active role in salt tolerance Bioinformatics, gene Wen et al., 2020
tuberosus artichoke cloning and RT-gPCR
analyses
Arabidopsis Arabidopsis MiR393 TIR1, AFB2 MiR393ab mutant shows reduced miR393ab double Iglesias et al.,
thaliana inhibition of LR number and length, mutant was obtained 2014
increased levels of ROS in LRs, and from the cross of
reduced APX enzymatic activity miR393a-1 and
miR393b-1
Arabidopsis Arabidopsis MiR393 TIR1 Enhanced salt tolerance in mTIR1 Overexpressing Chen Z. et al.,
thaliana transgenic plant miR393-resistant form 2015
mTIR1 in Arabidopsis
Oryza sativa Rice OsmiR393 OsTIR1, OsAFB2 Reduced tolerance to salt and drought, Overexpressing Xia et al., 2012
increased tillers and early flowering OsmiR393 in rice
Oryza sativa Rice Osa-miR393 LOC_0s02906260,  Transgenic plants were more sensitive to Overexpressing Gao et al., 2011
LOC_0Os05941010,  salt and alkali treatment Osa-miR393 in rice and
LOC_0Os05905800 Arabidopsis
Agrostis Creeping Osa-miR393a AsTIR1, AsAFB2 Improved salt stress tolerance associated ~ Overexpressing Zhao et al.,
stolonifera bentgrass with increased uptake of potassium Osa-miR393a in 2019
creeping bentgrass
Arabidopsis Arabidopsis MiR394a/b LCR MiR394a/b over-expression and cr (LCR Overexpressing Song et al.,
thaliana loss of function) mutant plants are miR394a/b and LCR in 2013
hypersensitive to salt stress, but LCR Arabidopsis
over-expressing plants display the
salt-tolerant phenotype
Arabidopsis Arabidopsis MiR395¢, APS1, APS3, Overexpression of miR395¢ or miR395e Overexpression of Kim et al.,
thaliana MiR395e APS4, SULTR2;1 retarded and accelerated, respectively, miR395¢c or miR395e in  2010b
the seed germination of Arabidopsis Arabidopsis
under high salt or dehydration stress
conditions
Oryza sativa Rice Osa-miR396¢ LOC_0s01932750,  Reduced salt and alkali stress tolerance Overexpressing Gao et al., 2010

LOC_0s02945570,
LOC 0Os04g5119

osa-miR396¢ in rice
and Arabidopsis
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Variables Na- Na-15 Na-20 Na/K- Na/K-  Na/K- St- St-15  St-20 Tr- Tr-15 Tr-20 PH- PH-15 PH-20 CHL-  CHL- CHL-

Control dS/m dS/m  Control 15 20 Control dS/m dS/m Control dS/m dS/m  Control dS/m dS/m  Control 15 20
dS/m dS/m dS/m dS/m

Na-Control i

Na-15 dS/m 0.469 1

Na-20 dS/m 0.451 0.755 1

Na/K-Control 0.723 0.098 0.084 1

Na/K-15 dS/m 0.731 0.812 0.699 0.264 1

Na/K-20 dS/m 0.720 0.541 0.479 0.089 0.837 1

St-Control 0.346 -0.195 -0.087 —0.030 0.109 0.502 1

St-15 dS/m 0.220 0.482 0.508 0.107 0.548 0.310 0.353 1

St-20 dS/m -0.441 -0.312 -0.241 0.048 -0.484 -0.740 -0.313 0.373 1

Tr-Control 0.333 -0.152 -0.122 -0.012 0.085 0.539 0.435 0211 -0.710 1

Tr-15 dS/m 0.362 0.494 0.442  -0.270 0.500 0.684 0273 —-0.042 -0.570 0.540 1

T-T-20 dS/m~"  —0.484 —0.327 0.132 0.188 0.547 0.594 0.204 0.135 0575 —0.362 —0.360 1

PH-Control 0.476 0.614 0.268 0.293 0.533 0.498 -0.005 -0.276 —0.591 0.261 0.145  —0.495 1

PH-T-15 dS/m~" 0.138 0.347 0.198  —-0.363 0.451 0.646 0.086 —0.529 —0.871 0:533 0.601  —0.520 0.410 1

PH-T-20 dS/m 0.144  —0.028 0.217  —-0.240 0.072 0.458 0.373 -0.219 -0.782 0.709 0.448 0.019 0.244 0.670 1

CHL-Control 0.028 —0.509 —0.429 0.087 -0.187 0.093 0.595 0.117 0.074 0121  -0.376 0.076 -0.137 -0.112 0.121 1

CHL-15 dS/m 0.380 —0.420 -0.369 0.370  —0.053 0.244 0.808 0.404  —-0.002 0.312 0.132 0.149 0.055 0.246 0.057 0.798 1

CHL-20 dS/m -0.158 —0.696 —0.662 -0.104 -0.596 -0.164 0.452 0.566 0.057 0.412  —0.094 0.081 -0.347 —0.131 0.200 0.566 0.521 1

Values in bold are different from O with a significance level alpha = 0.05;, Na+, Sodium concentration; Na + /K 4, Sodium to Potassium ratio; St, Stomatal Conductance; Tr, Transpiration rate; PH, Photosynthetic rate;
CHL, Chlorophyll content.





