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Editorial on the Research Topic
 Salinity tolerance: From model or wild plants to adapted crops




Approximately 30% of irrigated land has salt-affected soil (Hopmans et al., 2021), equivalent to the area used to produce one-third of the world's food. Salinization and sodification are major soil degrading processes that reduce agricultural productivity, which along with the rapid depletion of groundwater reserves, is a major challenge to global food security (Hopmans et al., 2021). Given that genetic variation is the basis for crop improvement, there are many avenues for researchers to exploit, from identifying traits related to salt tolerance to genetic control of traits using locally adapted plants (crop wild relatives and landraces), genetic populations or mutant variants (Morton et al., 2019; Bohra et al., 2022). There is also great potential to compare and translate findings of genetic regulation of salt stress responses from model plant species to crops through genome editing and gene modifying techniques.

Salt tolerance is a genetically complex and can be dissected into the contributing traits and mechanisms (Munns and Tester, 2008; Roy et al., 2014). This can include traits such as yield and fruit or grain quality and the breakdown into component traits, such as transpiration, photosynthesis, nutrient uptake, senescence, ROS scavenging, ion compartmentation and ion transport, amongst others (Morton et al., 2019). Plants can respond to salt stress in various ways, the differences can be analyzed in comparative physiological and genetic studies. Salinity can also reduce the osmotic and water potential of the growth medium, inhibiting water uptake (Roy et al., 2014). Here, we are interested in examining novel findings that will assist us in understanding genetic determinants of salt stress responses and adaptation using a variety of physiological, genomic and genetic techniques.

This Research Topic aims to present novel research findings on salinity tolerance in plants, especially crops. The scope of this topic includes: (i) understanding physiological and molecular mechanisms behind plant sensing, signaling and responses to salt stress; (ii) conferring salinity tolerance to plants, especially crops through the introduction of genes and regulators of responses and/or adaptation to salt stress; (iii) identifying salinity tolerance traits in wild progenitors and landraces and/or translating this into crops.


Plant signaling and responses to salt stress

Xie et al. reviewed the structure and function of the Na+/H+ antiporter and the physiological process of Na+ transport controlled by the SOS signaling pathway. They carried out phylogenetic analysis of SOS1 proteins in plants, and implied the specificity of salt tolerance mechanisms from model plants to crops under salt stress. They summarized the complexity of the regulatory network for adaptation to salt tolerance, and the feasibility of coping strategies of plants that could be used for genetic improvement under salt stress.

Mao et al. found that overexpression of NtCBL5A encoding the calcineurin B-like protein caused salt hypersensitivity with necrotic lesions on leaves. Leaves of the NtCBL5A-OE lines tended to curl and accumulated high levels of ROS under salt stress. Transcriptome profiling showed that many immune response-related genes are upregulated and photosynthetic machinery-related genes are downregulated in the leaves of the NtCBL5A-OE lines under salt stress. Overexpression of NtCBL5A interferes with salt stress responses of tobacco plants and leads to Na+-dependent leaf necrosis by enhancing the sensitivity of transgenic leaves to Na+.

Song et al. report that the phytohormone jasmonic acid (JA) impairs plant salt tolerance by repressing CAT2 expression in an MYC2-dependent manner. They found that exogenous JA application decreased salt tolerance while the jar1 mutant showed enhanced salt tolerance. JA enhanced salt-induced H2O2 accumulation, while treatment with H2O2-scavenger glutathione compromised such effects of JA. JA repressed CAT2 expression in salt-stressed wild-type plant but not in myc2, a mutant of the master transcriptional factor MYC2 in JA signaling.

Lin, Zhou et al. examined methylom responses to salt stress from Arabidopsis natural accessions. It has been suggested that the epigenetic mechanism such as DNA methylation can mediate plant responses to salt stress but analysis of genome-wide methylation dynamics under salt stress remains limited for multiple genotypes. This study indicates that, across different genetic backgrounds, methylation changes may have convergent functions in post-transcriptional, physiological, and phenotypic modulation under salt stress. These convergent methylation dynamics across accession may be autonomous from genetic variation or due to convergent genetic changes.

Zhang, Zhou et al. performed genome-wide association studies (GWAS) of salt tolerance in Brassica napus. 16 salt tolerance coefficients (STCs) were applied to investigate the genetic basis of salt tolerance of B. napus. 31 salts stress-related QTLs were mapped, and 177 and 228 candidate genes related to salt tolerance were detected at germination and seedling stages, respectively. Overexpression of two candidate genes, BnCKX5 and BnERF3, increased the sensitivity to salt and mannitol stresses at the germination stage. This study demonstrated that GWAS is a feasible method to dissect the genetic basis of salt tolerance in B. napus, which provides valuable loci for improving salt tolerance of B. napus.

Zhang, Dai et al. examined whether H2O2 pretreatment improves salt tolerance. They demonstrated that pretreatment with H2O2 enhanced salt tolerance of Arabidopsis seedlings, as revealed by lower Na+ levels, higher K+ levels, and improved leaf K+ /Na+ ratio. H2O2 pretreatment improved the membrane properties by reducing the relative membrane permeability and malonaldehyde content as well as enhancing the activity of antioxidant enzymes. The transcription data show that H2O2 pretreatment induced the expression of cell cycle, redox regulation, and cell wall organization-related genes in Arabidopsis, which may accelerate cell proliferation, enhance tolerance to osmotic stress, maintain the redox balance, and remodel the cell walls of plants in subsequent high-salt environments.

Wu et al. examined the role of Vitis vinifera VviNPF2.2 in modulating shoot anion concentration in transgenic Arabidopsis. Grapevines are sensitive to salt-forming ions, particularly chloride (Cl−) when grown in saline environments. Molecular components underlying Cl−-exclusion in Vitis species remain largely unknown. In this paper, two nitrate/peptide transporter family (NPF) members VviNPF2.1 and VviNPF2.2 were isolated, which are homologous proteins localized in the plasma membrane of Arabidopsis protoplasts. Both were expressed primarily in grapevine roots and leaves and were more abundant in a Cl−-excluding rootstock compared to a Cl−-accumulator. Quantitative PCR revealed that VviNPF2.1 and VviNPF2.2 expression was downregulated by high NO[image: image] resupply post-starvation. Constitutive expression of VviNPF2.2 exclusively in the root epidermis and cortex reduced shoot [Cl−] after a 75 mM NaCl treatment. Higher expression levels of VviNPF2.2 correlated with reduced Arabidopsis xylem sap [NO[image: image]] when not salt stressed. VviNPF2.2, through its role in the root epidermis and cortex, could, therefore, be beneficial to plants under salt stress by reducing net shoot Cl− accumulation.

Ji et al. examined the role of plant growth regulators in modulating root architecture and tolerance to high-nitrate stress in tomato. The roles of four common exogenously applied plant growth regulators (MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside) in regulating tomato growth were studied under high-nitrate stress. They show that all four growth regulators improve tomato tolerance under high nitrate, with MT and SNP produced the strongest effects. MT enhanced root growth while SNP enhanced above-ground growth. An enhancement of root vitality and metabolism, improved integrity of root cell membranes, and an increase in antioxidant enzyme activities were found, but regulatory mechanisms were different for each growth regulator. Results show that the application of MT and SNP can improve growth of tomato in intensive vegetable production under high-nitrate stress.



Salt tolerance in crops

Lin, Wang et al. examined the role of a cell wall-associated kinase OsWAK112 in regulating salt stress response in rice. Overexpression of OsWAK112 in rice and Arabidopsis decreased survival rate under salt stress, while knocking down the OsWAK112 in rice increased survival. OsWAK112 possesses kinase activity and plays a negative role in response to salt stress. OsWAK112 interacts with S-adenosyl-L- methionine synthetase (SAMS) 1/2/3, and promotes OsSAMS1 degradation under salt stress. SAMS and ethylene are decreased in OsWAK112-overexpressing plants under salt stress. These results indicate that OsWAK112 negatively regulates plant salt responses by inhibiting ethylene production, possibly via binding with OsSAMS1/2/3.

Lu et al. studied the effects of exogenous melatonin on alleviating alkaline stress in rice. Saline-alkali stress seriously restricts rice growth and production in northern China. Melatonin (N-acetyl- 5-methoxytryptamine, MT) mediates a variety of physiological processes in rice and protects rice from abiotic stress. The mechanism of melatonin-mediated alkaline tolerance is largely unknown. The results showed that the expression levels of MT synthesis genes were induced under treatments of exogenous MT and alkaline stress. MT plays a role in scavenging reactive oxygen species, reducing lipoxygenase activity and malondialdehyde contents. MT pretreatment promoted the accumulation of free proline, sucrose, and fructose by regulating OsP5CS, OsSUS7, and OsSPS1 expression and increasing chlorophyll contents via upregulating the expression of chlorophyll synthesis-related genes. Ultimately, the alleviating effect of exogenous melatonin on alkaline stress was reflected in increasing the leaf relative water content and root-shoot ratio as well as reducing the wilt index of leaf tips.

Chen, Huang et al. examined the influence of salt stress on the metabolomic profiling of Dongxiang wild rice (DXWR), which is a rice germplasm resource for understanding and improving salt tolerance in rice. They found that amino acids and nuclear glycosides were upregulated, while carbohydrates and organic acids were downregulated under salt stress. They further found that the change in L-Asparagine was the highest between salt-tolerant and non-salt-tolerant progenies under salinity, indicating that L-Asparagine could be used as an index in evaluating salt tolerance of rice varieties. These results demonstrate the significant role of amino acids in salt tolerance in rice.

Chen, Hu et al. performed genome-wide association study (GWAS) for salt-induced phenotypic and physiologic responses in rice at seedling and reproductive stages. They evaluated salt tolerance (ST) levels of 220 rice accessions at both seedling and reproductive stages. A total of 214 SNPs related to 251 genes, which are associated with 16 ST-related indices, were detected at both stages. 82 SNPs with low frequency favorable (LFF) alleles in the population were proposed to hold high breeding potential in improving rice ST. 54 rice accessions collectively containing all these LFF alleles were identified as donors of these alleles. 38 candidate genes were suggested to be involved in the regulation of rice ST. This study provides valuable information for further characterizing ST-related genes and for breeding ST varieties across whole developmental stages through marker-assisted selection (MAS).

Kong et al. compared the transcriptome of the rice varieties indica and japonica to understand their differences in salt tolerance. Two rice genotypes, RPY geng (japonica, tolerant variety) and Chao 2R (indica, susceptible variety), were used in this study. 7208 and 3874 differentially expressed genes (DEGs) were identified under salt stress in Chao 2R and RPY geng, respectively. The expression of normal life process genes in Chao 2R were affected under salt stress, but RPY geng regulated the expression of multiple stress-related genes to adapt to salt stress. They highlighted important pathways and transcription factors (TFs) related to salt tolerance in RPY geng specific DEGs sets based on MapMan annotation and TF identification. Through Meta-QTLs mapping and homologous analysis, they identified 18 salt stress-related candidate genes (RPY geng specific DEGs) in 15 Meta-QTLs. These findings have assisted with identification of target genes to facilitate gene editing in order to enhance salt tolerance in rice.

Thummala et al. performed the whole-genome sequencing of an elite rice restorer line KMR3 (salinity-sensitive) and its salinity-tolerant introgression line IL50-13, a popular variety of coastal West Bengal, India, to identify candidate genes for high yield and salinity tolerance in rice. Functional enrichment analysis of the protein-coding genes with unique InDels identified GO terms involved in protein modification, ubiquitination, deubiquitination, peroxidase activity, and antioxidant activity in IL50-13. Linoleic acid and alpha-linolenic acid metabolism, and circadian rhythm pathways were enriched in IL50-13. Polymorphism was observed in the coding, intron, and untranslated regions of the genes on chromosomes 1, 2, 4, 7, 11, and 12. IL50-13 is an introgression line that was derived from KMR3 x Oryza rufipogon. In this study, KMR3 was used as the control line and IL50-13 as the experimental line. Thus, genes showing polymorphism between the two genomes were considered as sequence-based new candidates derived from O. rufipogon for conferring high yield and salinity tolerance in IL50-13 for further functional studies.

Guo et al. identified two novel loci, GmSALT3 and GmSALT18 genes, associated with soybean sensitivity to salt stress. NY36-87 is a wild soybean germplasm with high salt tolerance. In this study, two F2:3 mapping populations derived from NY36-87 and two salt-sensitive soybean cultivars, Zhonghuang39 and Peking, were used to map salt tolerance-related genes. They mapped a salt tolerance locus on chromosome 03 in F2:3 population Zhonghuang39 × NY36-87, in which the known gene GmSALT3 co-segregated with the salt tolerance locus. In the F2:3 population of Peking × NY36-87, the dominant salt tolerance-associated gene was detected and mapped on chromosome 18, where they named the gene GmSALT18. These findings reveal that the tolerant wild soybean line NY36-87 contains salt tolerance-related genes GmSALT3 and GmSALT18, providing genetic material and a novel locus for breeding salt-tolerant soybean.

Sultana et al. found that seed priming and foliar spray of 10 mg L−1 coumarin, a potent phenolic compound, could significantly alleviate salinity-induced effects in Sorghum bicolor, including plant growth, biochemical attributes and photosynthetic efficiency.



Salinity tolerance in wild plants

Li, Duan et al. reviewed the adaptative mechanisms of halophytic Eutrema salsugineum ecotypes when exposed to saline environment. Salt cress (E. salsugineum), an Arabidopsis-related halophyte, is naturally adapted to various harsh climates and soil conditions, thus it is considered as a desirable model plant for deciphering mechanisms of salt and other abiotic stresses. This review summarizes studies on the morphology, physiology, genomics, gene regulation, protein and metabolite profiles of salt cress under salt stress. They emphasize the latest advances on the adaptive evolution when encountering saline environments, and epigenetic regulation, and discuss the mechanisms underlying salt tolerance in salt cress. They discussed the existing questions and opportunities for future research with Eutrema.

Li, Zhao et al. examined the role of the EsMYB90 gene from halophytic Eutrema salsugineum in improving growth and antioxidant capacity of transgenic wheat under salt stress. They found that wheat JW1 (a spring bread wheat) overexpressing EsMYB90 showed longer roots and higher fresh weight. The transgenic wheat plants displayed higher peroxidase and glutathione S-transferase activity as well as lower malondialdehyde content and accumulated less reactive oxygen species (ROS) under salt stress. Transcriptome analysis revealed that the EsMYB90 gene affected the expression of considerable amounts of stress-related genes that were involved in phenylpropanoid biosynthesis and antioxidant activity in transgenic plants subjected to NaCl treatment. The upregulated expression genes under salt stress were associated with the antioxidant enzymes POD- and GST-encoding genes. EsMYB90 is suggested to activate the transcription of TaANS2 and TaDFR1 genes that are encoding enzymes of anthocyanin biosynthesis. The results indicate that the EsMYB90 gene plays a crucial role in preventing wheat seedlings from oxidative stress via enhancing the accumulation of non-enzymatic flavonoids and activities of antioxidative enzymes.

Ma et al. performed global analyses of mRNA alternative polyadenylation (APA) in Arabidopsis, a salt-sensitive species, and its halophytic, salt-tolerant relative Eutrema salsugineum in response to salt stress. Percentage of APA genes and distal poly (A) sites significantly increased in Arabidopsis but not in Eutrema. In addition, the transcripts with upregulated poly (A) sites showed different enriched pathways in both species: Arabidopsis prefers plant hormone signal transduction, starch and sucrose metabolism, and fatty acid elongation, while Eutrema prefers biosynthetic and metabolic pathways. Overall, the study demonstrated that the ability to maintain RNA maturation stability is an important means for plants to be adapted to salt stress.

Zhu et al. examined the role of NtSOS2 from the halophyte Nitraria tangutorum in enhancing salt tolerance in Arabidopsis. The Salt Overly Sensitive (SOS) signaling pathway is key in responding to salt stress in plants. The role of SOS2 has not been reported in N. tangutorum. In this paper, the NtSOS2 gene was cloned, and phylogenetic analyses showed that NtSOS2 is homologous to the SOS2 of Arabidopsis and rice. NtSOS2 was expressed in the cytoplasm and cell membranes and was induced by salt stress. Expression of NtSOS2 in Arabidopsis reduced leaf mortality and improved germination rate, biomass and root growth under salt stress. Also, expression of NtSOS2 affected the expression of ion transporter-related genes and could rescue the phenotype of sos2-1 under salt stress. All these results indicate that NtSOS2 plays an important role in salt tolerance.

Ahmad et al. conducted transcriptomic and metabolomic analysis of Solenostemma argel Hayne roots and leaves, a desert plant, in response to salt stress. There are 730 and 927 differentially expressed genes identified in the roots and leaves. There are 45 and 56 metabolites showing significant abundance changes in the roots and leaves, respectively, which are associated with antioxidant ability and osmotic adjustment.

Marriboina et al. systemically characterized physiological and protein responses of a potential biofuel tree Pongamia pinnata to salt stress. The study suggested that the tree could maintain its leaf morphology through limiting net photosynthetic rates and gas exchange. Under salt stress, the tree might recruit high-abundance proteins related to flavonoid biosynthesis, seed storage and carbohydrate metabolism to protect its roots from the salt toxicity.

Li, Lin et al. examined the anatomical characteristics and conducted proteomic analysis of three different ecotypes of reeds in the Badanjilin desert of Northwest China, including the typical swamp reed as a control and the two terrestrial, dune reed (DR) and heavy salt meadow reed (HSMR), adapted to the water deficit and saline environment. They found that both DR and HSMR have evolved C4-like photosynthetic and anatomical characteristics. In addition, it was suggested that DR and HSMR could regulate proteins associated with photosynthesis, lipid metabolism and gene transcription to adapt to the harsh desert environment.

Chen, Jin et al. demonstrated that two wild plant species used different strategies to cope with saline-alkali soil conditions in the Hulun Buir Grassland. Suaeda salsa primarily accumulated K+ and Ca2+ and was able to limit Na+ uptake and facilitate Na+ efflux. Mn2+ was enriched in the Puccinellia tenuiflora roots and could activate the Mn2+-SOD activity, which increases the plant's resistance to the stress. In addition, they found that under the saline-alkali condition, S. salsa had high levels of the stress signaling molecule C6C1 and C6C3C6, whilst P. tenuiflora accumulated C6C3 to eliminate the free radicals.

Ounoki et al. found that low level salinity stress promoted stem-derived adventitious root formation of freshly cut shoots of spearmint without any visible limitation on its growth. Moreover, NaCl at 50 mM and above strongly inhibited adventitious root formation, photosynthesis efficacy and disrupted the chlorophyll-protein complexes as well as chloroplast structure. However, the salt stress has no significant effects on the essential oil composition.

Hashemi-Petroudi et al. studied the genome of Aeluropus littoralis, a halophile grass. The use of wild plant species or their halophytic relatives has been considered in plant breeding programs to improve salt and drought tolerance in crop plants. A. littoralis serves as a halophyte model for identification and isolation of novel stress adaptation genes. In this paper, the authors described the genome sequence and structure of A. littoralis analyzed by whole genome sequencing and histological analysis. The chromosome number was determined to be 20 (2n = 2X = 20), the absence of a B chromosome, and the genome size calculated to be 354 Megabasepairs. This genomic information will support the functional investigation and application of novel genes improving salt stress resistance in crop plants.
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The Salt Overly Sensitive (SOS) signaling pathway is key in responding to salt stress in plants. SOS2, a central factor in this pathway, has been studied in non-halophytes such as Arabidopsis and rice, but has so far not been reported in the halophyte Nitraria tangutorum. In order to better understand how Nitraria tangutorum acquires its tolerance for a high salt environment, here, the NtSOS2 was cloned from Nitraria tangutorum, phylogenetic analyses showed that NtSOS2 is homologous to the SOS2 of Arabidopsis and rice. Gene expression profile analysis showed that NtSOS2 localizes to the cytoplasm and cell membrane and it can be induced by salt stress. Transgenesis experiments showed that exogenous expression of NtSOS2 reduces leaf mortality and improves the germination rate, biomass and root growth of Arabidopsis under salt stress. Also, exogenous expression of NtSOS2 affected the expression of ion transporter-related genes and can rescue the phenotype of sos2-1 under salt stress. All these results revealed that NtSOS2 plays an important role in plant salt stress tolerance. Our findings will be of great significance to further understand the mechanism of salt tolerance and to develop and utilize molecular knowledge gained from halophytes to improve the ecological environment.

Keywords: salt stress, SOS2, salt overly sensitive pathway, Nitraria tangutorum, halophyte plant


INTRODUCTION

Soil salinization has become a major constraint to the sustainable development of the ecological environment, more than 20% of arable land suffered from soil salinization (Shrivastava and Kumar, 2015; Rui and Ricardo, 2017) and a trend for ever increasing salinization has been observed (Cuevas et al., 2019; Singh, 2021). The area of salinized soil in the world is gradually expanding due to human activity and natural phenomena. Soil salinization seriously inhibits plant growth (Tian et al., 2020) through soil hardening and decreases in soil total porosity and fertility, in general lowering a plant’s chances of survival (Jez et al., 2016; Van Zelm et al., 2020). Excessively high salt concentrations make it difficult for plants to germinate, causing plant biomass to decline or even to die, hindering the comprehensive utilization and sustainable development of soil.

The main reason why plants have difficulty in living in salinized soil is that they are subjected to abiotic stress, which will lead to osmotic stress and ion toxicity under salt stress (Liang et al., 2018; Arif et al., 2020). When plants subjected to stress, Ca2+ concentration increases and activates protein kinases by calmodulin then induce a series of cellular reactions to make plants adapt to or reduce the damage caused by salt stress (Villalobo and Berchtold, 2020). Plant protein kinases (a kind of phosphotransferase) participate in the process of plant stress resistance signaling and play an important role when plants suffer from salt damage and drought stress (Yip Delormel and Boudsocq, 2019; Chen et al., 2021). Calcineurin B-like proteins-interacting protein kinases (CIPKs) are plant-specific protein kinases, which contain conserved Protein Kinase and NAF/FLSL domains (Tang et al., 2020). CIPKs are involved in a variety of abiotic stresses such as salt stress and drought stress, and have been identified and functionally validated in plant (Ma et al., 2019, 2020). CIPK24 is also known as SOS2 in Arabidopsis and encodes a serine/threonine protein kinase with two important functional domains: an N-terminal catalytic domain and a C-terminal regulatory domain. SOS2 was first identified and cloned from Arabidopsis using bitmap cloning methods and was found to play an important role in the SOS signaling pathway, which maintaining the ion balance within plant cells (Liu et al., 2000). The SOS2 C-terminal regulatory region contains a conserved NAF/FISL motif that interacts with the Ca2+ binding protein SOS3/CBL4 to form a binary complex, after which they integrate into the plasma membrane and activate the SOS1 gene (Quintero et al., 2002; Qiu et al., 2004; Yang et al., 2009).

Nitraria tangutorum is a species within the Nitraria Linnaeus genus, which is widely distributed in arid saline-alkali areas within northwest China (Zhou et al., 2015). Nitraria tangutorum has a strongly developed root system which can withstand sand burial, and has excellent tolerance to drought and salinity. It is one of the outstanding pioneer species in a saline-alkali environment, making it an excellent model species for research into salt/drought stress resistance (Liu et al., 2016). So, the use of Nitraria tangutorum to reduce the accumulation of salt on the soil surface and can repair saline-alkali land up to a point. At present, research on Nitraria tangutorum has mainly focused on the determination of physiological and biochemical indices of stress resistance and fruit composition (Liu et al., 2014), with research into the molecular mechanism of salt tolerance being quite scarce.

Furthermore, SOS2 has been primarily studied more in well-known plant model species such as Arabidopsis and rice (Batelli et al., 2007; Martínez-Atienza et al., 2007; Fujii and Zhu, 2009), with such studies indicating that SOS2 plays a key role in plant saline-alkali resistance. Summarizing, few molecular studies on Nitraria tangutorum, such as on the NtCIPK2 and NtCIPK9 genes, have been reported (Zheng et al., 2014; Lu et al., 2020), while any study on the Nitraria tangutorum SOS2 gene is still lacking.

Salt tolerant plants can grow in salinized soil. Therefore, it is a great significance to understand the mechanism of salt tolerance in halophytes in order to alleviate and improve soil salinization. Studies on model species have shown that SOS2 plays an important role in the process of plant stress tolerance, so a key question is how does this gene respond to salt stress in the halophyte Nitraria tangutorum? To explore the role of SOS2 in Nitraria tangutorum, the NtSOS2 gene was cloned and analyzed its expression pattern under salt stress. Meanwhile, to explore whether the exogenous expression of NtSOS2 may affect Arabidopsis salt resistance, the germination rate, leaf white blade rate, fresh weight, root length and phenotype of transgenic Arabidopsis were analyzed and compared it to the wild type. Our results indicated that exogenous expression of NtSOS2 enhances Arabidopsis salt tolerance. These experiments indicated that NtSOS2 plays a key role in plant salinity tolerance.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Nitraria tangutorum seeds were collected from Dengkou county, Inner Mongolia, China. The seeds were mixed with wet sand at 4°C for ∼2 months to vernalize, then placed on germination box. After germination, seedlings were planted in a matrix with a peat soil: perlite ratio of 4:1 and grown at 23°C with a 16-h light/8-h dark light cycle and 60% air humidity. Seedlings were grown for 3 months, after which they were treated with a 500 mM NaCl solution, collected at 0, 1, 6, 12, and 24 h intervals, then submerged in liquid nitrogen to quickly freeze for subsequent RNA extraction.

The Arabidopsis thaliana Columbia ecotype (Col-0) used in this study were provided by Prof. Thomas Laux (Signalling Research Centres BIOSS and CIBSS, Faculty of Biology, University of Freiburg, Germany); The mutant sos2-1 obtained from Nottingham Arabidopsis Stock Centre (NASC ID: N3863). These seeds were sown on 1/2 MS medium after disinfection, stored at 4°C for 3 days to stratify, after which they were cultivated in a light incubator having identical culture conditions as Nitraria tangutorum above. When seedlings reached the four leaves stage, they were transferred to a substrate of peat soil: vermiculite: perlite with 5:1:1 ratio for further cultivation.



Cloning and Sequence Analysis of NtSOS2

Total ribonucleic acid was isolated from Nitraria tangutorum leaves with an RNA extraction kit (Bioteke, China) and treated with DNase I (Takara, Japan) to remove contaminating desoxyribonucleic acid. cDNA was synthesized with 1st strand cDNA synthesis Kit (Vazyme, China). The NtSOS2 was amplified from Nitraria tangutorum’s cDNA using specific primers which designed by Oligo 7.60 (Cascade, CO 80809, United States) that were listed in Supplementary Table 1. Homologous proteins were searched for using the NCBI blastp program and multiple alignments were performed using DNAMAN v9.0 (Lynnon Corporation, San Ramon, CA, United States) with the deduced amino acid sequences. A phylogenetic tree was constructed through the Neighbor-Joining method, and the bootstrap value was calculated according to 1,000 repetitions using MEGA-X v10.1 (Temple, Philadelphia, PA, United States).



Quantitative Real-Time PCR Analyses

Quantitative real-time PCR (qRT-PCR) was performed using the AceQ qPCR SYBR Green Master Mix (Vazyme, China). Cycling conditions were 94°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Each reaction was performed in triplicate. Relative expression values were calculated through the relative quantization method (2–ΔΔCT) (Livak and Schmittgen, 2001), primer and actin sequences for qRT-PCR are listed in Supplementary Table 2.



Subcellular Localization

The NtSOS2 open reading frame (ORF) was fused in-frame upstream to GFP in pJIT166 vector using XbaI and BamHI restriction sites. The primers used to construct this vector were listed in Supplementary Table 3. Then the constructive fusion plasmid was transfected into onion epidermal cells by microprojectile bombardment (Nebenführ, 2014) and incubated for 24 h in the dark. The cells were subsequently observed using Zeiss fluorescence microscope (X-cite 120Q, Carl Zeiss).



Arabidopsis Transformation

A pair of primers (listed in Supplementary Table 4) was designed to amplify the ORF of NtSOS2 and clone it into the pBI121 vector using XbaI and BamHI restriction sites. The vector was then transformed into Arabidopsis columbia and sos2-1 mutant using the method reported by Clough and Bent (1998), after which positive plants were screened using kana-containing 1/2MS medium. Transformed plants were confirmed using PCR amplification.



Analysis of Salt Tolerance of Transgenic Arabidopsis

To analyze the germination rate, transgenic Arabidopsis of the T3 generation and Col-0 were seeded on 9 × 9 cm square dishes containing 1/2 MS medium supplemented with 0, 100, or 150 mM NaCl. ∼70 seeds were placed on each dish for each strain, plants were then cultured for 7 days in the light incubator, after which the germination rate was determined. For phenotypical observation (root length, leaf blade whitening ratio and fresh weight), seedlings were grown on 1/2 MS culture medium containing 0, 100, or 150 mM NaCl for 10 days of vertical culture. They were then transferred to soil for another 2 weeks of growth, after which 200 mM NaCl was used to induce salt stress and surface appearance and leaf mortality rate were scored. For rescue phenotype of sos2-1, the root length and fresh weight are observated seedlings were grown on 1/2 MS culture medium containing 0, 60, or 120 mM NaCl for 7 days of vertical culture and then transferred to soil culture are the same as above conditions, after which 150 mM NaCl was used to induce salt stress and surface appearance and leaf mortality rate were scored. Each experiment was performed using three biological replicates.



Analyze Physiological Changes of Salt Stress

The Arabidopsis growing in soil were exposed to salt solution for 3 days for physiological determination. The Soluble protein, Superoxide Dismutase (SOD), Malondialdehyde (MDA) were determinated and analyzed by the soluble protein, superoxide dismutase and malondialdehyde assay kits, respectively (Jiancheng Bioengineering Institute, Nanjing, China).

For the determination of chlorophyll, the protocol referred to the previously reported method (Lichtenthaler and Wellburn, 1983), 0.1 g fresh leaves were taken and cut into 10 ml 96% ethanol. The absorbance was measured at 665 and 649 nm under dark conditions at room temperature until the leaves turned white completely. Each experiment was performed using three biological replicates.



RESULTS


Cloning and Sequence Analysis of NtSOS2

In order to clone SOS2 of Nitraria tangutorum, the SOS2 protein sequences from rice and Arabidopsis were compared to our unpublished transcriptome data using the NCBI blastp program. A pair of specific primers were designed to obtain the SOS2 target sequence by PCR amplification (Supplementary Figure 1). Gene sequence analysis showed that NtSOS2 coding sequence (CDS) length is 1,332 bp which encodes a protein 443 amino acids in length, with molecular weight of 50.34 kDa.

Then DNAMAN software was used to compare the NtSOS2 protein sequence to homologous sequences from seven additional plant species and found the amino acid sequence homology of NtSOS2 to the other seven species to be average of 82.01% (Figure 1), indicating that NtSOS2 has a relatively high sequence similarity to homologs from other species. In addition, the NCBI conserved domain program was used to identify conserved Protein Kinase (PF00069) and NAF/FLSL (PF03822) domains (Supplementary Figure 2), showing that NtSOS2 is a typical CIPK gene as these domains are essential for CIPK function.
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FIGURE 1. Multiple amino acid sequence alignment of NtSOS2. The amino acid from Arachis hypogaea (HG797656.1), Arabidopsis thaliana (NM_122932.5), Gossypium hirsutum (GU_188961.1), Populus alba (KT_875331.1), Sorghum bicolor (KY_202762.1), Solanum lycopersicum (NM_001247281.2), Oryza sativa (XP_015643084.1), the blue lines represent the Protein Kinase and NAF/FLSL domain, respectively.


Furthermore, the NtSOS2 protein sequence was aligned with the CIPK gene family of Arabidopsis and rice to construct a phylogenetic tree, and the results showed that NtSOS2, AtCIPK24, and OsCIPK24 are distributed on one branch (Figure 2). This showed that NtSOS2 has a high homology to AtCIPK24 and OsCIPK24 that have been previously described as SOS2 genes, which indicated that NtSOS2 may have similar functions compared with SOS2 of Arabidopsis and rice.
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FIGURE 2. Phylogenetic analysis of NtSOS2 with Arabidopsis CIPKs and Rice CIPKs. The red section highlights the SOS2 gene of all three species, while the green section represents all other CIPK gene family members from Arabidopsis and rice.




Subcellular Localization of NtSOS2

To understand the expression pattern of NtSOS2, the ProtComp 9.0 tools was used to predict and analyze the subcellular localization of NtSOS2, and the result showed that the probability of NtSOS2 localizing to the cytoplasm and cell membrane is relatively high (Supplementary Figure 1). To further determine the subcellular localization of NtSOS2, the coding region of NtSOS2 was combined into a pJIT166-GFP vector. Then, this plasmid was instantly expressed in onion epidermal cells via microparticle bombardment and 35S:GFP was used as a control. As shown in Figure 3, 35S:GFP could be detected in the nucleus and cytosol, while 35S:NtSOS2-GFP was detected in the cytoplasm and plasma membrane, consistent with the subcellular localization prediction of ProtComp.
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FIGURE 3. Subcellular localization of NtSOS2-GFP. (A) Schematic diagram of the SOS2 subcellular localization and GFP control vectors. (B) Fluorescence microscopy analysis of the GFP signal from onion epidermal cells transiently expressing GFP and NtSOS2-GFP fusions as indicated. Scale bar = 100 μm.




Expression Analysis of NtSOS2 Under Salt Stress

Abiotic stress can induce changes in the expression of SOS2 (Kaur et al., 2015), the Nitraria tangutorum seedlings were stressed in solution containing 500 mM NaCl to investigate whether SOS2 had a similar expression pattern, the root, stem and leaf tissue were collected at 0, 1, 6, 12, and 24 h, respectively, for real-time quantitative PCR analysis of NtSOS2 expression. NtSOS2 expression in the root continuously increased in response to 500 mM NaCl between 0 and 12 h, followed by downregulation at 24 h, while NtSOS2 expression in the stem reached its maximum 1 h after stress exposure (Figure 4). In the leaf, the expression of NtSOS2 was observed a more wave-like pattern, with an expression peak observed after 6 h. Overall, NtSOS2 expression under NaCl stress tended to be up-regulated first, then down-regulated.
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FIGURE 4. Relative expression of NtSOS2 in roots, stems and leaves under 500 mM NaCl salt stress. Displayed is the mean ± SD. Error bars indicate the standard deviation of three biological replicates. Statistically significant differences were assessed using ANOVA test (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). The significant differences were analyzed in root, stem and leaf, respectively transgenic lines.




Exogenous Expression of NtSOS2 Enhances Germination Under Salt Stress in Arabidopsis

In order to verify the potential function of NtSOS2, an overexpression vector of NtSOS2 was constructed and transformed into Arabidopsis, three of transgenic lines with relatively high expression of NtSOS2 were selected through semi-quantitative experiments (Supplementary Figure 3).

Salt stress can significantly inhibit the germination of seeds (Zhang et al., 2019). Since NtSOS2 expression increases in response to salt stress, whether exogenous NtSOS2 expression may increase germination rate under salt stress conditions, so wild type and transgenic Arabidopsis over expressing NtSOS2 were grown on 1/2 MS medium containing 0, 100, and 150 mM NaCl for 7 days. The result showed that the germination rate of transgenic Arabidopsis was not affected under conditions without salt stress (Figures 5A,D). However, in the 1/2MS medium containing 100 mM NaCl, the germination rate of wild-type seeds decreased significantly, which may be due to the significant inhibition of NtSOS2 over expression (Figures 5B,D).
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FIGURE 5. Exogenous expression of NtSOS2 increases germination rate under salt stress. (A–C) Wild-type (Col) and transgenic (OE1-3) Arabidopsis seeds germinating on 1/2 MS medium supplemented with NaCl (0, 100 mM, 150 mM) 7 day after being transferred to the light. (D) Quantification of germinate rate. n = 70 seeds for each condition (genotype/NaCl conc.). The germination rate is shown as the mean ± SD (n = 3). Statistically significant differences were assessed using an ANOVA test (∗∗P < 0.01). OE1-3 represent three independent transgenic lines.


The decline in germination rate of wild type seeds was even more pronounced when applying 150 mM salt stress, while germination of transgenic seeds did not decrease further (Figures 5C,D). In wild type Arabidopsis the germination rate decreased from 96.66 to 17.14% under heavy salt stress on average, in transgenic seeds the germination rate decreased to 62.38% on average under heavy salt stress, a much less dramatic effect. Therefore, these data demonstrate that overexpression of NtSOS2 can significantly decrease the effect that salt stress has on seed germination rate in Arabidopsis.



Exogenous Expression of NtSOS2 Enhances Salt Tolerance in Arabidopsis

To verify whether NtSOS2 overexpression can improve the tolerance of Arabidopsis seedlings to salt stress, wild type and transgenic Arabidopsis were grown on vertically placed plates containing 1/2 MS medium supplemented with 0, 100, and 150 mM NaCl for 10 days. On medium without added NaCl, wild type and transgenic Arabidopsis showed no obvious differences in growth, while on 100 or 150 mM NaCl, growth of wild type Arabidopsis was clearly reduced, with wild type plants growing on 150 mM NaCl clearly showing stronger whitening and anthocyanin accumulation than NtSOS2 overexpressing plants (Figure 6A). In addition, NtSOS2 overexpression significantly reduces loss of fresh weight, leaf whitening and inhibition of root growth under high salt stress conditions (Figures 6B–D). To continue observing plant growth past the seed stage, four-leaved seedlings were transferred to soil, growing them for 2 weeks with 200 mM NaCl irrigation. After 1 day of growth, no differences could be observed, but starting from 3 days of growth, wild-type Arabidopsis showed significantly more leaf mortality than NtSOS2 overexpressing lines (Figures 7A,B).


[image: image]

FIGURE 6. Exogenous expression of NtSOS2 enhances salt tolerance in Arabidopsis. (A) Wild-type (top-rows) and NtSOS2 overexpressing (bottom rows) Arabidopsis were grown on 1/2 MS medium containing 0 (left), 100 (middle) and 150 mM (right) NaCl for 10 days. (B–D) Fresh weight (g) (B), Leaf blade whitening (%) (C) and Main root length (cm) (D) of wild-type and NtSOS2 overexpressing Arabidopsis under salt stress. See legend for NaCl concentrations used. Each experiment was performed with three biological replicates. An ANOVA test was used for statistical analysis. ∗P < 0.05, ∗∗P < 0.01. Scale bar = 1 cm.
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FIGURE 7. Ectopic expression of NtSOS2 reduces the leaf mortality rate. (A) Representative photograph of wild-type and NtSOS2 overexpressing lines under 200 mM NaCl stress. (B) The leaf survival rate under salt stress of wild-type (red) and NtSOS2 overexpression (orange, green, blue) lines. ANOVA test was used for statistical analysis, ∗P < 0.05, ∗∗P < 0.01. Scale bar = 1 cm.


Judging from the results, there were more obvious phenotypic differences after 3 days of salt stress for wild type and transgenic type. To characterize their change in physiological state, wild-type and transgenic Arabidopsis that had been subjected to salt irrigation for 3 days were chosen to detected the chlorophyll, soluble protein, MDA and SOD content. The results showed that in the absence of salt stress, there was no significant difference in chlorophyll content between transgenic lines and wild-type lines (Figure 8). However, there were significant differences in chlorophyll, soluble protein, MDA and SOD content between transgenic and wild-type strains under salt stress. The content of chlorophyll, soluble protein and SOD in the transgenic plants was higher than that in the wild-type, while the content of MDA was the opposite (Figure 8), which may indicate that the wild-type plants showed higher salt intolerance. Taken together, these results show that NtSOS2 can counteract the physiological effects that high salt stress has on growth of Arabidopsis, thereby endowing plants with increased salt tolerance.
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FIGURE 8. The chlorophyll, MDA and antioxidative enzyme activity analyses. 2-week-old wild type and transgenic Arabidopsis were treated with 0 or 200 mM NaCl for 3 days. (A) Chlorophyll content. (B) Soluble protein content. (C) MDA level. (D) SOD activity. ANOVA test was used for statistical analysis. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.




Exogenous Expression of NtSOS2 Can Rescue Mutant sos2-1 Phenotype

In Arabidposis, mutates SOS2 leads to salt stress sensitive phenotype (Liu et al., 2000). Exogenous expression of CIPK24 in canola and foxtail millet can complement the phenotype of sos2-1 (Zhang et al., 2014, 2017). In order to verify whether NtSOS2 has a similar function with other species, the NtSOS2 gene were exogenously expressed into sos2-1. Three of transgenic lines were used for functional analysis (Supplementary Figure 3), on medium without added NaCl, sos2-1 and transgenic Arabidopsis showed no obvious differences in growth, while on 60 or 120 mM NaCl, growth of mutant Arabidopsis was clearly reduced, with sos2-1 plants growing on 120 mM NaCl clearly showing stronger whitening and anthocyanin accumulation than NtSOS2 overexpressing plants (Figure 9A).
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FIGURE 9. Exogenous expression of NtSOS2 could rescue sos2-1 phenotype on salt stress. (A) Col, mutant sos2-1 and transgenic Arabidopsis were treated at 0, 60, 120 mM NaCl for 7 days. (B) The root length (cm) of sos2-1 and transgenic Arabidopsis on salt stress. (C) The fresh weight (g) of sos2-1 and transgenic Arabidopsis on salt stress. Three biological replicates for each experiment. ANOVA test was used for statistical analysis. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.01.


In addition, under high salt stress conditions, the seedings that overexpress the NtSOS2 gene significantly reduces loss of fresh weight and inhibition of root growth under high salt stress conditions (Figures 9B,C). To continue observing plant growth past the seed stage, four-leaved seedlings were transferred to soil, when growing for 2 weeks with 150 mM NaCl irrigation. After 1 day of growth, no differences could be observed, but starting from 3 days of growth, sos2-1 showed significantly more leaf mortality than NtSOS2 overexpressing lines (Figure 10).
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FIGURE 10. Ectopic expression of NtSOS2 can rescue sos2-1 phenotype. (A) Phenotype observation of sos2-1 and overexpression lines under 150 mM NaCl stress. (B) Statistics of leaf survival rate under salt stress in sos2-1, wild type and overexpression lines. ANOVA test was used for statistical analysis. Scale bar = 1 cm. ANOVA test was used for statistical analysis. ∗∗∗P < 0.001.


To characterize their change in physiological state, these plants were taken to detected the chlorophyll content, soluble protein, MDA and SOD content (Figure 11), and the results showed that the contents of chlorophyll, soluble protein, MDA and POD were not significantly different between the wild types and transgenic types cultured under normal conditions. However, under salt stress, the contents of chlorophyll, MDA and soluble protein of the mutant were significantly different from those of the transgenic plants. At the same time, the SOD content of the transgenic lines was generally higher than that of the mutant sos2-1, although the SOD content did not reach a statistically significant difference (P<0.05).
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FIGURE 11. The chlorophyll, MDA and antioxidative enzyme activity analyses. 2-week-old mutant and transgenic Arabidopsis were treated with 0 or 150 mM NaCl for 3 days. (A) Chlorophyll content. (B) Soluble protein content. (C) MDA level. (D) SOD activity. ANOVA test was used for statistical analysis. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.




NtSOS2 Affects the Expression of Ion Transporter-Related Genes

In Arabidopsis, the AtSOS2 gene plays an important role in maintaining cellular ion balance. In order to explore whether exogenous expression of NtSOS2 affects the expression of Arabidopsis ion transport-related genes, 10-day-old wild-type and transgenic Arabidopsis plants were placed on MS medium contains 100 mM NaCl for 7 days of continuous salt stress, after which were collected for fluorescence quantitative PCR experiments. Four genes which reported to be related to ion transport: AtSOS1, AtHKT1, AtCAX1, and AtNHX1 were selected to detected the change of expression, and the results showed that under salt stress, the expression levels of these genes were significantly increased in both wild-type and transgenic Arabidopsis (Figure 12). Furthermore, the expression of AtSOS1, AtCAX1, and AtNHX1 under salt stress was higher in transgenic than in wild-type plants, while the expression level of AtHKT1 was slightly decreased in transgenic plants under these conditions (Figure 12).
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FIGURE 12. Ectopic expression of NtSOS2 affected Ion transporter-related genes expression. (A–D) Ion transporter-related genes relative quantification. ANOVA test was used for statistical analysis. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.




DISCUSSION

Soil salinization is a common environmental stress factor that causes soil hardening and soil fertility decline, seriously affecting the germination and growth of plants (Litalien and Zeeb, 2020). More and more cultivated land is suffering from saline-alkali harm, making crop yields decrease (Xun et al., 2015) and reducing the grain surplus. At present, there are several known methods to reduce soil saline-alkalization, among which phytoremediation is one of the better methods with a low cost and no side effects to the environment. Plant mulching is beneficial to slow down the evaporation rate of soil water in saline-alkali land and reduces the accumulation of salt in the soil surface layer. Meanwhile, some saline-living plants can also accumulate salt to slow down or treat salinized soil. Therefore, plant remediation has a good prospect for saline-alkali land remediation.

Long-term saline-alkali stress causes halophytes to adapt and change so that they can grow and reproduce in the harsh saline-alkali land. Therefore, halophytes can be used in saline-alkali land restoration, and are suitable to research the plant salt tolerance mechanism. More and more studies focus on the mechanism of plant salt tolerance from the molecular perspective, but few reports on Nitraria tangutorum have been published.

Genetic engineering is widely used in the study of plant salt tolerance and plays an important role in the study of its molecular mechanism (Wei et al., 2017). Recent studies have shown that SOS2 is a key gene controlling plant salt resistance: SlSOS2 in tomato increases salt tolerance (Baghour et al., 2019), overexpression of PtSOS2 improves tolerance to salt stress in poplar (Yang et al., 2015) and the MdSOS2 gene contributes to the salt tolerance of apple callus and improves the salt tolerance of transgenic Arabidopsis (Hu et al., 2012).

The germination rate of seeds under salt stress is related to the concerning plant’s salt tolerance. Salt stress can increase the seed coat’s permeability, and salt ions may damage the seed’s embryo, one of the main reasons for decreases in germination rate (Deng et al., 2014). In our study, overexpressing NtSOS2 increases germination rate (Figure 5) under salt stress, indicating that ectopic expression of NtSOS2 increases salt tolerance in Arabidopsis.

Salt stress restricts the growth and development of plants and may even cause plant death (Acosta-Motos et al., 2017). Here, we found that exogenous expression of NtSOS2 improves salt stress tolerance in Arabidopsis, as it increases biomass and root growth and reduces leaf mortality (Figures 6, 7). These findings are analogous to and corroborate previous studies on SOS2 gene activity (Wang et al., 2004).

The stress of adversity often leads to the changes of physiological state in plants.

Plants under salt stress often show the phenotype of leaf albinism and reduced chlorophyll (Taïbi et al., 2016). The content of MDA often reflects the degree of lipid peroxidation in the body and indirectly reflects the degree of cell damage (Jan et al., 2017). And also the improvement of antioxidant enzyme activity is an important factor to protect cells under stress (Farhangi-Abriz and Torabian, 2017). In this experiment, the transgenic Arabidopsis showed less chlorophyll loss, higher soluble protein and SOD accumulation under salt stress, and showed lower MDA accumulation (Figures 8, 11). All these indicated that the transgenic lines had better physiological state and stronger salt tolerance ability under salt stress, indicated that exogenous expression of SOS2 could improve salt tolerance of plants under stress.

Such studies have shown that SOS2 plays an important role in maintaining a plant cell’s ion balance. In this study, exogenous expression of NtSOS2 affects the expression of AtSOS1, AtCAX1, and AtNHX1 genes, increasing it significantly in comparison to wild-type Arabidopsis (Figure 12). SOS2 can form a complex with SOS3 to assist the Na+/H+ antiporter SOS1, promoting the efflux of Na+ from plant cells to maintain a balance between ions inside and outside the cell, reducing ion toxicity (Ji et al., 2013). In non-halophytic plants such as Arabidopsis, the SOS2 complex activates the expression of SOS1 to enhance the salt tolerance (Quintero et al., 2002; Lin et al., 2009), and the same effect has been found in halophytic plants such as Thellungiella salsuginea (Oh et al., 2009, 2010). Similarly, the result observed in this experiment are similar to them (Figure 12A) which indicated that SOS pathway is conserved response to salt stress in plant. In addition, the SOS2/SOS3 complex can inhibit the high-affinity K+ transporter HKT1 to reduce the inward transport of Na+ and maintain Na+ homeostasis (Mahajan et al., 2008). Vacuoles can maintain the stability of cellular morphology and are important organelles in the process of plant stress resistance. Under salt stress, CAX1 can promote Ca2+ transport into the vacuole as well as outward H+ transport, while SOS2 can further stimulate this process (Cheng et al., 2004). In addition, SOS2 may interact with CBL10 to activate NHX1 and promote Na+ influx in vacuoles, maintaining their ion balance (Quan et al., 2007). It’s possible that the improved salt tolerance that observed in Arabidopsis overexpressing NtSOS2 exogenously is due to NtSOS2 similarly affecting the activity of ion transporters and maintaining the K+ and Na+ balance in plant cells under salt stress. Further studies will be required to confirm these hypotheses.