OPS/images/fpls-12-665439/fpls-12-665439-t002.jpg
MiRNA

Expression level

Arabidopsis Oryza sativa Solanum Gossypium hirsutum Zea mays Triticum Nicotiana Agrostis Spartina
thaliana lycopersicum aestivum tabacum stolonifera alterniflora
MiR156 4 Stief et al., Leaf (0-0.25%){,, 4 Kang et al., 1 Kang et al.,
2014 (0.25-0.5%)1; Root 2020 2020
(0-0.1%) 1,
(0.2-0.25%)|,
(0.25-0.5%)1 Wang
etal, 2013
MiR159 1 Xie F. etal., 2015; | Wang B.
Wang et al., 2013 etal, 2014
MiR164 | Luetal., 2017 | Macovei and | Xie F. etal., 2015 J Fuetal, J Gupta et al., J Qinetal,
Tuteja, 2012 2017 2014 2015
MiR167 J Jodder etal., Leaf (0-0.1%)1; Root
2018 (0.1-0.5%)!,
(0-0.1%)1,
(0.1-0.5%){ Wang et al.,
2013
MiR168 4 Ding et al., | Gupta et al., J Qinetal.,
2009 2014 2015
MiR169 1 Zhaoet al., J Yinetal, 2012 1 (1-48h), { Qinetal,
2009 (15d) Luan 2015
etal, 2014
MiR172 Leaf | ; Root (0-0.1%){, 4 Gupta et al.,
(0.1-0.25%)1, 2014
(0.25-0.5%){ Wang
etal, 2013
MiR319 4 Xie F. etal., 2015 4 Zhou and
Luo, 2014
MiR390 | Yinetal, 2017
MiR393 1 Iglesias et al., | Xiaet al., | XieF etal., 2015 4 Gupta et al., 4 Zhao et al., J Qinetal.,
2014 2012 2014 2019 2015
MiR394a 1 Songetal.,
2013
MiR394b 1 Song et al.,
2013
MiR395 Leaf (0-0.1%)?; Root 4 Frazier et al., J Qinetal,
(0.1-0.8%)., 2011 2015
(0-0.1%)1,
(0.1-0.5%){., Wang
etal, 2013
MiIR396 J Gao et al., J Yuanetal., 1 Caoetal, 4 Wang et al., 2013 4 Chen L. 4 Yuanetal, J Qinetal,
2010 2019 2016 etal, 2015 2019 2015
MiR397 Leaf (0-0.25%) |, | Guptaetal.,
(0.25-0.5%) + Wang 2014
etal, 2013
MiR398 N Leaf (0-0.25%)J,, | Wang B. tleng et al,,
Jagadeeswaran (0.25-0.5%)1; Root etal, 2014 2017
etal., 2009 (0-0.1%)1, (0.1-0.5%)
J Wang et al., 2013
MIR399 4 Guddeti et al., { Wang et al., 2013 J Qinetal,
2005 2015
MiR402 4+ Kimetal.,
2010a
MiR408 ¢t Guoetal, | Macoveiand | XieF etal, 2015 4+ Guoetal,
2018 Tuteja, 2012 2018
MiR414 | Macovei and
Tuteja, 2012
MiR528 4 Yuan et al., 4 Yuanetal,
2015 2015

4 and | indicate the expressions of miRNAs are increased and decreased, respectively. % indicates the salt concentration.
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Variables RL-Control RL-15dS/m RL-20dS/m SL-Control SL-15dS/m SL-20dS/m FW-Control FW-15dS/m FW-20dS/m DW-Control DW-15dS/m DW-20dS/m