CONCLUSION

In this study, a new gene NtSOS2 was obtained from the halophyte Nitraria tangutorum and some functional verifications were done. Our findings suggest that NtSOS2, like its homologs from other plant species, stimulates salt tolerance. First, NtSOS2 responds to salt stress in Nitraria tangutorum by increasing its expression. Second, overexpression of NtSOS2 in Arabidopsis improves its salt tolerance and increases survival under salt stress. These results indicated that NtSOS2 plays an important role in saline-alkali stress resistance, which is also of considerable significance to further understand Nitraria tangutorum’s mechanism of salt-tolerance. However, more research is needed to determine the molecular mechanism of NtSOS2 function and to fully understand how exactly Nitraria tangutorum copes with salt stress. Such findings should eventually aid in the discovery of new methods to restore overtly saline soil.
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Drought and salinity are the two major abiotic stresses constraining the crop yield worldwide. Both of them trigger cellular dehydration and cause osmotic stress which leads to cytosolic and vacuolar volume reduction. However, whether plants share a similar tolerance mechanism in response to these two stresses under natural conditions has seldom been comparatively reported. There are three different ecotypes of reed within a 5 km2 region in the Badanjilin desert of Northwest China. Taking the typical swamp reed (SR) as a control, we performed a comparative study on the adaption mechanisms of the two terrestrial ecotypes: dune reed (DR) and heavy salt meadow reed (HSMR) by physiological and proteomic approaches coupled with bioinformatic analysis. The results showed that HSMR and DR have evolved C4-like photosynthetic and anatomical characteristics, such as the increased bundle sheath cells (BSCs) and chloroplasts in BSCs, higher density of veins, and lower density and aperture of stomata. In addition, the thylakoid membrane fluidity also plays an important role in their higher drought and salinity tolerance capability. The proteomic results further demonstrated that HSMR and DR facilitated the regulation of proteins associated with photosynthesis and energy metabolism, lipid metabolism, transcription and translation, and stress responses to well-adapt to the drought and salinity conditions. Overall, our results demonstrated that HSMR and DR shaped a similar adaption strategy from the structural and physiological levels to the molecular scale to ensure functionality in a harsh environment.

Keywords: reed, drought, salinity, anatomic, physiology, proteomic


INTRODUCTION

Drought and salinity are the two major abiotic stresses affecting plant growth and constraining agriculture productivity because of their inhibitory effects on many physiological processes. Due to the sessile lifestyle, the plants often simultaneously suffer from various stresses in natural conditions. For example, in addition to water deficiency, plants growing in the desert regions are always accompanied by other stress factors as well, such as high temperature and high irradiance (Zhu et al., 2001, 2003c). A variety of evidence indicates that combined stress factors impact plant growth and development more severely than a single one (Pandey et al., 2017; Sengupta et al., 2021). Moreover, under natural conditions, stresses tend to develop gradually and progressively, and therefore, plant responses might be dramatically different from those abrupt stress treatments. However, the vast majority of experimental studies on plant responses to drought or salinity stress usually applied single artificial stress abruptly in a short period, although there are some data on the kinetics of drought and salinity treatments in the field plants (Wang et al., 2013; Li et al., 2017). The studies applied a single stress factor to help researchers to identify specific genes or/and proteins linked to the stress, but might not be able to illustrate the complex mechanism of plant responses to the multifactorial stress in natural conditions. So, it is necessary to comprehensively understand the response mechanisms formed in the adaption of plants to variable, multifaceted, and usually stressful natural conditions.

Phragmites communis is a hydrophytic species thriving across the world, whose typical habitats are fresh and brackish swamps, riverbanks, and lakesides. However, the reed can adapt to adverse terrestrial habitats, and various ecotypes exhibiting genetic differences have evolved resistance to drought and salinity (Matoh et al., 1988; Zhu et al., 2001, 2003a,b, 2012; Eller et al., 2017). Due to high intraspecific diversity and phenotypic plasticity, reed has an extensive ecological amplitude and a great capacity to acclimate to adverse environmental conditions, which therefore offers valuable insights into plant responses to natural stresses (Eller et al., 2017).

In northwest China, various ecotypes of P. communis with special adaptions to distinct habitats in the oasis-desert transitional zone have been investigated (Chen and Zhang, 1991; Zhu et al., 2003a,c). In addition to typical swamp reed (SR), the desert regions are home to two terrestrial reed ecotypes: dune reed (DR) and heavy salt meadow reed (HSMR). Since they are all located within a 5 km2 region, these three ecotypes of reed with a natural soil water potential gradient from wet to dry and a varied habitat salinity share similar meteorological conditions. Stable variations of morphological and physiological characteristics in response to drought and salinity and genetic diversity analysis on these reed ecotypes confirmed that they diverged from a common ancestor, which offers valuable insights into plants within one species in response to changing habitats with different soil water levels and soil salinity (Wang et al., 1998; Lin et al., 2007; Eller et al., 2017; Li et al., 2017). Over 20 years, comparative researches on these different ecotypes of reed in morphology, ultrastructure, physiological, and molecular distinctions have been extensively investigated (Chen and Zhang, 1991; Wang et al., 1998; Zhu et al., 2001, 2003b,c, 2012; Chen et al., 2003; Lin et al., 2007). These results show that water availability and soil salinity are important factors related to the high intraspecific diversity and phenotypic plasticity of these reed ecotypes; however, the specific mechanisms of two terrestrial ecotypes in adaption to drought and salinity habitats remain unclear.

To adapt to natural drought and salinity, plants develop several adaptive strategies at different levels, ranging from physiological through metabolic to molecular. Among these, the evolution of C4 photosynthetic characteristics is an important element. Way (2012) categorized two key traits primarily associated with the evolution of C4 photosynthesis as carbon-related traits (chemical limitation) and stomatal-related traits (stomatal limitation) concerning the ancestral C3 state. He pointed out that stomatal development might also be affected at the transition from C3 to C4 though there was no data available on when stomatal density or size was altered (Way, 2012). Different ecotypes of reed with a transition tendency of the photosynthetic pathway from C3- to C4-like may provide further information as a unique intraspecies system for studying changes in stomatal and chemical limitations along with the evolution of C4 expression.

Given that abiotic stress tolerance is a quantitative trait, and proteins are the true executors of physiological reactions in the cell, investigation on protein profiling in leaves of different ecotypes can also deliver substantial insights into the landscape of response to the stresses. Therefore, in this study, comparative proteomic analyses between the two terrestrial ecotypes reed (DR and HSMR) and the typical reed ecotype (SR) were also conducted to find out their adaption mechanisms. We aim to provide the biochemical and stomatal characteristics of the C4-like pathway in the two terrestrial ecotypes in adaption to natural drought and salinity. Obtained results will be helpful in fully understanding the mechanisms of plants in adaption to natural habitats, which combine multiple stress factors together.



MATERIALS AND METHODS


Sampling Sites and Materials

The study area is located near the Desert Research, Institute of Chinese Academy of Sciences, Linze, which belongs to the Hexi Corridor of arid and semiarid temperate desert regions of Northwest China. There is an oasis-desert transitional zone where different ecotypes of reed are distributed from swamp via heavy salt meadow to dune regions, building a natural soil water potential gradient from wet to dry and differential salinity habitats (Zhu et al., 2003c). Three reed ecotypes of P. communis referred to as SR, growing in the swamp with water depths varying from 1 to 2 m (39°22′8″ N, 100°7′49″ E, Figure 1A), HSMR, growing on the low-lying salt flats (39°22′48″ N, 100°7′18″ E, Figure 1B), and DR, growing on the 5- to 10-m-high sand dune (39°21′12″ N, 100°8′30″ E, Figure 1C). Since all sampling sites are located within a region of about 5 km2, they all share similar meteorological conditions. The second fully expanded leaves from the apex of the three reed ecotypes were individually sampled in early August. The leaves were frozen in liquid nitrogen immediately after harvesting and then stored at −80°C until extraction. Given the average depths of the fibrous root zone of the three ecotypes were 40, 60, and 15 cm, respectively, and soil samples were collected from the root zones of each ecotype accordingly. Salt content and moisture content in the root-zone soil were determined as our previous study (Zhu et al., 2003a). Meanwhile, leaves of C3 wheat and C4 maize growing in the local farming fields were also collected for leaf interveinal distance analysis.


[image: Figure 1]
FIGURE 1. The habitats and physiological variations in three different ecotypes of reed. (A) Swamp reed (SR); (B) heavy salt meadow reed (HSMR); (C) dune reed (DR); (D) net photosynthetic rate (Pn); (E) intercellular CO2 concentration (Ci); (F) stomatal conductance (Gs); (G) ratio of Ci/Gs; and (H) stomatal limitation (Ls). Different lowercase letters at the data indicate significant differences among three different ecotypes of reed at p < 0.05 (one-way ANOVA). The photographs of three different ecotypes of reed were taken by Xue-Yi Zhu.




Gas-Exchange Measurements and Leaf Stoma Trait Comparisons

The second fully expanded leaves of the three ecotypes of reed were used for gas-exchange analysis. Net photosynthetic rate (Pn), stomatal conductance (Gs), and intercellular CO2 concentration (Ci) were determined by an LI-COR 6400 portable photosynthesis system (LI-6400; LI-COR Inc., Lincoln, NE, USA) using the built-in light source set at 1,500 μmol m−2 s−1. The measurements were conducted under leaf temperature at 28 ± 2°C and 350 mmol mol−1 ambient CO2 concentration. Stomatal limitation (LS) was calculated based on the following equation (Shen et al., 2018):

[image: image]

Where Ca is the ambient CO2 concentration, while the ratio of Ci/Gs is represented as the non-stomatal limitation.

Stoma distribution frequencies on the middle segments of the second leaves from the top of the three different ecotypes were used for analysis with the Phenom Prox Desktop SEM Generation 5 (Phenom-World, Netherland). The width and length of the stomatal aperture were measured by the Phenom-World Image Viewer software. The stomatal aperture of the middle segments of the second leaves collected from the top of three different ecotypes were calculated by the width:length based on the method of Takahashi et al. (2018). Presented data are the mean ± SE of measurements from the adaxial side of leaves of three individual plants.



Measurements of Interveinal Distances in the Three Ecotypes of Reed, and C3 Wheat, and C4 Maize

Leaf interveinal distance was measured as described by Crookston and Moss (1974). Briefly, leaf middle segments of the second leaves from the apex were placed in 95% ethanol until the chlorophyll was extracted. The segments were then placed in a 10% aqueous sodium hydroxide (NaOH) solution and left overnight until they were cleared. The cleared segments were rinsed with distilled water and stained with I2-KI solution. Stained tissue was examined with a light microscope (Olympus, Japan). Determinations of vein frequency were made by measuring the actual distance between vein centers. Besides, wheat Dingxi 24 (Triticum aestivum) and maize variety Jiudan 3 (Zea mays) planting in local farm fields were collected for comparison to the typical C3 and C4 plants. Values represent averages of 6–10 separate determinations from three different plants of each ecotype.



Determination of Chloroplast Distributions With Laser Confocal Microscope

For evaluating the number and size of the chloroplasts in bundle sheath cells (BSCs), fresh leaf segments (2 × 5 mm) were fixed in 2% glutaraldehyde buffered with 0.05 mol/l 1,4-piperazine-bis-ethanesulfonic acid (pH 7.2) overnight. After a series of ethanol dehydrated procedures, the specimens were treated with dimethylbenzene and then embedded in paraffin. Chloroplasts in the BSCs were observed with a laser scanning confocal microscope (Leica TCS-SP2-SE, Wetzlar, Germany). Chlorophyll autofluorescence was illuminated with 488 and 561 nm light separately. The numbers and sizes of the leaf BSCs were measured on confocal photomicrographs by the Motic Image advanced 3.0 software of the digital microscope (DBM-5, Global MoticGroup, Xiamen, China).



Extraction and Determination of Fatty Acid

Fatty acid compositions in the isolated thylakoid membranes were assessed as described by Brown and Dupont (1989) with minor modification. Membrane lipids were extracted from the thylakoid membrane fractions with a mixture of chloroform and isopropanol. Isopropanol (1.06 ml) and chloroform (0.3 ml) were mixed with 0.4 ml of membrane fraction (300 μg from each sample) to form a monophasic solution followed by centrifugation at 1,000 × g for 3 min to precipitate proteins. Chloroform (1.83 ml) and 0.4 ml of 0.1 mol/l potassium chloride (KCl) were added to the supernatant to produce a biphasic solution. After thorough mixing, the phases were separated by centrifugation and the lower phase was washed three times with 1.0 ml aliquots of 0.1 mol/l KCl saturated with chloroform. The lower phase was dried under a stream of nitrogen (N2) and the lipids were dissolved in 0.5 ml of 0.4 mol/l potassium hydroxide (KOH) in methanol for methylation. The components of fatty acids were analyzed by gas chromatography (Shimadzu GC-9A, Japan). The assay conditions were as follows: FFAP quartz capillary column; hydrogen flame ionization detector (50 ml/min), air (50 ml/min); injector temperature: 260°C; column temperature: 200°C (3°C/min); carrier gas: N2; and spilt ratio: 100:1. The results were recorded with Shimadzu ZNP-R2A (Japan).



Protein Extraction and Analysis of Two-Dimensional Gel Electrophoresis

Leaf proteins were extracted following our optimized phenol-ammonium acetate/methanol method (Lin et al., 2008). Briefly, leaf samples (0.5 g) were ground into tissue powder in liquid nitrogen and added 2.5 ml extracting solution containing 8 mol/l urea, 20 mmol/l DL-Dithiothreitol (DTT), and 2% NP-40. The mixture was transferred to centrifuge tubes followed by centrifugation at 15,000 × g for 3 min at 4°C. Then, the 1.2-fold volume of water-saturated phenol was added to the supernatant. The centrifuge tubes were turned upside down and gently shaken for 10 min, then separated by centrifugation at 10,000 × g for 20 min at 4°C. Proteins were precipitated from the phenol phase by the addition of five volumes of 0.1 mol/l ammonium acetate in methanol and incubated at −20°C overnight, then centrifuged at 28,000 × g for 3 min at 4°C. The precipitate was washed three times with the ammonium acetate in methanol and one time with methanol. The pellet was solubilized in lysis buffer consisting of 7 mol/l urea, 2 mol/l thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate, 2% ampholine (pH 3.5–10:pH 5–8 = 1:4), and 65 mmol/l DTT in ultrasonic cleaner for 1 h at room temperature (RT), and then centrifuged at 10,000 × g for 2 min. The supernatant was collected and the protein concentration was measured using the Bradford method (Bradford, 1976).

Isoelectric focusing strips were made according to the method of Lin et al. (2008), which contained 3.5% ampholine (pH 3.5–10:pH 5–8 = 1:4). The negative electrode solution was 50 mmol/l NaOH and the positive electrode solution was 25 mol/l H3PO4. About 80 μg sample proteins were loaded for isoelectric focusing. Focusing was performed at RT of 200 V for 15 min, 300 V for 20 min, 400 V for 30 min, 500 V for 30 min, and 600 V for 16 h. The second sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with 12.5% acrylamide gels after the focused immobilized pH gradients (IPG) strips were equilibrated in 0.06 mol/l Tris-HCl (pH 6.8), 2% SDS, 100 mmol/l DTT, 10% glycerol, and 0.05% bromophenol blue for 30 min. Protein spots in analytical gels were visualized using silver nitrate staining protocol (Blum et al., 1987).



Image and Mass Spectrometry Analysis

The 2-DE images were analyzed using PDQuest software (version 7.0, Bio-Rad, Hercules, CA, USA) for spot detection and protein quantification was performed according to Khan et al. (2018). Three gels of each sample (technical replicates) were considered as a whole to obtain a sample replicate set. Analysis of protein abundance was based on the changes in the relative spot volume. Only spots showing at least 1.5-fold variation in volume at p ≤ 0.05 level (Student's t-test) between different ecotypes of reed were considered as the differentially accumulated proteins (DAPs). The DAPs were manually excised from the gel, destained, and then dehydrated using acetonitrile. Tryptic digestion, peptide extraction, and mass spectrometry (MS) analysis were performed with MALDI-TOF MS Analyzer (Bruker, Germany) following the method of Khan et al. (2018).

Protein identification was carried out using the Mascot software (http://www.matrixscience.com) against taxonomy Viridiplantae (Green plant) in the NCBI non-redundant protein sequence database. The search criteria in the database were utilized following the method of Li et al. (2020). In addition, the criteria to obtain candidate proteins were set as follows: (i) the scores obtained from MOWSE must be over 60 (p < 0.05), (ii) at least three peptides matched, and (iii) the coverage of protein sequence has to reach a minimum of 10% (Li et al., 2020). Besides, the molecular weight, sequence coverage, and isoelectric point of detected proteins were also taken into consideration for comprehensively evaluating the candidate proteins (Li et al., 2020).



Protein Classification, Hierarchical Cluster, and Protein-Protein Interaction Analysis

The functional classification of DAPs was searched in the databases of UniProt (http://www.uniprot.org) and NCBI (http://www.ncbi.nlm.nih.gov). The Venn diagram was drawn by the online software Draw Venn Diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/). Hierarchical clustering analysis of DAPs was performed by using Cluster v3.0 and Treeview v1.1.3 software. The protein-protein interaction (PPI) network of DAPs was constructed by using String v11.0 (http://string-db.org). The PPI network was subsequently reconstructed by using Cytoscape v3.4.0 for data visualization and using plug-in MCODE to identify the core modules in the PPI network.




RESULTS


Habitat Conditions, Phenotype, and Photosynthetic Parameters

As shown in Figures 1A–C and Table 1, although the three ecotypes of reed are located within 5 km2 and share similar meteorological conditions, they possess unique habitats and have significant differences in growth and development. Compared to the typical SR growing in the swamp with water-saturated soil and a 0.17% salt content in the root zone, the two terrestrial ecotypes (HSMR and DR) showed distinct differences in water and salt contents in the soil of the root zone, of which the HSMR growing on the low-lying salt flats had 43.53% water content and the highest salt content (0.86%) in the root zone, while the DR distributing on the 10 m high dune possessed the lowest water (18.37%) and salt contents (0.09%) in the root zone (Table 1). Morphologically, SR had a more than 3 m high shoot with the widest leaves followed by DR, and HSMR had <20 cm shoot with very narrow and small leaves (Table 1). The net photosynthetic rate (Pn) measured around 10~11 a.m. was the highest in SR, followed by HSMR, and the lowest in the DR, which were closely related to their respective stomatal conductance (Gs) and intercellular CO2 concentration (Ci) (Figures 1D–F). The ratio of Ci/Gs and the Ls in the two terrestrial ecotypes were observed higher than those in the SR (Figures 1G,H).


Table 1. Water and salt conditions and basic parameters of three ecotypes of reed.
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Microstructure Analysis

With the help of a light microscope, we found that the interveinal distances of the vascular bundles in the three ecotypes of reed were between the typical C3 wheat and C4 maize (Figure 2). In comparison with the swamp ecotype (SR), the two terrestrial ecotypes (DR and HSMR) showed markedly shorter interveinal distances (Figure 2). Furthermore, by using a laser confocal microscope, the structures of BSCs were clearly observed. The two terrestrial ecotypes (HSMR and DR) possessed smaller but more BSCs in comparison with SR. However, the two terrestrial ecotypes showed more and bigger chloroplasts along the centrifugal cell walls in their BSCs (Supplementary Figure 1). Given that the two terrestrial ecotypes possessed markedly shorter interveinal distances, relative numbers of chloroplasts in their BSCs were much more than that in SR in per unit leaf area. In addition, scanning electron micrographs of the leaf adaxial surfaces revealed that there were notable stomatal frequencies and distribution patterns among the three ecotypes of reed, of which HSMR and DR had lower stomatal densities and reduced stomatal apertures as compared with SR (Figure 3).


[image: Figure 2]
FIGURE 2. Leaf vein frequencies of the three reed ecotypes and the typical C3 wheat, the C4 maize. (A) Typical C3 wheat; (B) SR, swamp reed; (C) HSMR, heavy salt meadow reed; (D) DR, dune reed; and (E) typical C4 maize; and (F) the average distance between vein centers of five measured plants. The arrow represents the distance between the veins. Different lowercase letters at the data indicate significant differences among three different ecotypes of reed at p < 0.05 (one-way ANOVA).
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FIGURE 3. Scanning electron micrographs (800×) of the leaf surface of the three reed ecotypes (Bar = 100 μm). (A) SR, swamp reed; (B) HSMR, heavy salt meadow reed; (C) DR, dune reed; (D) stomatal density; and (E) stomatal aperture on leave surfaces of the three reed ecotypes. Different lowercase letters at the data indicate significant differences among three different ecotypes of reed at p < 0.05 (one-way ANOVA).




Fatty Acid Compositions of Thylakoid Membrane

Table 3 showed that palmitic acid was the major saturated fatty acid in the membrane lipid of thylakoid isolated in three ecotypes of reed, while linolenic acids were the predominant unsaturated fatty acids. For HSMR and DR, two saturated fatty acids, palmitic acid and stearic acid were significantly decreased by 47.72 and 20.45% and 5.13 and 22.76%, respectively, while linolenic acids (the major unsaturated fatty acids) were dramatically increased in the two terrestrial ecotypes by 63.54% in HSMR and 21.95% in DR as compared with SR. The indexes of unsaturated fatty acids (IUFA) were 51.89% higher in HSMR and 14.99% higher in DR.



Protein Identification, Classification, and Hierarchical Clustering Analysis

To explore the adaption mechanism of the two terrestrial ecotypes of reed under the long-term natural drought and salinity, 2-DE comparative proteomics was performed. A total of 43 spots were selected and successfully identified as DAPs (Figure 4 and Table 2). Among these DAPs, the abundances of 28 DAPs were changed in HSMR vs. SR and DR vs. SR. A total of nine and six DAPs were only observed in either HSMR vs. SR or DR vs. SR (Figure 5A).
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FIGURE 4. Two-dimensional electrophoresis analysis of protein extracted from three different ecotypes of reed. The numbers assigned to the spots correspond to those listed in Table 1. (A) Representative gel of total protein extracted from swamp reed (SR); (B) the enlarged windows of the representative spots with variation in protein abundance from three different ecotypes of reed.



Table 2. List of differentially accumulated proteins among the three reed ecotypes from various habitats.
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FIGURE 5. (A) The Venn diagram and (B) functional classification of 43 identified and quantified proteins from three different ecotypes of reed.


After searching the databases, these DAPs were categorized into six functional groups, including, photosynthesis and energy metabolism (23.26%), transcription and translation (23.26%), stress response proteins (18.6%), lipid metabolism (11.63%), others (11.63%), and unknown proteins (11.63%) (Figure 5B).

Subsequently, hierarchical clustering analysis was performed to take a comprehensive overview of the expression patterns of these detected DAPs. Our clustering results showed that these 43 DAPs could be divided into seven groups (Figure 6). DAPs in group 1 (G1) were upregulated in HSMR vs. SR but no significant changes in DR vs. SR except spot 2, indicating that these DAPs were closely related with salt. DAPs in group 2 (G2) were significantly upregulated in both HSMR vs. SR and DR vs. SR, which implied that these proteins were involved in the adaption of reed not only to drought but also to salinity. Most DAPs in group 3 (G3) were also upregulated but they were much higher in DR vs. SR as compared to HSMR vs. SR. Two proteins in group 4 (G4) were only upregulated in DR vs. SR, indicating these two proteins were closely related to drought habitat. Both spots 25 and 26 in group 5 (G5) were downregulated and the ratios in DR vs. SR were lower than those in HSMR vs. SR. Similar to G5, three proteins in group 7 (G7) were also downregulated but their ratios in HSMR vs. SR were lower than those in DR vs. SR. DAPs in group 6 (G6) were only downregulated in HSMR vs. SR except spot 30, which was slightly upregulated in DR vs. SR.
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FIGURE 6. Hierarchical clustering analysis of the differentially accumulated proteins (DAPs) from three different ecotypes reed. The upregulated or downregulated proteins are presented in red or green. The intensity of colors stands for the abundance of protein as shown in the bar at the left of the figure. G1–G7 represent the seven clusters with different expression patterns among these DAPs.




Protein-Protein Interaction Analysis

To further explore the functional modules among these three different ecotypes of reed, the PPI network was thus constructed (Figure 7). It showed that 13 proteins and 12 edges were successfully mapped in the String online database (Figures 7A,B). With the assistance of the MCODE plugin, the core subnetwork containing three proteins: ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) large subunit (RBCL), ribulose-1,5-bisphosphate carboxylase activase small isoform (RCA), and ATP synthase CF1 beta subunit (ATPB) was isolated from the PPI network (Figure 7C).
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FIGURE 7. The protein-protein interaction (PPI) network analysis in the leaves of three different ecotypes reed. The upregulated or downregulated proteins are presented in red or green. (A) HSMR vs. SR; (B) DR vs. SR; and (C) result of clustering analysis in PPI network.





DISCUSSION


Adaption Strategy in Photosynthesis and Energy Metabolism

As a plant species living in different habitats for a long time, the different groups will evolve some special morphological and physiological features to adapt to the variation in the habitats. Our fieldwork was carried out in a narrow region of 5 km2 in Northwest China, but the habitat conditions of the three different ecotypes of the reed were quite different (Figures 1A–C and Table 1). As a typical hydrophytic species, SR grows in a swamp area with perpetual water and has the highest water content in leaves (Table 1). In contrast, for the two terrestrial ecotypes, DR grows on the 10 m high dune with the lowest moisture content and HSMR grows on the salt flat with the highest salt content in the soil of the root zone (Table 1). This indicated severer drought stress in DR and heavier salt stress together with weaker drought stress in HSMR.

The arid and saline conditions usually bring about adverse effects on plant growth and development, and the reduction of photosynthesis (Pn) was one of the important events of plants to drought and salt stresses (Shen et al., 2015). As expected, Pn was dramatically depressed in the two terrestrial ecotypes as compared to SR (Figure 1D). It was demonstrated that the stomatal limitation and/or non-stomatal limitation could affect Pn and CO2 assimilation of plants (Bellasio et al., 2018). In the present study, under natural drought and salinity environments, the stomatal densities, stomatal conductance (Gs), and intercellular CO2 concentration (Ci) in the terrestrial ecotypes were reduced, while their stomatal limitations (Ls) were elevated (Figures 1, 3). Clearly, in adaptation to long-term natural drought and salinity, the two terrestrial ecotypes of reed regulated the rate of gas exchanges by adjusting their Gs through changes in stomatal density and aperture, which regulated evapotranspiration. These results implied that the stomatal limitation was one of the reasons to cause Pn decline both in DR and HSMR. Besides, it was suggested that the ratio of Ci/Gs was an effective parameter to determine the non-stomatal limitation (Shen et al., 2018). In this study, higher Ci/Gs ratios in DR and HSMR could reflect the involvement of non-stomatal factors in photosynthesis (Figure 1G).

Disadvantageous environmental factors, such as high temperature and radiation, low moisture, salinity, and low CO2, promoted C4 evolution in the plant photosynthesis (Osborne and Sack, 2012; Schlüter et al., 2017). The Kranz anatomy and high density of veins in leaves were the typical structures of the C4 plants (Schlüter and Weber, 2020). P. communis was a C3 hydrophytic species, however, investigations of leaf structures, δ13C, and C4 photosynthetic enzymes in different ecotypes of reed showed an obvious evolution tendency from C3 to C4 in adaptation to long-term natural drought and salinity habitats (Zheng et al., 1993; Zhu et al., 2012). Consistent with the previous studies, our confocal laser scanning micrograph results confirmed a Kranz anatomy-like structure with mesophyll cells and chloroplast-containing BSCs, especially in DR and HSMR, they both had more and bigger chloroplasts in their BSCs in comparison with the swamp ecotype, SR (Supplementary Figure 1). Moreover, comparative analysis of the leaf vein frequency and the distance between veins in the typical C3 wheat, the C4 maize, and the three ecotypes of reed exhibited gradual changes in anatomical features from C3 to C4 (Figure 2). These results implied that HSMR and DR could evolve more effective C4-like photosynthetic and anatomical characteristics to well-adapt to their natural adverse habitats.

Our proteomic results further confirmed the aforementioned results as well. Of which several DAPs associated with photosynthesis were identified (Table 2). Rubisco is an important enzyme in the Calvin cycle to fix CO2 into organic compounds (Andersson and Backlund, 2008). As a large subunit of Rubisco, RBCL was reported to evolve into a high-efficiency C4-like Rubisco that could enhance the photosynthesis of the C3 plant (Christin et al., 2008). In the present study, the abundances of RBCL were increased both in HSMR vs. SR and DR vs. SR (spots 9, 10, 14, and 32) (Table 2). This coincided with the conclusion obtained from subterranean clover plants grown under field conditions and subjected to progressive water stress, i.e., long-term water stress did not reduce the amount of Rubisco protein but decreased its activity (Medrano et al., 1997). This also implied the importance of Rubisco at the level of post-translational regulations.

Compared with the C3 photosynthetic pathway, the C4 pathway consumes more energy during the photosynthesis process (Katona et al., 1992; Zhu et al., 2003c). As the core catalytic site of the ATP production from the proton gradient across the membrane (Li et al., 2020), ATPB (spots 3 and 5) was successfully identified in this study, and both of them were upregulated (Table 2). This result also coincided with our previous work (Zhu et al., 2001). It was reported that the accumulation of ATPB could not only provide the extra energy required for biological processes of C4-like photosynthesis but also benefit ribulose biphosphate synthesis (Tezara et al., 1999). This might be one of the important adaptation mechanisms in the transition from C3- to C4-like pathway in these two terrestrial ecotypes.

The PPI network (Figure 7) and the core subnetwork analysis also verified our aforementioned conclusions (Figure 7C and Supplementary Table 1). Among these obtained DAPs (Figure 7C), RBCL and RCA were well-known to take roles in the Calvin cycle, while ATPB participates in energy production, which implied a close relationship between these two metabolic pathways. The functions of RBCL and ATPB were mentioned above and both of them were upregulated. RCA mainly functioned in activating the enzyme activity of Rubisco and was proved to have a negative relationship between RCA and Rubisco contents (Fukayama et al., 2018). As expected, the abundance of RCA decreased.

Based on the aforementioned and previous results, we suggested that suffering long-term natural drought and salinity, stomatal factors limiting photosynthesis existed in the two terrestrial ecotypes, however, their photosynthetic CO2 assimilations were partly restored by increasing metabolic functions, including interacting regulatory network among Calvin cycle, energy metabolism, and biochemical regulation of RCA, which benefited the growth and development of the two terrestrial ecotypes in their adaption to the harsh habitats.



Adaption Strategy in Lipid Metabolism

Lipids are important components of plant membranes, especially in the photosynthetic membrane, and, importantly, affect membrane functions, so they play important roles in the mechanisms that allow plants to develop stress tolerance (Liang et al., 2005). In this study, we successfully identified several DAPs related to lipid metabolisms, such as cytochrome P450 94A1 (CYP94A1, spot 1), acetyl-CoA carboxylase carboxyl transferase subunit beta (CAC, spot 7), and linoleate 9S-lipoxygenase 5 (LOX5, spot 15) (Table 2). CYP94A1, which catalyzes the hydroxylation of various fatty acids, was reported to be involved in plant defense (Benveniste et al., 2005). CAC is a subunit of the acetyl-coenzyme A carboxylase complex that catalyzes the reaction of de novo fatty acid biosynthesis (Ke et al., 2000). LOX5, which catalyzes the hydroperoxidation of lipids, was reported to participate in plant growth and defense in Arabidopsis (Vellosillo et al., 2007). In this study, the protein abundances of CYP94A1, CAC, and LOX5 were upregulated in HSMR and/or DR in comparison with SR (Table 2). It could be concluded that the fatty acid biosynthesis and defense response in HSMR and DR might facilitate their adaption to salinity and drought environments.

In addition, it had been demonstrated that the tolerance of plants to drought and salinity is believed to rely on the inherent level of fatty acid unsaturation and/or the capability to maintain or adjust fatty acid unsaturation (Upchurch, 2008). Also, the degree of membrane unsaturation is thought to be one determining factor in adaptation to salt stress (Mansour et al., 2020). For example, in barley (Hordeum vulgare L.), the IUFA was higher in the salt-tolerant cultivar than in the salt-sensitive cultivar (Liang et al., 2005). Consistently, increased plasma membrane (PM) unsaturation in barley root accompanied with salt stress was considered to be of adaptive value for tolerance to salinity, as to elevate membrane fluidity (Yu et al., 2018; Mansour et al., 2020). In addition, an important function of enhanced unsaturated fatty acids, especially linolenic acid, in the PM lipids in response to saline conditions was suggested to serve as a sink to scavenge reactive oxygen species (ROS; Yu et al., 2020). In accordance, significant IUFA and linolenic acid contents were observed in HSMR in comparison with SR (Table 3), these data are in favor of the assumption that the change in the membrane fluidity is essential for salt adaptation of HSMR. In addition to salinity, drought is severe environmental stress that constraint plant growth and crop productivity (Shi et al., 2018). It is well-known that the dehydration of tissues was able to damage cell membranes (Ivanova et al., 2020). Thus, the maintenance of membrane integrity and stability is crucial for plant adaptation to drought. In the study of Arabidopsis thaliana (ecotype Columbia), the dehydration of leaves results in an elevated proportion of polyunsaturated fatty acids (Gigon et al., 2004). On the contrary, the amounts of linoleic acid and linolenic acid were reduced in the drought-sensitive species Salvia officinalis (Bettaieb et al., 2009) and Carthamus tinctorius L. (Hamrouni et al., 2001). In our study, palmitic acid and stearic acid (the two saturated fatty acids) were significantly decreased, whereas linolenic acid (the major unsaturated fatty acid) was increased in DR as compared with SR (Table 3), suggesting that DR could confer higher drought tolerance capacity through impact on the unsaturation degree of fatty acids, which most likely affects the fluidity of the thylakoid membranes.


Table 3. The fatty acid compositions (mol%) among the three reeds from various habitats.
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Adaption Strategy in Transcription and Translation

The regulation of gene expression and protein biosynthesis is the most important defense response of plants against various stresses. Our proteomic data showed that eight DAPs were grouped into transcription and translation (Figure 5B), and most of them were more or less upregulated either in HSMR or DR as compared with SR (Table 2). Such as zinc knuckle (CCHC-type) family protein (spot 4), Maturase K (matK, spot 8), DEAD-box ATP-dependent RNA helicase (RH, spots 11 and 21), and pentatricopeptide repeat-containing protein (PNM, spot 36), all their protein abundances were increased in HSMR and DR (Table 2). CCHC-type family protein was the serine/arginine-rich protein that binding with RNA and probably participate in pre-mRNA splicing during RNA transcription (Aceituno-Valenzuela et al., 2020). matK was reported to control the gene expression in chloroplast by splicing (Barthet et al., 2020). RH had been proved to be involved in pre-mRNA splicing and was responsible for the transportation of mRNA from the nucleus to the cytoplasm (Kammel et al., 2013). Hammani et al. (2011) found that PNM interacted with nuclear proteins to regulate gene expression in the nucleus. Accumulation of these proteins indicated that both transcriptional and translational regulations played important roles for DR and HSMR in their adaption to natural drought and salinity.



Changes in Stress-Related Proteins

As plants were exposed to drought and salt environments, the stress response proteins were induced (Zhang et al., 1992; Zhu et al., 2003c). Catalase (CAT, spot 12) mainly functioned in protecting cells from the damage caused by ROS (Alam and Ghosh, 2017). The higher abundances of CAT in both HSMR and DR suggested that CAT would be beneficial for HSMR and DR for protecting them from oxidative stress under drought and salinity. This was in accordance with our previous assessment in the enzyme activity of CAT (Zhang et al., 1992; Zhu et al., 2003c). SKP1-interacting partner 15 (SKIP15, spot 40) participated in E3 ubiquitin ligase-mediated ubiquitination and degradation of target protein (Gagne et al., 2002). The accumulation of SKIP15 to some extent both in HSMR and DR could lead to the degradation of some incorrect assemble proteins. Alpha-dioxygenase 2 (DOX2) was reported to highly express during the senescence process and microbial infection and hence could catalyze the oxygenation of fatty acids into oxylipins (Bannenberg et al., 2009). Of which oxylipins are involved in plant development and in response to biotic and abiotic environmental cues. Such as the functional convergence of oxylipin and abscisic acid pathways controls the stomatal closure of Arabidopsis in response to drought (Savchenko et al., 2014). Oxylipins are also acting to stimulate mitogen-activated protein kinase (MAPK)-dependent signaling pathways and induce the stress gene expression during salt stress (Hou et al., 2016). As a homologous protein of DOX2, the abundance of alpha-dioxygenase 2-like (spot 41) was increased in HSMR and DR (Table 2), suggesting that oxylipins mediation signaling cascades may contribute to the two terrestrial ecotypes tolerance to drought and salinity.




CONCLUSION

The possible tolerance mechanisms of reed growing in the natural drought and salinity habitats were comparatively analyzed in physiological and proteomic aspects in this study. Our results unraveled that the two terrestrial reed ecotypes: DR and HSMR, which are growing in extreme environments, both tended to shape similar adaptive strategies by impacting the formation of C4-like photosynthesis and anatomical features, lipid composition and mobility, as well as the protein abundances related to photosynthesis and energy metabolism, lipid metabolism, transcription and translation, and stress responses (Figure 8). Altogether, this species displayed a combination of multiple adaptive strategies from the structural and physiological levels to the molecular scale, to sustain the functionality of the two terrestrial ecotypes in their adaption to the hostile environments.


[image: Figure 8]
FIGURE 8. Schematic presentation of two terrestrial ecotypes in adaptation to their natural harsh habitat. Protein abundances are marked in circles. From left to right, the first and second circles represent HSMR vs. SR and DR vs. SR, respectively. Red color represents increased, green color represents decreased, and white color represents no change in protein abundance. ADP, adenosine diphosphate; ATP, adenosine triphosphate; ATPB, ATP synthase CF1 beta subunit; CAC, acetyl-CoA carboxylase carboxyl transferase subunit beta; CAT, catalase; CBR2, NADH-cytochrome b5 reductase-like protein; CP, chloroplast; CW, cell wall; CYP89A2, cytochrome P450 89A2; CYP94A1, cytochrome P450 94A1; DGD2, digalactosyldiacylglycerol synthase 2; ER, endoplasmic reticulum; HSP70, heat shock 70 kDa protein; ISP, putative iron-sulfur cluster-binding protein; LOX5, linoleate 9S-lipoxygenase 5; matK, maturase K; Mit, mitochondria; N, nucleus; NDP, nucleoside diphosphate; NDPK, nucleoside diphosphate kinase; NTP, nucleoside triphosphate; RBCL, ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit; RCA, ribulose-1,5-bisphosphate carboxylase activase small isoform; RH, DEAD-box ATP-dependent RNA helicase; PNM, pentatricopeptide repeat-containing protein; SFH11, phosphatidylinositol/phosphatidylcholine transfer protein SFH11; Snrnp25, U11/U12 small nuclear ribonucleoprotein 25 kDa protein isoform X2; SKIP15, SKP1-interacting partner 15.
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Supplementary Figure 1. Confocal laser scanning micrograph of chloroplasts in the bundle sheath cells from the paraffin section of three different ecotypes of reed. The chlorophyll fluorescence was illuminated with 488 nm (red images) and 561 nm (green images) light wavelength separately, the third column (yellow images) were their merged ones (bars = 30 μm). (A–C) Swamp reed (SR); (D–F) heavy salt meadow reed (HSMR); (G–I) dune reed (DR). BSC, bundle sheath cell; CP, chloroplast.

Supplementary Table 1. The detailed information of interaction network of the differentially accumulated proteins generated by STRING database.
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Many tobacco (Nicotiana tabacum) cultivars are salt-tolerant and thus are potential model plants to study the mechanisms of salt stress tolerance. The CALCINEURIN B-LIKE PROTEIN (CBL) is a vital family of plant calcium sensor proteins that can transmit Ca2+ signals triggered by environmental stimuli including salt stress. Therefore, assessing the potential of NtCBL for genetic improvement of salt stress is valuable. In our studies on NtCBL members, constitutive overexpression of NtCBL5A was found to cause salt supersensitivity with necrotic lesions on leaves. NtCBL5A-overexpressing (OE) leaves tended to curl and accumulated high levels of reactive oxygen species (ROS) under salt stress. The supersensitivity of NtCBL5A-OE leaves was specifically induced by Na+, but not by Cl−, osmotic stress, or drought stress. Ion content measurements indicated that NtCBL5A-OE leaves showed sensitivity to the Na+ accumulation levels that wild-type leaves could tolerate. Furthermore, transcriptome profiling showed that many immune response-related genes are significantly upregulated and photosynthetic machinery-related genes are significantly downregulated in salt-stressed NtCBL5A-OE leaves. In addition, the expression of several cation homeostasis-related genes was also affected in salt-stressed NtCBL5A-OE leaves. In conclusion, the constitutive overexpression of NtCBL5A interferes with the normal salt stress response of tobacco plants and leads to Na+-dependent leaf necrosis by enhancing the sensitivity of transgenic leaves to Na+. This Na+ sensitivity of NtCBL5A-OE leaves might result from the abnormal Na+ compartmentalization, plant photosynthesis, and plant immune response triggered by the constitutive overexpression of NtCBL5A. Identifying genes and pathways involved in this unusual salt stress response can provide new insights into the salt stress response of tobacco plants.

Keywords: CBL PROTEIN, Na+, immune response, necrotic lesions, photosystem, reactive oxygen species, salt stress, tobacco


INTRODUCTION

Soil salinity causes serious yield losses because of its widespread occurrence and severe effects on crop physiology and metabolism (Munns and Tester, 2008). The potential crop yield losses induced by moderate salinity (8~10 dS/m) are about 55, 28, and 15% in corn, wheat, and cotton, respectively (Satir and Berberoglu, 2016). It is estimated that about 30% of irrigated lands are salt-affected and thus commercially unproductive (Zaman and Heng, 2018). There are several strategies for the utilization of salt-affected lands, one of which is to breed or genetically engineer new varieties suitable for saline soils (Gong et al., 2020). Therefore, understanding the mechanisms underlying the plant salt stress response is of fundamental importance to mitigating the negative impact of soil degradation.

Salt stress can be divided into two phases, the first of which is the osmotic or water-deficit stress (Munns, 2005; Van Zelm et al., 2020). When exposed to salinity stress, plants experience an immediate osmotic effect around root cells that impairs water uptake and disturbs associated cell growth and metabolism, similar to the effects of drought stress. The second phase is a salt-specific ion toxicity effect (Munns, 2005; Van Zelm et al., 2020). At prolonged exposure to salinity, Na+ and Cl− are transported to leaf blades by the transpiration stream. When the ions accumulate to high levels, they become toxic and cause damage (Munns and Tester, 2008). The osmotic stress can be measured as a rapid inhibition of the rate of expansion of young leaves, while ion toxicity causes stress-induced senescence of older leaves due to either high leaf Na+ concentrations or low tolerance of the accumulated Na+ (Munns and Tester, 2008).

Plants respond to the two phases of salinity stress via different signaling pathways (Bartels and Sunkar, 2005). Ca2+ functions as a secondary messenger to couple a wide range of extracellular stimuli to intracellular responses (Snedden and Fromm, 1998, 2001). Osmotic and salt stresses induce rapid [Ca2+]cyt transients in the cytosol that trigger downstream pathways, allowing plants to adapt to these environmental changes by regulating enzymatic activity, ion channel activity, and gene expression (Knight and Knight, 2001; Snedden and Fromm, 2001). The transduction of Ca2+ signals depends on Ca2+-sensor proteins (Trewavas and Malhό, 1998). To date, four major classes of Ca2+ sensor proteins have been characterized in plants: CALMODULIN (CaM), CALMODULIN-LIKE PROTEIN (CML), CALCIUM-DEPENDENT PROTEIN KINASE (CDPK), and CALCINEURIN B-LIKE PROTEIN (CBL; Perochon et al., 2011).

As vital Ca2+-sensors, CBLs mainly function by regulating the kinase activity of their partners CBL-INTERACTING PROTEIN KINASEs (CIPKs) in response to various abiotic stresses including salt stress (Luan, 2009). So far, several CBLs from various plant species have been reported to participate in the salt stress response by facilitating Na+ exudation and vacuolar sequestration. In the root, Arabidopsis thaliana AtCBL4 interacts with AtCIPK24 to unlock its kinase activity, and the activated AtCIPK24 can phosphorylate and activate the plasma membrane-localized Na+/H+ antiporter SALT OVERLY SENSITIVE 1 (SOS1), leading to Na+ extrusion from root cells (Qiu et al., 2002; Shi et al., 2002; Gong et al., 2020). This so-called SOS pathway was found to be conserved in many other plant species, including rice (Oryza sativa), poplar (Populus trichocarpa and Populus euphratica), mustard (Brassica juncea), and apple (Malus domestica; Martinez-Atienza et al., 2007; Tang et al., 2010; Chakraborty et al., 2012; Hu et al., 2012; Lv et al., 2014). In the shoot, AtCBL10 is capable of interacting with both AtCIPK24 and AtCIPK8 to phosphorylate SOS1, and thus enhancing Na+ efflux from cells (Quan et al., 2007; Lin et al., 2009; Yin et al., 2019). Moreover, the AtCBL10-AtCIPK24 complex was suggested to activate the tonoplast-localized Na+/H+ EXCHANGER (AtNHX) to sequester Na+ into vacuole for salt storage and detoxification of the cytosol (Qiu et al., 2004; Kim et al., 2007). Orthologs of AtCBL10 in other species including wild tobacco (Nicotiana sylvestris), tomato (Solanum lycopersicum), and poplar (P. trichocarpa and P. euphratica) were also reported to be involved in the Na+ tissue tolerance mechanism (Li et al., 2012a; Tang et al., 2014; Dong et al., 2015; Egea et al., 2018). There are other CBLs that may participate in the salt stress response, although their roles and mechanisms remain to be elucidated. For instance, both AtCBL5- and AtCBL1-overexpressing (OE) plants showed enhanced tolerance to salt stress (Cheong, 2003; Cheong et al., 2010). Ectopic and constitutive expression of CBL1 orthologs from the epiphytic orchid (Sedirea japonica), rape (Brassica napus), and soybean (Glycine max) in Arabidopsis also enhanced salt tolerance (Chen et al., 2012; Li et al., 2012b; Cho et al., 2018). However, the ectopic expression of PeCBL1 in Arabidopsis led to salt sensitivity, with the transgenic lines not being able to exclude Na+ under saline conditions (Zhang et al., 2013).

Tobacco (Nicotiana tabacum) has been investigated as a potential model crop to adapt to salt stress via various strategies (Sun et al., 2020). Nicotiana tabacum L. cv. Zhongyan 100 is of good salt tolerance, which can survive under 300mM NaCl in a hydroponic growth system (data not shown). In our studies on NtCBL members in Zhongyan 100, NtCBL5A attracted our attention because its overexpression broke the salt tolerance of Zhongyan 100 and led to salt supersensitivity with severe necrotic lesions on leaves. Studies on CBL5 orthologs were only reported in Arabidopsis: overexpression of AtCBL5 enhanced the salt tolerance of transgenic Arabidopsis (Cheong et al., 2010; Wang et al., 2013). In this study, we explored the mechanisms underlying the salt sensitivity of NtCBL5A-OE leaves at the physiological, biochemical, and molecular levels. Our results indicate that constitutive overexpression of NtCBL5A leads to Na+-dependent leaf necrosis by enhancing the sensitivity of transgenic tobacco leaves to Na+. This Na+ sensitivity may be related to Na+ compartmentalization, plant photosynthesis, and plant immune response.



MATERIALS AND METHODS


Plant Material

Nicotiana tabacum L. cv. Zhongyan 100 was obtained from the Tobacco Research Institute of CAAS.



Plasmids Construction

The coding sequence of NtCBL5A was first amplified from cDNA synthesized from RNA extracted from veins of tobacco cultivar Zhongyan 100 with primers NtCBL5A-1F and NtCBL5A-1R (Supplementary Table S1) and cloned into the pMD19-T vector for sequencing. The NtCBL5A CDS was amplified from pMD19-T-NtCBL5A with primers NtCBL5A-3F-SacIand NtCBL5A-3R-KpnI (Supplementary Table S1). The gel-purified amplicon was digested with SacIand KpnIand cloned into the pCHF3 vector, resulting in the binary recombinant vector pCHF3-NtCBL5A. To construct the promoter plasmid pBI101-ProNtCBL5A::GUS, the upstream sequence of the NtCBL5A gene was identified from scaffold Nsyl_scaffold38441 of the tobacco genome. The 2,780bp upstream regulatory region of NtCBL5A including promoter sequence (ProNtCBL5A; Supplementary Figure S1B) was amplified from Zhongyan100 DNA using the primer pair NtCBL5Apro-1F-Sal Iand NtCBL5Apro-1R-SmaI (Supplementary Table S1) and cloned into a pMD19-T vector for sequencing. The promoter segment was subcloned from the pMD19-T-ProNtCBL5A construct using SalIand SmaIinto pBI101. All the constructs were confirmed by DNA sequencing by the BGI company. Confirmed constructs were transformed into Agrobacterium tumefaciens EHA105 for tobacco transformation.