RL-Control 1

RL-15 dS/m —0.382 1

RL-20 dS/m 0.430 —0.148 1

SL-Control 0.342 -0.273 —-0.118 1

SL-15 dS/m 0.297 —0.360 —0.137 0.797 1

SL-20 dS/m —0.108 —0.222 0.156 0.222 0.360 1

FW-Control 0.671 —0.400 0.215 0.851 0.586 0.173 1

FW-15 dS/m —0.850 0.228 —0.684 —0.199 —-0.119 —0.126 —0.569 1

FW-20 dS/m~" —0.471 0.211 —0.097 —0.470 —0.238 0.499 —0.432 0.337 1

DW-Control 0.510 —0.256 —-0.017 0.599 0.261 —-0.219 0.776 —0.225 —0.302 1

DW-15 dS/m —0.681 0.279 —0.050 —0.033 —0.054 0.052 —0.330 0511 0.201 —-0.278 1

DW-20 dS/m —0.101 0.375 0.621 —0.367 —-0.179 0.326 —0.241 —0.239 0.472 —0.328 0.312 1
Na-Control —0.044 0.249 0.006 0.103 —0.276 —0.064 0.245 —0.096 —0.070 0.166 —0.253 —0.242
Na-15 dS/m 0.146 0.265 0.356 0.456 0.084 —0.161 0.452 —0.348 —0.615 0.228 0.111 0.086
Na-20 dS/m 0.451 —0.070 0.480 0.476 0.243 0.087 0.597 —0.526 —0.549 0.306 —0.408 0.004
Na/K-Control —0.467 0.296 —0.137 —0.099 —0.322 0.148 —0.178 0.350 0.237 —0.223 0.134 —0.200
Na/K-15 dS/m 0.241 0.197 0.010 0.480 0.035 —0.389 0.529 —0.227 —0.641 0.478 —0.243 —0.371
Na/K-20 dS/m 0.399 0.116 —0.070 0.310 —0.052 —0.334 0.514 —0.415 —0.439 0.465 —-0.512 —0.361
St-Control 0.216 0.124 —-0.019 —0.444 —0.611 —0.239 —0.059 —0.231 0.249 0.243 —0.554 0.002
St-15 dS/m —0.474 0.111 —0.060 —0.851 —-0.527 —0.041 —0.800 0.306 0.523 —0.626 0.074 0.355
St-20 dS/m —0.286 —0.062 0.256 —0.562 —0.323 —0.200 —0.630 0.343 0.078 —0.456 0.312 0.204
Tr-Control 0.103 —0.139 —0.346 0.048 0.099 0.200 0.148 —0.205 0.152 —0.053 —0.422 —0.257
Tr-15 dS/m 0.348 —0.346 0.253 0.293 0177 —0.043 0.530 -0.512 —0.366 0.321 —0.288 —0.070
Tr-20 dS/m 0.284 —0.337 0.501 —0.252 0.062 0.383 —0.165 —0.296 0.083 —0.360 —0.243 0.315
PH-Control —0.159 0.673 —0.184 0.275 —-0.012 0.066 0118 —0.095 —0.152 —0.089 0.144 0.060
PH-15 dS/m 0.486 —0.149 —0.185 0.712 0.507 —0.004 0.751 —0.434 —0.383 0.578 —0.211 —0.296
PH-20 dS/m 0.568 —0.238 0.022 0.360 0.334 0.475 0.567 —0.635 0.058 0.269 —0.597 —0.042
CHL-Control 0.264 0.154 —0.159 —0.470 —0.504 —0.351 —0.255 —0.100 0.168 0.024 —0.380 —0.208
CHL-15 dS/m —0.095 0.184 —0.224 —0.633 —0.776 —0.272 —0.394 0.110 0.347 —0.066 —0.341 —0.208
CHL-20 dSm 0.027 —0.021 0.013 —0.600 —0.285 0.042 —0.365 —0.070 0.640 —0.267 —0.116 0.262