Generation of Transgenic Plants

To generate the NtCBL5A-OE lines and ProNtCBL5A::GUS transgenic plants, Agrobacterium carrying pCHF3-NtCBL5A plasmid and pBI101-ProNtCBL5A::GUS plasmid were introduced into Zhongyan 100, respectively, by the Agrobacterium-mediated leaf disk transformation method (Horsch et al., 1985). To screen for NtCBL5A-OE lines, positive transgenic plants of the T0 generation were identified by PCR with the primers NtCBL5A-1F and pCHF3-R (Supplementary Table S1). The overexpression levels of all positive plants were checked by Real-time quantitative PCR (RT-qPCR), the RNA samples for RT-qPCR were isolated from mixed whole plants at 12days after germination (DAG) under control conditions. Eight lines with high NtCBL5A overexpression of the original 17 transgenic lines (T0 generation) were selected for propagation. More than 200 T1 seeds from T0 plants with high gene overexpression levels were harvested and subsequently screened on the selection medium (1/2 MS medium with 50μg/ml kanamycin). All these lines show sensitivity to salt stress. Two T1 lines (OE-2 and OE-15) with a segregation of around 3:1 (tolerance: sensitivity) were selected for harvesting T2 seeds. More than 200 T2 seeds were screened on the selection medium. The T2 generation with 100% kanamycin resistance was considered as homozygous plants and used for the evaluation of stress tolerance. Positive ProNtCBL5A::GUS transgenic lines of the T0 generation were identified by PCR with the primers pBI101-F and NtCBL5Apro-1R-SmaI (Supplementary Table S1). More than 200 seeds from T0 seedlings were harvested and subsequently screened on selection medium as described above and positive T1 plants from three independent lines were selected for GUS staining assay.



Application and Phenotyping of Salt and Drought Treatment

Salt and drought stress experiments were conducted in 2019 at Unifarm, Wageningen University & Research in the Netherlands. Conditions of the greenhouse were 16h light/8h dark at 25/23°C and 70% relative humidity. The shortwave radiation level was maintained in the greenhouse compartment using artificial photosynthetically active radiation (PAR) when the incoming shortwave radiation was below 200 Wm−2.

For the salt tolerance evaluations, tobacco seeds were sown in soil, and they germinated after about 8days. About at 12DAG, the young seedlings were transplanted in rock-wool plugs within float trays for 8days, then they were transplanted to a circular flow hydroponic system filled with 1/2 Hoagland’s nutrient solution (500L). The water used to prepare 1/2 Hoagland’s nutrient solution contained trace amounts of Na+ and Cl− (5.04 and 6.72μg/ml, respectively). After 6days of acclimatization (at ~30 DAG), NaCl was added to the nutrient solution to a concentration of 50mM on the first day to avoid salt shock, and the final NaCl concentration of 100mM NaCl was reached the next day. From 4days after the start of the treatment (DAT), photographs of the plants were taken every day until harvest. For assessing salt tolerance, indicative traits such as growth traits (leaf width and length, root length, and fresh/dry biomass) and ion content were measured.

For the drought stress evaluation, a pilot experiment was conducted first to determine the wilting point of tobacco under the greenhouse conditions. Tobacco seeds were sown in soil. Young seedlings were transplanted to trays and pots at 12 and 22 DAG. Sixteen days after transplantation to pots (38DAG), watering was stopped until the leaves started to exhibit slight wilting, at a recorded Soil Water Content (SWC) of 28% Full Field Capacity (FFC; ~43 DAG). For the drought tolerance evaluation experiment, SWC was kept around 60% FFC (control conditions) and 28% FFC (drought conditions) by supplying a limited amount of water every day for 3weeks (~64DAG). The SWC was monitored and recorded with a Grodan Water Content Meter and a gravimetrical method, where SWC=(Wwet−Wdry)/FFC*100% (Wwet is the weight of wet soil and Wdry is the weight of dry soil). For assessing salt tolerance, shoot biomass and chlorophyll content were measured. Chlorophyll content was measured with the Minolta SPAD 502 Chlorophyll Meter (Ling et al., 2011). For chlorophyll content values, the average was taken of the measurements of five different areas of the eigth leaf (the first new leaf that appeared after the drought treatment started).



Ion and Osmotic Stress Evaluation

For the ion and osmotic stress evaluation experiments, the plants were prepared as described for the salt evaluation experiments. The experiments were conducted in a hydroponic system filled with 1/2 Hoagland’s nutrient solution in 3L containers. The solution was refreshed every 2days to keep enough nutrition and a stable stress treatment. After 6days of acclimatization, the stress was built up in two steps: ion concentrations were raised to 50mM NaCl/NaNO3/KNO3/KCl, and for the osmotic stress treatment to 8% PEG6000, and the final stress conditions were reached 100mM NaCl/NaNO3/KNO3/KCl, 15% PEG6000 at the next day. Photographs of the plants were taken at 9DAT.



Ion Content Measurement

Ion content measurement contained three biological replications and every biological replication is a pool of three plants. Root samples were rinsed in ddH2O first, and then were dried with absorbent paper to get rid of ions on the outside of the roots. Fresh samples were dried at 105°C until stable weights, and then the dry tissue was crushed to powder with a grinder. About 30~50mg of dry sample was placed into a test tube. The powdered samples were ashed at 650°C for 6h. One milliliter of 3M formic acid was added into the test tube and was shaken for 20min at 5,000rpm at 99.9°C. Then 9ml Milli-Q® was added into the test tube and mixed. Then 0.2ml sample was taken out and added into 9.8ml Milli-Q® for 50 times dilution. The ion contents of dilution samples were measured using the Ion Chromatography (IC) system 850 Professional (Metrohm Switzerland).



GUS and DAB Staining

GUS staining was conducted using β-Galactosidase Reporter Gene Staining Kit (Beijing Leagene Biotech. Co., Ltd., Cat No./ID: DP0013, Beijing, China). Samples were placed into GUS staining solution and incubated at 37°C overnight. The tissues then were placed in 95% ethanol until chlorophyll was washed out, and samples were photographed. The tissues were stored in Formaldehyde-Acetic Acid-Ethanol (FAA) Fix Solution (Wuhan Servicebio Technology Co., Ltd., Cat No./ID: G1103-500 ML, Wuhan, China). For H2O2 visualization with DAB staining, leaves were put in 1mg/ml DAB (3, 3'-Diaminobenzidine tetrahydrochloride hydrate; Sigma-Aldrich, Cat No./ID: D5637-1G, Darmstadt, Germany) and vacuum infiltrated until DAB solution was taken up, after which the leaves were incubated in DAB staining solution for 16h in the dark. The leaves were subsequently transferred to 95% ethanol for 24h to remove chlorophyll. Afterward, leaves were photographed (Kissoudis, 2016).



RNA Isolation and RNA-seq Analyses

At 4DAT, the fifth leaf blades (with main veins removed) of four individual plants under control conditions and saline conditions in the daytime were sampled and frozen immediately in liquid nitrogen. Leaf blades from four individual plants were mixed and ground to powder. RNA was isolated and purified with the RNeasy Plus Mini Kit (Qiagen, Cat No./ID: 74134, the Netherlands) following the manufacturer’s protocol. RNA samples of WT and OE-2 overexpression lines from two independent salt treatment experiments were used for transcriptome sequencing. RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, United States). RNA-seq was performed by the Novogene using Illumina Polymerase-based sequencing-by-synthesis, obtaining a read length of 150bp and coverage of 48–81 million reads per sample. Raw reads of fastq format were firstly processed through in-house perl scripts so that all the downstream analyses were based on the clean data with high quality. Reference genome and gene model annotation files1 were downloaded from NCBI. Index of the reference genome was built using Hisat2 v2.0.5 and paired-end clean reads were aligned to the reference genome using Hisat2 v2.05. The mapped reads of each sample were assembled by StringTie (v1.3.3b; Pertea et al., 2015) in a reference-based approach. FeatureCounts v1.5.0-p3 was used to count the reads numbers mapped to each gene and then FPKM of each gene was calculated based on the length of the gene and read counts mapped to this gene. Differentially expressed genes (DEGs) of two groups were performed using the DESeq2 R package (1.20.0) and resulting p-values were adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted the value of p<0.05 found by DESeq2 were assigned as differentially expressed. ClusterProfiler R package was used to test the statistical enrichment of DEGs in Kyoto encyclopedia of genes and genomes (KEGG) pathways.



Real-Time Quantitative PCR and Semi-Quantitative RT-PCR

For RT-qPCR, RNA was reverse transcribed into cDNA using HiScript III RT SuperMix for qPCR (+g DNA wiper; Vazyme Biotech. Co., Ltd., Cat No./ID: R323-01, Nanjing, China), and the cDNA was amplified using ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech. Co., Ltd., Cat No./ID: Q711, Nanjing, China) on the LightCycler® 96 Instrument (F. Hoffmann-La Roche Ltd., Switzerland). All the primers used for RT-qPCR can be found in Supplementary Table S1. The amplification reactions were performed in a total volume of 10μl, containing 5μl 2×ChamQ SYBR qPCR mix, 0.6μl forward and reverse primers (10μM), 1μl cDNA (10 times diluted), and 3.4μl ddH2O. The RT-qPCR amplification program was as follows: 95°C for 10min; 95°C for 10s, 60°C for 30s, and amplification for 40cycles. Each sample comprised three technical replications. Analysis of the relative gene expression data was conducted using the 2−ΔC’t (Livak and Schmittgen, 2001). For semi-quantitative RT-PCR, RNA was reverse transcribed into cDNA using iScript™ Reverse Transcription Supermix for RT-qPCR (BIO-RAD, Cat No./ID: 6031, CA, United States), and cDNA was amplified using DreamTaq DNA Polymerase (Thermo Fisher Scientific, Cat No./ID: EP0702, MA, United States). The amplification reactions were performed in a total volume of 20μl, containing 0.1μl DreamTaq DNA polymerase, 2μl 10×DreamTaq buffer, 0.4μl dNTP mixture (5mM each), 1μl forward and reverse primers (10μM), 2μl cDNA, and 14.5μl ddH2O. The semi-quantitative RT-PCR amplification program was as follows: 95°C for 5min; 95°C for 30s, 52°C for 30s, and 72°C for 30s (30cycles); and 72°C for 30s.



Accession Numbers

Sequence data from this article can be found under the following accession numbers. For genes from tobacco and O. sativa, sequences can be found in the NCBI database2: NtCBL5A (XM_016642104.1), NsylCBL5 (KM658159.1), NtomCBL5 (XM_018767788.1), OsCBL1 (DQ201195), OsCBL2 (DQ201196), OsCBL3 (DQ201197), OsCBL4 (DQ201198), OsCBL5 (DQ201199), OsCBL6 (DQ201200), OsCBL7 (DQ201201), OsCBL8 (DQ201202), OsCBL9 (DQ201203), and OsCBL10 (DQ201204). For genes from S. lycopersicum, sequences can be found in the SGN database3: SlCBL1 (Solyc06g060980), SlCBL2 (Solyc12g015870), SlCBL4-1 (Solyc08g036590), SlCBL4-2 (Solyc12g055920), SlCBL8 (Solyc08g054570), and SlCBL10 (Solyc08g065330). For genes from A. thaliana, sequences can be found in the TAIR database4: AtCBL1 (AT4G17615), AtCBL2 (AT5G55990), AtCBL3 (AT4G26570), AtCBL4 (AT5G24270), AtCBL5 (AT4G01420), AtCBL6 (AT4G16350), AtCBL7 (AT4G26560), AtCBL8 (AT1G64480), AtCBL9 (AT5G47100), and AtCBL10 (At4G33000). The RNA-seq data from this article can be found in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) data repository under accession number GSE181164.5



Statistical Analysis

Statistical analysis was done using IBM SPSS Statistics 23 software. Significant differences were examined by one-way ANOVA using the LSD test at p<0.05 and p<0.001. The figures were drawn by GraphPad Prism 6.0.




RESULTS


The Cloning and Expression Analysis of NtCBL5A

Nicotiana tabacum is a natural allotetraploid derived from two diploid progenitors: N. sylvestris as the maternal genome donor and Nicotiana tomentosiformis as the paternal genome donor (Yukawa et al., 2006). We predicted and cloned 12 NsylCBLs based on the N. sylvestris genome data published in NCBI (see footnote 2; An et al., 2020). One of these 12 NsylCBLs (NCBI reference sequence: XM_009758979.1) had the closest phylogenetic relationship with AtCBL5 (At4g01420) and therefore was named NsylCBL5 (GenBank: KM658159.1). The ortholog of NsylCBL5 in N. tabacum L. cv. Zhongyan 100 was subsequently cloned and named NtCBL5A (NCBI reference sequence number: XM_016642104.1). The coding sequence (CDS) of NtCBL5A is identical to the CDS of NsylCBL5 and has 28 nucleotide differences with the CDS of NtomCBL5 (NCBI reference sequence number: XM_018767788.1; Supplementary Figure S1A).

The CDS of NtCBL5A is 642bp in length, encoding a 213-amino-acid protein. The NtCBL5A protein is predicted to have four potential elongation factor hands (EF-hands) by the SMART6 (Letunic and Bork, 2018) and SWISS-MODEL7 (Waterhouse et al., 2018; Figures 1A,B). The EF-hand motif is the conserved domain of CBL proteins with an α-helix-loop-α-helix structure that binds Ca2+ (Sánchez-Barrena et al., 2013). A phylogenetic tree of NtCBL5A with all identified CBL proteins in A. thaliana, O. sativa, and S. lycopersicum distributed the CBL members over four clusters, and NtCBL5A was included in ClusterIwith closest phylogenetic relationship to AtCBL5 (Figure 1C).
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FIGURE 1. Structure and phylogenetic relationship of NtCBL5A. (A) Amino acid sequence of NtCBL5A and the positions of four EF-hands predicted by SMART. (B) The 3D structure of NtCBL5A predicted by SWISS-MODEL. (C) Phylogenetic analysis of NtCBL5A and all known CBL members from Arabidopsis thaliana, Oryza sativa, and Solanum lycopersicum. The amino acid sequences of AtCBLs, OsCBLs, and SlCBLs were downloaded from TAIR (https://www.arabidopsis.org/), NCBI (https://www.ncbi.nlm.nih.gov/), and Sol Genomics Network (https://solgenomics.net/), respectively. The phylogenetic tree was constructed by MEGA6 using the Neighbor-Joining method.


Semi-quantitative RT-PCR indicated that NtCBL5A is specifically expressed at a higher level in stems and a relatively lower level in main veins of young tobacco seedlings, and it is not detectable in roots and leaf blades (with main veins removed) at 30DAG (Figure 2A). We examined tissue-specific expression in more detail using independent ProNtCBL5A::GUS transgenic tobacco lines with a 2,780bp upstream regulatory region of NtCBL5A including the promoter (Supplementary Figure S1B) driving expression of a GUS reporter gene. Consistent with the semi-quantitative RT-PCR result, strong GUS activity was mainly detected in veins and stems of tobacco seedlings (Figures 2B–F). At 3 and 20 DAG, GUS staining was only observed in the veins and the top of the stem (Figures 2B–D). At 40 DAG, GUS staining was still limited to the veins and the stem (Figures 2E,F).
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FIGURE 2. The expression profile of NtCBL5A in tobacco plants. (A) The expression profile detection in different tissues by semi-quantitative RT-PCR at 30days after germination (DAG), L25 is the reference gene (Schmidt and Delaney, 2010). (B-F) The GUS staining of different tissues of ProNtCBL5A::GUS plants at different growth stages. They are seedlings at 3 DAG (B), seedlings at 5 DAG (C), seedlings at 20 DAG (D), leaves of the seedlings at 40 DAG (E), and stem and root tissues of the seedlings at 40 DAG (F), respectively.




Overexpression of NtCBL5A Induces Salt Supersensitivity With Necrotic Lesions on Leaves

Two independent homozygous NtCBL5A-OE lines (OE-2, OE-15) with different overexpression levels were selected for salt tolerance evaluation (Figures 3A,B). Wild-type (WT) and NtCBL5A-OE lines were treated under control conditions (1/2 Hoagland’s nutrient solution) and saline conditions (1/2 Hoagland’s nutrient solution with 100mM NaCl) in a hydroponic growth system. Under control conditions, there were no phenotype differences between WT and NtCBL5A-OE lines. Under saline conditions, constitutive overexpression of NtCBL5A led to salt supersensitivity (Figure 3C). There were leaf chlorosis spots on NtCBL5A-OE leaves at the early stage of salt stress that developed fast into severe necrotic lesions within 2weeks (Figure 4A). In each NtCBL5A-OE plant, the fifth leaf that emerged just before the initiation of the salt treatment showed the most severe necrotic lesions (Figure 3C), and the occurrence of necrotic lesions started from leaf tip and leaf margin (Figure 4A). The overexpression level of NtCBL5A appeared to be related to the necrotic phenotype, for the OE-2 line with higher NtCBL5A expression level showed more severe necrotic lesions than OE-15 (Figure 4A).
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FIGURE 3. The detection of NtCBL5A expression and above-ground phenotype of wild-type (WT) and NtCBL5A-overexpressing (OE) lines (OE-2 and OE-15) under control conditions and salt stress (100mM NaCl). Scale bars=10cm. (A) Relative expression analysis of endogenous NtCBL5A (the NtCBL5A driven by 35S promoter) determined by RT-qPCR in different tissues of tobacco seedlings at 4days after the start of treatment (DAT). The expression of NtCBL5A is relative to the reference gene L25 and the seedlings are 30-DAG old. (B,C) Relative expression analysis of endogenous NtCBL5A and exogenous NtCBL5A (the NtCBL5A driven by its own promoter in tobacco) determined by RT-qPCR in whole plants. The expression of NtCBL5A is relative to the reference gene L25 and the seedlings are 12-DAG old. The reverse primer pCHF3-Allcheck-1 used for amplifying exogenous NtCBL5A was designed according to the sequence of the overexpression vector pCHF3, referring to pCHF3-Allcheck-2 (Shi et al., 2021). (D) The shoot phenotype of WT and NtCBL5A-OE lines at 9 DAT. (E,F) The shoot fresh weight and dry weight of WT and NtCBL5A-OE lines at 9 DAT. Error bars indicate ±SD (n=3 for gene expression detection, n=17 for shoot fresh/dry weight determination), different letters above bars (a, b, and c) indicate significant statistical difference based on one-way ANOVA with LSD test (p<0.05).
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FIGURE 4. The determination of physiological parameters in wild-type (WT) and NtCBL5A-overexpressing lines (OE-2 and OE-15). (A) The phenotype of the fifth leaf of WT and NtCBL5A-OE lines under control conditions and salt stress (100mM NaCl) from 4 to 13 DAT. (B,C) Leaf length and leaf width determination of the fifth leaf at 8 DAT. (D) DAB staining of tobacco under control conditions and salt stress (100mM NaCl) at 6 DAT. Error bars indicate ±SD (n=17), different letters above bars (a, b, and c) indicate significant statistical difference based on one-way ANOVA with LSD test (p<0.05). Scale bars=2cm.


Shoot dry weight and fresh weight of each tobacco line were reduced significantly under salt stress, and the reduction of NtCBL5A-OE lines was larger than that of WT at 9DAT (Figures 3D,E). Under saline conditions, the length and width of the fifth NtCBL5A-OE leaves were more reduced with curly and narrow leaf shapes (Figure 4). In addition, reactive oxygen species (ROS) accumulation in the fifth NtCBL5A-OE leaves was higher than that in WT leaves under salt stress at 2 and 6DAT (Supplementary Figure S2; Figure 4D). Root lengths of NtCBL5A-OE lines and WT were similarly affected by salinity, but root fresh weight was reduced more in the NtCBL5A-OE lines than in WT at 9DAT (Supplementary Figure S3).



The Necrotic Lesions Are Specifically Induced by High Na+ in the Nutrient Solution

The response to the osmotic component of salt stress bears similarity to the response to drought (Bartels and Sunkar, 2005). Therefore, the effect of drought stress on NtCBL5A-OE plants was determined as well. WT and NtCBL5A-OE lines were exposed to drought stress in pots under greenhouse conditions. At 21DAT, all the lines showed reduced growth compared to the control plants with no water limitation, but there were no significant phenotype differences between the WT and NtCBL5A-OE plants under drought stress (Figure 5A). Under drought stress, plant height, and fresh and dry shoot weight of each line were decreased, while chlorophyll content of each line was significantly increased compared to control conditions (Figures 5B–E). There were no differences between WT and NtCBL5A-OE lines under drought stress (Figures 5B–E); suggesting that osmotic stress alone did not trigger necrotic lesions on NtCBL5A-OE leaves. A 15% PEG6000 treatment was conducted to confirm that the necrotic lesions on transgenic lines are not caused by osmotic stress. Indeed, the PEG6000-induced osmotic stress did not induce leaf necrosis in OE-2 and OE-15 lines (Figure 6B).
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FIGURE 5. Phenotypic analysis of WT and NtCBL5A-OE lines (OE-2 and OE-15) under control conditions and drought stress. Scale bars=30cm. (A) The phenotype of WT and NtCBL5A-OE lines under control conditions and drought stress at 21DAT and 64DAG. (B) The chlorophyll content of the eigth leaf of WT and NtCBL5A-OE lines from 3 to 21 DAT. (C–E) The plant height, fresh shoot biomass, and dry shoot biomass of WT and NtCBL5A-OE lines at 21 DAT. Error bars indicate ±SD (n=4), different letters above bars (a, b, and c) indicate significant statistical difference based on one-way ANOVA with LSD test (p<0.05).


[image: Figure 6]

FIGURE 6. Ion and osmotic stress evaluation on WT and NtCBL5A-overexpressing lines (OE-2 and OE-15) at 9DAT. (A) The phenotype of WT and NtCBL5A-OE lines under control condition (1/2 Hoagland’s nutrient solution). (B) The phenotype of WT and NtCBL5A-OE lines under osmotic stress (1/2 Hoagland’s nutrient solution added 15% PEG6000). (C–F) The phenotype of WT and NtCBL5A-OE lines under ion stresses (1/2 Hoagland’s nutrient solutions added 100mM NaCl, 100mM NaNO3, 100mM KCl, and 100mM KNO3, respectively). Scale bars=10cm. Fourth leaves under light (Light), covered by aluminum-foil paper (Covered), and under dark (Dark), which were zoomed in at the right part of the panel.


Under saline conditions, both Na+ and Cl− can be toxic to the plant (Munns and Tester, 2008). To identify the ion that is responsible for the necrotic phenotype of NtCBL5A-OE lines under salt stress, the plants were exposed not only to 100mM NaCl, but also to 100mM NaNO3, 100mM KNO3, and 100mM KCl (Quan et al., 2007). At 9DAT, both WT and NtCBL5A-OE lines exhibited reduced growth under all treatments relative to control conditions (Figure 6). NtCBL5A-OE lines showed leaf necrosis only under NaCl and NaNO3 treatments but not under KNO3 and KCl treatments (Figures 6C–F), suggesting that the necrotic lesions on NtCBL5A-OE lines are specifically induced by high levels of Na+ in the nutrient solution.



Overexpression of NtCBL5A Enhances the Sensitivity of Transgenic Tobacco Leaves to Na+

To elucidate the cause of the salt-induced necrotic lesions in NtCBL5A-OE leaves, we measured the ion contents in the fifth leaf blades (with main veins removed) of all tobacco lines at three treatment time points (4, 6, and 9DAT). It needs to mention first that there was no significant difference between leaf water contents of WT and NtCBL5A-OE (Supplementary Figure S4A). Na+ contents in the fifth leaf blades of all lines were strongly increased under salt stress relative to control conditions and increased with treatment time. Compared to WT, Na+ contents in the fifth leaf blades of NtCBL5A-OE lines were higher under salt stress but the difference was not large (Figure 7A). More specifically, during the 4~9DAT, the Na+ contents in the 5th leaf blades of WT, OE-2, and OE-15 tobacco plants are in the range of 39.18~51.64, 44.95~69.71, and 47.36~64.31μg/mg, respectively. In other words, the 5th leaf blades of WT lines could reach a similar Na+ content level to that of OE lines with treatment time, but they did not exhibit any necrotic lesions at all during the treatment period (Figures 4A, 7A). Cl− contents in the 5th leaf blades of all lines were strongly increased under salt stress relative to control conditions and increased with time, but there was no significant difference between WT and NtCBL5A-OE lines under salt stress (Figure 7C). K+, Ca2+, and Mg2+ contents in all lines were significantly decreased under salt stress but also for these ions there was still no significant difference between WT and NtCBL5A-OE plants (Supplementary Figures S4B–D).
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FIGURE 7. Na+ and Cl− contents in WT and NtCBL5A-overexpressing lines (OE-2 and OE-15) under control conditions and salt stress (100mM NaCl). (A,C) Na+ and Cl− contents in the fifth leaf blades (with main veins removed) at 4, 6, and 9 DAT. (B,D) Na+ and Cl− contents in different tissues (leaf blades: all leaves with main veins removed; main veins: main veins from all leaves; stems; and roots) at 10 DAT. C means control conditions, while S means salt stress. Error bars indicate ±SD (n=3), every biological replication is a mixed pool of three plants. One-way ANOVA with LSD test (*p<0.05 and **p<0.01) was used to analyze statistical significance.


We also measured the Na+ and Cl− contents in different tissues (leaf blades: all leaves with main veins removed; main veins: main veins from all leaves; stems; and roots) of all lines under control conditions and 100mM NaCl stress at 10DAT. Under salt stress, Na+ contents in all tissues of all lines were strongly increased relative to control conditions, and Na+ contents in leaf blades of NtCBL5A-OE lines were significantly higher than those of WT (Figure 7B). In contrast, Na+ contents in main veins, stems, and roots of OE-2 and OE-15 were significantly lower than those of WT under salt stress (Figure 7B). Cl− contents in all tissues of all lines were strongly increased under salt stress relative to control conditions but there was no significant difference between different lines (Figure 7D). Taken together, ion content data suggested that the overexpression of NtCBL5A may promote Na+ loading into leaf blades, but the necrotic lesions are caused by the increased Na+ sensitivity of NtCBL5A-OE leaves.



Differentially Expressed Genes in NtCBL5A-OE Leaves Under Salt Stress Were Analyzed

To further identify the genes and pathways involved in the necrotic phenotype of NtCBL5A-OE lines, the leaf transcriptome profiling of WT and OE-2 lines grown under control conditions and salt stress (100mM NaCl) at 4DAT were sequenced and compared. Two datasets of DEGs were made in which we identified the genes that were differentially expressed as a result of the overexpression of NtCBL5A: Control-WT vs. Control-OE2 (C-WT/C-OE2) and Salt-WT vs. Salt-OE2 (S-WT/S-OE2). Another two datasets were also used to identify the transcripts that were responsive to the salt treatments: Control-WT vs. Salt-WT (C-WT/S-WT) and Control-OE2 vs. Salt-OE2 (C-OE2/S-OE2). DEGs from C-WT/C-OE2 and S-WT/S-OE2 were compared to select the transcripts affected by NtCBL5A overexpression only under salt stress (dotted lines in Figures 8A,D; Supplementary Figure S5). We also compared DEGs from C-WT/S-WT and C-OE2/S-OE2 to identify the specific transcripts affected by salt stress and only in NtCBL5A-OE lines (dotted lines in Figures 8B,E; Supplementary Figure S5). This procedure was done for two independent experiments, and only DEGs that were identified in both experiments were considered (highlighted part in Figures 8A,B,D,E). The OE-affected DEGs and salt-affected DEGs together resulted in 2079 upregulated DEGs and 1,154 down-regulated DEGs (Figures 8C,F), strongly affected by the combination of NtCBL5A overexpression and salt stress.

[image: Figure 8]

FIGURE 8. The analysis of leaf transcriptome data of WT and the NtCBL5A-overexpressing line (OE-2) at 4 DAT. (A) Venn diagram with four up-regulated gene sets: Experiment 1 (Exp1)-C-WT/C-OE2, Exp 1-S-WT/S-OE2, Exp 2-C-WT/C-OE2, and Exp 2-S-WT/S-OE2. (B) Venn diagram with four upregulated gene sets: Exp1-C-WT/S-WT, Exp 1-C-OE2/S-OE2, Exp 2-C-WT/S-WT, and Exp 2-C-OE2/S-OE2. (C) Venn diagram with two sets: OE-affected upregulated differentially expressed genes (DEGs) and Salt-affected upregulated DEGs. (D) Venn diagram with four downregulated gene sets: Exp 1-C-WT/C-OE2, Exp 1-S-WT/S-OE2, Exp 2-C-WT/C-OE2, and Exp 2-S-WT/S-OE2. (E) Venn diagram with four downregulated gene sets: Exp 1-C-WT/S-WT, Exp 1-C-OE2/S-OE2, Exp 2-C-WT/S-WT, and Exp 2-C-OE2/S-OE2. (F) Venn diagram with two sets: OE-affected down-regulated DEGs and Salt-affected downregulated DEGs. (G,H) Kyoto encyclopedia of genes and genomes (KEGG) enrichment of upregulated genes and downregulated genes. The pathways labeled in blue were significantly enriched pathways. Count: the number of DEGs, bigger circle means more DEGs number; GeneRatio: the number of DEGs/the total number of genes in this pathway; padj: p, padj<0.05 means significant difference, redder color means greater significance. The raw data of RNA-seq can be found in GEO data repository with the accession number GSE181164, in which samples were named as C-WT-1, S-WT-1, C-OE2-1, S-OE2-1, C-WT-2, S-WT-2, C-OE2-2, and S-OE2-2. “C” refers to “Control,” “S” refers to “Salt,” “WT” refers to “wild-type,” “OE2” refers to the OE2 line of NtCBL5A-overexpressing lines, “1” refers to “Experiment 1,” and “2” refers to “Experiment 2.”


The upregulated DEGs were enriched in 10 KEGG (Kanehisa et al., 2020) pathways (padj<0.05; Figure 8G). Among them, “plant-pathogen interaction” (KEGG ID: sly04626) and “MAPK signaling pathway-plant” (KEGG ID: sly04016) attracted our attention because many DEGs identified as belonging to these two pathways are related to HR and cell death, including PATHOGENESIS RELATED PROTEIN 1a (PR1a), PR1b, PR1c, PR-Q, PR-R major form, PR-R minor form, ETHYLENE RESPONSE FACTOR 1 (ERF1), ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1, SA-related signal transducers), and RPM1-INTERACTING PROTEIN 4 (RIN4). Besides, Ca2+ channels CYCLIC NUCLEOTIDE-GATED ION CHANNEL (CNGC) and other two types of Ca2+-sensor genes CML and CDPK were also enriched in the MAPK signaling pathway-plant. Interestingly, these genes are highly upregulated only under the combination of NtCBL5A overexpression and salt stress. The down-regulated DEGs were enriched in four KEGG pathways (padj<0.05; Figure 8H). In “photosynthesis” (KEGG ID: sly00195) and “photosynthesis-antenna proteins” (KEGG ID: sly00196) pathways, many genes related to photosystem I (e.g., PsaD, PsaH, and PsaE), photosystem II (e.g., PsbD, PsbQ, and PsbW), photosynthetic electron transport (PetE, PetF, and PetH), and light-harvesting chlorophyll protein complex (e.g., Lhca1-5, Lhcb1, and Lhcb3-6) were significantly downregulated.



Plant Defense- and Cation Homeostasis-Related Genes Are Regulated in NtCBL5A-OE Leaves Under Salt Stress

Under salt stress, NtCBL5A-OE leaves exhibited necrotic lesions that bear resemblance to hypersensitive reaction (HR)-like cell death in plant response to pathogen infection. To understand the causes of the necrotic lesions, we specifically examined the expression of the HR marker genes N-RICH PROTEIN (NRP; Ludwig and Tenhaken, 2001) and HYPERSENSITIVE-RELATED 203J (hypersensitive-related 203J; Pontler et al., 1994), as well as the plant defense-related genes in the “Plant-pathogen interaction” pathway and “MAPK signaling pathway-plant” pathway (Figure 8G). NPR and HSR203J genes were strongly upregulated in NtCBL5A-OE leaves under salt stress (Figures 9A,B). In addition, the expression levels of plant defense-related genes like PR genes (PR1a, PR1b, PR1c, PR-Q, and PR-R; Sinha et al., 2014), EDS1 (Lapin et al., 2020), RIN4 (Ray et al., 2019), ERF1 (Lorenzo et al., 2003), and CATALASE 1 (CAT1; Tran and Jung, 2020) were much higher in NtCBL5A-OE leaves than those in WT leaves under salt stress (Figures 9C–H; Supplementary Figures S6A–D). Taken together, these data suggested that salinity stress activates an immunity-related response specifically in the NtCBL5A-OE lines.
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FIGURE 9. Relative expression analysis of plant defense-related marker genes, Na+ homeostasis- and Ca2+ homeostasis-related genes determined by RT-qPCR in tobacco leaves. (A-L) The expression of these genes is relative to the reference gene L25 under control conditions and salt stress (100mM NaCl) at 4days after the start of treatment. Their gene IDs in the reference tobacco genome database (ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-v4.5_genome_Chr_Edwards2017.fasta.gz) are N-RICH PROTEIN (NRP; Nitab4.5_0000798g0120), HSR203J (Nitab4.5_0002719g0120), PR-Q (Nitab4.5_0003207g0080), PR1a (Nitab4.5_0003771g0010), PR1b (Nitab4.5_0005400g0020), PR1c (Nitab4.5_0004861g0040), PR-R minor (Nitab4.5_0004097g0050), PR-R major (Nitab4.5_0000360g0100), Cation/H+ EXCHANGER 18 (CHX18; Nitab4.5_0006998g0030), Na+/Ca2+ EXCHANGER 1 (NCX1; Nitab4.5_0005404g0030), CATION/PROTON 3 (CAX3; Nitab4.5_0000102g0080), and CNGC1 (Nitab4.5_0000258g0120). Error bars indicate ±SD (n=3). One-way ANOVA with LSD test (*p<0.05 and **p<0.01) was used to analyze statistical significance.


Under saline conditions, Na+ accumulation in NtCBL5A-OE leaves was slightly higher than that in WT leaves (Figure 7A). Therefore, we hypothesized that NtCBL5A overexpression may affect the expression of several cation homeostasis-related genes involved in salt stress response. Based on the transcriptome analysis, several genes required for K+, Na+, and Ca2+ homeostasis were significantly up or downregulated by combined condition of NtCBL5A overexpression and salt stress. The expression profile of these genes was validated by RT-qPCR. Cation/H+ EXCHANGER 18 (CHX18) and Na+/Ca2+ EXCHANGER 1 (NCX1) gene were strongly upregulated (Figures 9I,J), while vacuolar CATION/PROTON 3 (CAX3) gene involved in ion vacuolar compartmentalization (Martinoia et al., 2007; Zhao et al., 2007) was downregulated in WT and even more strongly inhibited in NtCBL5A-OE lines under saline conditions (Figure 9K). In addition, the expression of Ca2+ channels CNGC1 was upregulated in NtCBL5A-OE leaves under saline conditions (Figure 9L). The results of RT-qPCR were consistent with the transcriptome data and indicated that NtCBL5A overexpression greatly affects the expression of cation homeostasis-related genes under salt stress.



Photosynthetic Machinery-Related Genes Are Strongly Inhibited in NtCBL5A-OE Leaves Under Salt Stress

Under salt stress, NtCBL5A-OE leaves exhibited chlorotic spots developing into necrotic lesions from 4DAT (Figure 4A). To gain further insight into the causes of the chlorotic spots, we examined the expression levels of the photosynthesis essential genes in the “Photosynthesis” pathway and “Photosynthesis-antenna proteins” pathway (Figure 8H). PsaH, PsaE, and PsaD in photosystem I; PsbQ, PsbX, and OXYGEN EVOLVING ENHANCER PROTEIN 1 (OEE1) in photosystem II; LIGHT-HARVESTING CHLOROPHYLL PROTEIN COMPLEX (Lhca3, Lhcb3, and Lhcb4); FERREDOXIN (Fd) in photosynthetic electron transport; F-ATPase delta subunit; and GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE A (GAPA) in Calvin cycle were examined, RT-qPCR results showed that their expression in both WT and NtCBL5A-OE leaves were significantly inhibited by salinity at 4 DAT (Figure 10). More importantly, their expression levels in NtCBL5A-OE leaves were significantly lower than that in WT leaves under salt stress (Figure 10). These data suggested that the photosynthetic machinery might be more severely affected in NtCBL5A-OE leaves than in WT leaves under salt stress at 4DAT.
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FIGURE 10. Relative expression analysis of photosynthesis-related genes determined by RT-qPCR in tobacco leaves. (A-L) The expression of these genes is relative to the reference gene L25 under control conditions and salt stress (100mM NaCl) at 4DAT. Their gene IDs in the reference tobacco genome database (ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-v4.5_genome_Chr_Edwards2017.fasta.gz) are PsaH (Nitab4.5_0000351g0060), PsaE (Nitab4.5_0000385g0230), PsaD (Nitab4.5_0014875g0010), PsbQ (Nitab4.5_0002345g0070), PsbX (Nitab4.5_0000073g0060), OXYGEN EVOLVING ENHANCER PROTEIN 1 (OEE1; Nitab4.5_0000108g0110), LIGHT-HARVESTING CHLOROPHYLL PROTEIN COMPLEX (Lhca3; Nitab4.5_0000923g0200), Lhcb3 (Nitab4.5_0012832g0010), Lhcb4 (Nitab4.5_0011597g0020), Fd (Nitab4.5_0004129g0010), F-ATPase delta subunit (Nitab4.5_0006745g0030), and GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE A (GAPA; Nitab4.5_0010299g0040). Error bars indicate ±SD (n=3). One-way ANOVA with LSD test (*p<0.05 and **p<0.01) was used to analyze statistical significance.





DISCUSSION

The mechanisms of salt stress response have been the subject of many research studies. A lot of candidate genes involved in salt stress response have been identified, including genes responsible for sensing and signaling in roots, photosynthesis, Na+ accumulation in shoots and vacuoles, and accumulation of organic solutes (Munns and Tester, 2008). However, actual improvements to salt tolerance in crops have been limited, partially because salt tolerance is a polygenic trait controlled by quantitative loci (Ismail and Horie, 2017). Therefore, more pathway components in the salt stress response need to be explored. The strategy of generating a phenotype by targeted overexpression can be used as a powerful tool to identify the potential response pathway components (Prelich, 2012). In this study, constitutive overexpression of NtCBL5A greatly interferes with the normal salt stress response of tobacco and induces Na+-dependent salt supersensitivity with necrotic lesions on leaves. Analysis of this phenotype generated by NtCBL5A overexpression may provide insight into genes and relatively poorly explored pathways that are involved in the salt stress response of plants.

CBL-CIPK complexes act as important nodes in the plant signaling cascade, linking environmental stimuli with multiple biochemical and physiological responses. [Ca2+]cyt triggered by salinity stress can be sensed by CBLs (Perochon et al., 2011). One CBL can interact with different CIPKs and each CIPK may phosphorylate diverse targets (Ma et al., 2020). Therefore, constitutive overexpression of a CBL gene may generate a cascade effect, overreacting to the [Ca2+]cyt transients triggered by salinity stress and leading to unexpected phenotypes. To elucidate the mechanisms underlying the necrotic phenotype, the NtCBL5A-OE lines were evaluated at the physiological, biochemical, and molecular levels. We found that the necrotic phenotype was uniquely induced by high levels of Na+ rather than Cl− and osmotic stress in the nutrient solution. Many genes related to cation homeostasis, plant immunity, and the photosynthetic machinery were affected at the transcriptional level in NtCBL5A-OE leaves under salt stress. The constitutive overexpression of NtCBL5A may make more potential pathway components in salt stress response detectable.


Constitutive Overexpression of NtCBL5A May Interfere With the Network Responsible for Tobacco Tolerance

Under saline conditions, plants suffer from Na+ toxicity due to Na+ accumulation in the leaves (Munns and Tester, 2008). Generally, Na+ can accumulate to toxic concentrations earlier in old leaves than in younger growing leaves because the old leaves no longer expand and so no longer dilute the salt (Munns and Tester, 2008). In addition, basal zones of leaf blades accumulate more ions than tip zones because the dehydration process starts at the leaf tip (de Lacerda et al., 2003). Inconsistent with the normal pattern of Na+ accumulation in plants, however, the fifth leaf of NtCBL5A-OE tobacco developed the earliest and most severe necrotic lesions in this study (Figure 3C) and the occurrence of necrotic lesions started from leaf tip and leaf margin (Figure 4A). Ion content determination provides us with more information about the necrotic lesions. Although the severe necrotic lesions occurring on NtCBL5A-OE leaves were Na+-dependent, their total Na+ accumulation was only slightly higher than that of WT leaves. The difference in Na+ concentrations is statistically significant but not large. Specifically, during 4~9 DAT, the Na+ contents in the fifth leaves of WT, OE-2, and OE-15 are in the range of 39.18~51.64, 44.95~69.71, and 47.36~64.31μg/mg, respectively (Figure 7A). The 5th leaves of WT plants remained green with Na+ accumulating up to 51.64μg/mg, while NtCBL5A-OE lines exhibited obvious chlorotic spots or necrotic lesions with a similar level of Na+ accumulation in their leaves (Figures 4A, 7A). Taken the phenotypic analysis and Na+ determination together, it is possible that the distribution of Na+ over different tissues and cell organelles was affected by NtCBL5A overexpression. We did find the expression of several cation homeostasis-related genes, such as CHX18, NCX1, and vacuolar CAX3 were regulated in salt-stressed NtCBL5A-OE leaves (Figure 9). To sum up, the compromised Na+-handling ability and Na+ homeostasis may contribute more to the formation of necrotic lesions on NtCBL5A-OE leaves.

Overexpression phenotypes often result from competition-based mechanisms (Prelich, 2012). The necrotic phenotype may result from the interference of ectopically expressed NtCBL5A with other components of the CBL-CIPK network that are important in the salt stress response of tobacco. CBL members with close phylogenetic relationships were shown to be able to interact with the same CIPK. Both AtCBL1 and AtCBL9 interact with AtCIPK23 to regulate K+ uptake under low-potassium conditions by activating K+ transporters (Li et al., 2006; Aleman et al., 2011; Ragel et al., 2015). In addition, AtCBL2 and AtCBL3 both interact with AtCIPK12 as crucial regulators of vacuole dynamics (Steinhorst et al., 2015), and work with AtCIPK3/9/23/26 at the tonoplast to sequester Mg2+ into vacuole to avoid high Mg2+ toxicity (Tang et al., 2015). Some CBL family members are supposedly able to compete for the same CIPK member, but they are “spatially isolated” because of different subcellular localization or tissue-specific expression. For example, both AtCBL4 and AtCBL10 interact with AtCIPK24 to regulate Na+ homeostasis under salt stress, but the AtCBL4-AtCIPK24 complex mainly works in roots for Na+ exclusion, the AtCBL10-AtCIPK24 complex mainly works in shoots for Na+ efflux or compartmentalization (Kim et al., 2007; Lin et al., 2009). This cooperation or competition of CBL family members suggests that ectopically expressed NtCBL5A might compete with other NtCBLs for the same NtCIPK and interfere with their functions, for instance with the NtCBL-NtCIPK complex that is regulating Na+ vacuolar compartmentalization and thus affect Na+ sequestration into the vacuole. As a result, Na+ might be less efficiently compartmentalized in vacuole, increasing the toxicity of Na+ in the cytoplasm. This would be in agreement with our hypothesis that the Na+ sensitivity of the NtCBL5A-OE lines under saline conditions might be partly caused by compromised distribution of Na+ within the leaves. This hypothesis can be verified by co-overexpression of NtCBL5A and its competing NtCBL, which may reverse the necrotic phenotype of NtCBL5A-OE leaves (Prelich, 2012).



The Na+ Sensitivity of NtCBL5A-OE Leaves May Be Related to Defective Photosystems and ROS

Both transcriptome analyses and RT-qPCR results indicated that the expression of photosynthesis-related genes in NtCBL5A-OE leaves were significantly inhibited by salinity at 4 DAT (Figures 8H, 10), which is consistent with the dotted chlorosis phenotype at this time point (Figure 4A). To understand whether photosynthesis dysfunction is related to the salt-induced necrotic phenotype of NtCBL5A-OE leaves, we examined the expression levels of photosynthesis-related genes at very early stages of salt treatment (1 and 2DAT) when there were no chlorotic spots or necrotic lesions in NtCBL5A-OE leaves. RT-qPCR results showed that their expression levels in NtCBL5A-OE leaves were lower than those in WT already at 1DAT (Supplementary Figures S6E–P), which suggests that the photosynthetic machinery of NtCBL5A-OE leaves may be affected shortly after the start of salt treatment.

It has been reported that some leaf lesion-mimic phenotypes are connected to defective photosystems (Zulfugarov et al., 2014; Bruggeman et al., 2015; Wang et al., 2015; Tang et al., 2020). Light energy input exceeds energy utilization when CO2 assimilation and NADP+ regeneration in the Calvin cycle are inhibited by salinity-induced stomatal limitation, leading to overreduction of the electron transport chain and the generation of ROS (Attia et al., 2009; Hajiboland, 2014). If the capacity of the ROS scavenging system is not sufficient, excessive ROS will accumulate and lead to damage. The ROS accumulation in NtCBL5A-OE leaves was higher than that in WT under salt stress already at 2 and 6DAT (Supplementary Figure S2; Figure 4D). Possibly, the light energy input in NtCBL5A-OE leaves exceeds energy utilization when the Calvin cycle is more inhibited than light reaction in the photosynthesis of NtCBL5A-OE leaves under salt stress, and the resulting ROS generation in NtCBL5A-OE leaves might beyond the ROS scavenging ability and lead to the necrotic lesions.

The question then remains that how overexpression of NtCBL5A in combination with high Na+ in the root environment triggers excess ROS production and affects the photosynthetic machinery. It is remarkable that the expression of photosynthetic machinery-related genes already changed at 1 DAT, ROS appeared to be already elevated at 2 DAT, and chlorotic symptoms developed quickly after the start of salt treatment. This might indicate that the salt supersensitivity is initiated already during the early salinity response of the plant. Although it is generally accepted that the first response to salt stress in plants is triggered by the osmotic stress component of salinity, recent studies indicated that plants also specifically sense the presence of high Na+ in the soil at the early stages of salt stress (Lamers et al., 2020; Van Zelm et al., 2020). This triggers Ca2+ waves in the roots that even reach the leaves (Choi et al., 2014). Additionally, ROS are rapidly activated (Miller et al., 2010). Members of the CBL-CIPK signaling network may play a role in the translation of the second messenger Ca2+ (Manishankar et al., 2018), and the AtCBL1/9-AtCIPK26 complex was shown to be able to interact with AtRbohF, which is a member of the ROS burst-regulating Rboh gene family (Drerup et al., 2013). It is therefore conceivable that ectopic and constitutive overexpression of NtCBL5A may interfere with the Ca2+ and ROS-mediated response of plants following early sensing of high Na+ levels in the root environment. Further exploration of the reason for necrotic lesions on NtCBL5A-OE leaves might help to gain insight into this early Na+ response of plants as part of the response to salinity, and the crosstalk between the salt stress response and photosynthesis.



The Na+ Sensitivity of NtCBL5A-OE Leaves May Be Related to Plant Immune Response

Transcriptome analysis provided additional information on cause of the fast-developing necrotic symptoms of NtCBL5A-OE tobacco. The expression of cell death- and immune response-related genes was induced in NtCBL5A-OE leaves under salt stress. These included NRP and HSR203J, which are immunity-related cell death HR marker genes that are activated as part of the plant disease defense and execution of the cell death program (Ludwig and Tenhaken, 2001). In addition, many plant defense-related genes like PR genes, ERF1, EDS1, and RIN4 were also specifically strongly upregulated in NtCBL5A-OE lines under saline conditions (Figures 9A–H; Supplementary Figures S6A–D), suggesting that PAMP- and effector-triggered responses are induced in NtCBL5A-OE leaves under salt stress. The CBL-CIPK network has been widely reported to be involved in HR-related plant immunity to pathogens, such as SlCBL10-SlCIPK6 (Gutiérrez-Beltrán et al., 2017), AtCIPK6 (Sardar et al., 2017), OsCIPK15 (Kurusu et al., 2010), CaCIPK1 (Ma et al., 2019), TaCBL4-TaCIPK5 (Liu et al., 2018), TaCIPK10 (Liu et al., 2019), and MeCBL1/9-MeCIPK23 (Yan et al., 2018). Moreover, Cassava MeCBL1/9-MeCIPK23 positively regulates plant’s defense against Xanthomonas axonopodis pv. manihotis via affecting the expression of defense-related genes including PR1, PR2, PR5, and NPR1 (nonexpresser of PR genes 1; Yan et al., 2018). Crosstalk between the response to abiotic and biotic stress and the role of plant immune-related genes in this crosstalk has been shown by others (Nejat and Mantri, 2017; Saijo and Loo, 2020), and it is possible that some plant immune-related DEGs in NtCBL5A-OE leaves under salt stress might be involved in the combined salt stress and biotic stress response.
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Dongxiang common wild rice is a precious rice germplasm resource for the study and improvement of salt tolerance in rice.The metabolism profile of Dongxiang wild rice (DXWR) under salinity was determined by high performance liquid chromatography-mass spectrometry (HPLC-MS) to find differential metabolites and screen potential biomarkers for salt-tolerant rice varieties. A global untargeted metabolism analysis showed 4,878 metabolites accumulated in seedlings of Dongxiang wild rice. Principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) results provided a clear metabolism discrimination between DXWR under control and DXWR under salinity. A total of 90 metabolites were significantly changed (49 upregulated and 41 downregulated) under salinity, of which the largest increase was in DL-2-Aminoadipic acid (27.08-fold) and the largest decrease was in L-Carnitine (0.014-fold). Amino acids and nuclear glycosides were mainly upregulated, while carbohydrates and organic acids were mainly downregulated in the salt-treated group. Among the top 10 upregulated metabolites, five kinds of differential metabolites were amino acids. According to the survival rates of the seedlings under salinity, we selected three backcross inbred lines of DXWR with survival rates above 80% as salt-tolerant progenies (pro-DS) and three backcross inbred lines with survival rates below 10% as non-salt-tolerant progenies (pro-NDS) for an amino acid change analysis. This analysis found that the change in L-Asparagine (2.59-fold) was the biggest between pro-DS and pro-NDS under salinity, revealing that the contents of L-Asparagine may be one of the indices we can use to evaluate the salt tolerance of rice varieties.
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INTRODUCTION

Rice is a crucial cereal crop in developing countries as it feeds more than half of the global population. However, soil salinity is one of the major environmental stresses that influences rice growth and development in many rice cultivation regions because rice is a glycophyte and, therefore, highly susceptible to salinity stress, especially at the seedling and reproductive stages (Huang et al., 2020; Zhang et al., 2021b). Furthermore, there are 1 × 109 hectares of saline-alkali land worldwide, accounting for about 20% of total agricultural land (Munns and Tester, 2008; Liu et al., 2017). In addition, the salinization area is still expanding. It has been estimated that nearly 50% of all the cultivated land in the world will be salinized by 2050 (Zhu, 2016), posing a major threat to sustainable agricultural development and food security. Thus, the development and cultivation of salt-tolerant cultivated rice are some of the effective strategies to increase the utilization rate of salinity land, enlarge the area of arable soil, and ensure the national food supply.