Values in bold are different from O with a significance level alpha = 0.05. RL, root Length; SL, shoot length; FW, fresh weight; DW, dry weight; Nat/K*, sodium to potassium ration; St, stomatal conductance; Tr,
transpiration rate; PH, photosynthetic rate; CHL, chlorophyll content.
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Latin name of sample Sampling location Salt stress treatment Number of References
concentration/time miRNAs
Arabidopsis thaliana Root, bud 150 mM NaCl/7 d 118 Pegler et al., 2019
Brassica juncea Seedling 150 mM Nacl, 200 mM NaCl/3 h, 6 h, 51 Bhardwaj et al., 2014
12h,24h
Brassica oleracea Flower 80 mM NaCl/15 d 81 Tian et al., 2014
Cicer arietinum Root 150 mM NaCl/12 h 181 ohli et al., 2014
Cicer arietinum Root 250 mM NaCl/2 h 284 handal et al., 2017
Eutrema salsugineum & Seedlings 300 MM NaCl/O h,5h,12h 99 Wu et al., 2016
Glycine max Mature nodules 125 mM NaCl/6 h 238 Dong et al., 2013
Halostachys caspica & Root 600 mM NaCl/48 h 272 Yang et al., 2015
Hordeum bulbosum Stem 250 mM NaCl/2 w 54 Liu and Sun, 2017
Hordeum vulgare The plant body 100 mM NaCl/3 h, 8 h, 27 h 162 Deng et al., 2015
Hordeum vulgare Seedling, leaves, roots 2% NaCl/- 259 Lv et al., 2012
Ipomoea batatas Leaves, roots 150 mM NaCl/- 650 Yang et al., 2020
Lagenaria siceraria(Molina)Stand! Root 100 mM Nacl/4 h 91 Xie J. et al., 2015
Leymus chinensis Seedling 100 mM NaCl and 200 mM 148 Zhai et al., 2014
NaHCO3/24 h
Linum usitatissimum - 50 mM NaCl/18 h 332 Yu et al., 2016
Malvaceae Gossypium Leaves 150 mM Nacl/2 h, 4 h, 8 h 225 Yin et al., 2017
Malvaceae Gossypium Seedling 0.5% NaCl/10d 337 Xie F. et al., 2015
Medicagosativa Root 300 mM NaCl/8 h 453 Long et al., 2015
Medicago truncatula Seedling 20 mM NaCl + NapxSO4 5 mM 876 Cao et al., 2018
NaoCO3 + NaHCO3/72 h
Mesembryanthemum crystallinum & Seed 200 mM NaCl/60 h 967 Jian et al., 2016
Mesembryanthemum crystallinum Seedling, root 200 mM NaCl/6 h 135 Chiang et al., 2016
Musa nana Root Omm (CTR), 100mm (TR100), and 181 Lee et al., 2015
300mm (TR300) NaCl/48 h
Oryza glaberrima Leaves 200 mM NaCl/48 h 498 ondal et al., 2018
Oryza coarctata & Root 450 mM NaCl/24 h 433 ondal et al., 2015
Oryza sativa Leaves 200 mM NaCl/156d 357 Tripathi et al., 2018
Oryza sativa Root, stem 256 mM NaCl/9 h 275 Parmar et al., 2020
Panicumvirgatum Seedling 0.5% NaCl/10d 273 Xie et al., 2014
Paulownia Seedling 0.2%, 0.4% and 0.6% NaCl/20 d 187 Fan et al., 2016
Phoenix dactylifera Seedling, leaves and roots 300 mM NaCl/72 h 422 Yaish et al., 2015
Populus euphratica Leaves, roots 300 mM NaCl/3w 428 Sietal., 2014
Populus tomentosa Seedling 200 mM NaCl/10 h 187 Ren et al., 2013
Raphanus sativus Root 200 mM NaCl/8 h, 6 h, 12 h, 24 h, 204 Sun et al., 2015
48 h, 96 h
Reaumuria soongorica & Seed 43, 273 mM NaCl/- 101 Zhang H. et al., 2020
Rhizophora mangle, Heritiera littoralis Leaves 340 mM NaCl/96 h 147 Gharat and Shaw, 2015
Saccharum officinarum Shoot, root 170 mM NaCl/- 131 Bottino et al., 2013
Salicomia europaea Root, stem 200 mM NaCl/Oh, 12 h, 7 d 241 Feng et al., 2015
Sesamum indicum Seedling —/12 h, 24 h 442 Zhang Y. et al., 2020
Solanum melongena Root 150 mM NaCl/24 h 98 Zhuang et al., 2014
Spartina altemiflora & Leaf and root 500 mM sea salt/6, 12, 24, 72 h 902 Zandkarimi et al., 2015
Suaeda maritima & Aerial portions 255 mM NaCl/9 h 147 Gharat and Shaw, 2015
Thellungiella salsuginea & Leaves, roots 200 mM NaCl/24 h 246 Zhang et al., 2013
Triticum aestivum Seedling 200 mM NaCl/7 d 317 Han et al., 2018
Triticum monococcum subsp. monococcum Leaves, roots 100 mM NaCl/0, 3 h, 6 h, 12 h, 24 h 167 Unlti et al., 2018
Triticum turgidum ssp. dicoccoides The plant body 150 MM NaCl/O h, 3h,6 h, 12 h, 24 h 212 Feng et al., 2017
Vicia faba Seedling 150 mM NaCl/2 w 693 Alzahrani et al., 2019
Zea mays Leaves and roots 250 mM NaCl/12 h 1077 Fuet al., 2017
Zea mays Maize ears —/— 102 Liu et al., 2014

# indicates the plant name of halophyte; - indicates no related information.
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Genotypes