As an ancestor of modern rice, cultivated rice species were mostly domesticated from common wild Oryza rufipogon species, but some abiotic stress-related traits were lost in the process of domestication. One particular variety that descended from this process was Dongxiang common wild rice, which was discovered in Dongxiang County (N 28°14'), Jiangxi, China, in 1978 (Tian et al., 2006; Xie et al., 2010) and is the northernmost region where any species of wild rice grows. This variety is a rich source of potential genes related to high grain yield, disease and insect resistance, cytoplasmic male sterility, fertility restoration, wide cross-compatibility, cold, and drought tolerance (Quan et al., 2018; Li et al., 2019; Qi et al., 2020; Wu et al., 2020). Zhou et al. (2016) also found that, compared with cultivated rice, Dongxiang wild rice had a very high survival rate under salt stress, suggesting that it is a precious plant germplasm resource for the genetic improvement of salt tolerance in cultivated rice.

Salt stress is the combined effect of osmotic and ion toxicity (primary effect) and oxidative stress (secondary effect). Plants respond to salt stress through many strategies, including the selective preferential uptake and exclusion of K+ ions over Na+ ions (Silveira et al., 2003; Hanin et al., 2016; Su et al., 2020) and the elimination of reactive oxygen species (ROS) through the antioxidant defense system (Tofighi et al., 2017; Wu et al., 2017). Moreover, the synthesis of small organic solutes such as proline, glycine, polyamines, glucose, inositol, glycerol, sugars, and betaine enhances the osmotic pressure of the plant cell against salinity (Latz et al., 2013; Nan et al., 2016).

Metabolomics plays a vital role in studying the changes of metabolites caused by external environment changes or genetic modification, which is the closest research field of the phenotype, and is also one of the hotspots in the field of genomic research. For instance, under drought, high temperature, and multiple salt stress, Sun et al. (2016) found significant changes in citric acid, malic acid, aspartic acid, glucose, fructose, proline, alanine, and threonine in maize leaves by NMR. Supporting this, Guo et al. (2017) systematically analyzed the changes in the metabolic groups of maize seedlings under salt stress by gas chromatography-mass spectrometry (GC-MS), which found that salt changed plant gluconeogenesis and inhibited photosynthesis, nitrogen metabolism, glycolysis, and the synthesis of many kinds of amino acids. Thus, the identification and quantitative study of plant tissue metabolomic changes under salt stress will provide insight into the salinity tolerance mechanisms of rice (Yaish and Kumar, 2015). Furthermore, the metabolomic profiling of salt-stressed rice from roots and leaves revealed that salt affected the xylem sap metabolic group and significantly decreased the concentrations of tricarboxylic acid (TCA) cycle intermediates and the shikimic acid pathway (Zuther et al., 2007). The study of different rice genotypes by Hakim et al. (2014) also showed that, with the increase of salt stress, the contents of proline and reducing sugars increased while the levels of chlorophyll content, non-reducing sugars, and grain yield decreased, implicating a high degree of genotypic variation in metabolomes under salt stress. Other previous studies have shown that salt increases ROS and some antioxidants in rice (Formentin et al., 2018; Jana and Yaish, 2020). Although technological progress has enabled the usage of various analytical techniques, such as gas chromatography–time-of-flight mass spectrometry (GC-TOF-MS), to study the global metabolites in specific stressed cells or tissues, few studies have clarified the metabonomic changes of O. rufipogon due to salt stress.

The discovery and identification of key metabolites play an essential role in the mechanism of salt tolerance. As such, the purpose of this study was to determine the mechanism of salt tolerance based on non-targeted metabonomic analysis. Therefore, in this study, ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC-Q-TOF-MS) and ultra-high performance-multiple reaction monitoring-mass spectrometry (UHPC-MRM-MS) analysis techniques were used to analyze and evaluate the functions of the differentially accumulated metabolites in the seedlings of Dongxiang wild rice and their introgressive lines under control and salt treatments. The results obtained from this study revealed that Dongxiang wild rice could accumulate a large number of metabolites in varying degrees under salinity, while a few of them played a potential role in the mechanism of salt tolerance.



MATERIALS AND METHODS


Plant Materials

The seeds of Dongxiang common wild rice (Oryza rufipogon Griff.) DY80 were collected in an experimental paddy field at the Rice Research Institute, Jiangxi Academy of Agricultural Sciences, Jiangxi, China. Cultivated rice R974 (recurrent parent) and DY80 (donor parent) were used to produce the F1 hybrid. Then, the F1 hybrid was backcrossed to R974 to form a BC1F1 population. Finally, the BC1F9 population (backcross inbred lines, BILs) was obtained using the BC1F1 population for nine consecutive inbred times. Dongxiang common wild rice (DXWR) and BILs were used to study rice metabolism under salt stress.

Mature seeds were germinated in the dark on multiple filter papers moistened with double-distilled water in a Petri dish, and the uniformly germinated seeds were sown in 96-well plates supported by a plastic container. The seedlings were grown under photoperiodic conditions (light for 16 h and darkness for 8 h) at 28°C in a lightproof chamber, and the growing culture solution was updated two times a day. After 14 days of seedling growth, the culture solution was replaced with the same solution supplemented with 0 and 200 mM of NaCl, as previously described (Zhou et al., 2016). For the metabolomic analysis, 20 seedlings were collected and mixed to minimize the effect of metabolome unevenness among the plants. The experiment was designed with a random complete block and repeated six times.



Metabonomic Analysis


Extraction of Tissue Metabolites

Plant tissues (60 mg) homogenized in liquid nitrogen were ultrasonically broken with 1 ml of a methanol/acetonitrile (2:2:1, v/v) solution at a 4°C temperature for 30 min (Villaret et al., 2020). The broken tissues were incubated for 1 h to precipitate protein, then centrifuged at 13,000 × g with a micro-centrifuge at 4°C for 10 min. Afterward, the supernatant was collected and dried in a speed vacuum concentrator. The process was then repeated six times for each sample (biological replicates).



UHPLC-Q-TOF MS Analysis

Rice extracts were analyzed using the Agilent 1290 ultra-high-performance liquid chromatography system (Agilent Technologies, California, USA) coupled with electrospray ionization quadrupole time-of-flight mass spectrometry system (AB SCIEX, Framingham, USA). The samples were separated by chromatography and randomly injected into an ACQUITY UPLC BEH column (2.1 × 100 mm, with a particle size of 1.7 μm) (Acquity, Waters, Milford, MA, USA). In the process of analysis, the sample tray was kept at 4°C. The injection volume was 2 μl and the column was kept at 25°C. Quality control (QC) samples are injected five times for analytical control.

The flow rate for the mobile phase was set at 0.3 ml/min throughout the gradient. For eluent A, 25 mM of ammonium acetate, 25 mM of ammonium hydroxide, and double-distilled water were used, while acetonitrile was used as eluent B. The following gradient profile was employed: 0–1 min, 95% B; 1–14 min, 95–65% B; 14–16 min, 65–40% B; 16–18 min, 40% B; 18–18.1 min, 40–95% B; 18.1–23 min, 95% B.

A dual electronically stored information source was operated in positive and negative ionization modes. The detailed mass spectrometry (MS) conditions were set according to the method of Julijana et al. (2013). For data acquisition, the time-of-flight mass spectrometry (TOF MS) scan at a mass-to-charge ratio of 60–1,000 Da was set at an accumulation time of 0.2 s/spectra, and product ion scan at a m/z of 25–1,000 Da was set at an accumulation time of 0.05 s/spectra. The secondary MS was performed by information-dependent acquisition (IDA). The IDA parameters were set as follows: exclude isotopes within 4 Da and have six candidate ions to monitor per cycle.



Data Processing and Multivariate Statistical Analysis

The raw data files were converted to a mass spectrometer output file format using the software tool MZConvert (ProteoWizard, proteowizard.sourceforge.net). Retention time alignment, peak integration, and peak alignment were then performed with XCMS software. Afterward, peaks were picked using the cenWave algorithm [(parameters: m/z = 25 ppm, prefilter = c (10, 100), peak width = c (10, 60)] and grouped using the Obiwarp algorithm (parameters: bw = 5, mzwid =.025, minfrac = 0.5) (Benton et al., 2015). The peak of the missing values >50% in the group were then removed from the data matrix. After data processing, a two-dimensional matrix was generated, which was composed of m/z and retention time (RT) data pairs, and the mass value and intensity of the peak were output to Excel for further chemometric analyses.

A multivariate statistical analysis of the dataset was carried out using the SIMCA-P software (version 14.1, UMETRICS, Umeå, Sweden) (Nicholson et al., 1999). A principal component analysis (PCA), which consists of score plots and loading plots, showed the contrast between the different samples, while the load chart explains the inherent changes in the data matrix. The identification markers of different rice classes were screened by an orthogonal partial least square discriminant analysis (OPLS-DA). According to the physical separation in the S-plot, the identified ions were determined manually and then used for the identification of potential biomarkers.



Pathway Enrichment and Clustering Analysis

To clarify the metabolic pathway of secondary metabolites, the compounds identified in the above databases were submitted to the Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/pathway.html). A hierarchical clustering analysis (HCA) was performed by PermutMatrix (Caraux and Pinloche, 2005) using z-score transformed metabolite abundances and clustering on their Pearson distances (Minoru et al., 2012).




Amino Acid Determination


Metabolite Extraction

The sample was ground into powder after freeze-drying. Then, 60 mg of each sample were accurately weighed and transferred to a centrifugal tube. After adding two steel balls and 1,000 μl extraction solvent (acetonitrile-methanol-water 2:2:1, including the mixture of internal standards of isotopically-labeled) pre-cooled at −20°C, the samples were mixed with a vortex, homogenized at 40 Hz for 4 min, and sonicated for 5 min in an ice-water bath. The homogenate and ultrasonic cycles were repeated three times and then incubated at −40°C for 1 h and centrifuged at 12,000 rpm at 4°C for 15 min (Mushtaq et al., 2014). Finally, the clear supernatant of 80 μl was transferred to an auto-sampler vial for UHPLC-tandem MS (MS/MS) analysis.



UHPLC-MRM-MS Analysis

Rice extracts were separated by chromatography and randomly injected into a Waters ACQUITY UPLC BEH amide column (100 × 2.1 mm, 1.7 μm) using an Agilent 1290 Infinity II series UHPLC System (Agilent Technologies). In the process of analysis, the sample tray temperature was kept at 4°C. The injection volume was 1 μl, while the column temperature was kept at 35°C. Mobile phase A was a 1% formic acid aqueous solution, while the mobile phase B was a 1% formic acid acetonitrile solution.

An Agilent 6460 triple quadrupole mass spectrometer (Agilent Technologies) equipped with a Jet Stream Technology Ion Source (AJS) electrospray ionization (Agilent Technologies, California, USA) (AJS-ESI) interface was applied for MS. The parameters of the ion source were set by Dunn et al. (2011).



Data Processing and Multivariate Statistical Analysis

The lower detection limits and lower limits of quantitation were determined by the signal-to-noise ratio. According to the US FDA guidelines for the validation of the bioanalytical method (Saccenti et al., 2014), lower detection limits (LLODs) and lower limits of quantitation (LLOQs) are defined as the analyte concentrations that lead to peaks of signal-to-noise ratio (S/N) at 3 and 10, respectively. In the sample, the content of the target metabolite was calculated according to the following formula.

[image: image]

Where CF is the final concentration, CM is the metabolite concentration, V is the final volume, and m is the quality of the sample.





RESULTS


Metabolic Profiling of Salt-Stress Responses in Wild Rice

To investigate the influence of salt conditions on rice seedling metabolites, both rice seedlings were analyzed under non-salt and salt conditions using an ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry-based metabolomic approach. As shown in Supplementary Figure 1, there was a significant difference in the intensities of the compounds peaks in the total ion chromatography (TIC) plot obtained by the UHPLC-Q-TOF-MS analysis between the two samples, especially for peaks between the retention times of 4 and 12 min in the TIC plot (Supplementary Figure 1). According to the data treatment procedures, for an efficient comparison of the two organic rice samples under non-salt and salt conditions, 4,484 positively correlated variables were detected and 3,441 negatively correlated variables were detected (Supplementary Tables 1, 2).



PCA and OPLS-DA

The 4,484 positively correlated variables and 3,441 negatively correlated variables were normalized based on internal standards and intensities and used to perform multivariate statistical analyses. The quality of the model was evaluated by R2 and Q2 values. R2, which explains the proportion of variance, explained, and predicted in the PCA model separately. Specifically, 65.7 and 69.5% of the positively correlated variances (R2) and negatively correlated variances (R2), respectively, were explained by the first two components. On the other hand, the Q2 values were 45.2 and 51.5%, respectively (Figure 1), for the same variances. All these values showed the validity of the model. These results suggested that the, and DXWR under salinity (DS) and DXWR without salt treatment (DN) samples were distributed in different groups according to the first two principal components, while there were no outlier samples. This indicated that there were metabolic differences between the DN and DS groups.


[image: Figure 1]
FIGURE 1. Principal component analysis (PCA) score plots for two samples of DN and DS. DN is Dongxiang wild rice (DXWR) without salt treatment and DS is DXWR under salinity.


To strengthen the distinction between the experimental groups and improve the validity and reliability of the results, an OPLS-DA was used to accurately evaluate the metabolic patterns of these samples. In Supplementary Figure 2, the OPLS-DA parameters of the model were expressed by the R2 of 0.834 and Q2 of –0.329 (Supplementary Figure 2). These parameters exhibited the better stability and predictability of the model and effectively reflected the metabolic differences between the DN and DS responses to salt stress.



Hierarchical Cluster Analysis of Total Metabolites

By clustering all the identified metabolites, the metabolites of six samples in the DS group were clustered into one group (Figure 2), indicating that the metabolic patterns of the samples were similar after salt treatment. At the same time, the DN and DS groups formed relatively clear high and low expression regions, while the high and low expression regions of the DN group were opposite to those of the DS group, indicating that salt stress had a significant effect on rice metabolism.


[image: Figure 2]
FIGURE 2. Cluster analysis of a positive ion model (A) and a negative ion model (B) in DN and DS. Red indicates a high expression of metabolites and blue indicates a low expression of metabolites. Columns represent all samples and rows represent all metabolites. DN is DXWR without salt treatment and DS is DXWR under salinity.




Differential Metabolite Analysis in Rice Under Salt Stress

The results showed that salt stress significantly affected the distribution of metabolites in rice. As shown in Figure 3, the volcano map of differential metabolites (fold change > 2 and p < 0.05) showed significant differences between the DN and DS groups.


[image: Figure 3]
FIGURE 3. Volcanic diagrams of a positive ion model (A) and a negative ion model (B) between DN and DS. Each point in the picture represents a metabolite. DN is DXWR without salt treatment and DS is DXWR under salinity.


Using a variable importance in the projection screening >1 at a level of p < 0.05, a total of 90 differential metabolites were isolated in the positive ion mode and negative ion mode. Compared with DN, 49 differential metabolites in DS were upregulated and 41 were downregulated. The 10 differential metabolites with the most extensive upregulated range were DL-2-Aminoadipic acid (27.08-fold), Uracil (26.89-fold), D-Quinovose (23.38-fold), 2'-O-Methyluridine (22.4-fold), 2-Oxoadipic acid (13.438), Indole-3-carboxylic acid (13.26-fold), L-Asparagine (10.67-fold), L-Proline (9.12-fold), L-Histidine (10.49-fold), L-Tryptophan (6.881-fold), and L-Glutamine (6.32-fold). The most downregulated differential metabolite was L-Carnitine (0.014-fold).

According to Figure 4, there were 88 differential metabolic species, including 18 amino acids and their derivatives (all are up-regulated), 27 organic acids and their derivatives, 16 nucleosides and their metabolites, 5 sugars, 5 alcohols, 4 organic amines, 2 lipids, and 11 other substances. Similarly, in the negative ion mode, a total of 54 differential metabolites were screened. Compared with the control group, there were 35 upregulated metabolites in DS, including 15 amino acids and their derivatives, of which S-Methyl-5'-thioadenosine (40.107) was the most upregulated (Supplementary Table 3). There were 19 downregulated metabolites, of which the largest decrease was in D-Galactarate (0.015) (Supplementary Table 3). From the differences in the types and expression of different metabolites, salt stress had the greatest effect on the amino acid metabolism of rice.


[image: Figure 4]
FIGURE 4. Differential metabolites of DN and DS. The sizes of the circles reflect FC in abundance between DN and DS; red indicates significantly upregulated in DS, green indicates significantly downregulated. DN is DXWR without salt treatment and DS is DXWR under salinity.




KEGG Pathway Analysis for Differential Metabolites

The Kyoto Encyclopedia of Genes and Genomes is one of the databases commonly used in communication research, as researchers use it to read a large amount of literature to describe many metabolic pathways and their relationships to a specific graphical language. In this study, a KEGG analysis was used to annotate differential metabolites. Compared with the metabolites of the DN group, the DL-2-Aminoadipic acid with the largest upregulation of the metabolites in the DS group was annotated in the amino acid biosynthesis and metabolic pathway. As shown in Figure 5, the KEGG pathway enrichment analysis of the differentially expressed metabolites of DN/DS compared with the control group by Fisher precise test showed that significant changes had taken place in important pathways such as Aminoacyl-tRNA biosynthesis, ABC transporters, Alanine, Aspartate and Glutamate metabolism, Purine metabolism, and Galactose metabolism. Among the top 20 KEGG pathways, 9 were related to amino acid synthesis. Next, a conjoint analysis of the metabolome and transcriptome was performed (Zhou et al., 2016), which found that 6 pathways (251 genes) were involved in amino acid metabolism among top the 10 KEGG pathways. The results indicated that amino acid metabolism could be used as a physiological indicator to evaluate rice salt tolerance.


[image: Figure 5]
FIGURE 5. The Kyoto Encyclopedia of Genes and Genomes (KEGG) classification of the differential metabolites (A) and transcriptomes (B) between DN and DS. The metabolic pathways annotated in KEGG are classified according to the type of pathway. The Abscissa is the number of metabolites annotated to that pathway and the ratio of the number of metabolites annotated to the total number of annotated metabolites in the corresponding pathway. DN is DXWR without salt treatment and DS is DXWR under salinity.




Morphological Traits in the Progenies of Dongxiang Wild Rice Under Salinity

According to previous studies, more than 80% of Dongxiang wild rice under seedlings survived under a 200-mM NaCl treatment for 12 days, which is a much higher amount than what common cultivated rice can survive (Zhou et al., 2016). To study the changes in the metabolites in the introgression lines of DXWR, 2-week-old seedlings of 130 BILs were exposed to a hydroponic solution with 200 mM of NaCl for 12 days. Under normal growth conditions, the 130 BIL seedlings survived and retained their green color. Under salt stress conditions, however, most BIL leaves became curled up, wilted, and lost their green color. Thereafter, the seedlings were returned to normal growth conditions, resulting in most of BILs not being able to restore normal growth and only a small number of BILs resuming growth. According to the survival rates of the seedlings under salinity, 3 BILs with survival rates above 80% were selected as AP17, AP92, and AP114 and 3 BILs with survival rates below 10% as AP91, AP290, and AP10, respectively, for a differential metabolite analysis (Figure 6). Additionally, AP17, AP92, and AP114 were defined as salt-tolerant progenies (pro-DS), whereas AP91, AP290, and AP10 were non-salt-tolerant (pro-NDS).


[image: Figure 6]
FIGURE 6. Comparison of phenotypes between saline-treated plants and blank controls (CK).




Changes of Amino Acid Content in the Progenies of Dongxiang Wild Rice

According to the metabonomic analysis, salt stress significantly affected the amino acid metabolism of Dongxiang wild rice. In order to study the changes in the amino acids in the progenies of Dongxiang common wild rice under salt stress, Student's t-test (p < 1) was used to screen the differential metabolites between salt-tolerant and non-salt-tolerant progenies under salinity (Table 1). In the two groups, the five amino acids with concentrations more than 4,000 (nmol/g) were the same, namely, L-Serine, L-Glutamic acid, L-Alanine, L-Glutamine, and L-Aspartic acid. Moreover, the three amino acids with the lowest expression were the same, namely, 4-Hydroxyproline, 3-Methyl-L-histidine, and 1-Methyl-L-histidine. The change in L-Asparagine was the biggest between pro-DS and pro-NDS under salinity, while the fold change of pro-DS/pro-NDS was 2.5-fold. Moreover, the contents of L-Aspartic acid (1.44-fold) and L-Glutamine (1.77-fold) were also upregulated in pro-DS. On the contrary, Alanine, Methyl-L-histidine, and L-Citrulline were downregulated in pro-DS. Thus, the changes in amino acid content in the progenies were consistent with the metabonomic characteristics of DXWR.


Table 1. Contents of amino acid in rice under salt stress.
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DISCUSSION

In rice salinity phenotyping related to the seedling, the major visible phenotypic symptoms include plant survival rates, phenotypic expression (yellowing tip burning, browning, and rolling in younger leaves), and poor root growth. Salt stress also influences numerous biochemical processes, i.e., chlorophyll content, CO2 emission, malondialdehyde (MDA), and superoxide dismutase (SOD) (Hussain et al., 2019). The symptoms of salinity have also been often found to overlap with those of other abiotic stresses. Therefore, there is, unfortunately, no single clear-cut trait or criterion in rice salinity phenotyping. Previous studies have shown that physiological and biochemical processes and more than 6,800 genes of DXWR were changed under salt stress (Zhou et al., 2016; Ai et al., 2020), while the overexpression of miR1861h from DXWR in particular increased tolerance to salt stress in cultivated rice (Ai et al., 2020). In this study, a total of 68 metabolites were significantly changed under salinity. Most of the upregulated metabolites were nuclear glycosides and amino acids. Carbohydrates and organic acids, in contrast were mainly downregulated. Furthermore, 15 differential metabolites significantly or extremely significantly affected 20 metabolic pathways such as phenylalanine, tyrosine, and tryptophan biosynthesis, alanine-aspartic acid-glutamic acid metabolism, and the TCA cycle. Of these significant pathways, nine were amino acid metabolic pathways, indicating that amino acid metabolism can be used as a physiological indicator to evaluate rice salt tolerance.

The accumulation of osmotic protective agents is very important to the alleviation of the intracellular osmotic imbalance caused by salt stress in plants. Proline, in particular, is an important osmotic regulator that maintains the osmotic balance between the protoplast and the environment. Previous studies have shown that salt stress significantly increased levels of proline accumulation (Forlani et al., 2019; Gerona et al., 2019). Specifically, the fold changes of D-Proline and L-Proline were 7.893 and 9.124 in DXWR under salinity, respectively. Hussain et al. (2019) also found that proline contents were increased in two cultivated rice varieties under salt stress. Additionally, Ganie et al. (2019) revealed that the activity of the proline biosynthesis gene OsP5CS was inhibited by the feedback of proline content and had a significant effect on rice resistance to salt stress. Furthermore, glutamic acid, the substrate for the synthesis of proline, was also upregulated, a finding that was consistent with the findings of a study by Zhang et al. (2021a) on the metabonomics of salt-tolerant rice varieties in Changbai.

The content of basic and neutral amino acids was increased in Dongxiang wild rice under salinity. Moreover, S-Methyl-5'-thioadenosine (40.107) was the most upregulated in negative ion differential metabolites. Wang et al. (2019) found that more basic (Lys, Arg) and neutral (Val, Ala) amino acids were transported and accumulated in the amino acid permease 5 (OsAAP5) overexpression lines than in the wild type. Additionally, OsAAP5 could regulate tiller bud outgrowth by affecting zeatin levels. Zeatin is ubiquitous in most bioassays with extremely high activity and is considered to play an important role in plant growth and development (Mok and Mok, 2001). Adenosine and S-Methyl-5'-thioadenosine are also synthetic precursors of trans zeatin formed by adenosine phosphate-isopentenyltransferase (IPT). There are seven IPT genes in Arabidopsis (Arabidopsis thaliana), of which IPT3 is upregulated by nitrate (Sakakibara, 2006). The absorption and assimilation of nitrate by plants are usually closely combined with nitrogen (N) metabolism. Nitric oxide, produced as part of N metabolism, is one of the most widely used signal molecules in organisms. Furthermore, polyamines and nitric oxide are related to the salt tolerance of plants (Ahmad et al., 2016; Khushboo and Gyan, 2019).

Asparagine is an important amino acid for the long-distance transport of nitrogen in plants. Degenkolbe et al. (2013) reported that higher levels of asparagine (Asn) were predominantly found in drought-sensitive cultivars under drought stress. However, little is known about the effect of Asn on rice salt tolerance. In this study, the leaves of DXWR and pro-DS presented slighter wilting than pro-NDS after salt stress. The contents of L-Asparagine were also increased 10.675-fold in DXWR under salt stress. More interestingly, the change in L-Asparagine (2.59-fold) was the biggest between pro-DS and pro-NDS. Asparagine has a high concentration of C/N and is more stable compared with other amide compounds. Furthermore, two asparagine synthase genes were identified in rice, with one OsASN1 located on chromosome 3 and the other annotated as OsASN2 located on chromosome 6. The analysis of the T-DNA insertion mutant showed that OsASN1 is involved in the regulation of rice development and is specific for tiller outgrowth (Luo et al., 2019). In a previous study, OsASN1 and cyanoalanine synthetase were upregulated under salt stress in DXWR seedlings (Zhou et al., 2016). Cyanoalanine synthetase in salt-tolerant rice catalyzes the conversion of cyanide to cyanoalanine, which is further transformed into asparagine and enters the amino acid pool of rice. This may also be one of the reasons why, among the top ten upregulated metabolites, five kinds of differential metabolites were amino acids. Therefore, the contents of L-Asparagine may be one of the indices to evaluate the salt tolerance of rice varieties. However, the related speculations need to be further studied and verified.
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The wall-associated kinase (WAK) multigene family plays critical roles in various cellular processes and stress responses in plants, however, whether WAKs are involved in salt tolerance is obscure. Herein, we report the functional characterization of a rice WAK, WAK112, whose expression is suppressed by salt. Overexpression of OsWAK112 in rice and heterologous expression of OsWAK112 in Arabidopsis significantly decreased plant survival under conditions of salt stress, while knocking down the OsWAK112 in rice increased plant survival under salt stress. OsWAK112 is universally expressed in plant and associated with cell wall. Meanwhile, in vitro kinase assays and salt tolerance analyses showed that OsWAK112 possesses kinase activity and that it plays a negative role in the response of plants to salt stress. In addition, OsWAK112 interacts with S-adenosyl-L-methionine synthetase (SAMS) 1/2/3, which catalyzes SAM synthesis from ATP and L-methionine, and promotes OsSAMS1 degradation under salt stress. Furthermore, in OsWAK112-overexpressing plants, there is a decreased SAMS content and a decreased ethylene content under salt stress. These results indicate that OsWAK112 negatively regulates plant salt responses by inhibiting ethylene production, possibly via direct binding with OsSAMS1/2/3.
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INTRODUCTION

As sessile organisms, plants are more susceptible than animals to abiotic stresses, such as salinity, drought, and temperature extremes (Munns and Tester, 2008). Salt stress, an important abiotic stress, can affect all aspects of plant development (Hanin et al., 2016). The main manifestations of salt stress are reduced seed germination, decreased chlorophyll synthesis, premature senescence, and death after long-term exposure to excessive salt (Zhu, 2002). To withstand salt stress, plants have evolved a network of physiological, biochemical, and molecular mechanisms (Hanin et al., 2016). These mechanisms help minimize the harmful effects of ionic stress by sequestering Na+ in the vacuoles or outside of the cell via the classical salt overly sensitive pathway (Deinlein et al., 2014). Osmotic regulators are synthesized that counteract the osmotic stress created by excess salt (Yang and Guo, 2018). Plants may also increase the gene expression and protein activity of reactive oxygen species (ROS)-scavenging enzymes to alleviate oxidative damage (Sreenivasulu et al., 2004; Zhou et al., 2018). In addition, plants can induce the expression of salt stress-related genes to enhance their ability to adapt to high-salt environments (Huang et al., 2012). Still, a comprehensive investigation of the mechanisms that underlie plant cell responses to salt stress is required to understand how plants grow and survive under high-salt conditions.

The phytohormones play a crucial role in plant growth and development, and a sophisticated and efficient role under different environmental conditions. Among the nine well-characterized plant hormones, ethylene, gibberellin, jasmonic acid, and cytokinins are able to be regulated by salt stress (Yu et al., 2020). Numerous studies have shown that ethylene plays a crucial role in the regulation of diverse stress responses, including it to salt stress (Riyazuddin et al., 2020; Zhao et al., 2021a). In plants, ethylene is biosynthesized from S-adenosyl-L-methionine (SAM), which is synthesized from l-methionine to ATP catalyzed by S-adenosyl-L-methionine synthetases (SAMSs). SAM is conversed to 1-aminocyclopropane-1-carboxylicd (ACC) by ACC synthase (ACS). ACC is further oxygenated by ACC oxidase (ACO) to produce ethylene (Pattyn et al., 2021). The roles of ethylene in the regulation of salt tolerance are complex. Several studies have demonstrated that the overproduction of endogenous ethylene increases salinity stress tolerance in plants, while the inhibition of ethylene signaling leads to increased sensitivity to salinity stress (Zhang et al., 2011; Yang et al., 2013; Peng et al., 2014). For example, the loss-of-function mutant eto1, which exhibits increased levels of ethylene, shows enhanced salt tolerance (Jiang et al., 2013). Meanwhile, the Arabidopsis ethylene-insensitive mutants ein2-5 and ein3-1eil1-1 have been shown to exhibit salt-sensitive phenotypes (Lei et al., 2011; Peng et al., 2014). Moreover, ethylene has been found to be an essential positive mediator of salinity stress tolerance in rice. For example, the overexpression of acireductone dioxygenase, a metal-binding metalloenzyme encoded by OsARD1, elevates the endogenous ethylene release rate to reduce the sensitivity of rice plants to drought, salt, and osmotic stresses (Liang et al., 2019). These reports collectively suggest an important role for ethylene in salt stress tolerance in plants.

Receptor-like kinases (RLKs) play important roles in plant growth and development as well as in plant responses to biotic and abiotic stresses (Gao and Xue, 2012). Wall-associated kinases (WAKs) are a unique class of RLKs named for their close association with the plant cell wall (Verica and He, 2002). WAKs contain an extracellular domain that can be linked to molecules in the cell wall; this domain receives exogenous stimuli and then transfers them through the plasma membrane via a cytoplasmic serine/threonine kinase domain to initiate a downstream signaling cascade (Kohorn and Kohorn, 2012). The Arabidopsis genome encodes 5 WAKs and 21 WAK-like (WAKL) proteins. There are 5-fold more WAK members in rice than in Arabidopsis, indicating expansion of the WAK family in monocots (Zhang et al., 2005).

WAKs are involved in many physiological processes in plants (Kohorn and Kohorn, 2012; Kohorn, 2016). For instance, silencing of AtWAK2 results in small rosette leaves (Wagner and Kohorn, 2001), while the suppression of AtWAK4 produces a series of pleiotropic effects, including short primary roots, small rosette leaves, condensed inflorescence stems, unopened miniature flowers, and short siliques (Lally et al., 2001). In rice, silencing of the rice indica OsiWAK1 gene results in dwarf seedlings, impaired root development, and sterility due to anther indehiscence, suggesting an important role in plant development via the regulation of cell expansion (Kanneganti and Gupta, 2011). Further, a loss of OsWAK91/OsDEES1 in rice plants can reduce fertility due to a defect in embryo development (Wang et al., 2012). These reports indicate that WAKs play essential roles in vegetative and reproductive development in plants. WAKs are also suggested to be involved in biotic stress responses. When the pathogen-responsive gene AtWAK1 was knocked down, the expression of several pathogenesis-related genes was downregulated and the plants were more labile than wild type in response to a pathogen attack (He et al., 1998). The WAKL protein AtWAKL22/RFO1 is a novel type of dominant disease-resistance protein that mediates resistance to multiple Fusarium races (Diener and Ausubel, 2005). Another WAKL protein, AtWAKL10, is a positive regulator of basal immune responses and effector-triggered immunity in Arabidopsis (Bot et al., 2019). The first WAK identified in rice, OsWAK1, which is induced by Magnaporthe oryzae, plays a positive role in plant disease resistance (Li et al., 2009). Several other rice WAKs, such as OsWAK14, OsWAK91, OsWAK92, and OsWAK112, act as positive or negative regulators of quantitative resistance to the rice blast fungus (Delteil et al., 2016). In recent decades, the function of the WAK gene family in plant fungal disease resistance has also been characterized in maize, wheat, and tomato plants (Rosli et al., 2013; Hurni et al., 2015; Zuo et al., 2015; Saintenac et al., 2018). WAKs also help regulate plant adaptation to abiotic stresses. For instance, the mRNA and protein levels of AtWAK1 were found to rise quickly in response to aluminum treatment, and overexpression of AtWAK1 retarded the growth inhibition of roots caused by aluminum stress in Arabidopsis (Sivaguru et al., 2003). Meanwhile, impaired expression of AtWAKL4 increased plant hypersensitivity to excess K+, Na+, Cu2+, and Zn2+, while WAKL4 overexpression conferred Ni2+ tolerance (Hou et al., 2005). More recently, AtWAKL10 was found to positively regulate salt stress while negatively regulating drought stress (Bot et al., 2019). In addition, WAK1 in tomato regulates leaf Na+ accumulation and alters the source–sink balance under high-salt conditions (Meco et al., 2020). Although these studies have deepened our understanding of plant WAKs, the molecular mechanisms underlying the functions of WAKs in salt stress responses are undefined, and the direct interacting components of WAKs in salt stress responses are unknown.

Rice, which is a staple food for more than half of the world’s population, faces various biotic and abiotic stresses during its three- to four-month growing season. Although 125 OsWAK genes have been annotated from rice genomes (Zhang et al., 2005), their functions are largely unknown and whether they are involved in salt stress responses are a mystery.

In this study, we investigated the function of OsWAK112 in salt stress responses. Our results show that OsWAK112 negatively regulates salt stress in rice depending on its kinase activity, possibly by inhibiting S-adenosyl-L-methionine synthase (SAMS) accumulation, which in turn decreases ethylene production.



MATERIALS AND METHODS


Plant Materials and Constructs

The rice plants used in this study were Oryza sativa japonica (Jap). The Arabidopsis thaliana plants used were wild-type Columbia (Col).

To create 35S promoter-driven Myc-tagged OsWAK112 or OsWAK112K678E or OsWAK112D794A constructs, the OsWAK112 coding sequence was amplified by PCR with the primers OsWAK112-F and OsWAK112-R (Supplementary Table 1) to construct OsWAK112/pENTR using the commercial donor vector pENTR™/SD/D-TOPO™ (K242020; Invitrogen, Carlsbad, CA, United States). Next, OsWAK112K678E and OsWAK112D794A pENTR were generated using the Fast Mutagenesis System (FM111; TransGen Biotech, Beijing, China) with OsWAK112-K678E-F and OsWAK112-K678E-R or OsWAK112-D794A-F and OsWAK112-D794A-R as the overlapping mutagenic primers (Supplementary Table 1) and OsWAK112/pENTR as the template. Sequences encoding both native and mutated versions of OsWAK112 were cloned into the binary vector pG7MH1 (Wang et al., 2013) using the Gateway LR Clonase™ II Enzyme Mix (11,791,020; Invitrogen).

To generate OsWAK112 RNAi transgenic plants, a 581-bp OsWAK112 fragment was amplified with specific primers OsWAK112RNAi-F and OsWAK112RNAi-R (Supplementary Table 1) using the LA Taq with GC Buffer kit (Takara, DRR20AG). The OsWAK112 RNAi fragment was inserted into the RNAi vector pTCK303 (Wang et al., 2004) through its KpnI/SpeI and BamHI/SacI sites.

For the native promoter-driven GUS construct proOsWAK112::GUS, the promoter sequence of OsWAK112 (with 2,108 base pairs upstream of the ATG) was amplified and inserted into the binary vector pCAMBI1300::GUS using HindIII and BamHI.

For our bimolecular fluorescence complementation (BiFC) assays, the coding sequences of OsSAMS1/2/3 were amplified by PCR using the primers OsSAMS1/2/3-F and OsSAMS1/2/3-R (Supplementary Table 1) to construct OsSAMS1/2/3/pENTR. Then, the coding sequences of OsWAK112 and OsSAMS1/2/3 were individually introduced into 35S::X-NYFP and 35S::X-CCFP (Wang et al., 2013) using OsWAK112/pENTR and OsSAMS1/2/3/pENTR as templates.

For the co-immunoprecipitation (Co-IP) assays, the coding sequences of OsSAMS1, OsSAMS2, OsSAMS3, and the OsWAK112 kinase domain (OsWAK112KD) were cloned into pMDC83 and pG7MH1 to produce ectopic expression of OsSAMS1/2/3-GFP and OsWAK112KD-Myc, respectively.

The above-mentioned binary expression constructs were introduced into Agrobacterium tumefaciens strain EHA105 and then transformed into Arabidopsis or rice for stable transformation or co-infiltrated into 4-week-old Nicotiana benthamiana leaves for transient assays.

For prokaryotic protein expression, the coding sequence of the OsWAK112KD was amplified by PCR using the primers OsWAK112-KD-F and OsWAK112-KD-R (Supplementary Table 1) and inserted into pGEX-4T-1 to produce glutathione S-transferase (GST)-OsWAK112KD. Next, GST-OsWAK112K678E, GST-OsWAK112K791R, and GST-OsWAK112D794A were generated using the Fast Mutagenesis System (FM111; TransGen Biotech) with OsWAK112-K678E-F/R, OsWAK112-K791R-F/R, or OsWAK112-D794A-F/R as the overlapping mutagenic primers (Supplementary Table 1) and GST-OsWAK112KD as the template. For myelin basic protein (MBP)-OsSAMS1/2/3, the coding sequences of OsSAMS1/2/3 were cloned into the destination vector gc-PML2C (Xin et al., 2021) using OsSAMS1/2/3/pENTR as the donor vector. The above-mentioned constructs were transformed into Escherichia coli strain BL21 for protein purification.



Plant Growth and Salt Treatment Conditions

All rice plants were grown in a greenhouse with a 12-h/12-h light-dark cycle at 28°C (100μmolm−2 s−1 intensity) or in a paddy field under natural conditions (May to October in Hebei, China) for general growth and seed production. The Arabidopsis seedlings were grown either in a growth chamber under continuous light (100μmolm−2 s−1 intensity) or in a culture room under 16h of light/8h of darkness (90μmolm−2 s−1 intensity) at 22°C for seed production.

For salt sensitivity analyses of the rice in hydroponic culture, seeds were germinated in water for 2days, grown in a hydroponic culture solution (Ren et al., 2005) for 10days, and treated with a 200mM NaCl-containing culture solution for another 4days. After 8days of recovery, the survive rate was determined. To assess the salt response in solid medium, seeds were germinated on 0.5×Murashige and Skoog (MS) solid medium for 2days then transplanted to 0.5×MS solid medium without (0mM) or with 150mM or 200mM NaCl for 20days at 28°C in a light chamber under a 14-h/10-h light-dark cycle.


Arabidopsis seeds were sown on 0.5×MS medium with or without 125mM NaCl, kept for 2days in the dark at 4°C, grown under 16h of light/8h of darkness at 22°C for 10days, and then observed to determine the phenotype.

Seedlings that were still green and continuing to produce new leaves were registered as survivors. All experiments were repeated at least three times.



Quantitative Semi-Quantitative Reverse Transcription Analysis

Total RNA from 7-day-old rice seedlings was isolated using TRIzol reagent (15596–026; Invitrogen) following the manufacturer’s instructions. cDNA was synthesized from 0.5 to 1μg of total RNA with a RevertAid First Strand cDNA Synthesis Kit (K1622; Thermo Fisher Scientific, Waltham, MA, United States) using oligo (dT)16 primer. To analyze OsWAK112, quantitative semi-quantitative reverse transcription (RT-qPCR) was performed using the SYBR Premix Ex Taq Reagent (RR420A; Takara, Otsu, Japan); the Os18S rRNA gene was used as an internal control. The primers used are listed in Supplementary Table 1.



ROS Determination

The roots of 7-day-old rice plants treated with or without 150mM NaCl for 30min were stained with 5-(and-6)-chloromethyl-2ʹ,7ʹ-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Thermo Fisher Scientific). The fluorescence intensity was determined with an Axio Imager (M2; Carl Zeiss, Jena, Germany); all pictures were analyzed using ImageJ. The fluorescent intensity of Jap at 0mM NaCl is set to 1.



Subcellular Localization of OsWAK112

To investigate the subcellular localization of OsWAK112, the coding sequence of OsWAK112 from OsWAK112/pENTR was introduced into binary vector pMDC83 to construct the vector 35S:: OsWAK112-GFP, and 35S::GFP was used as a negative control vector. Both constructs were transferred to A. tumefaciens strain GV3101 and then transiently transformed into tobacco (N. benthamiana) leaves or transformed into onion (Allium cepa) epidermal cells by particle bombardment using the Bio-Rad PDS-1000/He system according to the manufacturer’s protocol. After 40 to 48h infiltration, localization of the protein was examined using a Zeiss LSM 510 confocal microscopy system with a 488nm laser for excitation from 500 to 515nm for GFP emission. 0.9M mannitol was used to induce plasmolysis.



Kinase Assays

Recombinant GST-OsWAK112KD, GST-WAK112KDK678E, GST-WAK112KDK791R, and GST-WAK112KDD794A were affinity purified using glutathione agarose beads (GE Healthcare, Chicago, IL, United States) and subjected to an in vitro kinase assay, which included incubation with 1μL of cold ATP (1mM) in kinase reaction buffer (50mM HEPES, 10mM MgCl2, 5mM MnCl2, and 1mM ATP, 10μCi of [γ-32P]ATP) at 30°C for 3h. The mixture was separated by 10% SDS-PAGE and detected with a Typhoon 9,410 imager (GE Healthcare).



Protein–Protein Interaction Assays

For our BiFC assays, OsWAK112-NYFP and OsSAMSs-CCFP or YCE (control) were co-expressed in N. benthamiana leaves. Fluorescence from the BiFC signals was observed under a confocal microscope (Meta710-LCM; Carl Zeiss).

For the overlay assays, gel blots (polyvinylidene fluoride [PVDF] filters) containing GST-WAK112KD and GST were incubated with 2μg of MBP-OsSAMS1, MBP-OsSAMS2, and MBP-OsSAMS3, followed by anti-MBP-HRP (E8038S; New England BioLabs, Ipswich, MA, United States).

In our Co-IP assays, N. benthamiana leaves transiently co-expressing OsSAMSs-GFP and OsWAK112KD-Myc, or expressing OsSAMSs-GFP or OsWAK112KD-Myc alone, were harvested and extracted with IP buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl, 2mM EDTA, and 0.1% NP-40) and then incubated with anti-GFP agarose at 4°C for 2h. Next, the proteins were washed with IP buffer five times and then boiled at 100°C in water for 5min with 2×loading buffer. The proteins were then separated by SDS-PAGE. Anti-Myc (019M4760V; Sigma-Aldrich, St. Louis, MO, United States) and anti-GFP antibodies (HT801-01; TransGen Biotech) were used to detect OsWAK112KD and OsSAMS1/2/3, respectively.



Ethylene and SAMS Measurement

For ethylene measurement, 7-day-old wild-type (Jap) and OsWAK112-overexpressing (OsWAK112OE) rice seedlings treated with or without 200mM NaCl for 24h were placed into 15-mL vials containing 3ml of 0.5×MS medium and closed with a rubber cap on the top; the vials were then allowed to sit for 24h (16-h light/8-h dark) at 28°C. A total of 1mL of the air from the headspace of each vial was taken to inject into a gas chromatograph to measure the ethylene content.

For SAMS measurement, total protein from 7-day-old Jap and OsWAK112OE seedlings treated with or without 200mM NaCl for 24h was extracted and used for SAMS content measurement with a SAMS ELISA Kit (SY-P09712; Shanghai Win-Win Biotechnology Co., Ltd., Shanghai, China). The assay was performed according the manufacturer’s protocol.



Western Blotting in Tobacco Leaves

To test whether OsWAK112 affects OsSAMSs protein stability, OsSAMS1-GFP alone or OsSAMS1 together with OsWAK112-Myc was filtrated in tobacco leave. After 40 to 48h, tobacco leave was separated into two parts, treated in liquid 1/2 MS medium with or without 200mM NaCl for 2h, and then, the total protein was extracted for Western blotting.




RESULTS


OsWAK112 Negatively Regulates Salt Responses in Rice

In this study, we examined the involvement of OsWAK112 in plant salt responses. OsWAK112 bound directly to and inhibited OsSAMSs to suppress the induction of ethylene production so as to negatively regulate salt tolerance.

WAKs are protein kinases with important roles not only in plant growth and development but also in plant responses to exogenous stresses (Hou et al., 2005; Bot et al., 2019; Meco et al., 2020); however, their role in salt stress responses is poorly understood. Published microarray data revealed that the expression levels of several WAKs are regulated by salt (Mishra et al., 2018). Herein, the expression pattern of one of them, OsWAK112 (Os10g10130; Mishra et al., 2018), was examined under high-salt conditions. Its transcript level decreased gradually as the treatment time increased; at 24h, it was reduced to nearly half of the control level (Supplementary Figure S1), indicating that OsWAK112 is a potential salt-related regulator in rice.

To determine the biological function of OsWAK112 in salt responses, ectopic expression lines using a 35S promoter-driven OsWAK112 coding sequence with a Myc tag were generated in a wild-type Jap background. Two independent OsWAK112OE lines named OE7 and OE8 were used in our subsequent experiments because they exhibited high transcript levels (approximately 2.6- or 3.2-fold that in Jap; Figure 1A). Under normal growth conditions, the OsWAK112OE plants exhibited no clear difference from Jap plants (Figure 1B, before treatment). However, after being treated with 200mM NaCl for 4days and subsequently allowed to recover in regular hydroponic culture for another 8days, the OsWAK112OE plants were drier and yellower than the Jap plants (Figure 1B), in accordance with their lower survival rates (50% for OE7 and 43% for OE8) compared to Jap (63%) (Figure 1C), indicating that OsWAK112 induces poor salt resistance in rice.
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FIGURE 1. Phenotypes of the OsWAK112OE lines under salt stress. (A) The OsWAK112 transcript levels in 7-day-old Jap and OsWAK112OE lines as determined by RT-qPCR. (B) A comparison of the phenotypes of Jap plants and a representative OsWAK112OE line (OE8) before and after salt treatment. Ten-day-old seedlings were used as described in the Materials and Methods. (C) Survival rates of Jap and two individual OsWAK112OE lines following salt exposure. In (A,C), each data point represents the mean ± standard error (SE) from three biological repeats (n≥50). Asterisks indicate a difference relative to Jap (Student’s t-test, *p<0.05 and **p<0.01).


To confirm the function of OsWAK112 in plant salt tolerance, the salt responses of OE7 and OE8 plants were examined on solid medium. After 2 days of germination on regular medium, seeds were transplanted into medium containing 0, 150, or 200mM NaCl. The OE7 and OE8 seedlings did not show any difference from Jap seedlings when grown on regular medium (Figure 2A, 0mM NaCl); however, they showed greater growth inhibition by salt than Jap plants depending on the NaCl concentration (Figure 2A). The shoot length and shoot fresh weight of OE7 and OE8 were both lower than those of Jap (Figures 2B,C).

[image: Figure 2]

FIGURE 2. OsWAK112 overexpression confers salt hypersensitivity in rice. (A) The performance of OsWAK112OE seedlings compared with Jap on media containing the indicated concentrations of NaCl. Scale bar=2cm. The shoot lengths (B) and fresh shoot weights (C) of 10-day-old seedlings were analyzed. The experiments were repeated three times. Each data point represents the mean±SE (n≥10). Asterisks indicate a difference relative to Jap (Student’s t-test, *p<0.05 and **p<0.01) in (B,C).


To completely investigate the function of OsWAK112, the RNAi of OsWAK112 transgenic rice plants was also generated by introducing the vector pTCK303. Two independent OsWAK112 RNAi lines (RNAi1 and RNAi3, which showed around 4 and 7% of OsWAK112 mRNA level) were assessed under salt stress conditions. Without NaCl treatment, the OsWAK112 RNAi plants were indistinguishable from wild-type japonica (Jap; Supplementary Figure S2). After treatment with 200mM NaCl for 4 days and subsequent growth by regular hydroponic culture for 8 days, the RNAi plants showed significantly higher survival rates compared with Jap (Supplementary Figure S2).

Taken together, these findings (Figures 1, 2 and Supplementary Figure S2) demonstrate that OsWAK112 plays a negative role in salt tolerance.



OsWAK112 Positively Regulates Hydrogen Peroxide (H2O2) Accumulation in Plants Under High-Salt Conditions

Salt stress induces the rapid accumulation of ROS, and an imbalance in ROS levels often triggers serious membrane damage in plants (You and Chan, 2015; Yang and Guo, 2018). To examine whether the increased salt sensitivity of OsWAK112OE was related to the ROS level, the quantity of H2O2, a major and stable ROS, was evaluated using CM-H2DCFDA with 7-day-old roots from Jap and OsWAK112OE lines with or without 200mM NaCl treatment. This probe can be transported into cells, where its acetate groups are passively cleaved by intracellular esterases, producing the fluorescent compound dichlorodihydrofluorescein (DCF; Wang et al., 2021). As shown in Supplementary Figure S3A, without salt treatment, the H2O2 levels in the OsWAK112OE lines were slightly lower than that in Jap. After salt treatment, the H2O2 levels in Jap and in the two OsWAK112OE lines were dramatically increased, indicating the induction of H2O2 production by salt as described previously (Li et al., 2014). However, the H2O2 levels in the OsWAK112OE lines were significantly higher (110 and 103% higher than in OE7 and OE8 [individual controls], respectively) than in Jap (46% higher than its control; Supplementary Figures S3A,B), revealing that the OsWAK112OE plants accumulated more ROS during salt treatment.



OsWAK112 Is Mainly Located in the Plasma Membrane and Is Associated With the Cell Wall

To investigate the tissue-specific expression pattern of OsWAK112, the 2,108-base pair promoter sequence was inserted into a pCAMBIA1300 vector harboring the gene encoding GUS. This proOsWAK112::GUS construct was introduced into rice plants by A. tumefaciens-mediated callus transformation. Histochemical staining revealed OsWAK112 expression in coleoptiles (Supplementary Figure S4A), ligules (Supplementary Figure S4B), leaf blades (Supplementary Figure S4C), stems (Supplementary Figures S4D,E), roots (Supplementary Figure S4F), and the radicles of germinated seeds (Supplementary Figure S4G) during vegetative growth. During reproductive growth, OsWAK112 was observed in paleae (Supplementary Figure S4H), stamens, and stigmas (Supplementary Figure S4I). These results show that OsWAK112 is expressed in most plant tissues.

Online sequence analyses have shown that OsWAK112 possesses a typical receptor kinase structure, including an extracellular domain, a transmembrane domain, and an intracellular kinase domain.1 Thus, it is speculated to be a plasma membrane protein (Figure 3A); however, the sub-location of OsWAK112 is unclear. Thus, the full-length coding sequence of OsWAK112 fused with the sequence encoding green fluorescence protein (GFP) was generated and expressed transiently in tobacco (N. benthamiana) and onion (A. cepa) epidermal cells. As shown in Figure 3, GFP alone was expressed ubiquitously in the intracellular region of the tobacco epidermal cells (Figure 3B, GFP) and onion epidermal cells (Figure 3C, GFP), whereas OsWAK112-GFP was detected only in the region of the plasma membrane (Figures 3B,C, OsWAK112-GFP). To verify whether OsWAK112 is associated with the cell wall, onion epidermal cells were treated with 0.9 M mannitol to induce plasmolysis. After plasmolysis, OsWAK112-GFP was detected in the plasma membrane region and in the cell wall region (Figure 3C, OsWAK112-GFP plasmolyzed). In contrast, the control protein (GFP) was detected only in the intracellular region (Figure 3C, GFP plasmolyzed). These data indicate that OsWAK112 is localized to the plasma membrane and that it may connect tightly to the cell wall. Moreover, these data suggest that OsWAK112 is a wall-associated protein in plant cells.
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FIGURE 3. The subcellular localization of OsWAK112. (A) The protein structure of OsWAK112 as predicted by SMART. Pink box: low complexity region. EGF: epidermal growth factor-like domain. Blue box: transmembrane region. S-TKc: serine/threonine protein kinase, catalytic domain. (B,C) Subcellular localization of OsWAK112-GFP in tobacco and onion epidermal cells. Arrows in (C) indicate the cell wall region where plasmolysis happened. Scale bar=50μm in (B) and 100μm in (C).




The Kinase Activity of OsWAK112 Plays an Important Role in Salt Stress

To investigate the function of OsWAK112 further, we performed a sequence alignment and homology analysis between OsWAK112 and multiple RLKs in Arabidopsis using GenBank from the National Center for Biotechnology Information.2 The sequence of OsWAK112 showed 40–60% similarity with those of WAK and cytosolic receptor kinase family members in Arabidopsis, and most of the conserved sequences were in the kinase domain (Supplementary Figure S5).

The sequence alignment of the kinase domain from OsWAK112 with those from several kinases in Arabidopsis is shown in Figure 4A. A typical ATP-binding motif and kinase active site were located in the intracellular domain of OsWAK112 (Figure 4A), indicating that it is an active kinase. Although it is predicted that OsWAK112 is linked to the cell wall via its cytosolic kinase domain (Figure 4A), whether WAK112 has kinase activity is unknown. To test this, the lysine (Lys-678) in the ATP-binding region and lysine (Lys-791) and aspartic acid (Asp794) in the activation loop of the kinase domain (KD) were mutated to generate WAK112KDK678E, WAK112KDK791R, and WAK112KDD794A, respectively (Figure 4B). The wild-type and mutated forms of the WAK112 KD were produced as fusions with GST. An in vitro kinase assay showed that the OsWAK112KD produced strong autophosphorylation and phosphorylation of MBP (Figure 4B, lanes 1 and 6). WAK112KDK791R also showed strong autophosphorylation (Figure 4B, lane 3), but the mutated forms (GST-OsWAK112K678E and GST-OsWAK112D794A; Figure 4B, lanes 2 and 4) and GST alone (Figure 4B, lane 5) did not exhibit autophosphorylation activity, indicating that OsWAK112 is an active RLK and that both Lys-678 and Asp-794 are necessary for its activity.
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FIGURE 4. OsWAK112 possesses kinase activity. (A) Alignment of a conserved motif from the OsWAK112KD with that from other known receptor-like kinases (RLKs). Underlines indicate conserved residues in the active kinase that were mutated to the indicated amino acid in the following experiment. (B) GST-OsWAK112KD showed autophosphorylation and substrate (MBP) phosphorylation. The mutated form GST-WAK112KDK791R also showed autophosphorylation, whereas the mutated forms GST-OsWAK112KDK678E and GST-OsWAK112KDD794A did not. The left panel shows autoradiography and the right panel Coomassie blue (CBB) staining of the gel.


To assess the contribution of the kinase activity of OsWAK112 to plant salt sensitivity, we generated transgenic Arabidopsis expressing OsWAK112, OsWAK112K678E, and OsWAK112D794A as Myc fusions under the control of the 35S promoter. Western blotting showed that wild-type and mutated forms of OsWAK112 were well expressed in Arabidopsis (Supplementary Figure S6). On regular medium, little difference was noted among the seedlings (Figures 5A,C, 0mM NaCl). On 0.5×MS medium containing 125mM NaCl, the WAK112-overexpressing seedlings (OE10 and OE11) exhibited more strongly bleached cotyledons (Figure 5A) and lower survival rates than wild-type Col seedlings (57% for OE10 and 50% for OE11, compared with 63% for Col; Figure 5B). This is consistent with the effects of overexpressed OsWAK112 on salt hypersensitivity in rice (Figures 1, 2). However, the Arabidopsis 35S::OsWAK112K678E (named OE12 and OE13) and 35S::OsWAK112D794A (named OE14 and OE15) seedlings showed less damage in response to salt exposure, with around 70–86% survival (higher than that of Col; Figures 5C,D). These results suggest that the kinase activity of OsWAK112 affects salt resistance as a negative regulator.

[image: Figure 5]

FIGURE 5. OsWAK112 mediates salt sensitivity depending on its kinase activity. Arabidopsis plants overexpressing OsWAK112 showed hypersensitivity to salt compared with Col (A,B), while Arabidopsis plants overexpressing OsWAK112K678E and OsWAK112D794A showed hyposensitivity to salt compared with Col (C,D). The indicated seedlings were grown on 0.5×MS medium supplemented with or without 125mM NaCl for 10days, and the salt survival rate was calculated. OE10 and OE11 represent two independent 35S:OsWAK112-Myc/Col transgenic lines. OE12 and OE13 represent two independent 35S:OsWAK112K678E-Myc/Col transgenic lines. OE14 and OE15 represent two independent 35S:OsWAK112D794A-Myc/Col transgenic lines. The experiments were repeated three times. Each data point represents the mean ± SE (n≥25). Asterisks indicate a difference relative to Col (Student’s t-test, *p<0.05) in (B-D).




OsWAK112 Interacts With OsSAMS1/2/3 and Affects Ethylene Production Under Salt Stress

Our work indicated that OsWAK112 plays a negative role in salt tolerance. As a wall-associated protein, it is likely that OsWAK112 confers salt response by directly binding to specific target proteins. Then, we sought to identify its interacting proteins to gain insight into the roles of OsWAK112 in salt response.

According to a structural analysis conducted using WebLab ViewerLite (Accelrys, San Diego, CA), several salt-associated proteins harbor important binding elements for OsWAK112, including GRP1, GRP2, GRP3, OsRP-1, PSBP1, and SAMSs (without OsACS and OsACO) as WAK112 candidate interacting proteins. Firstly, we performed BiFC assay to test whether OsWAK112 interacted with these proteins. The sequences encoding GRP1, GRP2, GRP3, OsRP-1, OsPSBP1, SAMS1/2/3, and OsWAK112 were fused with those sequences encoding the N-terminal half and C-terminal half of YFP to generate GRPs-CCFP, OsRP-1-CCFP, OsPSBP1-CCFP, OsSAMSs-CCFP, and OsWAK112-NYFP, respectively. The constructs were then co-infiltrated into N. benthamiana leaves. When the OsGRP1, OsGRP2, OsGRP3, OsRP-1, and OsPSB1 fusion with CCFP co-filtrated in OsWAK112 fusion with NYFP into N. benthamiana leaves, no fluorescence signal was observed (data not shown). However, co-expression of OsSAMS1/2/3-CCFP and OsWAK112-NYFP resulted in a strong YFP signal, while the negative control (OsWAK112-NYFP+YCE) produced almost no signal (Figure 6A), demonstrating the specific interaction of OsWAK112 with OsSAMSs in vivo. The direct interaction between OsWAK112 and OsSAMS1/2/3 was then examined in overlay assays. Purified MBP-OsSAMS1, MBP-OsSAMS2, and MBP-OsSAMS3 were used as primary antibodies and incubated with PVDF membranes containing GST and GST-OsWAK112KD; MBP-HRP antibodies were used as secondary antibodies. MBP-OsSAMS1, MBP-OsSAMS2, and MBP-SAMS3 were detected at positions corresponding to the size of GST-OsWAK112KD, but no band was detected at the position of the GST tag, suggesting a direct interaction between OsWAK112 and OsSAMS1/2/3 in vitro (Figure 6B). In addition, the overlay assay showed that D794A mutation in OsWAK112 did not affect its interaction with OsSAMS1 (Supplementary Figure S7), indicating the conserved aspartic acid or kinase activity was not required for this interaction. Furthermore, their interaction was further tested using Co-IP assays. The sequences encoding OsSAMS1/2/3 and OsWAK112KD were fused with GFP and Myc to generate OsSAMSs-GFP and OsWAK112KD-Myc, respectively. The constructs were then co-infiltrated into N. benthamiana leaves. Co-IP was achieved using N. benthamiana leaves transiently expressing OsSAMSs-GFP and OsWAK112KD-Myc. OsWAK112KD-Myc could be co-precipitated only when OsSAMSs-GFP was present (Figure 6C), confirming the interaction between OsWAK112 and OsSAMS1, OsSAMS2, or OsSAMS3 in vivo.
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FIGURE 6. OsWAK112 interacts with OsSAMS1, OsSAMS2, and OsSAMS3 in vitro and in vivo. (A) MBP-OsSAMSs bound to the GST-WAK112KD fusion but not to GST in a gel blot overlay assay. Coomassie blue staining in the left panel indicates the loading of GST-WAK112KD and GST. Bound proteins were probed with anti-MBP-HRP antibodies. OsWAK112 interacted with OsSAMSs in BiFC assays (B) and Co-IP assays (C) in transiently transformed N. benthamiana leaves. Scale bar=50μm in (B).


Together, these results suggest that OsWAK112 interacts physically with OsSAMS1/2/3 in vitro and in vivo. Next, the biological function of the OsWAK112–OsSAMS1 interaction was investigated in tobacco plants. A co-infiltration assay showed that OsSAMS1-GFP was well expressed in tobacco. Compared with mock treatment, 2h of treatment with 200mM NaCl decreased the levels of OsSAMS1 when co-expressed with OsWAK112, indicating that OsWAK112 affects OsSAMS1 stability under saline conditions (Supplementary Figure S8). Together, these data suggest that OsWAK112 interacts with OsSAMS1/2/3 and promotes OsSAMS1 degradation in the presence of salt.

To investigate the influence of OsWAK112 on OsSAMS contents in transgenic plants, the SAMS contents were measured in OE7, OE8, and Jap plants. The data showed that SAMS contents were not significantly different between Jap and OE7/8 under normal conditions, but the SAMS levels were lower in OE7 and OE8 than in Jap following salt treatment (Figure 7A).
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FIGURE 7. OsWAK112 affects ethylene production under salt stress. (A) The amount of ethylene per gram fresh weight in 7-day-old Jap, OE7, and OE8 seedlings grown under normal conditions or treated with 200mM NaCl for 24h. (B) The SAMS contents of 7-day-old Jap, OE7, and OE8 seedlings grown under normal conditions or treated with 200mM NaCl for 24h. In (A,B), Student’s t-tests were conducted using data from transgenic seedlings compared to those from Jap. Asterisks indicate a significant difference at p<0.05.


As a major abiotic stress, salt can trigger the production of stress-related hormones and initiate endogenous hormone signaling, resulting in plant resistance reactions (Zhao et al., 2021b). Ethylene is a stress hormone closely related with salt stress (Riyazuddin et al., 2020). In plants, ethylene is biosynthesized from S-adenosyl-L-methionine (SAM; Zhao et al., 2021a), which is synthesized from l-methionine and ATP catalyzed by SAMSs. To explore the mechanism underlying the function of OsWAK112 in plant salt responses, the ethylene content was measured in Jap and OsWAK112OE plants. Under normal growth conditions, the ethylene contents did not differ much between Jap and the OsWAK112OE lines. After salt treatment, the ethylene contents increased in all of the plants; however, they were lower in OE7 and OE8 than in Jap (Figure 7B), while they were higher in RNAi1 and RNAi3 than in Jap (Supplementary Figure S9). Together, these data suggest that OsWAK112 interacts with OsSAMS1/2/3 and promotes OsSAMS1 degradation, resulting in decreased ethylene production in the presence of salt.




DISCUSSION

Soil salinity is a significant threat to the growth, productivity, and quality of crop plants. During plant salt stress responses, multiple signaling cascade components are activated. RLKs have previously been shown to be involved in salt responses (de Lorenzo et al., 2009; Ouyang et al., 2010; Lin et al., 2020; Passricha et al., 2020; Yuchun et al., 2021); however, the function of a unique group of RLKs, known as WAKs, in salt tolerance remains unclear. WAKs likely associate with pectin in the cell wall and are necessary for both cell expansion during development and mediation of the response to stresses (Kanneganti and Gupta, 2011; Wang et al., 2012; Delteil et al., 2016). In the present study, we found that OsWAK112 functions as a kinase to negatively mediate plant salt responses by reducing the ethylene content via a direct interaction with OsSAMS1.


OsWAK112 Negatively Mediates Salt Sensitivity

To our knowledge, OsWAK112 has only been shown to play a negative role in biotic stress tolerance in rice (Delteil et al., 2016); there are no reports of its function in response to abiotic stresses. The time-dependent suppression of OsWAK112 by NaCl treatment (Supplementary Figure S1

) suggests that OsWAK112 is closely related to plant responses to high salinity. When OsWAK112 was overexpressed in rice, two independent lines (OE7 and OE8) showed hypersensitivity to salt stress. Further, the higher OsWAK112 expression level and the lower the survival rate in OE8 and OE7 (Figures 1, 2), and the less OsWAK112 expression level and the higher survival rate in RNAi lines compared with Jap (Supplementary Figure S2), indicate that the OsWAK112 expression level correlates negatively with plant salt resistance. These findings from morphological and physiological measurements indicate that OsWAK112 is a negative regulator of salt resistance reactions in rice.

Salinity stress induces ROS accumulation. Low levels of ROS usually act as signal molecules in salt signaling networks, but excessive accumulation of ROS is highly toxic to proteins, lipids, and nucleic acids, resulting in cell death (You and Chan, 2015). H2O2 is an especially stable ROS in plant cells. We found that more H2O2 accumulated in OsWAK112OE (OE7/8) plants under salt stress and that the variation in their H2O2 levels was consistent with that of their OsWAK112 expression levels (Supplementary Figure S3). Excessive accumulation of H2O2 accompanied by strong OsWAK112 expression under conditions of salt stress may damage plant cells, resulting in reduced survival.



OsWAK112 Relays Salt Stress Signals Through Kinase Activation

As a kinase, how does OsWAK112 coordinately regulate plant responses to salt stress? It would be a worthwhile question to investigate.

Each WAK protein contains an extracellular calcium-binding domain, a transmembrane domain, and a cytoplasmic serine/threonine kinase domain (Kohorn and Kohorn, 2012). The extracellular domain senses the signal, while the cytosolic protein kinase domain translates the signal to downstream components via phosphorylation. OsWAK112 contains an arginine residue in its kinase catalytic motif (RDxxxxN) and is classified as a WAK-RD kinase (de Oliveira et al., 2014). Several RLKs have been shown to be involved in salt responses depending on their kinase activity. For example, SIT1, a lectin RLK, negatively regulates salt responses in rice, and it kinase activity plays an important role in its salt response (Li et al., 2014). Another receptor-like cytoplasmic kinase, STRK1, phosphorylates and stimulates the activity of catalase C to adjust H2O2 concentrations and improve salt tolerance (Zhou et al., 2018). Herein, we used an in vitro kinase assay to show that OsWAK112 has autophosphorylation activity and strong substrate activity (Figure 4). We found that Lys-791 near the DFG motif of kinase domain VII produced the same autophosphorylation signal as wild-type OsWAK112 in vitro (Figure 4); therefore, it appears that Lys-791 is not essential for the kinase activity of the enzyme in vitro. That may be because Lys-791 is not conserved in OsWAK112 compared with other known kinases. Our results show that OsWAK112 exhibited kinase activity depending on its conserved residues Lys-678 and Asp-794 (Figure 4). Lys-678 is in the AXK motif of kinase domain II for interaction with the phosphates of ATP. Asp-794 in the DFG motif of kinase domain VII chelates a Mg2+ ion to orient the γ-phosphate of ATP for transfer (Hanks and Hunter, 1995). When Lys-678 or Asp-794 was mutated, OsWAK112 lost its kinase activity (Figure 4). Exogenous expression of OsWAK112 in Arabidopsis made the transgenic plants hypersensitive to salt (Figure 5), indicating that OsWAK112 functions as a negative regulator of salt responses in both Arabidopsis and rice. However, exogenous overexpression of OsWAK112K678E or OsWAK112D794A did not increase the sensitivity of Arabidopsis to salt (Figure 5). A plausible explanation is that kinase-dead forms of OsWAK112 could still sense the salt stimulus and bind to downstream substrates, but the signal could not be transduced due to the loss of kinase activity (Figure 4), resulting in a dominant-negative phenotype. For example, in plants, when ERECTA lack the cytoplasmic kinase domain it acts as dominant-negative receptors by blocking the normal activity of the endogenous counterparts (Shpak et al., 2003). And in plant hormone brassinosteroids signaling pathway, the receptor kinase BRI1 phosphorylates the substrate BSK3 on S215. When S215 mutated into A, S215A had a dominant-negative effect: Plants overexpressing the S215A version of OsBSK3 were smaller and dwarfed than the nontransgenic controls when grown in the light under the same conditions (Zhang et al., 2016).



OsWAK112 Mediates Salt Sensitivity by Affecting Ethylene Homeostasis

Ethylene homeostasis is tightly controlled to maintain its dual functions in growth inhibition and growth stimulation. Under normal conditions, the ethylene concentration is low and only increases dramatically at defined developmental stages, such as fruit ripening (Zhao et al., 2021a). A variety of environmental stimuli, including salt stress, can also induce ethylene production (Nascimento et al., 2018; Riyazuddin et al., 2020), in which the ACC synthase-induced conversion of SAM to ACC is a key step. SAM is synthesized by SAMSs, which play important roles in regulating plant–environment interactions. Studies show that SAMSs can be induced by multiple stress treatments and that they play important roles in regulating plant tolerance to environmental changes, especially soil salinity and drought. For example, in sugar beet, BvM14-SAMS2 is induced by salt, and its ectopic expression in Arabidopsis plants increased salt and oxidation resistance (Ma et al., 2017). In tobacco, overexpression of SlSAMS1 affects ethylene emission and improves drought and salt stress tolerance (Zhang et al., 2020). We found that OsWAK112 interacted directly with OsSAMS1/2/3 in overlay, BiFC, and Co-IP assays (Figure 6). Among these three SAMSs in rice, OsSAMS1 plays a predominant role and is expressed abundantly in every tissue (Li et al., 2011). We found that OsWAK112 promoted OsSAMS1 degradation under high-salt conditions (Supplementary Figure S8). There was a lower OsSAMS content and a reduced ethylene content in our OsWAK112OE plants, following salt treatment (Figure 7), while a higher ethylene existed in OsWAK112 RNAi plants content under salt stress. Consistent with our study, OsARD1, a metal-binding metalloenzyme involved in the methionine salvage pathway, enhances ethylene biosynthesis and reduces the salt sensitivity of rice (Liang et al., 2019). These data suggest that OsWAK112 is an active kinase that interacts with OsSAMS1/2/3, promoting OsSAMS1 degradation, and reducing ethylene production under saline conditions.

Soil salinity is a serious threat to crop growth and agricultural productivity. Our findings demonstrate that salt sensitivity in rice is mediated by OsWAK112 depending on its kinase activity. These findings provide important new information for engineering salt-tolerant crops.
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High salinity causes ionic, osmotic, and oxidative stresses to plants, and the antioxidant enzyme Catalase2 (CAT2) plays a vital role in this process, while how CAT2 expression is regulated during plant response to high salinity remains elusive. Here, we report that phytohormone jasmonic acid (JA) impairs plant salt stress tolerance by repressing CAT2 expression in an MYC2-dependent manner. Exogenous JA application decreased plant salt stress tolerance while the jar1 mutant with reduced bioactive JA-Ile accumulation showed enhanced salt stress tolerance. JA enhanced salt-induced hydrogen peroxide (H2O2) accumulation, while treatment with H2O2-scavenger glutathione compromised such effects of JA on plant H2O2 accumulation and salt stress tolerance. In addition, JA repressed CAT2 expression in salt-stressed wild-type plant but not in myc2, a mutant of the master transcriptional factor MYC2 in JA signaling, therefore, the myc2 mutant exhibited increased salt stress tolerance. Further study showed that mutation of CAT2 largely reverted lower reactive oxygen species (ROS) accumulation, higher CAT activity, and enhanced salt stress tolerance of the myc2 mutant in myc2 cat2-1 double mutant, revealing that CAT2 functions downstream JA-MYC2 module in plant response to high salinity. Together, our study reveals that JA impairs Arabidopsis seedling salt stress tolerance through MYC2-mediated repression of CAT2 expression.

Keywords: salt stress, H2O2, CAT2, JA, MYC2


INTRODUCTION

High concentrations of sodium (Na+) in soil severely affects crop growth, causing enormous loss of crop quantity and quality and posing serious food security worldwide (Munns and Tester, 2008; Yang and Guo, 2018; Qin et al., 2020). Plants usually cannot avoid high salinity-induced damages by directly changing their location due to the sessile lifestyle. Plants have evolved sophisticated and complex mechanisms to respond to excess Na+ in the soil to survive and reproduce themselves (Munns and Tester, 2008). High salinity reduces plant water uptake and disturbs plant normal physiological processes, causing osmotic and ionic stress. The well-characterized plant Salt Overly Sensitive (SOS) pathway regulates cellular ion homeostasis by increasing Na+ efflux under salt stress conditions (Du et al., 2011; Zhu, 2016). In addition to ionic and osmotic stresses caused by salt stress, high salinity also elicits oxidative stress, a secondary effect, resulted from salt-induced over-accumulation of reactive oxygen species (ROS), such as hydroxyl radicals, hydrogen peroxide (H2O2), and superoxide anions (Yang and Guo, 2018). Over-accumulated ROS can damage plant biological macromolecules, such as protein, DNA, and lipids, disturbing normal physiological and metabolic processes in plant cells (Waszczak et al., 2018; Ciacka et al., 2020; Gechev and Petrov, 2020; Hasanuzzaman et al., 2020).

Antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT), peroxiredoxin, and non-enzymatic small molecules synergistically contribute to enhance plant salt stress tolerance by removing stress-induced excess ROS in plant cells (Ahmad et al., 2010; Caverzan et al., 2012). Early reports showed that mutation of CAT2 resulted in increased H2O2 accumulation and decreased tolerance to salt stress in the Arabidopsis plant (Bueso et al., 2007). As the molecular chaperone of CAT2, protein NO CATALASE ACTIVITY1 (NCA1) facilitates the proper folding of CAT2 protein in a functional state (Li et al., 2015), thus its mutant has lower salt stress tolerance with decreased CAT activity. In addition, the mutant of a peroxisome-located small heat shock protein Hsp17.6CII is also sensitive to salt stress because Hsp17.6CII is required for the activation of CAT activity in plant response to salt stress (Wei et al., 2020). Recently, we identified Leucine Aminopeptidase2 (LAP2) as a novel CAT2-interacting protein and reported that LAP2 confers Arabidopsis plants salt stress tolerance by promoting CAT2 protein stability under high salinity (Zhang et al., 2021). These reports reveal that CAT indeed plays an important role in plant salt stress tolerance. To respond to salt stress, plants also activate CAT expression to increase antioxidant activity, alleviating salt-induced oxidative damages to plant cells (Xing et al., 2007; Munns and Tester, 2008; Yang and Guo, 2018). However, transcriptional factors regulating CAT2 expression in plant response to salt stress have not been reported so far, and the regulatory mechanism underlying CAT2 expression remains to be further elucidated.

Phytohormones play important but different roles in plant response and tolerance to salt stress. Roles of jasmonic acid (JA) in plant growth, development, and environmental responses, such as floral development, senescence, fruit ripening, pathogen infection, insect attack, wounding, and cold, have been widely documented (Gfeller et al., 2010; Santino et al., 2013; Yuan et al., 2017; Schluttenhofer, 2020), while its function in plant salt stress tolerance remains elusive and even controversial. Early reports showed that exogenous application of JA or methyl JA (MeJA) confers increased salt stress tolerance in pepper, rice, Pisum sativum, and barley (Moons et al., 1997; Tsonev et al., 1998; Velitchkova and Fedina, 1998). A similar conclusion was later verified in other plant species, including wheat and soybean (Ji et al., 2009; Qiu et al., 2014). These reports reveal a positive role of JA in plant salt stress tolerance. However, some studies have reached the opposite conclusion that JA negatively impacts plant salt stress tolerance. For example, a rice mutant of the JA biosynthetic enzyme ALLENE OXIDE CYCLASE (AOC) has a lower JA accumulation but higher salt stress tolerance (Hazman et al., 2015). In addition, overexpression of CYP94, a gene encoding an enzyme-inactivating bioactive form of JA, JA-Ile, enhances the viability of rice plants under saline conditions (Kurotani et al., 2015). These studies documented the involvement of JA in plant salt stress response, however, the mechanism underlying JA-regulated plant salt stress tolerance remains to be further elucidated.

As the master transcription factors in JA signaling pathway, MYC2, MYC3, and MYC4 function redundantly in diverse JA-dependent functions and various plant environmental responses (Zhang et al., 2020; Li et al., 2021; Wang et al., 2021). A previous study documented that mutants of MAPK KINASE2 (MKK2) and MKK3 have increased MYC2 expression, enhanced JA sensitivity but decreased seed germination rate under saline conditions, suggesting the involvement of JA signaling component MYC2 in plant salt stress response (Takahashi et al., 2007). However, their roles in plant salt stress tolerance remain largely unknown. Here, we report that JA negatively regulates plant salt stress tolerance by repressing CAT2 expression in an MYC2-dependent manner. Exogenous JA treatment reduces plant salt stress tolerance by increasing high salinity-induced H2O2 accumulation, while ROS scavenger glutathione (GSH) compromises such effects of JA. The expression and enzymatic activity of CAT2 are repressed by JA in the wild-type plant but not in the myc2 mutant, and thus the myc2 mutant was more tolerant to salt stress than the wild-type plant in the presence of JA. Furthermore, mutation of CAT2 largely reverts the salt stress tolerance phenotype of the myc2 mutant in myc2 cat2-1 double mutant. Together, our study reveals that JA impairs Arabidopsis seedling salt stress tolerance through MYC2-mediated repression of CAT2 expression.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia was used in this study. The β-glucuronidase (GUS) reporter line CAT2pro::GUS and mutants myc2 (SALK_017005), cat2-1 (SALK_076998), and myc2 cat2-1 were previously reported (Zhang et al., 2020). The mutant jar1 (CS8072) was obtained from the Arabidopsis Biological Resource Center (ABRC). Seeds were surface sterilized for 5 min in 5% commercial bleach, washed three times with sterile water, and plated on 1/2 Murashige and Skoog (MS) medium (pH 5.8) (Sigma-Aldrich, St. Louis, MO, USA) containing 1% sucrose and 1% agar. Plant seeds were stratified at 4°C for 3 days in the dark and then transferred to chambers. The seedlings grown vertically at 22°C and 100 μmol m−2 s−1 illumination under 16 h light/8 h dark conditions for 5 days were transferred to 1/2 MS medium without or with NaCl or MeJA for another 5 days, and the lengths of newly grown roots and seedling fresh weight were measured and statistically analyzed.



3,3-Diaminobenzidine (DAB) Staining

The treated or untreated seedlings were used for DAB to assay H2O2 accumulation as we described previously (Zhang et al., 2020a,b). Briefly, the seedlings were incubated in freshly prepared DAB staining solution (1 mg/ml DAB and 0.1% Tween 20 in 10 mM Na2HPO4) for about 8 h and then rinsed with 70% ethanol several times to remove the chlorophyll. The images of the leaves were captured using a digital camera.



Detection of CAT Activity

The salt- or MeJA-treated or untreated seedlings were ground to a fine powder under liquid nitrogen and suspended in freshly prepared cold protein extraction buffer (50 mM potassium phosphate buffer, pH 7.8, 0.2 mM ethylenediaminetetraacetic acid (EDTA)-Na2, 0.1 mM ascorbic acid, and 1% polyvinyl polypyrrolidone, PVPP). After centrifugation at 12,000 g for 10 min at 4°C, the supernatant was transferred to a new tube for further use. The protein concentration was assayed by the Bradford method, and CAT activity was determined according to the published methods (Aebi, 1984). CAT activity was assayed by monitoring the consumption of H2O2 at 240 nm.



Quantitative Real-Time PCR (qRT-PCR)

Treated or untreated seedlings were collected for total RNA isolation, first-strand cDNA synthesis, and qRT-PCR as we described previously (Liu et al., 2017a; Zhang et al., 2020a). The constitutively expressed ACTIN2/8 gene was used as an internal control. All experiments were repeated at least three times. The primer sequences are listed in Supplementary Table 1.



GUS Staining

The GUS histochemical staining experiment was performed according to our previously reported method (Zhang et al., 2020a,b). About 5-day-old CAT2::GUS transgenic seedlings were treated with 0.25 μM MeJA or 125 mM NaCl for 1 day and then incubated at 37°C in GUS staining solution (100 mM sodium phosphate buffer, pH 7.5, 10 mM EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 1 mM 5-bromochloro-3-indolyl-b-D-glucuronide, and 0.1 % Triton X-100). Then, the seedlings were rinsed with 70% ethanol several times to remove the chlorophyll, and images were captured using a digital camera.



Measurement of JA Levels

Jasmonic acid levels were determined according to our previously reported methods (Yuan et al., 2017; Zhang et al., 2020a). Briefly, about 200 mg of the treated and untreated seedlings were collected and ground into fine powder under liquid nitrogen. Dihydrojasmonic acid (DHJA) of 20 ng was added as an internal standard for JA. The purified samples were then methylated by diazomethane, re-suspended in 100 μl ethyl acetate, and analyzed by gas chromatography-mass spectrometry-selected ion monitoring (GC/MS-SIM) (Trace GC Ultra/ISQ, Thermo Fisher Scientific, Waltham, MA, USA). The compounds were separated on an Rtx-5MS (30 mm × 0.25 mm × 0.25 mm) column. The chromatographic parameters were as follows: 40°C for 1 min after injection, followed by sequential temperature ramps of 25°C/min to 150°C, 5°C/min to 200°C, 10°C/min ramp to 240°C, and 240°C for 10 min. The monitored ions were m/z 151 and 153 for JA and DHJA, respectively.



Statistical Analysis

Data are means (±SD) of three biological replicates, and the asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01, and ***p < 0.001, Student's t-test). Bars with different letters indicate significant differences at p < 0.05 by two-way ANOVA with Tukey's multiple comparison test.




RESULTS


JA Reduces Plant Salt Stress Tolerance

Previous reports documented different roles of JA in salt stress tolerance in different plant species (Velitchkova and Fedina, 1998; Qiu et al., 2014; Hazman et al., 2015; Kurotani et al., 2015; Valenzuela et al., 2016). Our recent report showed that JA represses CAT2 expression to stimulate leaf senescence (Zhang et al., 2020a), shedding a light on whether and how JA affect plant salt stress response through the modulation of CAT2 expression. To understand how JA involves plant response to high salinity, we first determined JA accumulation treated with or without salt stress. About 5-day-old wild-type plant seedlings were transferred onto 1/2 MS medium containing different concentrations of additional NaCl and treated for 5 days. Our results showed that JA accumulation in salt-treated plants was significantly higher than that in the untreated control (Figure 1A), indicating that salt stress induces JA accumulation in plants.


[image: Figure 1]
FIGURE 1. JA increases plant sensitivity to salt stress. (A) JA levels in salt-treated or untreated wild-type plant seedlings. The 5-day-old wild-type plant seedlings were treated with 0, 100, 125, or 150 mM NaCl for 5 days, and used for the determination of JA levels. Data are means (±SD) of three biological replicates. Bars with different letters indicate significant differences at p < 0.05, revealed using a one-way ANOVA with a Tukey's multiple comparison test. (B) Images (top) and percentages of seed germination (bottom) of 5-day-old wild-type plant seedlings treated with or without 2.5 μM MeJA or 125 mM NaCl. (C) Percentages of green cotyledons of 5-day-old wild-type plants treated with 2.5 μM MeJA and/or 125 mM NaCl. (D) Images of NaCl- and/or MeJA-treated wild-type plant seedlings. The 5-day-old wild-type plant seedlings were treated with 2.5 μM MeJA and/or 125 mM NaCl for 5 days. Bar = 1.0 cm. (E, F) The newly grown root length (E) and seedling fresh weight (F) of NaCl- and/or MeJA-treated wild-type plant seedlings. The 5-day-old wild-type plant seedlings were treated with 2.5 μM MeJA and/or 125 mM NaCl for 5 days, and then the newly grown root length and seedling fresh weight were determined. Data are means (±SD) of three biological replicates. Bars with different letters indicate significant differences at p < 0.05, revealed using a two-way ANOVA with a Tukey's multiple comparison test. JA, jasmonic acid; MeJA, methyl JA.


To dissect the effect of JA on salt stress response in Arabidopsis, we examined the seed germination of the wild-type plant on 1/2 MS medium with the high salinity in the presence or absence of JA. Our results showed that low concentration of exogenous JA alone did not but high salinity significantly affected seed germination and cotyledon greening process, and exogenous JA further enhanced the salt stress effects (Figures 1B,C), suggesting a negative regulatory role of JA in plant salt stress tolerance. To verify this, 5-day-old wild-type plant seedlings were subjected to high salinity in the presence or absence of JA. Similarly, JA also increased plant sensitivity to salt stress as evidenced by shorter newly grown roots and lower seedling fresh weight in salt plus JA-treated plants compared with those of the salt-treated plants (Figures 1D–F). Consistently, two-way ANOVA analysis showed that the interaction between the two treatments (MeJA and NaCl) in Figure 1F had significant differences (Supplementary Table 2), further supporting that exogenous JA decreases plant seedling salt stress tolerance.

To confirm the role of endogenous JA in plant salt stress tolerance, a loss-of-function mutant of JASMONATE RESISTANT1 (JAR1), jar1, which is defective in catalyzing the formation of bioactive JA, JA-Ile (Staswick et al., 2002), was employed. Compared with the wild-type plant, the jar1 mutant had higher germination and cotyledon greening rates when subjected to salt stress (Figures 2A–C). Consistently, the jar1 mutant exhibited higher salt stress tolerance than the wild-type plant in terms of newly grown root length and seedling fresh weight (Figures 2D–F), further supporting that JA represses plant tolerance to salt stress.


[image: Figure 2]
FIGURE 2. The jar1 mutant is insensitive to salt stress. (A) Images of 5-day-old wild-type and jar1 mutant plants treated with or without 125 mM NaCl. (B, C) Percentages of seed germination (B) and green cotyledons (C) of 5-day-old wild-type and jar1 mutant plant treated with or without 125 mM NaCl. (D) Images of wild-type and jar1 mutant seedlings were treated with or without high salinity. The 5-day-old wild-type and jar1 mutant plant seedlings were treated with 0 or 125 mM NaCl for 5 days. Bar = 1.0 cm. (E, F) The newly grown root length (E) and seedling fresh weight (F) of wild-type and jar1 mutant seedlings were treated with or without high salinity. The 5-day-old wild-type and jar1 mutant plant seedlings were treated with 0 or 125 mM NaCl for 5 days, and then the newly grown root length and seedling fresh weight were determined. Data are means (±SD) of three biological replicates. Bars with different letters indicate significant differences at p < 0.05, revealed using a one-way ANOVA with a Tukey's multiple comparison test.




JA Promotes Salt-Induced H2O2 Accumulation

Salt stress severely disturbs normal cellular physiological processes in plants, resulting in extensively higher accumulation of ROS, such as H2O2. It has been reported that increased antioxidant ability confers plants an enhanced salt stress tolerance (Hernandez et al., 2000). Therefore, we sought to investigate whether JA reduces plant salt stress tolerance through changing H2O2 accumulation by performing a DAB staining experiment. Our results showed that the wild-type plants treated with both salt stress and JA had obviously higher H2O2 accumulation than the salt-stressed plants (Figures 3A,B), indicating that exogenous JA promotes salt stress-induced H2O2 accumulation.


[image: Figure 3]
FIGURE 3. JA increases plant salt stress sensitivity by promoting ROS accumulation. (A) The DAB staining images of leaves from the wild-type plants treated with MeJA or NaCl in the presence or absence of GSH. The 5-day-old wild-type seedlings were treated with 2.5 μM MeJA and/or 125 mM NaCl in the presence or absence of 500 μM GSH for 5 days and used for DAB staining. (B) The relative DAB staining intensity in (A). The DAB staining intensity of the untreated wild-type leaves without treatment was set to 1. (C) Images of 5-day-old wild-type plants treated with or without 2.5 μM MeJA or 125 mM NaCl in the presence or absence of GSH. (D, E) Percentages of seed germination (D) and green cotyledons (E) of 5-day-old wild-type plant treated with or without 2.5 μM MeJA or 125 mM NaCl in the presence or absence of GSH. (F) Images of wild-type plant seedlings treated with MeJA or NaCl in the presence or absence of GSH. The 5-day-old wild-type plant seedlings were treated with 2.5 μM MeJA and/or 125 mM NaCl in the presence or absence of 500 μM GSH for 5 days. Bar = 1.0 cm. (G, H) The newly grown root length (G) and seedling fresh weight (H) of wild-type plant seedlings treated with MeJA or NaCl in the presence or absence of GSH. The 5-day-old wild-type plant seedlings were treated with 2.5 μM MeJA and/or 125 mM NaCl in the presence or absence of 500 μM GSH for 5 days, and then the newly grown root length and seedling fresh weight were determined. (I) The DAB staining images (top) and the relative DAB staining intensity (bottom) of leaves from the wild-type and jar1 mutant plants treated with NaCl. The 5-day-old wild-type seedlings were treated with 125 mM NaCl for 5 days and used for DAB staining. The DAB staining intensity of the untreated wild-type leaves without treatment was set to 1. Data are means (±SD) of three biological replicates. Asterisks indicate significant differences using a Student's t-test (***p < 0.001). Bars with different letters indicate significant differences at p < 0.05, revealed using a one-way ANOVA with a Tukey's multiple comparison test. MeJA, methyl JA; ROS, reactive oxygen species; DAB, 3,3-diaminobenzidine; GSH, scavenger glutathione.


To test whether the effect of JA on plant salt stress tolerance was primarily due to its promotion of H2O2 accumulation, a ROS GSH was used to treat the plant in the presence of high salinity and JA. Our results showed that exogenously applied GSH significantly reduced the H2O2 accumulation of the plants treated with JA and salt stress (Figures 3A,B). In addition, seed germination, root length, and fresh weight were higher in both salt- and GSH-treated plants than those in the salt-treated control (Figures 3C–H). We also detected H2O2 levels in the jar1 mutant treated with salt stress. We found that, consistent with its increased salt stress tolerance, the jar1 mutant accumulates less H2O2 than the wild-type plant when treated with high salinity (Figure 3I). These results indicate that increased JA impairs plant salt stress tolerance at least partially due to promoting ROS accumulation.



JA Represses CAT2 Expression Through MYC2 in Plant Response to Salt Stress

Our above results showed that JA weakens plant salt stress tolerance through increasing H2O2 accumulation, prompting us to further study whether CAT is regulated by JA in plant response to salt stress as JA downregulates CAT2 expression during leaf senescence in our previous report (Zhang et al., 2020a). To do this, we first assayed the expression of CAT2 in the wild-type and jar1 mutant seedlings treated with high salinity, and our qRT-PCR results showed that salt stress treatment extensively induced the expression of CAT2 both in the wild-type and jar1 mutant, while the jar1 mutant had significantly higher CAT2 expression than the wild-type (Figure 4A), revealing that JA negatively regulates CAT2 expression in plant under salt stress conditions. To strengthen this note, we also examined CAT2 expression in salt-treated wild-type plant seedlings in the presence or absence of JA. We found that high salinity stress activates CAT2 expression while JA dampened its expression in the wild-type plant (Figure 4B). Such effect of JA on CAT2 expression in plant response to salt stress was confirmed by using the transgenic plant of GUS reporter gene driven by CAT2 promoter (Zhang et al., 2020a), and our results showed that the GUS staining in salt-treated CAT2::GUS plants was darker than that in the untreated control while this staining was extensively repressed by JA (Figure 4C), indicating that JA downregulates CAT2 expression in plant response to high salinity. In line with this, the CAT activity in both JA and salt-treated wild-type plants was significantly lower than that of the salt-treated plants (Figure 4D).


[image: Figure 4]
FIGURE 4. JA represses salt-induced CAT2 expression. (A) The expression of CAT2 in the wild-type and jar1 mutant seedlings treated with NaCl. The 5-day-old wild-type and jar1 mutant seedlings treated with or without 125 mM NaCl for 1 day were used to assay CAT2 expression by qRT-PCR. ACTIN2/8 was used as the reference gene. (B) The expression of CAT2 in the wild-type and myc2 mutant seedlings treated with MeJA and/or NaCl. The 5-day-old wild-type and myc2 mutant seedlings treated with or without 2.5 μM MeJA and/or 125 mM NaCl for 1 day were used to assay CAT2 expression by qPCR. ACTIN2/8 was used as the reference gene. (C) The GUS staining images of CAT2::GUS and myc2 CAT2::GUS plants treated with MeJA and/or NaCl. The 5-day-old CAT2::GUS and myc2 CAT2::GUS plant seedlings were treated with or without 2.5 μM MeJA and/or 125 mM NaCl for 1 day, and used for GUS staining. (D) Catalase activity in the wild-type and myc2 mutant seedlings treated with MeJA and/or NaCl. The 5-day-old wild-type and myc2 mutant seedlings treated with or without 2.5 μM MeJA and/or 125 mM NaCl for 1 day. Data are means (±SD) of three biological replicates. Bars with different letters indicate significant differences at p < 0.05, revealed using a one-way ANOVA with a Tukey's multiple comparison test. MeJA, methyl JA; GUS, β-glucuronidase; CAT2, Catalase2; qRT-PCR, quantitative real-time PCR.


MYC2 is a master transcriptional factor regulating the expression of most JA downstream genes (Kazan and Manners, 2013; Santino et al., 2013). Therefore, we assessed whether MYC2 involves JA-regulated CAT2 expression in plant response to salt stress. We treated the wild-type and myc2 mutant with the high salinity in the presence or absence of JA and assayed their CAT2 expression using qRT-PCR. Our results showed that salt-induced CAT2 expression was largely repressed by JA in the wild-type plant but not in the myc2 mutant (Figure 4B). In addition, the GUS staining in the myc2 CAT2::GUS plant was darker than that in the CAT2::GUS plant when treated with both salt and JA (Figure 4C), revealing that MYC2 is required for JA-mediated suppression of CAT2 expression in plant response to salt stress. Further, we examined the CAT activity in the wild-type and myc2 mutant plants treated with salt and JA, and we found that JA treatment inhibited CAT activity in salt-treated wild-type plant while such effect of JA was largely compromised in the myc2 mutant (Figure 4D), further supporting the role of MYC2 in JA-mediated repression of CAT2 expression in plant response to salt stress.

Increased CAT2 expression and CAT activity of the myc2 mutant suggested higher salt stress tolerance. Thus, we evaluated the tolerance of the myc2 mutant to high salinity. Our results showed that the myc2 mutant seeds had higher germination and cotyledon greening rate than the wild-type plant when germinating on 1/2 MS medium containing high salinity plus or minus JA (Figures 5A–C). In addition, the myc2 mutant exhibited higher salt stress tolerance than the wild-type plant when challenged with salt stress as evidence by longer newly grown root and higher seedling fresh weight of the mutant in the presence or absence of JA (Figures 5D–F). These results clearly indicated that MYC2 participates in JA-mediated negative regulation of plant salt stress tolerance.
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FIGURE 5. The myc2 mutant is insensitive to salt stress. (A) Images of 5-day-old wild-type and myc2 mutant plants treated with or without 2.5 μM MeJA and/or 125 mM NaCl. (B, C) Percentages of seed germination (B) and green cotyledons (C) of 5-day-old wild-type plants treated with or without 2.5 μM MeJA or 125 mM NaCl. (D) Images of wild-type and myc2 mutant plant seedlings treated with MeJA or NaCl. The 5-day-old wild-type and myc2 mutant plant seedlings were treated with or without 2.5 μM MeJA and/or 125 mM NaCl for 5 days. Bar = 1.0 cm. (E, F) The newly grown root length (E) and seedling fresh weight (F) of wild-type and myc2 mutant plant seedlings treated with MeJA or NaCl. The 5-day-old wild-type and myc2 mutant plant seedlings were treated with or without 2.5 μM MeJA and/or 125 mM NaCl for 5 days, and then the newly grown root length and seedling fresh weight were determined. Data are means (±SD) of three biological replicates. Bars with different letters indicate significant differences at p < 0.05, revealed using a one-way ANOVA with a Tukey's multiple comparison test. MeJA, methyl JA.