Photosynthetic rate

Chlorophyll content

SSI-T1 SSI-T2 STI-T1 STI-T2 SSI-T1 SSI-T2 STI-T1 STI-T2
SITARA-16 4.149185 23.85456 0.558551 0.435918 —13.3327 1.624632 1.05528 0.896894
CIM-602 4.667792 5.125962 0.5603374 0.878788 —16.928 —0.68509 1.070186 1.043478
CIM-779 —1.13976 —2.16814 1.121264 1.051033 12.20496 0.887972 0.949396 0.943646
6071/16 —0.21364 —4.15348 1.02273 1.098216 —12.01 0.1560476 1.049795 0.99045
FH-326 2.091174 12.29666 0.777511 0.709224 23.31172 2.167315 0.903346 0.862454
FH-152 —0.65953 —7.14621 1.07017 1.168984 —0.78307 1.006127 1.003247 0.936147
IR-NIBGE-13 —0.18764 3.173445 1.019964 0.924958 —3.20611 1.856561 1.013293 0.882175
GH-HADI —0.02664 —2.25964 1.002834 1.053433 —0.42166 1.175345 1.001748 0.925408
BS-2018 2.260667 —12.4802 0.759478 1.295117 5.977687 2.767657 0.975216 0.824353
NIAB-512 —0.77889 —7.86551 1.08287 1.185993 22.1498 —0.52255 0.908163 1.033163
NIAB-135 —0.51155 —5.5539 1.064426 1.131331 —9.08521 0.033597 1.037669 0.997868

SSI-T1, stress susceptibility index under 15 dS/m salt stress; SSI-T2, stress susceptibility index under 20 dS/m salt stress; STI-T1, stress tolerance index under 15 dS/m
salt stress: STI-T2, stress tolerance index under 20 dS/m salt stress.
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Genotypes

Stomatal conductance

Transpiration rate

SSI-T1 SSI-T2 STI-T1 STI-T2 SSI-T1 SSI-T2 STI-T1 STI-T2
SITARA-16 —0.87014 —0.7958 1.100472 1.239213 19.52062 0.938179 0.6298 0.529954
CIM-602 —3.72031 0.687488 1.42957 0.793345 26.67516 0.786631 0.494118 0.605882
CIM-779 —1.34662 —1.16711 1.165489 1.350826 5.858886 —0.68995 0.888889 1.345679
6071/16 3.137208 1.498992 0.637758 0.549411 —19.1102 0.776939 1.362416 0.610738
FH-326 3.029496 0.321093 0.650196 0.903481 3.451417 —0.3508 0.934545 1.175758
FH-152 0.860658 2.357692 0.900623 0.29129 19.55694 1.467706 0.629112 0.26465
IR-NIBGE-13 2.628489 2.36348 0.696498 0.28955 15.13596 1.440585 0.712953 0.278238
GH-HADI 4.404499 2.215894 0.491429 0.333914 26.68264 1.251664 0.493976 0.372892
BS-2018 2.826926 0.814131 0.673586 0.765277 30.18097 0.223229 0.427632 0.888158
NIAB-512 0.367756 0.458233 0.957537 0.862257 24.19056 0.936235 0.541237 0.530928
NIAB-135 —1.12746 0.94688 1.130184 0.715373 13.25299 0.981954 0.748663 0.508021

SSI-T1, stress susceptibility index under 15 dS/m salt stress; SSI-T2, stress susceptibility index under 20 dS/m salt stress; STI-T1, stress tolerance index under 15 dS/m
salt stress: STI-T2, stress tolerance index under 20 dS/m salt stress.
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Gene ID

Signaling pathways

BraA03g042380.3C.gene
BraA07g023900.3C.gene
BraA09g049350.3C.gene
BraA02g040990.3C.gene
BraA03g010780.3C.gene

Stress-related proteins
BraA09g018570.3C.gene
BraA01g014390.3C.gene

Brassica_rapa_newGene_498

Photosynthetic-related
BraA01g027430.3C.gene
Transcription factors

BraA01g023290.3C.gene
BraA05g014020.3C.gene

Annotation

Calmodulin-like protein
Calmodulin-like protein
Calmodulin-like protein

Calmodulin-binding protein

Voltage-dependent anion
channel protein(VDAC)

Galactinol synthase
Cation/H(+) antiporter 17
V-type proton ATPase

subunit e2

Glutamyl-tRNA reductase

MYB44
WRKY25

Fold change Fold change
QHCK vs. QHS QHCK vs. BYCK QHS vs. BYS BYCK vs. BYS
—-1.78 ns —2.51 Down — = - -
0.76 ns —-0.19 ns —2.21 Down —1.27 ns
-0.79 ns —0.30 ns —2.02 Down —2.52 Down
—-0.83 ns —3.64 Down —4.68 Down ~ =
0.39 ns —2.11 Down 2.1 Down 0.36 ns
—0.90 ns —-1.71 ns —2.85 Down —2.04 Down
0.19 ns —2.09 Down —-5.16 Down - -
-0.10 ns -Inf Down -Inf Down —-0.16 ns
—0.39 ns 0.20 ns —-2.19 Down —2.79 Down
—1.38 ns 2.09 Up - - —4.57 Down
0.27 ns -0.72 ns —2.02 Down —1.05 ns
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Genotypes Fresh weight Dry weight