CAT2 Functions Downstream of JA-MYC2 Module in Plant Salt Stress Tolerance

Our above results showed that JA suppresses CAT2 expression in an MYC2-dependent manner in plant response to salt stress. To genetically support this note, we further determined the salt stress phenotype of the myc2 cat2-1 double mutant. We found that the cat2-1 mutant was indeed very sensitive to high salinity as previously reported (Bueso et al., 2007; Li et al., 2015), while the increased salt stress tolerance of the myc2 mutant was completely reverted by the mutation of CAT2 in myc2 cat2-1 mutant in terms of seed germination, newly grown root length, and seedling fresh weight (Figures 6A–F). Consistently, lower ROS accumulation in the myc2 mutant compared with that in the wild-type plant was significantly increased by the cat2-1 mutation (Figures 6G,H).
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FIGURE 6. CAT2 mutation reverts the insensitivity phenotype of myc2 to salt stress. (A) Images of 5-day-old wild-type, myc2, cat2-1, and myc2 cat2-1 mutant plants treated with or without 125 mM NaCl. (B, C) Percentages of seed germination (B) and green cotyledons (C) of 5-day-old wild-type, myc2, cat2-1, and myc2 cat2-1 mutant plant treated with or without 125 mM NaCl. (D) Images of wild-type, myc2, cat2-1, and myc2 cat2-1 mutant plant seedlings treated with NaCl. The 5-day-old wild-type, myc2, cat2-1, and myc2 cat2-1 mutant plant seedlings were treated with or without 125 mM NaCl for 5 days. Bar = 1.0 cm. (E, F) The newly grown root length (E) and seedling fresh weight (F) of wild-type, myc2, cat2-1, and myc2 cat2-1 mutant plant seedlings treated with NaCl. The 5-day-old wild-type, myc2, cat2-1, and myc2 cat2-1 mutant plant seedlings were treated with or without 125 mM NaCl for 5 days, and then the newly grown root length and seedling fresh weight were determined. (G) The DAB staining images of leaves from the wild-type, myc2, cat2-1, and myc2 cat2-1 mutant plant seedlings treated with NaCl. The 5-day-old wild-type, myc2, cat2-1, and myc2 cat2-1 mutant plant seedlings treated with or without 125 mM NaCl for 5 days and used for DAB staining. (H) The relative DAB staining intensity in (G). The DAB staining intensity of the untreated wild-type leaves without treatment was set to 1. Data are means (±SD) of three biological replicates. Bars with different letters indicate significant differences at p < 0.05, revealed using a one-way ANOVA with a Tukey's multiple comparison test. Cat2, Catalase2; DAB, 3,3-diaminobenzidine.


Together with the above results, our study reveals that JA reduces Arabidopsis plant salt stress tolerance by repressing CAT2 expression in an MYC2-dependent manner.




DISCUSSION

Jasmonic acid, as a major defense phytohormone, plays a key role in plant resistance to insects and pathogens especially necrotrophs by activating a large number of defense-related genes (Santino et al., 2013; Wasternack and Song, 2017). In our study, we showed that exogenous JA significantly represses plant tolerance to salt stress at least by affecting antioxidant ability through downregulating CAT2 expression in Arabidopsis. However, we also speculated that JA may also impair plant salt stress tolerance by disturbing the balance of plant growth, biotic stress resistance, and abiotic stress tolerance as JA activates defense-related genes and thus interfering with plant growth and stress response under saline conditions. In our previous report, we showed the negative regulatory role of MYC2 in CAT2 expression during JA-induced leaf senescence (Zhang et al., 2020a), which is consistent with our results that MYC2 represses CAT2 expression in JA-modulated plant salt stress tolerance. Considering that MYC2 can bind CAT2 promoter in vitro and in vivo as we previously reported (Zhang et al., 2020a), we speculate that MYC2 also binds to the CAT2 promoter and repress its expression to dampen plant salt stress tolerance.

The JASMONATE-ZIM-DOMAIN (JAZ) proteins interact with repress JA downstream transcriptional factors, such as MYC2, thus, functioning as repressors of JA signaling. It is reported that repression of OsJAZ9 in rice confers the plant increased salt stress tolerance while overexpression of these genes result in higher sensitivity to the stress (Wua et al., 2015), which supports a study that activated JA signaling by JA represses plant salt stress tolerance.

Catalase is a major antioxidase that primarily catalyzes the decomposition of H2O2, thus playing a vital role in plant diverse stress responses. In addition to antioxidases, plants also have multiple enzymes catalyzing the formation of ROS, such as NADPH oxidase, Glycolate Oxidase (GOX), and Acyl-CoA Oxidase (ACX) (Mittler, 2017; Liu et al., 2017b). To investigate whether these ROS-producing enzymes have roles in salt- or JA-regulated H2O2 accumulation, we examined their expression in the plant seedlings treated with salt stress in the presence or absence of JA. Our qRT-PCR results showed that high salinity treatment activated the expression of RBOHD, RDOHF, and ACX2, but not GOX1 or ACX3, while JA upregulated the expression of RBOHD and RDOHF but downregulated the expression of GOX1, ACX2, and ACX3 (Supplementary Figure 1). When both salt stress and JA were employed to treat the seedlings, the expression of RBOHD and RBOHF was significantly induced while the expression of GOX1 and ACX3 was suppressed compared to that in the untreated control plants (Supplementary Figure 1). These data suggested that RBOHD and RBOHF maybe also involved in salt- or JA-induced H2O2 accumulation by promoting ROS production. This hypothesis is supported by the previous report that both RBOHD and RBOHF are necessary for MeJA-induced stomatal closure by promoting ROS production in guard cells (Suhita et al., 2004). Extensive experiments are required to explore whether and how RBOHD and RBOHF function in JA-regulated plant salt stress response.

Recently, a report documented that MYC2 imparts salt stress tolerance by downregulating the expression of delta1-pyrroline-5-carboxylate synthase1 (P5CS1) that encodes a rate-limiting enzyme for proline synthesis (Verma et al., 2020). This study suggests the negative effect of JA on plant salt stress tolerance, while whether and how JA affects plant salt stress response through MYC2 remains elusive. Together with this report and our study, we speculate that JA elicits its negative regulatory role in plant salt stress tolerance by repressing the expression of CAT2 and P5CS1, leading to decreased antioxidant and osmotic-adjustment abilities in an MYC2-dependent manner. In addition to oxidative and osmotic stress damages, high salinity also causes ionic stress to plant (Julkowska and Testerink, 2015; Ryu and Cho, 2015). Whether and how JA has a role in the SOS pathway which is related to the efflux of excess Na+ remains unclear and is worthy to be experimentally explored.

It is noteworthy that JA and the components in its signaling pathway elicit positive effects on plant salt stress tolerance in addition to their negative roles during plant response to salt stress. For example, preliminary JA application confers the 4-week-old wild-type plants increased salt stress tolerance in terms of photosynthetic pigments contents under salt stress, while such positive effect of JA was insignificant in the myc2 mutants (Yastreb et al., 2015). In addition, salt stress-repressed lateral root growth in the wild-type seedlings is enhanced in the Glucosinolate Transporter1 (GTR1) mutant, which is characterized as a transporter of a bioactive form of JA, JA-Ile (Kuo et al., 2020), demonstrating that JA signaling functions in plant root growth and development during plant response to high salinity. Together with the previous studies, the roles of JA in plant salt stress tolerance are sophisticated and may be species- or conditions-dependent. Further experiments are still required to gain more insights into the mechanisms of JA underlying plant salt stress responses.
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Screening and breeding more salt-tolerant varieties is an effective way to deal with the global reduction in rice (Oryza sativa L.) yield caused by salt stress. However, the molecular mechanism underlying differences in salt tolerance between varieties, especially between the subspecies, is still unclear. We herein performed a comparative transcriptomic analysis under salt stress in contrasting two rice genotypes, namely RPY geng (japonica, tolerant variety) and Luohui 9 (named as Chao 2R in this study, indica, susceptible variety). 7208 and 3874 differentially expressed genes (DEGs) were identified under salt stress in Chao 2R and RPY geng, separately. Of them, 2714 DEGs were co-expressed in both genotypes, while 4494 and 1190 DEGs were specifically up/down-regulated in Chao 2R and RPY geng, respectively. Gene ontology (GO) analysis results provided a more reasonable explanation for the salt tolerance difference between the two genotypes. The expression of normal life process genes in Chao 2R were severely affected under salt stress, but RPY geng regulated the expression of multiple stress-related genes to adapt to the same intensity of salt stress, such as secondary metabolic process (GO:0019748), oxidation-reduction process (GO:0009067), etc. Furthermore, we highlighted important pathways and transcription factors (TFs) related to salt tolerance in RPY geng specific DEGs sets based on MapMan annotation and TF identification. Through Meta-QTLs mapping and homologous analysis, we screened out 18 salt stress-related candidate genes (RPY geng specific DEGs) in 15 Meta-QTLs. Our findings not only offer new insights into the difference in salt stress tolerance between the rice subspecies but also provide critical target genes to facilitate gene editing to enhance salt stress tolerance in rice.

Keywords: salt stress, comparative transcriptome, Meta-QTLs mapping, rice (Oryza sativa L.), seedling stage


INTRODUCTION

Rice (Oryza sativa L.) is one of the main food crops in the world and feeds nearly half of the world’s population (Parihar et al., 2015; Kong et al., 2019b). Soil salinity affects the growth and yield of rice in approximately one-third of the rice-growing land in the world (Hakim et al., 2014; Wang et al., 2018). Therefore, improving the salt tolerance of rice is essential to ensure food security for billions of people around the world. Plant salt stress tolerance is a very complex mechanism involving ion-homeostasis, ion-compartmentalization, osmoprotectant biosynthesis, and antioxidative defense (Ganie et al., 2019, 2021). So far, intensive efforts have been devoted to the dissection of genetic regulation of rice salt tolerance through reverse and forward genetic approaches (Ganie et al., 2016).

The salt stress tolerance of rice is related to the genotype, and different genotypes show discrepant salt stress tolerance (Ganie et al., 2016; Mansuri et al., 2019). Hundreds of salt stress-related QTLs have been identified among different rice populations to date (Kong et al., 2019b; Mansuri et al., 2020). However, only four salt stress-related genes have been cloned and experimentally verified in rice, namely, SKC1 (Lin et al., 2004; Hauser and Horie, 2010), HST1 (Takagi et al., 2015), OsHAK21 (He et al., 2019), and OsSTLK (Lin et al., 2020). Candidate genes in most QTLs reported so far are unknown due to the too large mapping interval. Meta-QTLs analysis can effectively narrow the mapping interval of QTLs to achieve reliable prediction of candidate genes by integrating the QTLs results from a large number of studies (Kong et al., 2020). 11 salt stress-related Meta-QTLs were reported via integrating QTL information from 12 studies (Islam et al., 2019). Recently, Mansuri et al. (2020) identified 46 Meta-QTLs of salt stress-related traits, including salinity tolerance score, shoot potassium concentration, shoot sodium concentration, chlorophyll content, shoot dry weight trait, etc., (Mansuri et al., 2020).

On the other hand, RNA-seq was utilized to detect genome-wide gene expression changes under salt stress and predict potential molecular networks in rice (Kong et al., 2019b; Mansuri et al., 2019, 2020). Many differentially expressed genes (DEGs) have been identified among the contrasting samples through RNA-sequencing analysis. For example, 995 and 1052 DEGs were identified in the shoot and root of Nipponbare (japonica) (Mizuno et al., 2010). Wang et al. (2018) conducted comparative transcriptome analysis between salt-tolerant and salt-sensitive genotypes of indica rice and reported 5,273 salt-responsive DEGs (286 DEGs only in the tolerant genotype) at the seedling stage (Wang et al., 2018). Another study compared transcriptome profiles of FL478 and its sensitive parent (IR29) and revealed 1063 DEGs were co-expressed in both FL478 and IR29 (Mansuri et al., 2019). It is well known that there are obvious differences in important agronomic traits and biotic/abiotic stresses between indica and japonica rice, and their hybrid progeny and derived lines often show obvious better-parent advantages in terms of yield and stress resistance (Yuan, 1994; Bian et al., 2010). Indica and japonica rice also have significant differences in abiotic stress resistance, including cold stress and salt stress (Yang et al., 2015). However, the molecular mechanism, key genes, and regulatory network of the difference in salt tolerance between indica and japonica rice are still unclear. In this study, we explored the genome-wide expression differences between RPY geng (japonica) and Chao 2R (indica) using RNA-seq technology. The results of integrating DEGs and Meta-QTLs highlighted the key salt stress-related genes and possible regulatory networks. Our finding not only provided a better insight into the difference in salt tolerance between indica and japonica rice but also contributed to potential gene targets for breeding better salt-tolerant varieties of indica-japonica hybrids.



MATERIALS AND METHODS


Plant Materials and Treatments

Rice seedlings were grown in 96-well PCR plates with Yoshida solution (Coolaber, Beijing, China) replaced every 2 days, 26°C, and a 16/8 h light/dark photoperiod, 60% relative humidity in plant growth incubators (ZSX1500GS, Jingshen Instrument, Shanghai, China) for 14 days (Kong et al., 2020). Fourteen-day-old seedlings of RPY geng and Chao 2R were changed into 100 mM NaCl Yoshida solution for salt stress treatment (Supplementary Figure 1). Then, we sampled root tissues at 0-day (0d), 3-day (3d), and 7-day (7d), respectively. Three independent biological replicates were prepared for each treatment/control group, and at least 30 seedlings with uniform growth were sampled for each biological replicate. After all samples were collected and immediately stored in liquid nitrogen for the next step of RNA extraction.

To evaluate salt stress tolerance of RPY geng and Chao 2R, 14-day-old seedlings were treated with 125 mM NaCl Yoshida solution for 7 days to simulate salt stress. After salt stress treatment, the seedlings were grown in Yoshida solution for 7 days and the survival rate of the seedlings were calculated. 30–45 seedlings were used for each treatment and all treatments were placed randomly with three replicates. The final survival rate of rice seedlings came from the average of the survival rates of three replicates.



RNA-Seq Sequencing and Transcriptome Analysis

RNA extraction and cDNA library construction of all tested samples were conducted by Biomarker Technologies (Beijing, China) according to the standard procedures. All cDNA libraries were sequenced on an Illumina sequencing platform (HiSeq 2500) by paired-end (2 bp × 150 bp) method. After the raw reads were filtered by Trimmomatic (Bolger et al., 2014), a total of 116.45 Gb clean reads were generated, and the percentage of Q30 bases in each sample was not less than 92.38% (Supplementary Table 1). Clean reads were mapped to RPY geng genome (assembled by our team, unpublished data) using Hisat2 software and quantified the mapped reads using StringTie software (Pertea et al., 2016). Gene expression levels were estimated by fragments per kilobase of transcript per million fragments mapped reads (FPKM) method. DESeq2 was used to identify DEGs with these limits: False Discovery Rate (FDR) < 0.01 and Fold Change ≥2.



Differential Gene Annotation and Transcription Factor Identification

Gene ontology (GO) enrichment of DEGs was performed with GOseq R package, and GO terms with KS < 0.01 were considered to be significantly enriched (Young et al., 2010). KEGG pathway enrichment of DEGs was performed by KOBAS (Mao et al., 2005), and the pathway with P-value < 0.05 was considered to be significantly enriched.

MapMan annotation of RPY geng specific DEGs was conducted in the online annotation website1 with default parameters (Kong et al., 2020). iTAK software (Jin et al., 2017) was used2 to identify transcription factors (TFs) with default parameters.



Meta-QTLs Mapping of Differentially Expressed Genes

Meta-QTLs were obtained from Mansuri et al. (2020) study. The physical locations of Meta-QTLs in IRGSP-1.0 genome were obtained by blasting SSR markers in the online blast tool3 of RAP-DB website (markers with a 100% match rate and the unique location in RAP-DB genome). IDs in RPY geng genome of DEGs were converted to IRGSP-1.0′ IDs through blastn with parameters: -max_target_seqs 1 -evalue 1e-6 -perc_identity 95. To ensure the accuracy of results, DEGs were further filtered based on the chromosome position and DEGs that were not on the same chromosome between RPY geng ID and IRGSP-1.0 ID were filtered out.



RT-PCR Verification of RNA-Seq Results

In this study, five randomly selected candidate genes for DEGs were used for RT-PCR analysis. The specific primers for these five genes and actin gene (an internal control) were designed by Primer 5.0 (Supplementary Table 2). The qRT-PCR reaction (10 μL) was formulated using the 2 X SYBR Green qPCR Master Mix (US Everbright®Inc., Suzhou, China). All qRT-PCRs were carried out on a CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States). Three biological replicates (from three independent RNA samples) were used for qRT-PCRs. For each biological replicate, three technical replicates were also conducted. The average threshold cycle (Ct) from three biological replicates was employed to calculate the gene expression fold change by the 2–ΔΔCT method (Kong et al., 2019a,b).



RESULTS


RPY Geng Is More Tolerant to Salt Stress Than Chao 2R at Seedling Stage

To characterize the difference in salt stress resistance between these two subspecies, we calculated the final survival rate of Chao 2R and RPY geng after salt treatment. We found that RPY geng had a higher survival rate than Chao 2R (81% vs. 31%) (Figure 1).
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FIGURE 1. The final survival rate of rice seedlings (Chao 2R and RPY geng) after 7 days of salt stress treatment and 7 days of recovery from three independent replicates. *** represented P value < 0.001. The bar value was generated from three independent biological replicates. Survival rate = number of surviving seedlings/total number of seedlings in each biological replicate.




RNA-Sequencing and Differentially Expressed Genes Results

RNA-sequencing was performed on 18 samples (Supplementary Figure 1), and sequencing data for each sample exceeded 6G with high mapping rates (Supplementary Table 1). The overall gene expression levels of the three biological replicates of each treatment were similar (Figure 2A) and the three biological replicates were clustered together with the Pearson correlation coefficient approaching 1 (Figure 2B).
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FIGURE 2. Sequencing data and differentially expressed genes (DEGs) results. (A) FPKM box diagram of all tested samples. (B) Heatmap of Pearson correlation coefficient for all tested samples. (C) Statistics results of DEGs in all comparison combinations. (D,E) The venn analysis of DEGs between Chao 2R and RPY geng in 3 or 7 days after stress treatment.


The results of DEGs analysis in RPY geng showed that there were 496 up-regulated and 644 down-regulated genes in 0d vs. 3d, 1352 up-regulated genes and 1489 down-regulated genes in 0d vs. 7d, and 969 up-regulated genes and 1085 down-regulated genes in 3d vs. 7d, respectively. However, Chao 2R had more DEGs than RPY geng in every comparison (Figure 2C). At 0d vs. 3d, RPY geng and Chao 2R shared 595 DEGs, at 0d vs. 7d, RPY geng and Chao 2R co-expressed 1744 DEGs (Figures 2D,E). Both RPY geng and Chao 2R had more DEGs in 0d vs. 7d than 0d vs. 3d, which indicated that more genes changed significantly the transcription levels with the extension of the salt stress time. The total number of DEGs in Chao 2R (7208) was significantly greater than that of RPY geng (3874), suggesting that the transcriptome of Chao 2R was more affected to salt stress, which along with the survival data indicated that Chao 2R was more sensitive to salt stress.



Enrichment and Annotation of Differentially Expressed Genes

In total there were 2714 DEGs (G2) shared by Chao 2R and RPY geng, 4494 DEGs (G1) unique to Chao 2R and 1160 DEGs (G3) unique to RPY geng (Figure 3A). The top 20 GO terms of G1, G2, G3 were compared in Figures 3B–D. G2 were significantly enriched in well-known GO terms related to abiotic stresses, such as plant-type cell wall organization (GO:0042744), hydrogen peroxide metabolic process (GO:0042743), response to hydrogen peroxide (GO:0042542), and so on (Figure 3C). As expected, G1 and G3 were enriched in completely different GO terms. The GO terms of G3 were related to various stress-related processes (Figure 3D), while GO terms of G1 involved the necessary life activity pathways, namely, cell division (GO: 0051301), cell cycle process (GO:0022402), and etc., (Figure 3B). The above results indicated that under the same intensity of salt stress, the normal life process of Chao 2R were severely affected, and there were many DEGs in RPY geng that played important roles in salt stress tolerance. Therefore, we then focused on analyzing DEGs in G2 and G3. In G2, 24 DEGs showed the opposite gene expression profiles in Chao 2R and RPY geng (Figure 3E). We speculated that these DEGs may be related to the difference in salt stress tolerance between RPY geng and Chao 2R (Supplementary Table 3).
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FIGURE 3. Go annotation and heatmap of DEGs. (A) Venn analysis of all DEGs between Chao 2R and RPY geng. (B) Top 20 Gene ontology (GO) terms of Chao-2R specific DEGs. (C) Top 20 GO terms of common DEGs in Chao 2R and RPY geng. (D) Top 20 GO terms of RPY geng specific DEGs. (E) Heatmap of DEGs with the opposite expressed profiles in two subspecies. RPY means RPY geng, C2R means Chao 2R, 0d, 3d, and 7d means control, 3rd day after treatment, and 7th day after treatment in panel (B).




Key Salt Stress Responsive Genes and Pathways in RPY Geng

Next, DEGs (G2 + G3) were further analyzed to explore the regulatory network of salt tolerance in RPY geng. The MapMan results showed that, RPY geng specific DEGs were mainly enriched in secondary metabolism, stress, signaling, transport, hormone metabolism, and other pathways in addition to essential cellular component pathways (protein, RNA, etc.) (Figure 4A). These DEGs were involved in many aspects of plant response to biotic stress, including signaling, mitogen activated protein kinases (MAPK) pathway, secondary metabolites, plant hormones (such as auxins, brassinosteroids, ABA, ethylene, SA, JA), and various functional proteins (Figure 4B). In addition, 26 types of TFs might also played an important role in salt stress tolerance, including AP2/ERF-ERF, bHLH, NAC, bZIP, MYB, and other TFs (Figure 4C). Under salt stress, the gene expression profiles of these TF genes were obviously differentiated with different direction, even within the same gene family, i.e., within AP2/ERF-ERF subfamily, EVM0018561 was up-regulated while EVM0000387 and EVM0019838 were down-regulated, within RPY geng, which suggested that the salt stress tolerance of RPY geng was a very complex process involving many different types of pathways and TFs (Figure 4D).
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FIGURE 4. MapMan annotations and gene expression analysis of RPY geng specific DEGs (G2 + G3). (A) Functional categories of DEGs based on MapMan annotations. (B) The MapMan biotic stress overview of RPY geng specific DEGs. (C) The transcription factors (TFs) of RPY geng specific DEGs. (D) Gene expression profiles of TF genes. Blue boxes represented genes were differentially expressed on day 3 or/and on day 7 after salt stress treatment in panel (B). The percentage of different TFs in the total TFs was represented by pie chart in panel (C). The high-resolution of this figure was provided in Supplementary Figure 2.




Meta-QTLs Mapping of Differentially Expressed Genes Reveals Important Candidate Genes for Salt Stress

In order to obtain salt-stress-related candidate genes, we thus collected 43 salt-stress-related Meta-QTLs (Figure 5A and Supplementary Table 4) for Meta-QTLs mapping and 330 salt-stress-related genes for homologous genes identification (Figure 5B and Supplementary Table 5). Here, 42 Meta-QTLs contained varying amounts of DEGs (from G2 + G3) ranging 3 to 71, and 9 Meta-QTLs contained different number of known genes from 1 to 5 (Figure 5A and Supplementary Table 6). Notably, G2 + G3 covered 70 known salt stress-related genes (Figure 5B and Supplementary Table 7), suggesting that the previously reported salt-stress-related genes also played important roles in RPY geng stress tolerance.
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FIGURE 5. Homologous genes of known genes in Meta-QTLs. (A) Statistics of known genes (red) and new genes (blue) of DEGs in each Meta-QTLs. (B) The venn analysis result of G2 + G3 and known genes. (C) Known genes (red) and homologous genes of known genes (black) in Meta-QTLs. (D) RT-PCR and RNA-seq results of five randomly selected candidate genes. G2 + G3 represented RPY geng specific DEGs in panel (B); Red, black, and blue represented known genes, homologous genes of known genes, and Meta-QTLs, respectively; Blue represented gene expression changes relative to the control of RNA-seq in panel (D), details were provided in Supplementary Table 8. ***means that the difference is significant relative to the control (p < 0.001), and ns means that the difference is not significant compared to the control.


We noticed that there were still overfull DEGs among Meta-QTLs after Meta-QTLs mapping, which made it difficult to predict candidate genes. Due to homologous genes often have similar biological functions, we thus searched the homologous genes of 330 known genes in all Meta-QTLs using blastn (Evalue 1E-20). Finally, 18 homologous genes of known genes were obtained in 15 Meta-QTLs, which effectively narrowed the range of candidate genes (Figure 5C and Table 1). We randomly selected five genes for RT-PCR verification. The results of RT-PCR and RNA-seq consistently supported that these genes were salt stress-responsive genes (Figure 5D and Supplementary Table 8).


TABLE 1. Eighteen homologous genes of known genes.
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DISCUSSION

In view of the catastrophic effects of salt stress on rice, several studies have so far explored the transcriptional changes of rice under salt stress. These earlier studies focused on only a variety or one subspecies (Mizuno et al., 2010; Wang et al., 2018; Mansuri et al., 2019). For example, Nipponbare (janopinca) was used in Mizuno et al. (2010) study, Xian156 (indica) and IR28 (indica) were used in Wang et al. (2018) study, as well as FL478 (indica) and IR29 (indica) were used in Mansuri et al. (2019) study. However, the difference in salt tolerance between indica and japonica has not been fully explained, which may be related to the differences in genome and transcription between them. In order to take advantage of the difference between indica and japonica rice to cultivate new rice varieties with higher salt tolerance by inter-subspecies hybrids, it is necessary to explore the transcriptional differences in the tolerance of indica and japonica and the underlying molecular mechanisms. Our GO analysis implied that RPY geng had salt stress-related DEGs which conferred higher salt stress tolerance. The DEGs annotation results of these two varieties are completely consistent with the comparative analysis result of the family genes of Chao 2R and RPY geng genomes wherein the RPY geng-specific gene families are closely related to abiotic stress, while the Chao 2R-specific gene families are enriched in essential life activities (unpublished data). Therefore, the results of transcription and genomic data both suggest that the difference in salt stress tolerance between Chao 2R and RPY geng is due to differences in genetic data sets. In the current study, the integrated survival rate and transcription annotation results concluded that RPY geng (japonica) has stronger salt stress tolerance than Chao 2R (indica). Differently, we reported earlier that TNG67 (indica) is more tolerant to salt stress than TCN1 (japonica) (Kong et al., 2019b). Lee et al. (2003) also reported the salt tolerance level of indica was higher than that of japonica. Chen et al. (2018) reported that 9311 (indica) has higher salt stress than Nipponbare (japonica) and found that the abundance variation of OsHAK1 transcript underlies the differential salinity tolerance of 9311 and Nipponbare. These results indicated that the difference in salt tolerance between indica and japonica rice is not absolute, and the difference in salt tolerance may be related to important QTLs, such as the above-mentioned OsHAK1. Major QTLs related to salt stress difference between RPY geng and Chao 2R are expected to be fine mapped by combining QTL mapping in the derived populations from a cross of RPY geng and Chao 2R and RNA-seq analysis in immediate future.

Salt stress tolerance is a complicated quantitative trait controlled by multiple genes (Yang et al., 2015; Kong et al., 2019b). In this study, RPY geng (salt-tolerant rice) specific DEGs involved multiple biological pathways closely related to abiotic stress. Previous studies have shown that Ca2+-mediated signaling pathways, MAPK, ROS, and ABA signaling pathways played an important role in plant response to salt stress (Tuteja, 2007; Golldack et al., 2014). These signal genes were also significantly enriched in RPY geng specific DEGs, which was in line with the original studies (Tuteja, 2007; Golldack et al., 2014). A large number of novel TFs were identified in this study, suggesting that TFs also played crucial roles in response to salt stress and differential tolerance between indica and japonica rice. For example, previous studies have shown that WRKY TFs were important regulators of plant salt stress tolerance (Jiang et al., 2017). Another study reported that rice OsMYB2 TF was involved in the salt tolerance, cold tolerance and dehydration tolerance (An et al., 2012). Many phytohormones are important secondary signal molecules that can regulate a variety of external environmental stimuli (Duan et al., 2013). For example, several genes in ABA synthesis and signal transduction pathways can respond to salt stress and increase the ABA content in plants under salt stress (Wang et al., 2014; Shu et al., 2017). In addition, salt stress will reduce the activity level of GA, cause the accumulation of DELLA protein, and then inhibit plant growth to adapt to the stress (Achard et al., 2006). As shown in Figure 4B, these important DEGs involving multiple biological processes may endow RPY geng with higher stress tolerance than Chao 2R and provide potential gene targets for future gene editing verification.

Previous rice salt stress tolerance transcriptome analysis mostly described the GO or KEGG pathway involved in DEGs, but important DEGs closely related to stress tolerance were not focused (Mizuno et al., 2010; Wang et al., 2018; Mansuri et al., 2019). The continuous release of salt tolerance QTL results from different populations has made it possible for us to integrate the transcriptome results to highlight key candidate genes. Here, we innovatively integrated the results of multiple omics including our DEGs, the published Meta-QTLs, as well as known salt stress genes and finally obtained 18 candidate genes, which provided reliable targets for subsequent breeding. Previous studies reported that OsNAC2 encodes a NAC TF (Mao et al., 2020) and transgenic lines of over-expressing OsNAC2 gene are more sensitive to high salt stress (Shen et al., 2017). We also found a homologous gene (EVM0041760) of OsNAC2 in MQTL-2.3, and speculated that this gene may also play an important role in rice salt stress tolerance through a molecular regulatory mechanism similar to OsNAC2. Additionally, EVM0022292 in MQTL-5.3 is a homolog of four several known genes belonging to NAC domain transcription factor gene family [OsNAC5 (Takasaki et al., 2010); OsNAC9 (Liu et al., 2014); OsNAP (Chen et al., 2014); and OsNAC6 (Hu et al., 2008)], which emphasize the indispensable role of the NAC family in salt stress tolerance. Besides, OsHsfB2b, a heat shock factor was considered a core regulator in the defense response to heat stress and negatively regulates the tolerance of rice to drought stress. In this study, EVM0024006 and EVM0035261 were identified as homologous genes of OsHsfB2b suggesting that heat shock factors may also play an important role in salt stress, and there may be links between different stress regulatory networks. In addition, EVM0000377 and EVM0006395 were homologous genes of Osmyb4 and OsMYB91. Overexpression of the rice Osmyb4 gene enhanced chilling and freezing tolerance in Arabidopsis (Vannini et al., 2004) and OsMYB91 had a function in coordinating plant growth and salt stress tolerance in rice (Zhu et al., 2015). EVM0022714, EVM0025666, and EVM0013858 were homologous genes of RCc3 and RCc3 has been proven to improve root system architecture and enhance salt tolerance in rice (Li et al., 2018). OsVP1, the homologous gene of EVM0012484, participated in drought tolerance, salt tolerance, and cold tolerance in rice (Liu et al., 2010; Zhang et al., 2011). OsKAT1, the homologous gene of EVM0006884, was involved in salt tolerance of rice in cooperation with other K+ channels by participating in maintenance of cytosolic cation homeostasis during salt stress, and thus protected cells from Na+ (Obata et al., 2007). RSOsPR10, the homologous gene of EVM0024798, was a novel rice PR10 protein, which was rapidly induced in roots by salt, drought stresses and blast fungus infection possibly through activation of the jasmonic acid signaling pathway (Hashimoto et al., 2004). Another study reported that the expression of OsMGD (the homologous gene of EVM0009491) was induced by ethephon, gibberellin, drought, and salt treatment, suggesting that OsMGD plays a key role in abiotic stress response (Qi et al., 2004). Co-overexpression of OsGS1;1 (the homologous gene of EVM0009491) and OsGS2 in transgenic rice plants enhanced its tolerance to osmotic and salinity stress at the seedling stage (James et al., 2018). OsPM19L1, the homologous gene of EVM0011147, encoding Oryza sativa AWPM-19-like protein 1 was proven to be dramatically induced by 20% PEG stress, exogenous abscisic acid, salt, and cold stress and associated with stress tolerance through ABA-dependent pathway in rice (Chen et al., 2015). OsBIERF4 and OsEREBP2 were homologous genes of EVM0019096 and have been experimentally proven to be significantly induced by salt stress (Cao et al., 2006; Serra et al., 2013). Overall, our multi-omics analysis results highlighted the important regulatory genes of salt stress in Meta-QTLs. The candidate genes highlighted in this study provide reliable targets for gene editing to produce rice varieties with higher salt tolerance.



CONCLUSION

The comparative genomic results of Chao 2R and RPY geng under salt stress indicated that the difference in salt stress tolerance between indica and japonica rice is most likely due to the difference in the DEGs data set related to salt stress. Here, we further pointed out these genes involved in multiple regulatory pathways in the RPY geng-specific data set can be applied to future gene editing and breeding through multiple annotation methods and multi-omics joint analysis.
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High levels of soil salinity affect plant growth, reproduction, water and ion uptake, and plant metabolism in a complex manner. In this work, the effect of salt stress on vegetative growth, photosynthetic activity, and chloroplast ultrastructure of spearmint (Mentha spicata L. var. crispa “Moroccan”) was investigated. After 2 weeks of low concentration treatments (5, 25, and 50 mM NaCl) of freshly cut shoots, we observed that the stem-derived adventitious root formation, which is a major mean for vegetative reproduction among mints, was completely inhibited at 50 mM NaCl concentration. One-week-long, high concentration (150 mM NaCl) salt stress, and isosmotic polyethylene glycol (PEG) 6000 treatments were compared in intact (rooted) plants and freshly cut, i.e., rootless shoots. Our data showed that roots have an important role in mitigating the deleterious effects of both the osmotic (PEG treatment) and specific ionic components of high salinity stress. At 50 mM NaCl or above, the ionic component of salt stress caused strong and irreversible physiological alterations. The effects include a decrease in relative water content, the maximal and actual quantum efficiency of photosystem II, relative chlorophyll content, as well as disorganization of the native chlorophyll-protein complexes as revealed by 77 K fluorescence spectroscopy. In addition, important ultrastructural damage was observed by transmission electron microscopy such as the swelling of the thylakoid lumen at 50 mM NaCl treatment. Interestingly, in almost fully dry leaf regions and leaves, granum structure was relatively well retained, however, their disorganization occurred in leaf chloroplasts of rooted spearmint treated with 150 mM NaCl. This loss of granum regularity was also confirmed in the leaves of these plants using small-angle neutron scattering measurements of intact leaves of 150 mM NaCl-stressed rooted plants. At the same time, solid-phase microextraction of spearmint leaves followed by gas chromatography and mass spectrometry (GC/MS) analyses revealed that the essential oil composition of spearmint was unaffected by the treatments applied in this work. Taken together, the used spearmint cultivar tolerates low salinity levels. However, at 50 mM NaCl concentration and above, the ionic components of the stress strongly inhibit adventitious root formation and thus their clonal propagation, and severely damage the photosynthetic apparatus.

Keywords: chlorophyll, chloroplast, granum, polyethylene glycol (PEG), small-angle neutron scattering (SANS), swelling, transmission electron microscope (TEM), vegetative propagation


INTRODUCTION

Spearmint is a perennial herbaceous medicinal plant from the Lamiaceae family. The plants that belong to this family and genus are a rich source of secondary metabolites like terpenoids and polyphenols which have strong biological effects (Gulluce et al., 2007; Bimakr et al., 2011; Mahendran and Rahman, 2020). Therefore, such plants are often used as medicinal and aromatic plants or for culinary purposes.

Mint has been used by humans to disinfect homes after infectious disease or death for ages, and this way it came to represent cleanliness. Studies confirmed that the leaves of spearmint (Mentha spicata L. var. crispa) have anti-fungal, anti-microbial, anti-inflammatory, anti-tumor, and antioxidant activities (Mata et al., 2007; Sokovi et al., 2009; Lixandru et al., 2010; Guimarães et al., 2011; Chrysargyris et al., 2017; Salehi et al., 2018). Furthermore, its essential oil used to be an official drug in the Hungarian Pharmacopeia under the name Aetheroleum menthae crispae. In folk medicine, spearmint has been attributed a variety of therapeutic properties, including the prevention of chemotherapy-induced nausea and vomiting (CINV) and the treatment of respiratory and digestive troubles (Karousou et al., 2007; Cakilcioglu et al., 2011).

Spearmint essential oil is widely used in several products as an aromatic or fragrance agent such as medications and sweets, as well as chewing gum, toothpaste, and mouthwashes, and is an important compound of ecological pesticides and antimicrobial agents (Chrysargyris et al., 2017). Spearmint leaves and rarely essential oils are used to flavor teas, stews, and soups with the dried leaves used to preserve season meat such as lamb, fish, chicken, and vegetables such as rice (Mata et al., 2007; Igoumenidis et al., 2016; Salehi et al., 2018). Spearmint is also used as an ingredient in a variety of mixed drinks, including the mojito, and the mint julep.

The major constituent of spearmint essential oil is carvone, which provides spearmint its characteristic scent (Kokkini et al., 1995). In addition, spearmint essential oil also contains noteworthy concentrations of limonene and 1,8-cineole (Cirlini et al., 2016; Chrysargyris et al., 2017). Carvone is reported to inhibit bacterial growth and has fungicide and insect repellent properties (Oosterhaven et al., 1995).

Mint essential oil is among the 10 most commercialized essential oils. Moreover, spearmint is one of the most valuable flavors listed after vanilla and citrus (Chrysargyris et al., 2017). Therefore, spearmint is widely cultivated in all parts of the world and there is a growing demand for spearmint cultivation. The decrease in quality of arable land due to salinization, accumulation of heavy metals and organic pollutants, projected increase in temperature and erratic precipitation patterns represent a huge challenge to mankind. High soil salinity and high salt concentration in water available for irrigation effect and limit agricultural production in several areas worldwide including countries in the Mediterranean Region and the Sahara, e.g., Morocco and Algeria (Sarmoum et al., 2019), where mint production for pharmaceutical and food purposes is traditionally and economically important (El Hassani, 2020). Previous literature data indicated that wild mint is sensitive or moderately sensitive to salinity (Warrance et al., 2002). Peppermint is also highly sensitive to soil salinity, as it cannot maintain normal growth, biomass, and essential oil production in soils containing more than 75 mM NaCl (0.3%). Therefore, the breeding of salinity tolerant peppermint cultivars is important as well as understanding salinity stress induced cellular responses (Li et al., 2015). The effect of salt stress on photosynthesis and essential oil composition were studied in peppermint and other mint species (Aziz et al., 2008; Oueslati et al., 2010; Kasrati et al., 2014; Li et al., 2015; Yu et al., 2015). However, only one paper studied spearmint in the said respect (Chrysargyris et al., 2019) but it did not use a local, Moroccan cultivar. Data showed decreased growth, chlorophyll content, and altered essential oil profile under salt stress, but no 77 K fluorescence emission analyses and ultrastructural observations were carried out in these studies. Therefore, in this work, we wanted to investigate whether spearmint could be cultivated under salt stress conditions and how its photosynthetic tissues and especially the organization and structure of its photosynthetic apparatus were affected by salinity.

Soil salinity is expected to affect the world more severely and extensively in the coming years. Increasing salinity in water resources is also associated with increasing salinity in the soil (McFarlane and Williamson, 2002). High soil salinity influences plant growth and productivity in a complex manner. It can trigger both hyperionic and hyperosmotic stress in plants (Hasegawa et al., 2000; Pagter et al., 2009; Isayenkov and Maathuis, 2019; Wani et al., 2020). Under salt stress conditions, photosynthetic parameters have been shown to be suppressed in a variety of plant species (James et al., 2002, 2006; Chaves et al., 2009; Bose et al., 2017). However, there are contradictions in the literature about the effect of salt stress on plastid structure. In many studies, the swelling of the thylakoid lumen and disorganization of the thylakoid system in chloroplasts was observed under salt stress (Salama et al., 1994; Yamane et al., 2008, 2012; Omoto et al., 2010; Evelin et al., 2013; Gao et al., 2015a; Goussi et al., 2018). Salt stress has an effect on chloroplast and thylakoid ion homeostasis (Bose et al., 2017), as well as on the lipid bilayer membrane, its composition and stability. Furthermore, by increasing lipid peroxidation, salt stress can cause membrane damage (Miller et al., 2010; Yamane et al., 2012; Suo et al., 2017). Increased number and size of plastoglobules have often been related to various stresses and were also observed under salt stress in susceptible species (Hernández et al., 1995; Solymosi and Bertrand, 2012; Acosta-Motos et al., 2017). It is assumed that plastoglobules are related to salt tolerance or may be related to degradation or aging processes during stress. Starch accumulation may be also affected by salinity stress (de Morais et al., 2019).

The above ultrastructural observations, especially those reporting thylakoid swelling, were reported in leaf samples prepared using conventional chemical fixation (using aqueous, ionic buffers), dehydration, embedding, and subsequent ultrathin sectioning, contrasting, and analysis by transmission electron microscopy (TEM). Small-angle neutron scattering (SANS) is another non-invasive method that also provides information about the ultrastructure of thylakoid membranes, i.e., their repeat distance, RD, and periodic order, averaged over the entire sample volume in the neutron beam in vitro (Nagy et al., 2013). During the sample preparation for electron microscopy, fixation or other artifacts related to osmotic shock or imbalance may occur.

Therefore, we wanted to develop model plant systems using living, intact, or almost intact plants in which the effects of salt stress on chloroplast structure could be compared critically using SANS and TEM. In this work, our objective was to check whether the effects of salt stress can be studied and compared in intact plants with these two methods yielding novel ultrastructural data. In addition, we aimed to investigate salinity stress in spearmint and compare the effects of ionic and osmotic components of salt stress on the essential oil composition, photosynthetic activity, and chloroplast structure in seedlings treated with various NaCl concentrations through the root or in a model system through the shoot.



MATERIALS AND METHODS


Plant Material and Treatment Conditions

Potted spearmint (Mentha spicata L. var. crispa “Moroccan”) plants were purchased from Etnoflóra company (Budapest, Hungary). Offsprings of the same clone were used throughout the experiments. Spearmint has a decussate leaf arrangement. Our measurements were performed using generally the third and fourth decussate leaf pairs on the aerial parts of the plants (numbering started from the shoot tip, and refers to the leaf pairs located at the third and fourth nodes), except for SANS measurements, where the upper part of the whole plant (first four leaf pairs and shoot tip) was measured. For essential oil determination, third, fourth, and fifth leaf pairs were used. We investigated the effect of salt stress on spearmint using two experimental setups. In the first experiment, we applied low concentrations of NaCl (VWR International Ltd., Hungary) stress to freshly cut 15- to 20-cm-long mint shoots for 14 days. During treatment, the shoots were immersed into distilled water supplemented with NaCl to reach 0, 5, 25, and 50 mM NaCl final concentrations (Figures 1A,B). In the second experiment, stronger salt stress (150 mM NaCl dissolved in distilled water) was applied for 7 days to the 15–20-cm-long freshly cut shoots (Figures 1C,D) and to rooted plants kept in glass Erlenmeyer flasks (Figures 1E,F). Flasks were closed by parafilm to minimize the evaporation of the solutions (Figure 1). In this high concentration setting, we wanted to compare the osmotic and ionic components of salt stress, therefore, a non-ionic component, polyethylene glycol (PEG-6000, Duchefa Biochemie, Netherlands) was used. Its amount was determined using Gonotec Osmomat 3000 basic osmometer (Roebling, Germany) and adjusted so that the osmolarity of the resulting solution was the same as that of the 150 mM NaCl solution (283 mOsm). The plants were kept at room temperature (25–26°C) and natural light conditions (~100–150 μmol s−1 m−2 photon flux density, 12:12 h photoperiod). The relative humidity of the air varied from 25 to 30%.
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FIGURE 1. The phenotype of typical spearmint plants used for the various experiments in this work before (A,C,E) and after (B,D,F) of the applied treatments. (A,B) Adventitious root formation on freshly cut spearmint shoots exposed to 0, 5, 25, or 50 mM of NaCl (in distilled water) for 2 weeks. Please note that in the solution containing 50 mM NaCl concentration, no roots were formed (B). (C–F) Freshly cut, i.e., rootless (C,D) or rooted (E,F) spearmint shoots treated with 0 mM NaCl (control, distilled water), 150 mM NaCl (in distilled water), and polyethylene glycol (PEG-6000, in distilled water, with equal osmolarity to the 150 mM NaCl solution) for 1 week. After positioning the plants (A,C), the Erlenmeyer flasks were carefully covered with parafilm to avoid evaporation (B,D–F).




Fluorescence Spectroscopy at 77K

One leaf segment per treated plant was placed in a glass tube and then immersed in liquid nitrogen. Fluorescence emission spectra at 77K were recorded using a FluoroMax 3 spectrofluorometer (Jobin Yvon-Horiba, France) with samples being immersed in a liquid nitrogen-containing dewar. The excitation wavelength was 440 nm, the integration time was 0.2 s, and the excitation and emission slits were set to 2 and 5 nm, respectively. Three spectra were recorded and automatically averaged for each sample. Emission signals were corrected for the wavelength-dependent sensitivity of the detection; when necessary, baseline correction, which eliminates light scattering effects, and 3-point and 5-point linear smoothing were also performed using the SPSERV V3.14 program (copyright: C. Bagyinka, Institute of Biophysics, Biological Research Center of the Hungarian Academy of Science, Hungary). Samples were collected from three independent repetitions and from different plants (n = 3–11). Due to differences in the size of the measured leaf segments and their geometry during measurement, the spectra were normalized to their maxima and these normalized spectra were averaged and are shown.



Leaf Chlorophyll Content

A SPAD-502 Plus Chlorophyll Meter® (Konica Minolta, Japan) was used to estimate leaf chlorophyll content. Samples were collected from three independent experiments with two to four repetitions (n = 6–12) from different plants (third and fourth leaf pairs were measured on each plant, two to three different SPAD readings were taken per leaf), then average SPAD chlorophyll readings were calculated in each case as indicated in the Figure and Table legends (n = 80–147).



Relative Water Content (RWC)

Plant water status was assessed by determining leaf relative water content (RWC) (González and González-Vilar, 2001). Measurements were carried out in three or four independent experiments, with three to eight biological replicates in each experiment. The replicates contained three to four leaf discs of 3 mm diameter from one leaf. RWC was estimated as [(FW - DW)/(TW – DW)] × 100, where FW is the fresh weight of the discs, TW is the turgid weight after overnight rehydration of the discs, by floating in distilled water at 4°C. The dry weight (DW) of the discs was obtained after oven-drying at 80°C until a constant weight was achieved.



Photosynthetic Activity

The photosynthetic activity of the various samples was determined using a FluorPen FP 100 (Photon Systems Instruments, Czech Republic) portable instrument by recording fast chlorophyll fluorescence induction kinetics in light-adapted samples (“Qy light,” equivalent to Fv‘/Fm’) and also after 20 min of dark adaptation (“Qy dark,” equivalent to Fv/Fm), which parameters thus represent the actual and the maximal quantum efficiency of photosystem II, respectively (Björkman and Demmig, 1987). Measurements were carried out in at least three independent experiments, with 6–12 biological replicates in each experiment. From different plants, third and fourth leaf pairs were measured and 2 Qy measurements were taken per leaf. Average Qy data were calculated in each case as indicated in the Figure and Table legends (n = 16–36).



Transmission Electron Microscopy (TEM)

Leaf sections (1 × 1 mm) were cut in 2.5% (v/v) glutaraldehyde, from the central parts of leaf blades of the treated leaf segments, with major veins being avoided. After sampling, leaf pieces were fixed in glutaraldehyde for at least 3 h, then post-fixed in 1% OsO4 (w/v) for 2 h. Fixatives were buffered with 70 mM Na2HPO4-KH2PO4 pH 7.2, and this solution was used three times for 15 min in order to wash out the excess of the fixatives from the tissues after each fixation step. After dehydration in an alcohol series, samples were embedded in Durcupan ACM resin (Fluka, Buchs, Switzerland). Ultrathin sections (70 nm) were prepared on a Reichert Jung ultramicrotome (Reichert Jung AG, Austria) and were stained with uranyl acetate and Reynold's lead citrate. Transmission electron microscopic (TEM) analyses were carried out with a JEOL JEM 1011 (JEOL Ltd., Japan) TEM at 80 kV accelerating voltage. Digital images were taken using the Olympus Morada CCD camera (Olympus Optical Co. Ltd., Japan). Fast Fourier transformation (FFT) on the selected region of interest of particular micrographs was performed using ImageJ (NIH, US) software to determine the granum RD values on them according to Ünnep et al. (2014). The number of randomly chosen chloroplasts was 30–35, and the RD values were averaged from 147 to 170 randomly chosen grana measured in them.



Small-Angle Neutron Scattering (SANS)

Small-angle neutron scattering measurements were carried out at the “Yellow Submarine” SANS instrument of the Budapest Neutron Center (BNC, Budapest, Hungary). The sample-to-detector distance, the collimation distance, and the wavelength were set to 5.6, 4.5 m, and 5.76 Å, respectively. Intact rooted plants were placed on the sample holder. The acquisition time was 4 h, wherein consecutive profiles were then averaged to improve the relatively low S/N ratio. Three independent biological replicates were measured, and raw data were treated with the BerSANS program (Keiderling, 2002). The RD values (RD = 2π/q*, q* is the center position of the Bragg peak) of granal thylakoid membrane comprised the widths of the lumen, of the interthylakoidal aqueous space, and twice the width of the membrane (Nagy and Garab, 2020). The values were obtained by fitting a linear combination of a constant, a power and a Gauss function on the radially averaged values. For further details, see (Füzi et al., 2017; Ünnep et al., 2020).