SSI-T1 SSI-T2 STI-T1 STI-T2 SSI-T1 SSI-T2 STI-T1 STI-T2
SITARA-16 —4.94974 0.40731 1.689537 0.905433 —3.7946 1.189054 1.68008 0.754527
CIM-602 —5.8453 —4.03449 1.696203 1.936709 —5.61152 —9.75014 2.005714 3.012857
CIM-779 —1.8046 0.219669 1.214936 0.948998 0.850737 1.243439 0.847528 0.7433
6071/16 4.872994 2.297404 0.419604 0.4666 2.625384 1.209773 0.529471 0.75025
FH-326 2.346475 1.849478 0.720524 0.570597 —0.51797 —0.63153 1.092833 1.130375
FH-152 2.453801 0.954636 0.707741 0.778357 1.166141 1.036427 0.792793 0.786036
IR-NIBGE-13 0.889258 1.836586 0.894085 0.57359 3.42651 3.13296 0.38589 0.35322
GH-HADI 1.402846 0.665543 0.832915 0.845477 1.76483 2.34391 0.683702 0.516114
BS-2018 2.20583 1.108366 0.737275 0.742665 3.461762 1.908824 0.379572 0.605935
NIAB-512 2.575659 1.872777 0.693227 0.681275 0.403614 0.161721 0.927663 0.966614
NIAB-135 0.523862 1.425586 0.937606 0.669014 0.170252 1.807237 0.969487 0.626907

SSI-T1, stress susceptibility index under 15 dS/m salt stress; SSI-T2, stress susceptibility index under 20 dS/m salt stress; STI-T1, stress tolerance index under 15 dS/m
salt stress; STI-T2, stress tolerance index under 20 dS/m salt stress.
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Sample name Total reads Clean reads Clean base GC (%) Q20 (%) Q30 (%) Unique_Map

QHCK1 52,565,502 47,889,448 7,833,859,448 48.32 97.32 92.87 46,373,722 (88.22%)
QHCK2 48,630,636 44,337,691 7,268,557,386 48.31 97.22 92.67 42,955,000 (88.33%)
QHCK3 48,918,336 44,685,974 7,312,326,318 48.35 97.28 92.79 43,078,219 (88.06%)
QHSH 53,574,798 48,715,050 7,998,019,980 48.21 97.21 92.65 47,215,886 (88.13%)
QHS2 59,067,704 53,799,965 8,813,340,384 48.23 97.25 92.73 52,228,231 (88.42%)
QHS3 46,807,148 42,593,325 7,000,183,172 47.98 97.23 92.69 41,336,284 (88.31%)
BYCK1 46,669,894 42,446,112 6,979,059,194 48.28 97.23 92.7 41,073,199 (88.01%)
BYCK2 48,085,448 43,866,215 7,191,629,082 48.42 97.29 92.82 42,446,787 (88.27%)
BYCK3 56,496,268 51,426,737 8,443,5648,790 48.43 97.27 92.78 49,753,439 (88.07%)
BYS1 48,709,928 44,321,968 7,269,655,322 48.15 97.39 93.03 42,936,941 (88.15%)
BYS2 42,579,918 38,686,912 6,365,353,998 48.04 97.36 92.94 37,478,881 (88.02%)
BYS3 44,225,200 39,551,609 6,612,655,366 48.18 97.13 92.45 37,850,581 (85.59%)

QHCK and QHS represent the leaves of Qinghua45 under the control and 100 mmol L= treatments, respectively, and BYCK and BYS represent the leaves of Biyuchunhua
under the control and 100 mmol L~ treatments, respectively. Q20 and Q30 are the percentage of bases with a Clean Data quality value greater than 20 and 30 as a
percentage of the total bases, respectively. GC (%) is the percentage of G and C bases in the total bases in Clean Data. Unique_map is the number of reads aligned to
the unique position of the reference genome and its percentage. 1, 2, and 3 represent the three biological repeats from each sample per treatment.





OPS/images/fpls-12-683891/fpls-12-683891-t001.jpg
Treatment Fresh weight (g) Leaf area (cm2) Chlorophyll (mg/g) Root activity .g/(g.h)
QH-CK 19.86 + 0.265b 36.1 &+ 5.987b 1.11 £0.082b 92.96 + 3.67b
QH-ST 18.49 £+ 1.33b 28.95 + 0.61b 1.32 £0.031b 77.03 + 3.59¢
BY-CK 33.88 +1.518a 71.5 £2.622a 1.61 £ 0.144a 08.37 + 4.09a
BY-ST 11.27 +1.011¢ 28.99 4+ 8517 0.65 £ 0.101c 41.65 + 3.356d

QH-CK (Qinghua45 + 0 mmol L=1 NaCl) QH-ST (Qinghua45 + 100 mmol L=' NaCl) BY-CK (Biyuchunhua + 0 mmol L=' NaCl) BY-ST (Biyuchunhua + 100 mmol L~
NaCl) All data were determined 20 days after NaCl treatment. The data are the mean + SD and the different letters (a—d) indicate a significant difference at P < 0.05

according to Duncan’s test.
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Protein Proline EL TPC TFC DPPH Reducing power (RP) Yield loss
content content

Protein 1

Proline 0.56* 1

EL —-0.70* —0.77* 1

TPC 0.53* 0.62* —0.56* 1

TFC 0.81* 0.55* —0.60* 0.57* |

DPPH 0.10™ —0.56* —0.20™ —0.66™ —0.58" 1

RP —0.60* —0.86** 0.81** -0.33™ —0.66" —0.23™ 1

Yield loss —0.56* —0.55* 0.54* —0.93* —0.59* 0.65™* -0.21"8 1

Polyphenol Protein Proline EL TPC TFC DPPH Reducing power Yield loss

Chlorogenic —0.05™ 0.61* —0.26™ 0.63* —0.06"8 0.78** -0.22m -0.66**

Ellagic 0.42m 0.47"™ —0.42m8 0.92** 0.49™ —0.58" -0.16" -0.94**

Ferulic 0.37" 0.22" -0.36™ 0.85** 0.36™ —0.36™ 0.0278 -0.79**

Syringic 0.4978 0.44"s —0.32"8 0.54* 0.74** 0.73** -0.18™ -0.85**

Vanillic —0.04" 0.31™ —0.23™ 0.62* —0.19™ —0.22" 0.02"s -0.65"*

p-Coumaric —-0.61* 0.44" 0.38™ —0.65™ —0.91** 0.64** 0.33™ 0.25™

Caffeic —0.37™ 0.35™ 0.46™ 0.38™ —0.21"s 0.70** 0.69** -0.49™

Luteolin -0.10™ 0.30™ 0.06™ 0.53* 0.17" 0.91** 0.01™ -0.64**

Gallic 0.45" 0.88** —0.77* 0.62* 0.26"™ 0.08™ -0.73* -0.49™

Apigenin —0.111 —0.41m8 0.2078 —0.37%# —0.23™ 0.75™ -0.01m 0.42ns

Rutin 0.39™ 0.756** —0.56* 0.94** 0.4178 —0.50" -0.41"8 -0.89**

Polyphenol Ferulic Syringic Vanillic p-coumaric Caffeic Luteolin Gallic Apigenin Rutin Chlorogenic Ellagic
acid acid acid acid acid acid

Ferulic 1

Syringic 0.69** 1

Vanillic 0.71* 0.27™ 1

p-Coumaric —0.45™ —0.93** 0.08™ 1

Caffeic 0.59* 0.44" 0.53* -0.15™ 1

Luteolin 0.2178 0.64** 0.36™ —0.48™ 0.50™ 1

Gallic 0.33™ 0.23™ 0.60* —0.12n8 —0.27"8 D.24% 1

Apigenin 0.77* —0.77* —-0.78" 0.48™ —0.70* 0.76* —0.44"s 1

Rutin QT 072 0.76** -0.50™ 0.31% 0.64** 0.78** —0.89** 1

Chlorogenic 0.37% 0.37™ 0.79* —0.10™ 0.34ns 075" 0.72** —0.79** 0.83** 1

Ellagic 0.92** 0.85** 0.71* —0.63* 0:55" 0.53* 0.49™ —0.92** 0.90** 0.59* 1

Protein content (Protein), Proline content (Proline), Electrolyte leakage (EL), Total phenolic contents (TPC), Total flavonoid content (TFC), and 2, 2-diphenyl-1-
picrylhydrazyl (DPPH).

S not significant.

*and ** significant at p < 0.05 and p < 0.01, respectively.
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Independent Coefficient (B) Standard Adjusted Pe
variable? error R2b (R?)

Intercept 143.78 20.64 0.0001
Proline -1.18 0.6 0.41 0.0751
TPC -2.95 0.51 0.58 0.0001
DPPH -47.58 20.93 0.54 0.0441
R? = 0.91 and

Cp= 1.50

aProtein content, proline content, Electrolyte leakage (El) Total phenolic contents
(TPC), Total flavonoid content (TFC), 2, 2-diphenyi-1-picrylhydrazyl (DPPH), and
reducing power (IC50) as independent variables.

bCalculated by linear regression analysis.