Solid-Phase Microextraction (SPME) of the Essential Oil

Pooled intact and fresh third and fourth leaf pairs (0.5–1 g fresh mass) were used for the essential oil analyses. Samples were put into vials (20 ml headspace) sealed with a silicon/polytetrafluoroethylene septum prior to the static headspace solid-phase microextraction (sHS-SPME). A CTC Combi PAL (CTC Analytics AG, Switzerland) automatic multipurpose sampler was used for the sample preparation by applying the static headspace solid-phase microextraction (sHS-SPME) technique using a 65 mM StableFlex carboxene/polydimethylsiloxane/divinylbenzene (CAR/PDMS/DVB) SPME fiber (Supelco, US). After 5 min incubation at 100°C, the fiber was exposed to the headspace of the 20-ml vial containing the sample for 10 min at 100°C in order to obtain extraction. After this, the fiber was immediately transferred to the injector port of the gas chromatograph/mass spectrometer (GC/MS) and desorbed for 1 min at 250°C. The splitless mode was used for injections. In all cases, the SPME fiber was cleaned and conditioned in a Fiber Bakeout Station in a pure nitrogen atmosphere at 250°C for 15 min. SPME gas chromatography/mass spectrometry (SPME-GC/MS) analysis was performed after this.



Gas Chromatography-Mass Spectrometry (GC/MS)

An Agilent 6890N/5973N GC/MSD (Agilent, US) system equipped with a Supelco (Sigma-Aldrich, US) SLB-5MS capillary column (30 m × 250 μm × 0.25 μm) was used for the measurements. According to the program that was used, the temperature of the GC oven increased from 60°C (3 min isothermal) to 250°C at 8°C/min (1 min isothermal). The carrier gas (high purity helium at 6) was applied at 1 ml/min (37 cm/s) in constant flow mode. Detection was obtained using a mass selective detector (MSD) equipped with a quadrupole mass analyzer. The detector was operated in electron ionization mode at 70 eV in full scan mode (41–500 amu at 3.2 scan/s). MSD ChemStation D 0.02.00.275 software (Agilent, US) was used for data analysis. Compounds were identified by comparing retention data and recorded spectra with literature data, and the NIST 2 library (NIST, US). Zone averaged data were used for percentage analyses. Standard errors are calculated from three or five independent biological replicates as indicated, measured in the same period of the year on the same clone.



Statistical Analyses

Statistical analyses (normality test, ANOVA, and post hoc tests) were performed using GraphPad Prism 8 (GraphPad Software, US). In the case of data following normal distribution, and significant differences detected by one-way ANOVA, Tukey-Kramer multiple comparisons test was used as a post hoc test. Some data did not follow a normal distribution, in this case, the Kruskal-Wallis non-parametric ANOVA test was performed, followed by Dunn's multiple comparisons test as a post hoc test. Significant differences were labeled with different letters. For all data, P < 0.05 was considered significant.




RESULTS

Salinity affects an increasing amount of arable land, this way areas suitable for agricultural production are continuously diminishing. Therefore, we primarily wanted to investigate whether spearmint could be cultivated and propagated under low concentration salt stress conditions.


The Effect of Low Concentration Salt Stress Treatments on Spearmint

In the case of mint species, adventitious roots produced on the rhizome or the lower nodes of the stem are often playing a major role in the vegetative reproduction and clonal growth of the plants. These roots were produced both during normal development and after injuries. In the latter case, differentiated tissues were regaining their meristematic function via dedifferentiation and subsequently produced a new root tip. In this work, we first checked in a model system whether adventitious root formation or chloroplast structure, photosynthesis, and essential oil composition were influenced by low levels of salinity. Therefore, we exposed freshly cut spearmint shoots to low levels (0, 5, 25, or 50 mM) of NaCl for 2 weeks (Figure 1).

We observed normal adventitious root formation in 0, 5, and 25 mM NaCl solutions, while no roots were observed in the case of the shoots immersed into 50 mM NaCl (compare Figures 1A,B). These data showed that relatively low NaCl concentrations readily inhibit adventitious root formation, an important factor in spearmint vegetative reproduction.

At 50 mM NaCl concentrations, the leaves started to show chlorotic symptoms, and the leaf margins or sometimes also the entire leaves became dry and brownish (Figure 1B). The RWC values of the leaves significantly and gradually decreased with the applied salt stress treatments of increasing severity (Figure 2; Supplementary Table 1), and their SPAD index values reflecting their relative chlorophyll contents also significantly decreased (Figure 3; Supplementary Table 2). The data showed that after 2 weeks of treatment, the control shoots (immersed into distilled water) had a significant increase in the chlorophyll contents of their third and fourth leaf pairs, which indicated that chlorophyll biosynthesis and accumulation was still active in them. Therefore, when compared with the control plants after 2 weeks, the leaves of the plants treated with all salt concentrations had a lower chlorophyll content, with drastically low values measured in the case of the plants treated with 50 mM NaCl (Figure 3).
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FIGURE 2. Relative water contents of third and fourth leaf pairs of freshly cut spearmint shoot before treatment (Day 0, distilled water, “H2O”), or after 2 weeks of treatment with 0 mM NaCl (Day 14, distilled water, “H2O”), 5, 25 and 50 mM NaCl (dissolved in distilled water, measured on Day 14). Different letters indicate statistically significant differences between the samples according to one-way ANOVA and Tukey-Kramer multiple comparisons test (P < 0.05) (n = 24–30).
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FIGURE 3. SPAD index of third and fourth leaf pairs of freshly cut spearmint shoots before treatment (“Day 0”), or after 2 weeks of treatment (“Day 14”) with 0 mM NaCl (H2O, distilled water), 5, 25, and 50 mM NaCl (dissolved in distilled water). Different letters indicate statistically significant differences between the samples according to Kruskal-Wallis non-parametric ANOVA followed by Dunn's multiple comparisons post hoc test (P < 0.05) (n = 120–147).


In order to check the activity of the photosynthetic apparatus, chlorophyll fast fluorescence induction parameters were recorded (Figure 4, Supplementary Table 2). The Qy dark values characterizing the maximal quantum efficiency of photosystem II were determined after 20 min of dark adaptation of the plants, while the actual quantum efficiency values (Qy light) were measured in light-adapted samples (Qy light). The higher the Qy value, the higher the PSII-related photosynthetic activity. After 2 weeks of treatment, both Qy values significantly and gradually decreased in the samples treated with increasing salt concentration, especially at 50 mM of salt concentration.
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FIGURE 4. Actual (Qy light) or maximal (Qy dark) quantum efficiency of photosystem II in third and fourth leaf pairs of spearmint shoots before treatment (“Day 0”), or after 2 weeks of treatment (“Day 14”) with 0 mM NaCl (H2O, distilled water), 5 mM, 25 mM and 50 mM NaCl (dissolved in distilled water). (A) Qy dark values recorded after 20 min dark adaptation. (B) Qy light measured in light-adapted plants. Different letters indicate statistically significant differences between the samples according to Kruskal-Wallis non-parametric ANOVA followed by Dunn's multiple comparisons test (P < 0.05) (Qy dark, n = 24–36; Qy light, n = 23–33).


In order to characterize the organization of the chlorophyll-protein complexes of the photosynthetic apparatus, 77 K fluorescence emission spectra of the treated leaves were recorded, normalized, and averaged for each treatment (Figure 5). The relative fluorescence intensity of the emission bands of chlorophyll-protein complexes at 685 and 695 nm (which represented the chlorophyll-protein complexes CP43 and CP47 of photosystem II, PSII) showed slight but not important or specific differences among the treatments.
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FIGURE 5. 77K fluorescence spectra of third and fourth leaf pairs of freshly cut spearmint shoots treated with 0 mM (control, distilled water), 5, 25, and 50 mM NaCl in distilled water for 2 weeks. Figures show average spectra calculated after normalization (three independent experiments, n = 5–11). Excitation wavelength: 440 nm.


The ultrastructure of chloroplasts was analyzed using TEM. The control (0 mM NaCl, distilled water-treated) (Figure 6A), the 5 mM, and 25 mM NaCl-treated samples showed normal chloroplasts with grana, stroma thylakoids, and large starch grains after 2 weeks of treatment. For the 50 mM, NaCl treated samples we have separately sampled pale greenish and somewhat wilted leaf regions and fully brownish, dry, or drying leaf margin areas. Starch completely disappeared from the chloroplasts of these leaf regions (Figures 6B–D). Surprisingly, in the brownish and almost fully dry leaf regions, the chloroplasts and their thylakoid system, especially the grana could be still distinguished, although cellular integrity was already lost, and the chloroplast envelope was also hardly discernible (Figure 6B). In the green leaf region, the cells were plasmolyzed (Figure 6C), and slight swelling of the lumen of the stroma thylakoids and rarely of the granum end membranes was observed in these chloroplasts (Figures 6C,D, white arrowheads). The number of plastoglobuli slightly increased in the plants treated with 50 mM NaCl for 2 weeks.


[image: Figure 6]
FIGURE 6. Transmission electron micrographs of chloroplasts in the fourth leaf pair of freshly cut spearmint shoots treated with 0 mM (control, distilled water) (A) and 50 mM NaCl in distilled water (B–D) for 2 weeks. B: brown, dry part of a leaf; (C,D) green, wilted region of the same leaf as in (B). S: starch; black arrowhead: plastoglobule; white arrowhead: swollen intrathylakoidal space. Scale bar: 1 μm.


After observing important changes in vegetative reproduction and activity and structure of the photosynthetic apparatus during the applied salt stress, we wanted to investigate the effect of the treatment on the essential oil composition of spearmint. Therefore, we determined the essential oil composition after SPME using GC/MS of plants treated for 2 weeks with the various solutions (Table 1). Monoterpenes were dominating in the essential oil (67–73%), with sesquiterpenes accounting for less than one-fourth of the compounds (23–31%), and partially volatile diterpenes representing a minor fraction (1–3%). Carvone was the major compound of the spearmint leaves (62–65%), followed by limonene (11–13%), germacrene D (7–9%), and β-caryophyllene (5–6%). No significant differences were observed in the individual components between the control (H2O, 0 mM NaCl) and the treated plants, except for γ-cadinene which is a minor component present in < 0.5% in the essential oil.


Table 1. Percentage composition of the essential oils produced by the third, fourth, and fifth leaf pairs of freshly cut spearmint shoots treated with 0 mM NaCl (control, distilled water, “H2O”), 5, 25, and 50 mM NaCl for 2 weeks at room temperature and ambient light conditions.
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The Effect of High Concentration Salt Stress Treatments on Spearmint

Considering the striking results which showed that adventitious root formation is already inhibited at 50 mM NaCl treatments, we wanted to study how the presence of roots influenced salt stress in spearmint. Also, in view of the observed slight swelling of the intrathylakoidal space of the chloroplasts of leaves of plants treated with 50 mM NaCl for 2 weeks, we wanted to investigate whether the specific ionic or the osmotic components of salt stress could be related to the ultrastructural and functional alterations of the photosynthetic apparatus observed under salt stress. We also wanted to check whether strong salt stress influenced the essential oil composition of mint or not. Therefore, in the next experimental setup, we used a high concentration of NaCl (150 mM) and applied it to freshly cut (“rootless”) and rooted shoots for 1 week under ambient conditions. We used distilled water as control and an isosmotic PEG solution which had the same osmolarity, i.e., 283 mOsm as the 150 mM NaCl solution in order to model the osmotic component of salt stress.

Freshly cut, rootless shoots and their leaves were fully dried and had brownish color after 1 week of treatment both in 150 mM NaCl and in the isosmotic PEG solution (compare Figures 1C,D while control plants (immersed in distilled water) were green and had normal chloroplasts (Figure 7A). TEM fixation showed cellular disintegration and chloroplast disorganization (unclear appearance of the envelope membranes) in these rootless plants both when treated with 150 mM NaCl and isosmotic PEG for 1 week (Figures 7B–D). However, grana and plastid inner membranes were relatively and surprisingly well retained in both cases.


[image: Figure 7]
FIGURE 7. Transmission electron micrographs of chloroplasts in the fourth leaf pair of freshly cut, i.e., rootless spearmint shoots treated with 0 mM NaCl (control, distilled water), 150 mM NaCl (in distilled water), and polyethylene glycol (PEG-6000, in distilled water, with equal osmolarity to the 150 mM NaCl solution) for 1 week. (A) 0 mM NaCl (control, distilled water); (B) PEG-6000 treatment; (C,D) treatment with 150 mM NaCl. S: starch; black arrowhead: plastoglobule. Scale bar: 1 μm.


The fluorescence emission spectra of the native chlorophyll-protein complexes of freshly cut or rooted plants showed important alterations in the fluorescence of the pigment forms under salt treatment (Figure 8). Such reorganizations were also observed in the rootless plants treated with PEG (Figure 8A), but in the case of the rooted plants, osmotic stress, i.e., isosmotic PEG treatment, did not induce changes in the fluorescence emission spectra of the chlorophyll-protein complexes of the photosynthetic apparatus when compared with the control (Figure 8B). This is in accordance with the phenotype of these plants which only slightly changed under the treatment (compare Figures 1E,F).


[image: Figure 8]
FIGURE 8. 77K fluorescence spectra of leaf pieces from third and fourth leaf pairs of spearmint plants treated with 0 mM (control, distilled water), 150 mM NaCl (in distilled water), or isosmotic polyethylene glycol (PEG-6000, in distilled water, with equal osmolarity to the 150 mM NaCl solution) for 1 week. (A) freshly cut, i.e., rootless plants; (B) rooted plants. Figures show average spectra calculated after normalization (n = 3–6). Excitation wavelength: 440 nm.


We performed acetonic extraction of the pigments, but using fluorescence spectroscopy of the diluted extracts, we did not observe pheophytin formation in the brown leaves. Chlorophyll a and b were detected in the extracts, thus, the brownish coloration was caused by other pigments than pheophytin a or b. Quantification of the pigments based on acetonic extracts and a fresh mass basis of the leaves was difficult due to the different extent of drying and RWC values of the various leaves or variously dried leaf regions, e.g., leaf margins were drying more rapidly than the middle region of the leaves. Therefore, we later used the SPAD index to characterize the relative chlorophyll content of the middle leaf regions (Figure 9). However, it has to be noted that in the case of the almost fully dry, fragile, brownish leaves of freshly cut, i.e., rootless shoots, SPAD and RWC measurements were not carried out.
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FIGURE 9. SPAD index values of third and fourth leaf pairs of rooted spearmint treated with 0 mM NaCl (“H2O,” control, distilled water), 150 mM NaCl, and isosmotic polyethylene glycol (PEG-6000, in distilled water, with equal osmolarity to the 150 mM NaCl solution) after 1 week of treatment (“Day 7”). For comparison, the values measured before the 1-week-long treatment are also indicated (“Day 0”). Different letters indicate statistically significant differences between the samples according to Kruskal-Wallis non-parametric ANOVA followed by Dunn's multiple comparisons post hoc test (P < 0.05) (n = 80–93).


No significant changes occurred in the leaf SPAD index values of control rooted plants during the 1-week-long treatment on distilled water (H2O), but significantly decreased SPAD index values showed a lower relative chlorophyll content in the osmotic stressed (PEG-treated) leaves, and the lowest chlorophyll content was observed in the 150 mM NaCl-treated plants (Figure 9; Supplementary Table 3).

Considering the photosynthetic activity in rooted plants, not surprisingly, the largest decrease in the maximal and the actual PSII quantum efficiencies (as measured by Qy parameters recorded in the dark-adapted and light-adapted states, respectively) was observed in the salt-stressed sample, and slight but also significant decrease occurred in the PEG-treated leaves (Figure 10; Supplementary Table 3).
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FIGURE 10. Qy parameters of third and fourth leaf pairs of rooted spearmint shoots before treatment (“Day 0”), or after 1 week of treatment (“Day 7”) with 0 mM NaCl (“H2O,” control, distilled water), 150 mM NaCl and isosmotic polyethylene glycol (PEG-6000, in distilled water, with equal osmolarity to the 150 mM NaCl solution). (A) Qy dark values recorded after 20 min dark adaptation. (B) Qy light measured in light-adapted plants. Different letters indicate statistically significant differences between the samples according to Kruskal-Wallis non-parametric ANOVA followed by Dunn's multiple comparisons post hoc test (P < 0.05) (Qy dark, n = 16–24; Qy light, n = 21–29).


The RWC values of the rooted plants were 83% before the treatment, which significantly decreased during the salt stress to 37%, and a smaller but still significantly lower level (to 59%) by the osmotic stress (isosmotic PEG-treatment) (Figure 11; Supplementary Table 4).
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FIGURE 11. Relative water contents of third and fourth leaf pairs of rooted spearmint shoots before treatment (“Day 0”), or after 1 week of treatment (“Day 7”) with 0 mM NaCl (“H2O,” control, distilled water), 150 mM NaCl and isosmotic polyethylene glycol (PEG-6000, in distilled water, with equal osmolarity to the 150 mM NaCl solution). Different letters indicate statistically significant differences between the samples according to one-way ANOVA and Tukey-Kramer multiple comparison test (P < 0.05) (n = 18).


Considering chloroplast ultrastructure, rooted plants tolerated relatively well the osmotic stress, i.e., the osmotic component of the 150 mM NaCl stress which was applied using an isosmotic solution of PEG, as revealed by TEM analyses (Figure 12). Control chloroplasts (Figure 12A) looked similar to the plastids of rooted, PEG-treated leaves (Figure 12B). The only difference we observed was a change in the electron density of the plastoglobuli, wherein they were electron-dense in the control plants while they became electron-transparent in the PEG-treated leaves (Figure 12, black arrowheads). However, in spearmint plants treated with 150 mM NaCl for 1 week through the roots, cells were fully disorganized both in the brownish and greenish leaf regions and had similar plastids (Figures 12C–E). The chloroplast stroma became highly electron-dense, the size of plastoglobuli increased, and the thylakoid system became disorganized, grana lost their regular periodicity, and crystalline spotted electron-transparent inclusions appeared in the plastids (Figure 12D, white arrowheads).
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FIGURE 12. Transmission electron micrographs of chloroplasts in the fourth leaf pair of rooted spearmint shoots treated with 0 mM NaCl (control, distilled water), 150 mM NaCl (in distilled water), and isosmotic polyethylene glycol (PEG-6000, in distilled water, with equal osmolarity to the 150 mM NaCl solution) for 1 week. (A) control (H2O); (B) PEG; (C–E) 150 mM NaCl; C and D: from brown, dry part of the leaf; E: green, wilted region of the same leaf as in C and D. S: starch; black arrowhead: plastoglobule; white arrowhead: crystalline inclusion. Scale bar: 1 μm (A–C), 0,5 μm (D,E).


The granum RD values determined based on the FFT analyses of the TEM images were 18.36 ± 0.14 nm (n = 170) and 18.90 ± 0.35 nm (n = 147), in control and PEG-treated samples, respectively. A T-test revealed no significant difference between the parameters observed in the two different samples. In the case of salt-stressed leaves, the RD values could not be precisely determined due to the fuzziness of the FFT images.

In order to investigate whether (i) it is possible to determine RD values of intact spearmint leaves in vivo by SANS, and (ii) whether the differences observed by TEM in the granum regularity of control and salt-stressed plants are not fixation artifacts, we carried out SANS measurements on rooted spearmint shoots treated with 0 mM and 150 mM NaCl. The presence of the Bragg peak related to the periodicity of granal thylakoid membranes at about 0.03 Å−1 on the SANS curve strongly depended on the periodic order of the thylakoid membranes. The rooted plants treated with 150 mM NaCl had disorganized granal thylakoid membranes and had no clear SANS signal, while the intact, rooted control plants contained periodic multilamellar granal thylakoid membranes and had a nice Bragg peak (Figure 13). The averaged RD value was 212 ± 7 Å (n = 3), which was somewhat larger than the RD values obtained by TEM. The origin of this difference was not fully understood, although it most likely originated from fixation artifacts during the preparation of samples for TEM (Ünnep et al., 2014). Hence, it can be concluded that the observed irregular ultrastructure and disrupted regularity of granal thylakoid membranes revealed by TEM (Figure 12) were consistent with SANS data obtained in intact leaves (Figure 13).
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FIGURE 13. Typical radially averaged SANS curves of the upper part (first four leaf pairs and shoot tip) of whole intact rooted spearmint shoots treated for 1 week with 0 mM NaCl (control, distilled water; black curve) or 150 mM NaCl (in distilled water, red curve), black solid line is the fitted curve.


Finally, we wanted to study the effect of the salt and osmotic stress treatments on the essential oil composition of the plants. No significant changes were observed in the essential oil composition of the salt and PEG-treated rootless plants when compared with the control plants (immersed in distilled water for 1 week) except for a minor compound, β-bourbonene, the relative amount of which slightly but significantly increased under salt stress (Table 2). Similar results were found, when we compared the essential oil composition of the rooted plants, in which another minor compound, α-Cadinol, showed an almost minimal, but statistically significant increase in the PEG-treated plants (Table 2). Our data showed that 1-week-long salt and osmotic stress do not significantly alter the aromatic properties of the third, fourth and fifth leaf pairs of spearmint shoots.


Table 2. Percentage composition of the essential oils produced by the third, fourth and fifth leaf pairs of rooted or freshly cut (“rootless”) spearmint shoots treated with 0 mM NaCl (control, distilled water, “H2O”), 150 mM NaCl, or isosmotic PEG-6000 solution (PEG-6000, in distilled water, with equal osmolarity to the 150 mM NaCl solution) for 1 week at room temperature and ambient light conditions.
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DISCUSSION

Salinity is complex stress, which under natural conditions is often combined with high temperature and drought stress resulting in increased salt concentrations in the soil water. According to recent estimations, salinity and sodicity affect one billion hectares worldwide, which represent 10% of the total arable lands on Earth. As a consequence, the annual economic losses associated with salinity stress can be as much as 27 billion USD (Shahid et al., 2018). Agriculture already faces challenges to produce enough staple food and feed crops to nourish the growing human population. Therefore, the increasing demand for the production of herbs and aromatic plants may not be met. In this respect, a better understanding of the physiological, cellular, and molecular mechanisms of spearmint under salinity stress may yield useful information for tolerance screening and may also provide a theoretical basis for further developments, potential future breeding, cultivation, and utilization of spearmint in saline areas.

When looking at literature data before starting these experiments in January 2019, we found several reports on salinity stress in peppermint (Li et al., 2015) or other mint species (Aziz et al., 2008; Oueslati et al., 2010; Yu et al., 2015), but almost no data were available about spearmint (Chrysargyris et al., 2019). In addition, literature data primarily focused on plant growth parameters (such as biomass), essential oil yield and composition, as well as the sometimes antioxidant response of the mint species under salt stress.

Therefore, one of the aims of this study was to better understand whether spearmint tolerates salinity stress and can be cultivated on saline soils. The results of the first experiment indicated that 50 mM NaCl stress inhibited adventitious root formation (Figure 1B), which under normal circumstances is an important means of vegetative reproduction, propagation, and regeneration in mint species (Li et al., 1999; Gomes et al., 2015; Salehi et al., 2018). Therefore, large-scale industrial cultivation of spearmint in soils with high salinity may be limited.

The second experiment outlined the obvious, but still highly important role of roots in protecting plants against salinity and especially osmotic stress. In freshly cut, i.e., rootless shoots, the drying induced by osmotic stress (PEG treatment) and salt stress (150 mM NaCl) was faster, ultrastructural damage were more pronounced (compare Figures 7, 12), and the disorganization of the chlorophyll-protein complexes of the photosynthetic apparatus proceeded faster than in rooted plants (Figure 8). Indeed, our data outlined that rooted plants better tolerate osmotic stress alone than the combined specific ionic and osmotic stress induced by salt treatment.

Concerning the potential aromatic, culinary, and medicinal uses, in this work, we compared the effect of salt and osmotic stress on the essential oil composition (Tables 1, 2). Essential oils of Lamiaceae plants are produced by their capitate and peltate glandular hairs, which are carbon heterotrophic and depend on the metabolites produced by the adjoining photosynthetic cells for a continuous supply of carbon precursors (Aziz et al., 2008; Böszörményi et al., 2020). Stress-induced disruption of normal metabolism, e.g., photosynthesis and secondary metabolite production, often results in reduced growth of plants (Aziz et al., 2008; Kasrati et al., 2014), altered leaf or glandular hair differentiation, and could be expected to interfere with essential oil biosynthesis resulting in lower essential oil quantity and altered composition (Aziz et al., 2008; Kasrati et al., 2014; Sarmoum et al., 2019). Our data showed a typical spearmint essential oil profile characterized by the major presence of carvone (between 44 and 68%) as described by other studies (Kokkini et al., 1995; Cirlini et al., 2016; Chrysargyris et al., 2017, 2019). In the present study, limonene represented 11–17% of the essential oil, but mentone was not detected. Other important constituents of the samples were epi-bicyclosesquiphellandrene, germacrene D and β-caryophyllene (Tables 1, 2). Variation in the composition of essential oils can be attributed to different factors such as temperature, humidity, climate, soil type as well as the cultivar studied, and in this respect spearmint essential oil profiles greatly vary in the literature (Sarmoum et al., 2019; Zekri et al., 2019), and also showed some variation within our experiments. Therefore, we tried to standardize our treatments, and used the same clone and parallels measured at the same period of the year in each experiment. However, it has to be noted that we observed slight seasonal variations within the essential oil composition and the chlorophyll contents (SPAD index values were not shown). Therefore, we decided to include and compare only data obtained in identical parallel experiments recorded in the same period of the year. This way, the control values, as well as the effect of the applied treatments, can be directly compared within each experiment but may not be compared among the different experiments.

Surprisingly, our data showed that the applied treatments induced no important alterations in the essential oil composition in any of the experimental settings. This is somewhat surprising, as literature data reported both quantitative and qualitative alterations in the essential oil (Chrysargyris et al., 2019). Based on our data we may speculate that the essential oil biosynthesis pathway of the “Moroccan” cultivar and clone used in our study may be less influenced by salt stress than other cultivars. It is also important to mention that we determined the essential oil composition in fully differentiated leaf pairs which had already well-developed glandular hairs containing essential oil, which is in contrast to literature data that either used whole plants for similar measurements including leaf primordia with developing glandular hairs (Aziz et al., 2008; Kasrati et al., 2014) or even flowers (Zekri et al., 2019). This might explain why we have not observed important changes in the essential oil composition. In our opinion, the statistically significant, but very small differences observed in some minor components, not specifically reported in the literature data before, may rather be related to decreased essential oil content (Aziz et al., 2008; Kasrati et al., 2014; Sarmoum et al., 2019) observed under stress conditions. Due to this decrease, some minor components go beyond the limits of the detection. This resulted in alterations in the relative distribution of the remaining detected components, with the strongest apparent effect observed in components present in very low amounts in the original sample.

Another major aim of our study was to improve our understanding of the potential effects of salinity and osmotic stress on chloroplast structure and activity in the leaves of intact, i.e., rooted plants. In this respect, our data showed that osmotic stress-induced a significant decrease in the chlorophyll content (SPAD index—Figure 9), in the RWC (Figure 11) and a slight, but significant decrease in photosynthetic activity (Figure 10) of the leaves, while the native organization of the chlorophyll-protein complexes (Figure 8) and chloroplast ultrastructure was almost unaffected (Figure 12) by the osmotic component of the salt stress.

Salinity has a negative impact on chlorophyll biosynthesis (Abdelkader et al., 2007) and also destabilizes pigment-protein complexes (Jaleel et al., 2008). In control and mildly stressed leaves, chlorophyll fluorescence emission bands corresponding to PSII core antenna (band maximum position at 685 and 695 nm) as well as to PSI light-harvesting complex (emission maximum at around 735 nm) were observed (Figures 5, 8), similarly to green leaves in the literature (Briantais et al., 1986). However, long-term, high concentration salt stress in the rootless plants, as well as the osmotic stress, had induced a strong decrease in the RWC values and alterations in the native chlorophyll-protein complexes, especially in the fluorescence of the PSI complex. Similarly to literature data, these changes were accompanied by decreased chlorophyll content (Li et al., 2015) and SPAD values (Choi and Chiang, 2015), while control SPAD values were similar to or slightly lower than data in the literature in mint species (Ronga et al., 2018; Yan et al., 2020). It must be noted that these values strongly vary among species, cultivars, developmental stages, as well as environmental conditions, e.g., light intensity. Therefore, the comparison was mostly possible using the same genotype and experimental settings as well as leaves of the same developmental stages. In dark-adapted leaves, the Qy dark values corresponded to the maximum light energy conversion efficiency of PSII. Qy dark values lower than 0.6 indicated serious disturbances of PSII activity as described in the literature data for other mint species under severe salinity stress (Li et al., 2015; Khalvandi et al., 2021).

We collected several pieces of information about the strong deleterious effect of salinity on the photosynthetic activity and chloroplast structure of spearmint. Our comparative investigations using isosmotic PEG solutions clearly outlined that (i) the loss of granum regularity (Figures 12, 13), (ii) increased electron-density of the stroma, (iii) and the appearance of the crystalline inclusions resembling electron-transparent spotted bodies, (iv) as well as the stronger decrease in physiological parameters (Qy values, SPAD index, RWC, organization of the chlorophyll-protein complexes; Figures 8–11), can be attributed to the specific ionic components of salt stress. These data are important since often in other crops, e.g., in fenugreek, the swelling of the thylakoid lumen and other ultrastructural alterations are attributed to the osmotic component of salinity (Evelin et al., 2013), while we had proved that it was not the case for spearmint plants used in this experiment. Similar spotted bodies sometimes defined as stroma centers have been described in several species under disturbances in ion homeostasis of the plastids (Solymosi and Bertrand, 2011, 2012). The loss of granum regularity observed by TEM (Figure 12) was also confirmed using for the first time SANS to analyze spearmint granum structure in vivo (Figure 13). Neutron scattering techniques are widely used for the characterization of the structure and dynamics of condensed matter. A key advantage of neutrons is their electric neutrality, allowing them to penetrate deeply into most materials, without affecting the mesoscopic organization of soft or liquid phase samples, such as biological membranes and tissues. Our data about the effect of abiotic stresses on the ultrastructural organization of grana indicated a substantial degree of flexibility in the membrane ultrastructure. In addition, they paved the way for further experiments to study the in vivo effects of combined stressors or different stresses (light or heat stress) on the organization and short- or long-term dynamic structural alterations of grana in spearmint. Also, the findings of this study outlined the clear biological limitations of experiments carried out on excised leaf segments or injured, e.g., freshly cut, plant organs.

Similarly to literature data, we used hydroponic-like salinity treatments, and concentrations, as well as treatment lengths, similar to those used by other authors (Gao et al., 2015b; Goussi et al., 2018; Chrysargyris et al., 2019). We are aware of the limitations of hydroponic cultures as well as of data obtained with freshly cut shoots. Pot experiments have lower reproducibility due to local variations and inhomogeneities in soil composition and structure, unequal salt accumulation in the pots, and a constantly increasing concentration of salt in the pots during treatment which make it difficult to precisely control salt concentrations. Due to extensive vegetative propagation of mint species by rhizomes, it is also highly difficult to grow mint in soil culture with a well-controlled root-to-shoot ratio. In addition, due to the above factors, deciphering the osmotic and specific ionic components of salt stress is not possible in pot experiments, because osmolarity cannot be controlled in them precisely. We observed a strong decrease in the chlorophyll content (SPAD index) already at relatively low concentration (25 mM NaCl) but longer treatments (2 weeks) (Figure 3). Similar observations have been described in other works (Chrysargyris et al., 2019). When the RWC values of the leaves decreased during various salinity stress treatments to one-third of their original values, i.e., 35–37%—Figures 2, 11; Supplementary Tables 1, 4), the activity of the photosynthetic apparatus was strongly disturbed (Figures 4, 10; Supplementary Tables 2, 3), and the relative chlorophyll contents significantly decreased (Figures 3, 9; Supplementary Tables 2, 3). Similar observations were made in maize under PEG and salinity treatment, which resulted in a decrease in the RWC, chlorophyll content, and decreased photosynthetic values (Fv/Fm) (Gao et al., 2015b). Cellular integrity was lost, but still, grana could be recognized in the TEM images (Figures 6B–D, 12C–E), and the essential oil composition of the leaves was not affected (Tables 1, 2). Indeed, it is important to note that chloroplast structure showed the swelling of the lumen only in case of the still greenish, but strongly wilted leaves treated for 2 weeks using 50 mM NaCl (Figure 6), while leaves or leaf regions that were brownish and fully dry did not exhibit swelling. The swelling of the thylakoid lumen (Salama et al., 1994; Yamane et al., 2008, 2012; Omoto et al., 2010; Evelin et al., 2013; Gao et al., 2015a; Goussi et al., 2018) is thought to be associated with oxidative stress and membrane damage (lipid peroxidation and the formation of different reactive oxygen species) (Miller et al., 2010; Oueslati et al., 2010; Yamane et al., 2012; Suo et al., 2017) and chloride influx from the stroma into the lumen (Bose et al., 2017). The observed alterations in plastoglobuli (increased number and size, changed electron-density; Figures 6, 12) may also reflect changes and potential degradation in the membrane components under stress (Hernández et al., 1995; Solymosi and Bertrand, 2012; Acosta-Motos et al., 2017). The presence of an electron-dense luminal substance (Keresztes and Sárvári, 2001) in spearmint thylakoids may be worth further investigations in order to understand its role in preserving granum structure in almost fully dried and highly stressed leaves (Figures 6, 7, 12). Similarly, it might be interesting to analyze whether the increased electron-density of the stroma under salt stress (Figures 6, 7, 12) may be accompanied by the accumulation of antioxidants or polyphenolic compounds (Oueslati et al., 2010; Chrysargyris et al., 2017, 2019).

On the other hand, our studies also outlined that at low concentrations (50 mM NaCl and especially below) the native organization of the chlorophyll-protein complexes of the photosynthetic apparatus was well retained (Figure 5) and plastid ultrastructure was also well preserved even despite moderately decreased RWC, photosynthetic activity and relative Chl contents (Figures 2–4). This is in agreement with no important ultrastructural changes being observed in fenugreek at 50 mM NaCl treatment, while larger alterations including swelling appearing at 100 and 200 mM NaCl (Evelin et al., 2013). It is also important to note that relatively low concentration (50 mM), but longer (2-week-long) stress applied to freshly cut shoots induced a stronger decrease in the photosynthetic activity (compare Qy values in Figures 4, 10; Supplementary Tables 2, 3) than high concentration (150 mM), shorter (1-week-long) stress applied on rooted plants. This outlines the important role of roots in the salt tolerance mechanism.

Our data showed that the “Moroccan” spearmint cultivar used in this work could tolerate cultivation in areas exposed to moderate osmotic and salt stress for relatively short periods (1 and 2 weeks). Furthermore, these stressors did not affect the essential oil composition of the fully developed leaves. However, above 50 mM NaCl concentrations, adventitious root formation and, thus, vegetative reproduction and clonal propagation were inhibited, and the water homeostasis, photosynthetic activity, and chloroplast structure of the leaves were also severely damaged.
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Salinity is an important abiotic stress factor that affects growth and yield of soybean. NY36-87 is a wild soybean germplasm with high salt tolerance. In this study, two F2:3 mapping populations derived from NY36-87 and two salt-sensitive soybean cultivars, Zhonghuang39 and Peking, were used to map salt tolerance-related genes. The two populations segregated as 1 (tolerant):2 (heterozygous):1 (sensitive), indicating a Mendelian segregation model. Using simple sequence repeat (SSR) markers together with the bulked segregant analysis (BSA) mapping strategy, we mapped a salt tolerance locus on chromosome 03 in F2:3 population Zhonghuang39×NY36-87 to a 98-kb interval, in which the known gene GmSALT3 co-segregated with the salt tolerance locus. In the F2:3 population of Peking×NY36-87, the dominant salt tolerance-associated gene was detected and mapped on chromosome 18. We named this gene GmSALT18 and fine mapped it to a 241-kb region. Time course analysis and a grafting experiment confirmed that Peking accumulated more Na+ in the shoot via a root-based mechanism. These findings reveal that the tolerant wild soybean line NY36-87 contains salt tolerance-related genes GmSALT3 and GmSALT18, providing genetic material and a novel locus for breeding salt-tolerant soybean.

Keywords: salinity stress, soybean, gene mapping, Glycine max, Glycine soja


INTRODUCTION

Soil salinization due to excessive application of agrochemicals and poor irrigation practices seriously reduces crop yield, and is an increasing threat to the sustainable development of the world food supply (Munns and Tester, 2008; Zhu, 2016). Soybean, which is rich in oil and protein, is not only used as food but also as an industrial raw material for animal feed. As a moderately salt-tolerant crop plant, soybean yield can be reduced by 40% under salt stress (Papiernik et al., 2005). Salt stress can inhibit soybean seed germination and seedling growth. It is therefore necessary to identify salt tolerance loci for future molecular breeding of salt-tolerant soybean.

Soybean germplasm vary in salt tolerance, which provides an opportunity to study the genetic control of this trait. Early research showed that F2 populations of chloride includer×excluder varieties segregated in ratios of three non-necrotic plants (low chloride content) to one necrotic plant (high chloride content), indicating a single gene governs the inheritance of salt tolerance. The gene symbol Ncl was proposed for the dominant Cl− excluder allele in soybean (Abel, 1969). Decades later, a codominant random amplified polymorphic DNA (RAPD) marker was reported to be tightly linked with the salt-tolerance gene (Guo et al., 2000). A great deal of research has focused on identifying salt tolerance quantitative trait loci (QTLs)/genes in recent decades. The major salt tolerance QTL was first mapped on linkage group N (LG N) in a segregating population of S-100 (salt tolerant)×Tokyo (salt sensitive; Lee et al., 2004). The salt tolerance locus on LG N was proven to be conserved in both cultivated and wild soybean (Lee et al., 2004; Hamwieh and Xu, 2008; Tuyen et al., 2010; Hamwieh et al., 2011; Ha et al., 2013; Guan et al., 2014a). The candidate gene Glyma03g32900 (Wm82.a1.v1.1) associated with soybean salt tolerance in this interval was identified by resequencing (GmCHX1) and map-based cloning (GmSALT3; Guan et al., 2014a; Qi et al., 2014), and was also designated as the chloride excluder locus Ncl (Do et al., 2016). GmSALT3 encodes an endoplasmic reticulum-localized protein in the Cation/Proton Antiporter (CPA2) family of transporters, and is dominantly expressed in root phloem and xylem (Guan et al., 2014b). Through a combination of physiological and genetic approaches, we demonstrated that GmSALT3 promoted soybean salt tolerance via restricting Na+ loading and conducting Cl− retranslocation from the shoot, thus maintaining high salt tolerance under saline conditions (Liu et al., 2016; Qu et al., 2021). Sequence insertion and deletion cause premature stop codon in some GmSALT3 alleles, and amino acid changes or variation at an intron splice donor site in other alleles contribute to functional loss of GmSALT3 (Guan et al., 2014b). Other structural variation or coding sequence changes have been observed in diverse soybean germplasm, especially wild soybeans, and kompetitive allele specific PCR (KASP) and PCR-based markers have been developed to screen salt-tolerant soybean accessions (Patil et al., 2016; Lee et al., 2018). Sequencing, SNP-based KASP, and PCR-based electrophoresis assays show a high prediction rate (>95%) in identification of salt-tolerant genotypes, indicating that Glyma03g32900 is necessary for salt tolerance at the seedling stage (Guan et al., 2014a; Do et al., 2016; Lee et al., 2018). However, we found that a Chinese soybean landrace, Peking, contained a salt-tolerant allele of GmSALT3 but was salt sensitive (Guan et al., 2014b). The result was confirmed by Patil et al. (2016), who also found another nine lines that did not show the expected correlation between haplotype and phenotype. This raises the possibility that other genes or modifiers may affect salt tolerance in Peking. Salt tolerance QTLs in soybean located on several chromosomes other than Chr. 03 have been identified through genetic analysis and genome-wide association studies (GWAS; Chen et al., 2008; Zeng et al., 2017b). Compared to wild soybean, the genetic diversity of cultivated soybean decreased dramatically due to bottlenecks during domestication and human selection (Lam et al., 2010). Recently, a salt tolerance-related gene, GsERD15B, was cloned from a panel of 182 wild soybean lines using GWAS, and a 7-bp insertion in the promoter region appeared to be the functional polymorphism (Jin et al., 2021). An inositol polyphosphate 5-phosphatase gene (Gs5PTase8) from wild soybean was shown to increase salt tolerance in plants (Jia et al., 2020). Therefore, wild soybean germplasm are valuable resources for mining novel salt tolerance genes. We here generated two segregating F2:3 populations using salt-tolerant wild soybean NY36-87 as the male parent and two salt-sensitive cultivars (Zhonghuang39 and Peking) as the female parents. This was intended to (1) identify salt tolerance loci/genes in NY36-87, and (2) explore the genetic factors underlying salt sensitivity in the soybean landrace Peking, which contains a tolerant haplotype of GmSALT3.



MATERIALS AND METHODS


Plant Materials and Growth Condition

The wild soybean line NY36-87 and cultivated soybean germplasm were obtained from the Chinese Academy of Agricultural Sciences (CAAS). Crosses were made between salt-tolerant genotype NY36-87 and two salt-sensitive genotypes: commercial soybean cultivar Zhonghuang39 and soybean landrace Peking. Peking is a salt-sensitive soybean accession with a tolerant haplotype of GmSALT3 (Guan et al., 2014b; Patil et al., 2016). The two segregating populations, Zhonghuang39×NY36-87 and Peking×NY36-87, contained 649 and 1,022 F2 plants, respectively.



Evaluation of Salt Tolerance

The experiment was conducted in a rain shelter under ambient light and temperature conditions at the Chinese Academy of Agricultural Sciences as previously described (Liu et al., 2016). In brief, for each line, 12 seeds were sown in a 6×6×8cm pot filled with vermiculite. The experiment was conducted in duplicate, with each pot considered a replicate. When unifoliate leaves were fully expanded at 10days after sowing (DAS), pots were subirrigated with 200mM NaCl salt solution once every 2days over the course of 6days. Salt tolerance for each line was assessed based on leaf scorching at 26 DAS. Seedlings in the same pot (families) with normal leaves and no chlorosis were recorded as salt-tolerant; families with all dead plants were recorded as sensitive; families with a mixture of dead (2–5 individuals) and normal (more than five individuals) plants were recorded as heterozygous. In the phenotypic evaluation, 182 families from the cross of Zhonghuang39×NY36-87 and 220 families of Peking×NY36-87 were used (Figure 1).
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FIGURE 1. Evaluation of salt tolerance based on leaf scorching in two F2:3 populations. (A) Parents NY36-87, Zhonghuang39, and example F2:3 families. (B) Parents NY36-87, Peking, and example F2:3 families.


Soybean plants used for gene expression analysis and grafting experiments were grown in a growth chamber with a 16h light (28°C)/8h dark (25°C) cycle at 60% humidity.



Na+, K+ Content Measurement and Grafting

Seeds of salt-tolerant cultivar Tiefeng 8 and salt-sensitive landrace Peking were planted in 6×6×8cm pots containing vermiculite. When unifoliate leaves were fully expanded at 10 DAS, pots were subirrigated with 200mM NaCl salt solution once every 2days over the course of 4days. The roots, stems, and leaves of each pot were harvested separately at 0, 1, 3, 5, and 7days after salt treatment, Na+ and K+ contents were measured as described by Liu et al. (2016).

For grafting experiment, plants were thinned to five per pot at five DAS and used for grafting, and one pot containing five plants was considered one replicate. Shoots were cut 1.5cm below the cotyledons, and the hypocotyl of the stock was split vertically to a depth of 1.5cm. The base of each shoot scion with cotyledons was cut to form a “V” shape. The scion was inserted into the split rootstock and wrapped with Parafilm. Salt treatment was applied from 8days after grafting. The roots, stems, and leaves of each pot were harvested separately after 10days of salt treatment, and Na+ content was measured.



DNA Extraction and Genotyping

DNA was extracted from leaf samples of each F2 individual using the Genomic DNA Purification Kit (Thermo Scientific, United States). Amplification was in a 20μl reaction system, including 1×PCR buffer (TransGen Biotech, Beijing, China), 60ng DNA template, 10pmol of forward and reverse primers, 0.25mM dNTPs, and 1U EasyTaq polymerase (TransGen Biotech). The thermocycler program was as follows: 94°C for 5min; 34cycles of 94°C for 30s, 55°C for 30s, and 72°C for 40s; and 72°C for 5min. The PCR products were separated on a 1.5% agarose gel (InDel marker) or 6% denaturing polyacrylamide gel (SSR markers).



Data Analysis and Gene Mapping

Phenotype of each F2:3 family was recorded as tolerant, heterozygous or sensitive in the two segregating populations. The fitness of 1:2:1 (tolerant: heterozygous: sensitive) segregation in the two populations was analyzed using Chi square analysis. Differences of ions accumulation and gene express between Peking and salt tolerant soybean accession were compared using SPSS 18.0 (SPSS Inc., Chicago, IL).

Bulk segregant analysis (BSA) was performed to identify the SSR markers linked to salt tolerance loci in each population. According to the phenotype classification for each F2:3 family, 20 homozygous salt-tolerant and 20 homozygous salt-sensitive F2 plants were bulked to represent the salt-tolerant pool and salt-sensitive pool. A total of 543 pairs of SSR primers (Supplementary Figure 1) from the soybean genome were used to amplify the DNA of parents and bulked DNA. Gene mapping was performed using QTL IciMapping software version 4.2 (Zhang et al., 2012).1 Primers used for gene mapping were listed in Supplementary Table 1.



Quantitative Real-Time PCR

Total RNA was extracted from root tissues of NY36-87 and Peking using TRNzol Universal Reagent (TransGen Bioteck, Beijing, China). First-strand cDNA synthesis was performed with PrimeScript RT Reagent Kit (TaKaRa, Japan) and 2μg RNA per sample. Quantitative real-time PCR (qRT-PCR) was performed using PerfectStart Green qPCR SuperMix (Tiangen Biotech, Beijing, China). GmSALT3 expression was calculated using the 2-ΔΔCt method with GmUKN1 used as the control gene (Livak and Schmittgen, 2001; Guan et al., 2014b). Primers were listed in Supplementary Table 1.




RESULTS


Phenotypic Variation and Salt Tolerance Gene Mapping in Zhonghuang39×NY36-87 Population

F2:3 lines of the Zhonghuang39×NY36-87 population were characterized for salt tolerance with 200mM NaCl solution treatment. Salt tolerant, heterozygous, and sensitive lines segregated at 44:93:45, fitting a 1:2:1 ratio (χ2=0.10<χ2 (2) 0.05=5.99; Table 1; Figure 1A). In heterozygous F2:3 families, 63% (645 of 1,024) of the F3 plants were classified as salt-tolerant, indicating the dominant inheritance of the salt tolerance locus. Because the salt tolerance gene GmSALT3 located on Chr. 03 has been cloned and confirmed in wild and cultivated soybean germplasm (Guan et al., 2014b), 64 SSR markers from Chr. 03 were primarily used to amplify DNA of parental plants and two bulks. Five polymorphic markers were found between the salt tolerant and sensitive bulks from Zhonghuang39×NY36-87. The 182 F2 plants were genotyped using the five polymorphic markers, and the salt tolerance gene was mapped between SSR marker BARCSOYSSR_03_1332 and BARCSOYSSR_03_1349 (Figure 2A). These two markers were used to screen the remaining 631 F2 plants of the same population, and 31 recombinants were identified. We screened the salt tolerance in these recombinant lines, and the salt tolerance-related gene was mapped in a narrow interval (98-kb) flanked by BARCSOYSSR_03_1336 and BARCSOYSSR_03_1342, which includes the tolerance gene GmSALT3. And GmSALT3 is co-segregated with the salt tolerance locus on Chr. 03 (Figure 2B). Therefore, we speculate that the dominant gene in NY36-87 may be GmSALT3.



TABLE 1. Segregation ratio in F2 populations for salt tolerance based on phenotypic evaluation of F3 of the crosses made between wild soybean (NY36-87) and two salt-sensitive cultivars (Zhonghuang39 and Peking).
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FIGURE 2. Mapping the salt tolerance locus in the Zhonghuang39×NY36-87 population. (A) Salt tolerance-related locus mapped on soybean Chr. 03. (B) Fine mapping of the salt-tolerance gene. Individuals are shown to the right and phenotype to the left of the graphic. T, S, and H indicate tolerant, sensitive, and heterozygous (segregating) phenotype, respectively.




Phenotypic Variation and Salt Tolerance Gene Mapping in Population of Peking×NY36-87

F1 plants of Peking×NY36-87 showed salt tolerance as that of NY36-87. Salt tolerance phenotypic variation in the F2 population derived from the cross between NY36-87 and Peking confirmed monogenic inheritance of the salt tolerance phenotype. Among F2 individuals, 59 were classified as salt tolerant, 105 as heterozygous, and 56 as salt sensitive according to the phenotype of F2:3 lines, indicating that salt tolerance in NY36-87 is controlled by a dominant single gene pair (Table 1; Figure 1B). No polymorphic markers between the salt tolerant and sensitive bulks from Peking×NY36-87 were identified using the SSR markers from Chr. 03, indicating that a new locus other than GmSALT3 controls salt tolerance in this genetic background. The two DNA bulks from Peking×NY36-87 were screened using 543 SSR markers distributed on the 20 soybean chromosomes. Eleven polymorphic SSR markers from Chr. 18 (LG G) were identified and used to map the salt tolerance gene. This salt tolerance gene on Chr. 18 (which we designated as GmSALT18) was mapped to a 430-kb region between BARCSOYSSR_18_0103 and BARCSOYSSR_18_0125 by screening the 220 F2 individuals (Figure 3A). To further narrow the preliminary mapping region, BARCSOYSSR_18_0103 and BARCSOYSSR_18_0125 were used to test the remaining 802 F2 individuals. In total, 25 recombinants were identified, and GmSALT18 was fine mapped to a 241-kb interval between BARCSOYSSR_18_0107 and BARCSOYSSR_18_0120 (Figure 3B).
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FIGURE 3. Mapping the salt tolerance locus in the Peking×NY36-87 population. (A) Salt tolerance-related locus mapped on soybean Chr. 18 using simple sequence repeat (SSR) markers. (B) Fine mapping of salt-tolerance gene. T, S, and H indicate tolerant, sensitive, and heterozygous (segregating) phenotype, respectively.