CAll variables left in the model are significant at the p < 0.1 level.
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Content Control Salt stress LSD Change
(mg 100 g~ 1 DW) (0 mM NaCl) (250 mM NaCl) (P <0.05) (%)
Chlorogenic acid 424 +£1.57 5.50 £ 0.40 0.43 29.72
Ellagic acid 1.37 £ 0.21 4.92 £ 0.60 0.17 259.12
Ferulic acid 7.82 £ 12.66 25.69 + 1.26 0.48 228.52
Syringic acid 4.85 + 0.51 11.75+1.06 0.32 142.27
Vanillic acid 4.26 £ 0.90 5.73+0.47 0.36 34.51
p-Coumaric acid 10.24 £+ 3.20 6.96 + 1.21 9.66 —32.03
Caffeic acid 9.25 +8.76 10.31 £ 1.65 2.50 11.46
Gallic acid 13.50 £+ 1.13 23.82 +£5.47 9.58 162.20
Luteolin 6.61 +£0.22 10.36 £ 0.57 0.90 56.73
Apigenin 17.57 +£1.33 20.76 + 2.64 1.32 183.21
Rutin 7.36 £ 0.57 19.256 +£1.97 0.56 161.55
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Source of df

Chlorogenic Ellagic Ferulic Syringic  Vanillic p-Coumaric  Caffeic Luteolin Gallic acid Apigenin Rutin
variation acid acid acid acid acid acid acid
Replication 2 05 0.12 3.41 0.85 0.14 55.82 10.73 0.01 372.1 8.35 1.98
Salt stress (S) 1 83.17** 63.24** 1596.3**  237.86"* 10.89* 574.97** 8429.8** 70.22**  200664.7** 5183.1**  709.84**
Genotype (G) 4 388.07** 72.29** 662.19*  277.27**  191.58** 1122.67* 9324.5** 52.34**  60597.2** 1030.8"  597.60**
G xS 4 202.84** 18.98** 53.63* 35.18** 4212 594 .95 8525.2** 3.04** 83029.8" 924.99**  345.79*
Residual 18 0.18 0.03 0.21 0.09 0.12 87.83 5.87 0.76 86.36 1.65 0.30
CV (%) 6.48 5.24 2.76 3.71 7.07 45.49 8.14 10.28 4.15 281 410

**Significant at p < 0.01.
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Control Salt stress LSD Change
(0 mM NaCl) (250 MM NaCl) (P <0.05) (%)

Biochemical traits

Protein content 1.43 £0.02 1.71 £0.02 0.1 19.58
(mggDW™1)

Proline content 3.87 £ 0.08 7.02 £0.54 0.76 37.42
(lwmol g FW—T1)

Electrolyte leakage ~ 48.63 £ 0.71 66.07 + 0.94 3.09 35.86
(%)

TPC* 12.88 + 0.43 16.18 £ 0.34 0.71 17.86
(mg TAE g~ ' DW),

TFC 3.81+0.08 5.56 + 0.10 0.04 45.93
(mg QEg~" DW)

DPPH 1329.80 +£ 91,57  1806.4 + 34.29 3.32 36.84
(IC50, pg mi=1)

Reducing power 1.31 £0.04 0.83 &+ 0.01 1.08 -36.64
(IC50, mg mi—1)

Grain yield 79.70 +£ 3.29 38.17 £ 1.26 12.05 —-52.11
(g plant=")

*TPC, total phenolic contents; TFC, total flavonoid content; DPPH, 2, 2-diphenyl-
1-picryl-hydrazyl-hydrate.
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df Protein Proline EL* DPPH Reducing TPC TFC Grain

content content power yield

Replication 2 0.001 1.01 0.13 103 0.001 0.01 0.001 127.3
Salt stress (S) 1 0.611* 499.08™ 2283.3" 411738144.0* 6283763.3" 39.46%* 22.80™ 12934.8*
Genotype (G) 4 0.15™ 52.64™ 210.59" 31088627.0 40933566.7** 92.89% 3.03* 6223.7*
GxS 4 0.01™ 45.58* 181.47* 6763986.0* 11697276.3* 8.363* 2.89% 2035.7*

Residual 18 0.02 1.28 15.89 18 18 0.83 0.003 2425

CV (%) 9.48 12.52 7.85 0.62 3.03 6.68 1.11 26.42

S not significant.

* and ** significant at the p < 0.05 and p < 0.01, respectively.

*EL, electrolyte leakage; DPPH, 2, 2-dijphenyl-1-picryl-hydrazyl-hydrate; TPC, total phenolic contents; TFC, total flavonoid content.
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