Peking Accumulated More Na+ in Shoots Than Salt Tolerant Soybean Germplasm

Peking accumulated more Na+ in shoots compared with salt tolerant soybean cultivars (Liu et al., 2011). Here, to investigate the ion content in Peking and NY36-87, we studied Na+ and K+ accumulation in roots, stems, and leaves of Peking and NY36-87 over time. Na+ content in roots increased during the salt stress, while no significant difference was observed in roots of Peking and NY36-87. Peking accumulated significantly more Na+ than NY36-87 in stems and leaves after 5days of salt stress (Figure 4A). No significant difference of K+ content in roots of Peking and NY36-87 were observed except for the 7days time point after NaCl treatment, while Peking accumulated more K+ in leaves than NY36-87 (Figure 4B). To address the contribution of the root to Na+ accumulation in the shoot, we performed a reciprocal grafting experiment between Peking and a tolerant soybean cultivar. Because wild soybean NY36-87 has a slim stem that is difficult to graft with Peking, soybean cultivar Tiefeng 8 was selected as the salt-tolerant germplasm in the reciprocal grafting experiment. The Na+ content in leaves and stems of non-grafted Peking (P) and self-grafted Peking (P/P) was much higher than that of non-grafted Tiefeng 8 (T) and self-grafted Tiefeng 8 (T/T; Figure 4C). The Na+ content in stem and leaf increased 0.68–13.0-fold in Tiefeng 8 scions when grafted on Peking rootstocks (T/P) compared to self-grafted plants (T/T). These results suggest that Na+ accumulation in the shoot of Peking is likely controlled by the rootstock.

[image: Figure 4]

FIGURE 4. Na+ accumulation in Peking and salt-tolerant germplasm. (A) The Na+ content in Peking (gray) and NY36-87 (black) under 200mM NaCl stress for 0, 1, 3, 5, and 7days. (B) The K+ content in Peking (gray) and NY36-87 (black) under 200mM NaCl stress for 0, 1, 3, 5, and 7days. (C) The Na+ content in leaf and stem of non-grafted and grafted soybean Peking (P) and Tiefeng 8 (T) after 10days of salt stress. Letters indicate significant differences between samples. Data shown are the mean of three replicates±SE. *p<0.05, and **p<0.01. Different letters indicate statistically significant differences of ion content in different organs (one-way ANOVA using Fisher’s LSD test, p < 0.05)




Variation and Expression of GmSALT3 in Parental Lines

To validate the variation of the three parental lines, a previously developed InDel marker of GmSALT3 was used to test DNA of the three parents, using Tiefeng 8 and 85–140 as the salt-tolerant and salt-sensitive control, respectively. The wild soybean NY36-87 and cultivar Peking contain the haplotype H1, as does Tiefeng 8; cultivar Zhonghuang39, like salt-sensitive cultivar 85–140, has the H2 haplotype (Figure 5A). The H2 haplotype is a truncated transcript of GmSALT3 due to a 3.78-kb retrotransposon insertion in exon 3 (Guan et al., 2014b). To clarify whether salt tolerance in Peking was due to regulation of GmSALT3, we quantified GmSALT3 expression in the roots of NY36-87 and Peking under salt stress. GmSALT3 showed a similar expression pattern in the roots of NY36-87 and Peking. The transcript abundance of GmSALT3, decreased dramatically after 3h of NaCl solution treatment, and recovered to a higher level after 3days (Figure 5B). These results indicated that the salt sensitivity in Peking may not be the result of GmSALT3 expression alteration.
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FIGURE 5. Evaluation of GmSALT3 in parental lines. (A) Genotype confirmation of GmSALT3 in parental lines using gene-specific marker H2-Insl, salt-tolerant cultivar Tiefeng 8, and salt-sensitive cultivar 85–140 as control accessions. (B) Expression of GmSALT3 in roots of NY36-87 and Peking at different time points after 200mM NaCl treatment. GmUKN1 was used as the internal reference gene. Letters indicate significant differences between samples (Dunan’s multiple range test at p<0.05). Different letters indicate statistically significant differences of gene expression (one-way ANOVA using Fisher’s LSD test, p<0.05)





DISCUSSION

Over the past half century, scientists have focused on genetic analysis and begun to identify genes that control different traits associated with salt tolerance (Abel and Mackenzie, 1964; Abel, 1969; Shao et al., 1994). Because the traits used in different studies have varied, most salt tolerance gene mapping was performed as QTL using bi-parental populations, natural populations, or a combination of both. Leaf chloride content was considered to be an indicator of soybean response to salinity, and high chloride toxicity to be related to leaf necrosis (Abel and Mackenzie, 1964). Thus, leaf chloride accumulation and necrosis were used to study the genetic factors of salt tolerance in soybean, and the two traits were controlled by a single dominant gene in different genetic backgrounds (Abel, 1969; Shao et al., 1994). Using the salt tolerance rating score that classifies based on leaf scorching symptoms, a major QTL that could explain most of the phenotype variation in greenhouse and field environments was mapped on soybean LG N (Chr. 03; Lee et al., 2004). Nine QTLs were identified in a recombinant inbred line (RIL) population when the traits measured were tolerance rating, survival time, and survival ratio. The locus qppsN.1, tightly linked with Satt237, was located in the same region as the one mapped on LG N (Chen et al., 2008). The major QTL on Chr. 03 (LG N) was independently proven to be a conserved locus (Hamwieh and Xu, 2008; Hamwieh et al., 2011; Ha et al., 2013; Guan et al., 2014a). These studies led to cloning of the candidate gene, Glyma03g32900, under this dominant locus (Qi et al., 2014; Guan et al., 2014b; Do et al., 2016). Glyma03g32900 affects Na+ and Cl− accumulation in soybean shoot under salt stress (Do et al., 2016; Liu et al., 2016). Recently, the association of Glyma03g32900 with Na+ and Cl− accumulation in leaf was verified by genetic mapping of QTLs related to leaf Na+ and Cl− contents (Do et al., 2018). In this study, using a population derived from the salt-sensitive cultivar Zhonghuang39 and the salt-tolerant wild soybean NY36-87, we mapped a dominant tolerance gene on Chr. 03 to a 98-kb interval, which included GmSALT3 (Glyma03g32900; Figure 2A). This indicated that the tolerance gene Glyma03g32900 is conserved in salt-tolerant germplasm.

The availability of high-throughput genome resequencing and SNP arrays promoted the identification of salt tolerance-related genes from diverse soybean germplasm (Zeng et al., 2017a; Jin et al., 2021). Two tolerant QTLs were mapped on Chr. 13 and Chr. 15, with Glyma.13g161800 and Glyma.15g091600 proposed as the candidates (Zeng et al., 2017b). A novel dominant locus related to leaf sodium content was mapped on Chr. 13, and the functional allele was from salt-sensitive parent Williams 82 (Do et al., 2018). These results showed that novel loci underlie salt tolerance in diverse soybean germplasm, even in salt-sensitive accessions. A similar result was reported related to soybean seed weight; the PP2C-1 allele from the small-seeded wild soybean, but not from big-seeded cultivars, is responsible for seed weight promotion (Lu et al., 2017). In association analysis of Glyma03g32900 functional markers with salt tolerance, several soybean accessions that may carry novel salt tolerance loci other than Glyma03g32900 were found (Guan et al., 2014b; Patil et al., 2016; Lee et al., 2018). Peking is one such accession that is salt sensitive but contains the tolerant allele of GmSALT3. In the F2 population of Peking×NY36-87, the segregation of salt-tolerant and salt-sensitive genotypes fit a simple Mendelian ratio, suggesting that a dominant gene confers the salt tolerance in NY36-87. A novel salt tolerance-related locus on Chr. 18, which we called GmSALT18, was mapped to a 241-kb region (Figure 3B). There are 29 gene annotations based on the assembly of Williams 82 (Glyma.Wm82.a2.v1).2 Three genes, including Glyma.18g026200 and Glyma.18g026500, which may relate to salt stress (Gong et al., 2001; Bouchabke-Coussa et al., 2008), and a predicted K+/H+-antiporter, Glyma.18g027900, were located in this region. In addition, potential genomic structure variations between Glyma.18g026700 and Glyma.18g026900 were observed in assemblies of soybean ZH13, wild soybean W05 and PI 483463 (Supplementary Figure 2). Given the facts that variation in GmSALT18 of Peking may be a minor allele, and possible genomic structure variation, further study of fine mapping and genome sequencing of Peking and NY36-87 could be useful for successful identification of the candidate gene.

The discrepancy between genotype and phenotype for a particular gene, such as GmSALT3, may be due to the phenotype sorting method making it difficult to distinguish between moderately tolerant or sensitive germplasm (Patil et al., 2016). In this study, we classified salt tolerance as a binary (normal growth of plants=salt tolerant, plant death=salt sensitive) rather than rating salt tolerance on a 1–5 scale (Figure 1); this provided a more exact phenotype for gene mapping. Using a RIL population of Kefeng No. 1 (salt sensitive)×Nannong1138-2 (salt tolerant), a major QTL (qtrG.1) for salt tolerance ratings was previously located on Chr. 18 flanked by Sat_164 and Sat_358 (Chen et al., 2008), which is 9Mb from GmSALT18. This suggests that GmSALT18 may represent a novel salt tolerance locus in wild soybean. Considering that the expression patterns of GmSALT3 in Peking and NY36-87 were similar (Figure 5B), it is unlikely that GmSALT18 plays a role in regulation of GmSALT3. Peking accumulated more Na+ and K+ in leaves compared to salt tolerant germplasm (Figure 4), as was observed in salt-sensitive cultivars 85–140 and NIL-S, which contain the sensitive GmSALT3 allele (Guan et al., 2014b; Qu et al., 2021). The mechanism underlying Na+ accumulation in Peking thus requires further study.

In summary, through mapping of salt tolerance genes using two F2:3 populations, we identified the salt tolerance gene GmSALT3 in the population Zhonghuang39×NY36-87. In the population Peking×NY36-87, a novel locus, GmSALT18, was found to be responsible for the difference in salinity tolerance between Peking and NY36-87. Further research is needed to clone the corresponding gene underlying GmSALT18 and demonstrate the genetic relationship between GmSALT3 and GmSALT18.
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Solenostemma argel (Delile) Hayne is a desert plant that survives harsh environmental conditions with several vital medicinal properties. Salt stress is a major constraint limiting agricultural production around the globe. However, response mechanisms behind the adaptation of S. argel plants to salt stress are still poorly understood. In the current study, we applied an omics approach to explore how this plant adapts to salt stress by integrating transcriptomic and metabolomic changes in the roots and leaves of S. argel plants under salt stress. De novo assembly of transcriptome produced 57,796 unigenes represented by 165,147 transcripts/isoforms. A total of 730 differentially expressed genes (DEGs) were identified in the roots (396 and 334 were up- and down-regulated, respectively). In the leaves, 927 DEGs were identified (601 and 326 were up- and down-regulated, respectively). Gene ontology and Kyoto Encyclopedia of Genes And Genomes pathway enrichment analyses revealed that several defense-related biological processes, such as response to osmotic and oxidative stress, hormonal signal transduction, mitogen-activated protein kinase signaling, and phenylpropanoid biosynthesis pathways are the potential mechanisms involved in the tolerance of S. argel plants to salt stress. Furthermore, liquid chromatography-tandem mass spectrometry was used to detect the metabolic variations of the leaves and roots of S. argel under control and salt stress. 45 and 56 critical metabolites showed changes in their levels in the stressed roots and leaves, respectively; there were 20 metabolites in common between the roots and leaves. Differentially accumulated metabolites included amino acids, polyamines, hydroxycinnamic acids, monolignols, flavonoids, and saccharides that improve antioxidant ability and osmotic adjustment of S. argel plants under salt stress. The results present insights into potential salt response mechanisms in S. argel desert plants and increase the knowledge in order to generate more tolerant crops to salt stress.

Keywords: transcriptome, metabolome, phenylpropanoid, salt stress, Solenostemma argel


INTRODUCTION

Various environmental factors, such as salt, drought, and high temperatures limit the food production, worldwide (Benjamin et al., 2019). Recently, global climate changes lead to major effects on soil, which change the characteristics of the soil in different parts of the world. These effects include soil salinization resulting from decreased precipitation, increased temperature, and drought, causing the accumulation of different salts, especially sodium chloride, in the top layers of the soil (Okur and Örçen, 2020). Salt restricts the growth and yield of plants. In general, there are two harmful effects of NaCl on plants: (i) reducing the supply of water to plants from the soil by roots (osmotic stress) and (ii) toxic effects of plants accumulate Na+ and Cl– ions (ionic stress; van Zelm et al., 2020).

Although, the sodium sensing mechanism of the plant is yet to be determined, once high sodium levels in the soil occur intra- or extracellularly, sodium sensing occurs (the initial perception). After that, early responses, such as the generation of reactive oxygen species (ROS), Ca2+ signaling, and the transport of K+ and H+ to reduce sodium import into the plant occur. This early signaling phase follows the change of phytohormone levels, and the gene expression levels end with adaptive responses to salt, e.g., the production of compatible osmolytes including charged metabolites (proline and polyamine), soluble sugars (fructose and sucrose), polyols (glycerol, mannitol, and sorbitol), and complex sugars (trehalose) for osmotic adjustment and ROS scavenging increases turgor and expansion of cells to growth and development (Yang and Guo, 2018; Isayenkov and Maathuis, 2019; van Zelm et al., 2020).

Moreover, the metabolisms of amino acids, starch and sucrose, and phenylpropanoid biosynthesis pathways are linked to salt tolerance (Gan et al., 2021). In plants, the phenylpropanoid pathway is responsible for the biosynthesis of many secondary metabolites; both flavonoids and lignins are synthesized that rebalance the cellular ROS and have a vital role in plant defense under abiotic stresses. All these changes and more happen inside the plant to adapt to environmental changes (Rossi et al., 2016; Yang et al., 2017; Zhang et al., 2017).

Solenostemma argel (Delile) Hayne is a herbaceous ornamental plant commonly cultivated in Africa and in the deserts of the Middle East. It is the only known species in the genus, Solenostemma, subfamily Asclepiadoideae, and family, Apocynaceae. In traditional herbal medicine, S. argel plants are used to enhance immunity, support kidney and liver functions, and to treat anti-urinary tract infections; when used as an anti-rheumatic agent, it greatly increased all histopathological parameters (Al-Juhaimi et al., 2018; El-Shiekh et al., 2021), such as flavones (kaempferol, isorhamnetin, naringenin, and quercetin), phenols (trans-cinnamic acid, gallic acid, caffeic acid, and syringic acid), polyphenols (resveratrol and catechol), glycosylated flavonoids (apigenin-7-glucoside and quercetin-3-rutinoside), pregnane, pregnenes, β-sitosterol, and β-carotene (Plaza et al., 2005; Ounaissia et al., 2016).

Fortunately, S. argel plants can tolerate extreme climatic conditions in arid and semi-arid settings. Therefore, S. argel is known as a desert herb. Previous studies indicated that some milkweeds, such as Cynanchum auriculatum, Cynanchum acutum, and Cynanchum chinense have demonstrated tolerance to salt, and they are the closest member of milkweeds to S. argel plants (Mercado et al., 2012; Sharawy, 2013; Zhang M. et al., 2020). However, no study has been performed on S. argel plants to find how they react to abiotic stress at the molecular stage.

Integrating multi-omics results, such as techniques based on transcriptomic and metabolomic studies under environmental stress, has recently become a familiar and successful method for improving our understanding of abiotic stress tolerance (Haider et al., 2017; Wang et al., 2019; Szepesi, 2020). Several genetic and metabolic networks involved in the mechanism of salt tolerance have been studied in plants. However, the genetics behind salt stress tolerance in plants is still unclear and needs more elaboration by examining transcriptomic and metabolomic regulation changes in either sensitive or tolerant plants under salt stress conditions (Luo, 2015; Guan et al., 2018; Yang and Guo, 2018).

The plants in arid and semi-arid regions that are exposed to high levels of various abiotic stresses, especially salt and drought might provide an ideal model to understand genes and metabolites that play critical roles in response to abiotic stress. Furthermore, concerning strategies to enhance the tolerance of crops, these plants may provide valuable insights into salt tolerance mechanisms (Gu J. et al., 2018; Benjamin et al., 2019). Thus, the current study would use combined transcriptomic and metabolomic evidence to analyze improvements in the roots and leaves of S. argel desert plants triggered by soil salt stress, which were poorly understood before. The results obtained in the current study would lay the foundation for future biotechnological studies examining the possible salinity tolerance mechanisms in S. argel plants.



MATERIALS AND METHODS


Plant Growth and Stress Treatment

Seeds of S. argel plants were collected from a saline field in Siwa Oasis (29°12′13.0″N 25°31′09.5″E), Egypt. Before cultivation, the seeds were soaked in tap water for 3 days. Germinated seeds were then transferred to 10-cm-diameter pots containing clay soil and maintained in a greenhouse under 22 ± 2°C with artificial illumination for 16/8 day/night photoperiod and light intensity of 1,600 mol m–2 s–1. To apply salt stress, the pots were randomly divided into two groups: control and salt-stressed groups. Each group contained ten replicates (pots) with five plants in each pot. Each pot was irrigated every 4 days with a fixed amount (200 ml) of tap water for the control group or 500 mM NaCl solution for stress treatment. Salt stress treatment started after 30 days of seed cultivation and continued for 3 days before the collection of samples.



Total RNA Extraction

Total RNA was extracted from the leaves and roots of two biological replicates of S. argel plants either under control or stress conditions after 3 days of salinity treatment. RNA was extracted using TRIzolTM Reagent (Invitrogen Corporation, MA, United States) following the protocol of the manufacturer. Quantity and quality of the extracted RNA were checked using (1) Cale K5500 spectral luminometer (KO, Beijing, China) to measure the purity of RNAs, (2) 1% agarose gel electrophoresis to detect degradation and impurities, and (3) Agilent 2100 RNA Nano 6000 Assay Kit (Agilent Technologies, CA, United States) to examine the integrity and concentration of RNA.



Library Construction and RNA Sequencing

Complementary DNA (cDNA) libraries for all samples were constructed using 3 μl of total qualified RNA extracted from each sample. The messenger RNA (mRNA) was enriched in each library via Dynabeads® Oligo (dT) magnetic beads (ThermoFisher Scientific, CA, United States). Subsequently, a fragmentation buffer was added to the mRNA to obtain short fragments. These mRNA short fragments were used as a template with a random hexamer primer to synthesize the first strand of cDNA. NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, MA, United States) containing a buffer (NEBNext Second Strand Synthesis Reaction Buffer), dNTPs, RNaseH, and DNA polymerase was used to synthesize the cDNA double-strand (ds-cDNA or cDNA library) according to the protocol of the manufacturer. The ds-cDNA was purified by the QIAquick PCR Purification Kit (Qiagen Inc., MD, United States). Afterward, the ds-cDNA was eluted with EB buffer and then subjected to perform end repair, dA-tailing, and adapter-ligation.

Finally, the target size fragments were recovered by agarose gel electrophoresis and PCR amplification to complete the entire library preparation. The PCR product was purified using Agencourt AMPure XP Beads (Agencourt Bioscience Corporation, MA, United States) and the library quality was assessed on a Bioanalyzer (Agilent High Sensitivity Chip; Agilent Technologies Inc., CA, United States). Finally, the constructed library was sequenced using the Illumina platform, and the sequencing strategy was done by paired-end 150 bp (PE 150).



Data Analysis


Data Quality Control

The original base call sequencing of the BCL files of Illumina (CA, United States) were demultiplexed into FASTQ files using the Illumina bcl2fastq2 Conversion Software v2.20. The quality of the obtained raw reads was examined using FastQC software v0.11.9. All low-quality reads, including reads containing adapters, with more than 5% N (base unknown) bases, and with Q ≤ 19 bases account for 50% of the total bases, were removed using Trimmomatic software v0.32 (Williams et al., 2016). Read pairs were dropped even if one read did not pass the quality matrices. Obtained clean reads were used for further analysis.



De novo Transcriptome Assembly

Full-length transcripts of S. argel plants were assembled using Trinity software v2.4.0 (Grabherr et al., 2011). Using the basic principles of de Bruijn graph theory, the Trinity assembles full-length transcripts based on the characteristics of alternative splicing of transcripts. Based on the transcript sequence, the longest transcript sequence in each gene was considered unigene. First, all assembled trinity (transcripts) and unigenes were stored in fasta files. Next, the length distribution and guanine-cytosine (GC) content of transcripts (trinity and unigene were counted separately) were collected to check the quality of the transcripts.



Assembly Quality Control

The quality of the assembled transcriptome was assessed using the statistics provided by Trinity assembler, including GC content, minimum length, maximum length, average length, and N50 length. Furthermore, bowtie2 v2.2.3 (Langmead and Salzberg, 2012) were used to align RNA-generated reads from all samples against the assembled transcriptome and the average mapping percentage was considered a quality indicator. Finally, the presence of Benchmarking Universal Single-Copy Orthologs (BUSCOs) was examined using BUSCO v3.0.1 to verify the completeness of the assembled transcripts (Simão et al., 2015).



Transcriptome Functional Annotation

The de novo assembled transcriptomes were functionally annotated using Trinotate v3.0.2 (Bryant et al., 2017). Trinotate performs comprehensive annotation of all assembled unigenes via translated assembled unigenes into their potential polypeptide chain using TransDecoder and scan all the assembled unigenes and their products using blastx and blast tools against several databases, i.e., Uniprot, eggNOG, Gene ontology (GO), and Kyoto Encyclopedia of Genes And Genomes (KEGG). Moreover, Trinity applies the prediction of the functional roles of assembled unigenes and their products using HMMERSCAN, SignalP, TmHMM, and RNAmmer tools.



Differential Expression Analysis


Quantitation of Gene Expression Levels

Gene expression level is generally measured by the amount of mRNA transcribed by the gene. HTSeq-count tool v0.6.0 was used to count the presence of each gene in each sequenced sample (Anders et al., 2015). Reads per kilobase of transcript per million mapped reads (RPKM) is an effective tool for quantitatively estimating gene expression values using RNA-Seq technology and to eliminate the effect of sequencing depth and gene length on gene expression levels (Mortazavi et al., 2008). Therefore, RPKM was calculated to estimate the expression level of genes in each sample.



Identification of Differentially Expressed Genes

Differentially expressed genes (DEGs) were identified in the leaves and roots separately by the comparison of controlled S. argel plants with salt-stressed ones. In this regard, DESeq2 package v1.4.5 in R programming language was used to compare the samples in each group (the leaves and the roots) with two biological replicates. DESeq2 uses the negative binomial distribution model and it enables a more accurate analysis of differential expression between the libraries (Love et al., 2014). According to the approach by Benjamini and Hochberg, P-value was modified to calculate the false discovery rate for each gene. Only genes with q value (adjusted P-value) ≤ 0.05 and |log2_ratio| > 1 were recognized as DEGs.



Functional Annotation of Differentially Expressed Genes

Identified up- and down-regulated DEGs were used separately to identify the enriched GO terms and KEGG pathways. First, the GO enrichment by up- and down-regulated DEGs was examined using the hypergeometric test via Blast2go software with q value ≤ 0.05 and |log2_ratio| > 1 (Conesa et al., 2005). Similarly, KEGG pathway enrichment was investigated using KEGG website1 with q value ≤ 0.05 and |log2_ratio| > 1.



Real-Time Quantitative Reverse Transcription PCR Validation

The expression levels of 16 DEGs (6 in the roots, 6 in the leaves, and 4 in both the roots and the leaves) involved in metabolic pathways were examined using qRT-PCR to validate their analysis using RNA-Seq data (Maher et al., 2021). The genes were selected to cover all the possible pathways and/or mechanisms identified as involved in the salinity tolerance in the studied plant. GoldenstarTMRT6 cDNA Synthesis Mix (gDNA remover and Rnasin selected; TSINGKE, China) was used to construct cRNA molecules from each mRNA. The mRNA molecules were amplified by qRT-PCR using 2 × TSINGKE Master Qpcr Mix (SYBR Green I). Expression of each examined gene was normalized to the reference gene, BnActin7 gene. The relative quantitative expression levels of the DEGs were determined using the 2–ΔΔCt method (Schmittgen and Livak, 2008). The primers used for each gene designed using the Primer3 software are shown in the Supplementary Table 1.



Metabolomic Profiling

Freeze-dried samples (0.50 g) of the root and leaf were collected. After that, the freeze-dried samples were machined with a zirconia grinding ball at 30 Hz for 1.5 min using a mixer mill (MM 400, Retsch, Haan, Germany). A 100 mg sample was collected at 4°C with 1 ml of 100 percent methanol containing 0.1 mg/L of lidocaine for metabolites of lipid solubility or 70:30 methanol: 0.1 mg/L of lidocaine containing water (internal standard) for metabolites of water solubility overnight. Then, for each sample extract, centrifugation was performed at 10,000 g for 10 min. CNWBOND Carbon-GCB SPE Cartridge, 250 mg, 3 ml, was used for the solid-phase extraction of lipid-solubility extracts, following the mixing of 0.4 ml of each sample extract and the filtration of the resulting mixture by SCAA-104, 0.22 μm pore size before the study of LC-electrospray ionization (ESI)-MS/MS (Chen et al., 2013). Metabolite quantification was done using a scheduled multiple reaction monitoring (MRM) method (Dresen et al., 2010). An MRM detection window of 80 s and a target scan time of 1.5 s was used (Chen et al., 2014). Finally, only those compounds that were present in 100% of replicates (N = 6) within at least one procedure were maintained after postprocessing. All metabolite data were log2-transformed to boost normality.



RESULTS


Plant Growth and Transcriptome Assembly and Annotation

The changes in phenotypic characteristics induced by exposing S. argel plant to salinity stress are shown in Supplementary Figure 1. All the generated reads for all S. argel plant samples were pooled together and assembled using Trinity software. The total number of assembled trinity (transcripts/isoforms) reached 165,147 transcripts representing 57,796 unigenes (genes). The total number of assembled bases to produce all isoforms was 275,324,172 bp with 38.46% GC content, while unigenes were constructed using 61,325,868 bp with 37.93% GC. The average transcript length was 1,667.15 bp, while the average unigene length was 1,061.07. Moreover, the N50 of the assembled transcripts were 2,758 bp, but for unigenes, they were 2,128 bp only (Table 1).


TABLE 1. Summary statistics of the assembled transcriptome of S. argel plants and distribution of the generated sequence lengths.
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Coding and Non-coding Genes Identification

A total of 57,796 unigenes were annotated after searching all the de novo assembled unigenes against different protein and RNA databases using different tools, e.g., Blast, HmmScan, SignalP, and TmHMMP. Blastp and blastx tools were used to search translated peptides and nucleotides against the UniProt database, respectively. All the assembled unigenes were annotated at least in one of the searched databases. Roughly, 70% of the assembled unigenes were annotated using nucleotide sequences against the NR database. Blastx and blastp search against the UniProt database identified 49.4 and 35.8% of the assembled unigenes, respectively. Moreover, 11.31% of the assembled unigenes were found to have transmembrane helices in their protein products. Around 25.54 and 49.14% of the assembled unigenes were functionally characterized in at least one of the KEGG orthology (KO) pathways and GO terms, respectively. Eight (0.01%) genes were annotated as ribosomal RNAs using RNAmmer. Usage of SignalP showed that 3.48% of the assembled unigenes has potential signal peptides. Searching all the assembled unigenes against eggNOG and Pfam databases annotated 18,973 (32.83%) and 20109 (34.79) unigenes, respectively. Several unigenes were annotated in different databases while others were annotated in only one data base. In total, 10,110 sequences were annotated in Ref-Seq, nucleotide, and UniProt databases using either nucleotide sequences or their translated polypeptide chains generated using TransDecoder (Figure 1). Blastp and blastx tools uniquely annotated 18 and 102 unigenes that were not annotated in any other database.
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FIGURE 1. Number of annotated de novo assembled unigenes of S. argel plants using different tools, e.g., Blastx, Blastp, HmmScan, SignalP, TmHMMP, and RNAmmer against several databases, e.g., UniProt (NT), RefSeq non-redundant (NR) protenis, KEGG Orthology (KO), and gene ontology (GO) term databases.




Identification of Differentially Expressed Genes

Samples obtained from the roots under control or stressed conditions were compared together and those obtained from leaves either under control or stressed conditions were also compared together. In the roots, 730 DEGs were identified; out of them, 396 and 334 were up- and down-regulated, respectively, in stressed roots as compared to the control ones (Figure 2A). Similarly, in the leaves, 927 DEGs were identified (601 up-regulated and 326 down-regulated in stressed leaves compared to the control ones). There were 105 DEGs common in between the leaves and the roots (Figure 2B).
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FIGURE 2. (A) Number of identified DEGs (total, up-regulated, and down-regulated) in stressed roots (T1_C1) and leaves (T2_C2) as compared to the control ones of S. argel plants and (B) a Venn diagram shows the number of common and unique DEGs identified in each comparison.


The volcano plots in Figures 3A,B show the changes in the expression of all genes in the roots and leaves of the stressed S. argel plants compared to the control plants. A gene was identified as DEG if |log2 fold change| ≥ 1 and q value ≤ 0.05. Moreover, the expression values for all identified DEGs across all the samples of roots and leaves is shown and clustered in Figures 3C,D.
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FIGURE 3. Volcano plots showing the change in expression values among all expressed genes in the roots (A) and leaves (B) of S. argel plants under salt stress as compared to control, and heatmaps showing the expression values of all identified DEGs in the roots (C) and leaves (D) of these plants. RT1: roots treated with salinity stress replicate 1, RT2: roots treated with salinity stress replicate 2, RC1: control roots replicate 1, RC2: control roots replicate 2, LT1: leaves treated with salinity stress replicate 1, LT2: leaves treated with salinity stress replicate 2, LC1: control leaves replicate 1, and LC2: control leaves replicate 2.




Gene Ontology Terms Enriched by Differentially Expressed Genes

The most enriched GO terms in the roots and leaves of S. argel plants are shown in Figure 4. Interestingly, “response to stress,” “response to osmotic stress,” “response to stimulus,” and “response to external and endogenous stimulus” were among the most enriched BP terms in roots (Figure 4A). “Transcription regulator” and “DNA binding transcription factor” activities were among the most enriched molecular function (MF) terms (Figure 4C). Furthermore, “UDP-glycotransferase” activity was one of the enriched MF terms in the roots of S. argel plants. The majority of enriched cellular component (CC) terms have relations with the cell membrane, e.g., “kintrinsic and integral components of membrane” and “plasma membrane” terms (Figure 4B).
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FIGURE 4. The most enriched GO terms in different categories viz., biological process (A), cellular component (B), and molecular function (C) in the roots, whereas biological process (D), cellular component (E), and molecular function (F) in the leaves of S. argel plants are exposed to salt stress.


Similarly, in the leaves of S. argel plants, the most enriched BP terms included “response to stimulus, stress, and abiotic stimulus” (Figure 4D). Interestingly, “biosynthesis of aromatic compounds and organic cyclic compounds” were also enriched in the leaves of S. argel plants that are exposed to salt stress. Similar to roots, CC terms with relation to “cellular membrane” were the most enriched under salt stress. Nevertheless, the terms related to “chloroplast and stroma” were enriched in the leaves (Figure 4E). However, the most enriched MF terms in the leaves of this plant included “monooxygenase activity” and “glycosyl and hexosyl transferase activity” (Figure 4F).



Kyoto Encyclopedia of Genes and Genomes Pathways Enriched by Differentially Expressed Genes

The most enriched KEGG pathways in the roots and leaves of S. argel plants under salt stress were identified. In addition, “plant hormone signal transduction,” “mitogen-activated protein kinase (MAPK) signaling pathway,” and “phenylpropanoid biosynthesis pathways” were the most enriched in both the roots and the leaves. Interestingly, photosynthesis-related pathways were enriched in the leaves of S. argel plants under salt stress. Furthermore, “zeatin biosynthesis” and “cyanoamino acid metabolism” pathways were enriched in the leaves of S. argel plants under salt stress conditions (Figure 5).
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FIGURE 5. The most enriched KEGG pathways in the roots (T1_C1) and leaves (T2_C2) of S. argel plants are exposed to salt stress.




Salt-Responsive Genes in S. argel Plants

In the current study, plant hormone signal transduction, MAPK signaling pathway, and phenylpropanoid biosynthesis pathways were highly enriched by up-regulated genes in the roots and leaves of S. argel plants indicating a potential response to salt stress conditions via these pathways. Table 2 shows DEGs selected in the roots of S. argel plants under salt stress conditions in these three pathways. It shows many genes whose expression was up- and down-regulated. Ten key genes participate in the plant hormone signal transduction pathway (six up-regulated genes and four down-regulated genes), two key genes participate in MAPK signaling pathway (one up-regulated gene and one down-regulated gene), and sixteen key genes (ten up-regulated genes and six down-regulated genes) participate in different metabolic pathways, such as amino acid metabolism, polyamine (PA) biosynthesis, phenylpropanoid biosynthesis, starch and sucrose metabolism which are possibly linked to salt tolerance in the roots and/or leaves of S. argel plants.


TABLE 2. Differentially expressed genes (DEGs) selected in the roots of S. argel plants under salt stress conditions.

[image: Table 2]Similarly, Table 3 shows DEGs-selected in the leaves of S. argel plants under salt stress conditions in these three pathways. It shows many genes whose expression was up-and down-regulated; Eleven key genes participate in the plant hormone signal transduction pathway (Nine up-regulated genes and two down-regulated genes), and six key genes participate in the MAPK signaling pathway (Four up-regulated genes and two down-regulated genes).


TABLE 3. Differentially expressed genes (DEGs) selected in the leaves of S. argel plants under salt stress conditions.

[image: Table 3]Twenty-five (21 up-regulated genes and four down-regulated genes) key genes participate in different metabolic pathways, such as amino acid metabolism, PA biosynthesis, phenylpropanoid biosynthesis, starch and sucrose metabolism, which are possibly linked to salt tolerance in the roots and/or leaves of S. argel plants.



Plant Hormone Genes Enriched in S. argel Plants Under Salt Stress

The most enriched KEGG pathway in the roots and leaves of S. argel plants under salt stress was plant hormone signal transduction. In the roots, three hormone signal transduction pathways, including auxin signaling pathway, abscisic acid (ABA) signaling pathway, and cytokinin signaling pathway, were enriched. In the auxin signaling pathway, the expression level of auxin-responsive GH3 (GH3), auxin-responsive protein (IAA), and SAUR family protein (SAUR) were significantly high, whereas auxin influx carrier (AUX1) and the SAUR family protein (SAUR) had significantly lower expression level as shown in Figure 6A. In the ABA signaling pathway, the expression level of protein phosphatase 2C (PP2C) and ABA-responsive element-binding (ABF) were significantly up-regulated, whereas ABA receptor PYR/PYL (PYL) and serine/threonine-protein kinase (SNRK2) were significantly down-regulated as shown in Figure 6B. Finally, in the cytokinin signaling pathway, the ARR-B family response regulator (ARR-B) expression level was up-regulated, as shown in Figure 6C.
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FIGURE 6. DEGs mapped to the plant hormone signaling transduction pathways in the roots of S. argel plants under salt stress conditions. (A) Auxin signaling pathway, (B) ABA signaling pathway, and (C) Cytokinin signaling pathway. The red box indicates up-regulated compared with the control. At the same time, the green box indicates down-regulated compared with the control: the fold change (FC) and P-value ≤ 0.05 are shown in Table 2.


Similarly, in the leaves, five hormone signal transduction pathways, including auxin signaling pathway, gibberellin signaling pathway, ABA signaling pathway, salicylate signaling pathway, and ethylene signaling pathway, were enriched. In the auxin signaling pathway, the expression level of auxin-responsive GH3, SAUR, and auxin response factor (ARF) were significantly high, as shown in Figure 7A. In the gibberellin signaling pathway, the expression level of gibberellin receptor (GID1) was significantly up-regulated, as shown in Figure 7B. In the ABA signaling pathway, the expression level of PP2C was significantly high, as shown in Figure 7C. In the salicylate signaling pathway, the transcription factor (TGA) and pathogenesis-related protein 1 (PR1) were up-regulated, as shown in Figure 7D. Finally, in the ethylene signaling pathway, ERS ethylene receptor (ETR) and EIN3-binding F-box protein (EIN3) were up-regulated, whereas ethylene-responsive TF (ERF1) was significantly down-regulated, as shown in Figure 7E. Interestingly, the auxin-responsive GH3 and protein phosphatase 2C PP2C were significantly up-regulated in the roots and leaves of S. argel plants (Figures 6A,B, 7A,C).
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FIGURE 7. DEGs mapped to the plant hormone signaling transduction pathways in the leaves of S. argel plants under salt stress conditions. (A) Auxin signaling pathway, (B) gibberellin signaling pathway, (C) ABA signaling pathway, (D) salicylate signaling pathway, and (E) ethylene signaling pathway. The red box r indicates up-regulated pathway compared with the control. At the same time, the green box indicates down-regulated pathway compared with the control. The fold change (FC) and P-value ≤ 0.05 are shown in Table 3.




Metabolome Profiling

To examine the changes in the metabolism of S. argel plants under salt condition, the roots and the leaves were subjected to metabolomic assays using liquid chromatography-tandem mass spectrometry. Samples obtained from the roots under control or stressed conditions were compared together and those obtained from the leaves either under control or stressed conditions were also compared together. This analysis resulted in an estimated 233 known metabolites to minimize data uncertainty and help point out discrepancies between the roots and leaves; the metabolites were determined using an unpaired t-test (P-value < 0.05; fold change > 1). In stressed roots, 45 metabolites out of 87 metabolites were identified significant as compared to the control ones, while in the stressed leaves, 56 metabolites out of 112 metabolites were identified significant as compared to the control ones. There were 20 metabolites in common between the leaves and roots (Figure 8A).
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FIGURE 8. Overview of targeted metabolites in S. argel plants based on liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. (A) Differentially accumulated metabolites in the stressed roots (T1_C1) and leaves (T2_C2) as compared to the control ones of S. argel plants; for plants grown below 500 mM NaCl salt, compared with control (free salt), (B) metabolites accumulated in the roots significantly while they accumulated insignificantly in the leaves, (C) metabolites accumulated significantly in the leaves while they accumulated insignificantly in the roots and (D) metabolites accumulated significantly both in the roots and leaves. The number in box plots reflects fold change and the bar on the right reflects log2 fold-change value of the accumulated metabolites. Replications (n = 6).


Distinctive accumulative patterns of amino acids, phenylpropanoids, monolignols, flavonoids, saccharides, lipids, organic acids, and other compounds in the roots and leaves have been observed. Indeed, the levels of monolignols (sinapic acid, 1-o-sinapoylglucose, ferulic acid o-lichenin, cinnamic acid o-hexoside-3, and paracoumaryl alcohol accumulated), flavonoids (tricetin, apigenin 5-o-glucoside, quercetin, and tricin o-hexoside derivative), amino acids (L-proline, L-lysine, and homocystine), and organic acids (feruloyl quinate and vanillactic acid) were accumulated significantly in the roots but not in the leaves (Figure 8B).

In contrast, the levels of monolignols (tricosen-one, 2-coumaric acid, and coniferyl aldehyde), flavonoids (quercetin 5-o-hexoside and tricetin o-hexoside), amino acids (ornithine, l-serine, L-aspartic acid, L-leucine, L-asparagine, and L-phenylalanine), organic acids (pipecolinic acid, cycloleucine, pyroglutamic acid, and benzoic acid), PAs (cadaverine, benzamidine, and spermine), and other compounds (cellotriose and ABA) were significantly accumulated only in the leaves (Figure 8C). Interestingly, the levels of monolignols (ferulic acid, sinapyl alcohol, and coniferaldehyde), hydroxybenzoic acid derivatives (salicylic acid, p-hydroxybenzoic acid o-hexoside, 4-hydroxybenzoic acid, and 3-hydroxybenzoic acid), amino acids (L-tryptophan), phenolamines (n-feruloylspermidine and feruloyl putrescine derivative), PAs (spermidine), and saccharides (trehalose and sucrose) showed significant accumulation both in the roots and leaves (Figure 8D). These results indicate that many secondary metabolites derived from phenylalanine in the phenylpropanoid pathway were accumulated both in the roots and leaves of S. argel plants in response to salt stress. Moreover, some of the metabolites acting in ROS scavenging and osmotic adjustment (osmolytes) were accumulated, i.e., trehalose, sucrose, proline, and asparagine.



qRT-PCR Validation

The expression levels of 20 different genes involved in the metabolic pathways were examined using qRT-PCR to validate their analysis using RNA-Seq data. The primers used for each gene are shown in Table 1. The expression levels of 20 genes (ten roots and ten leaves) by qRT-PCR in Figure 9 were consistent with RNA-Seq data. Consequently, the RNA-seq results were reliable for identifying and measuring the expression of DEGs involved in various processes in the S. argel plants in response to salt stress.
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FIGURE 9. Changes in the expression of 10 selected DEGs in the roots (left) and 10 selected DEGs in the leaves (right) of S. argel plants in response to salt stress based on qRT-PCR results.


Based on the previous presented results, a potential adaptive mechanism of salinity stress in S. argel was proposed and presented in Figure 10.
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FIGURE 10. Proposed schematic of the adaptive mechanism in S. argel plants exposed to salt conditions. The red arrow on the right of each Kyoto Encyclopedia of Genes and Genomes (KEGG) number indicates a change in the gene expression level in the leaves and blue on the left indicates a change in the gene expression level in the roots; up arrows indicate upregulation while down arrows indicate downregulation with q value ≤ 0.05, except five genes (K00830, K01476, K01580, K01733, and K14454) with P-value ≤ 0.05, and the lines indicate no change. Different colors are used to show amino acids (pink), PAs (gray), flavonoids (yellow), phenylpropanoids (blue), disaccharides (green), and other metabolites (without color), i.e., IAA, Indole-3-acetic acid; D-Glc-6-p, D-Glucose 6-phosphate; D-Glc-1-p, D-Glucose 1-phosphate; 3-p-D-glycerate, 3-Phospho-D-glycerate; and PEP, Phosphoenolpyruvate.




DISCUSSION

Salt stress is one of the most severe abiotic stresses affecting plant growth and productivity. Around 20% of the irrigated area and 6% of the overall land area of the world is sacrificed due to saline conditions (Shabala and Munns, 2017). From a physiological point of view, the limited plant growth and productivity caused by saline environment is due to salt stress on the chemical composition and activities via different impairing physiological aspects, including protein synthesis, lipid metabolism, photosynthesis, etc., (Shu et al., 2017). Therefore, the plants in arid and semi-arid regions that are exposed to high levels of various abiotic stresses, especially salt and drought might provide an ideal model to understand genes and metabolites that play critical roles in response to abiotic stress. Furthermore, concerning strategies to enhance crop tolerance, these plants may provide valuable insights into salt tolerance mechanisms (Gu J. et al., 2018; Benjamin et al., 2019). In the current study, we examined potential genes and metabolites that have pivotal roles in the salt adaptation of S. argel plants via examining transcriptomic and metabolomic changes in both the roots and leaves under salt stress.

Production of ROS is increased significantly in plant cells exposed to salinity stress. These species are highly toxic to macromolecules in the cells leading to secondary oxidative stress (Perrineau et al., 2014). Furthermore, ROS accumulation in the cells adversely affects the expression of many genes and impairs several vital processes including growth, programmed cell death, and signal transduction (Baxter et al., 2013). The excess Na+ and oxidative stress in the intra- or extra-cellular environment activate the cytoplasmic Ca2+ signal pathway to regulate an osmotic adjustment or homeostasis regulating salt stress responses (Yang et al., 2017). The ability of halophytes and glycophytes to sustain ROS homeostasis varies. Halophytes have robust antioxidant systems that contain both enzymatic and non-enzymatic components to control ROS amount in the cell. As a result, halophytes have higher ROS amounts than glycophytes. In addition, halophytes had faster H2O2 signaling kinetics than the glycophytes (Ellouzi et al., 2011; Bose et al., 2014). Our investigation shows that the most enriched GO terms in the biological process category responded to osmotic stress, oxidation-reduction process, oxidoreductase activity, and cation binding in the roots and/or leaves of S. argel plants were exposed to salt stress. Thus, we concluded that S. argel plants have a potential response mechanism when exposed to severe salt conditions. Combining the metabolomic results and transcriptomic data, much knowledge was gained about the metabolic pathways, such as amino acid metabolism, PA biosynthesis, phenylpropanoid biosynthesis, starch and sucrose, linked to salt tolerance in the roots and/or leaves of S. argel plants. In plants, free amino acids can be used in osmotic adjustment, scavenging of ROS, stabilization of proteins, membranes, and subcellular structures to control salt-induced osmotic stress. In this study, the physiological levels of proline, lysine, and homocysteine increased significantly in the roots: ornithine, serine, aspartic acid, leucine, and asparagine L-phenylalanine increased significantly in the leaves while tryptophan increased significantly in the roots and leaves of S. argel plants. Thus, proline is a multifunctional amino acid in the plant defense system and is a charged metabolite to osmotic adjustment and ROS scavenger (Szabados and Savouré, 2010; Yang and Guo, 2018). Plant hormones (phytohormones) control the growth of plants. The ABA, ethylene, jasmonic acid (JA), and salicylic acid (SA) are classified as stress-reactive hormones. At the same time, auxin is known as a growth and development promoting hormone (Verma et al., 2016; Yu et al., 2020). ABA accumulation is a notable factor in water stress induced by a hyperosmotic signal that causes several adaptive reactions in plants (Zhu, 2002). In the current study, several functional genes participating in stress reaction hormones, such as ABA signaling pathway, salicylate signaling pathway, and ethylene signaling pathway were up-regulated in treated samples compared to the controls. For example, the PP2C gene was up-regulated in the roots and leaves by 5.72 and 3.09-fold, respectively, whereas ABF was up-regulated only in the roots (Figure 6B). PP2Cs bind to SnRK2 kinases (OST1) in the absence of ABA to keep the kinases inactive by removing the phosphorylation of activation loop (Soon et al., 2014). Moreover, several clades, such as PP2C protein phosphatases interact directly with RopGEF1 to create a RopGEF-ROP-PP2C control loop model that is thought to help shut down ABA signal transduction. In Arabidopsis, AtPP2CG1 positively regulates salt tolerance and is expressed in the vascular trichomes (Liu et al., 2012). Similarly, OsPP108 (a group A PP2C) confers salt stress tolerance in Arabidopsis via negatively regulate ABA signaling (Singh et al., 2015). Moreover, in Betula platyphylla, BpPP2C1 was highly expressed and in roots, the BpPP2C1 possibly confers salt tolerance by enhancing the metabolic activity of flavanols, anion transport, and oxidative stress. Together, these results confirm that PP2C family members are involved in the regulation of abiotic stress (Xing et al., 2021). Also, ABF2 was involved in glucose signaling and salt stress tolerance in Arabidopsis (Kim et al., 2004). Together, our results showed that PP2C was highly expressed in the roots and leaves of S. argel plants, whereas ABF was highly expressed only in the roots, indicating that PP2C and ABF may involve in the response of S. argel plants to saline stress. These observations indicate that these genes possibly play a role in the response of S. argel plants to salt stress.

In Arabidopsis, the salicylic acid signaling pathway is important for improved osmotic stress tolerance (Jayakannan et al., 2015). In S. argel plants, TGA and PR1 were highly expressed in the leaves by 8.51 and 1.62-fold, respectively; these observations, taken together, suggest that TGA and PR1 genes have participated in the response mechanism to salt stress in S. argel plants.

It has been demonstrated that auxin plays a key role in mediating plant growth and development under stress conditions, such as salt. Exogenous application with auxin, such as IAA resulted in increased salt stress tolerance in several crops (Ribba et al., 2020). Endogenous maintenance of auxin distribution and the particular auxin pattern in the roots are required for the normal growth and development. Auxin concentration is affected by local auxin biosynthesis and auxin transporters. YUCCA is the most important and widely investigated pathway for local auxin biosynthesis (Zhao, 2018). Our results showed that under salt stress, the expression level of YUCCA gene was increased in the roots by 1.63-fold; also, auxin-responsive GH3 (GH3) was up-regulated in the roots and leaves of S. argel plants by 1.29 and 2.5-fold, respectively. Auxin-amido synthetases encoded by Gretchen Hagen 3 (GH3) protein family can regulate active auxin levels by conjugation with amino acids, indicating increased auxin biosynthesis of YUCCA, accompanied with inactivating auxin by GH3. Moreover, auxin influx (AUX1) transporter was down-regulated under this experimental condition. It was reported that AUX1 is also important for proper plant growth and development and has been implicated in salt stress responses (Fàbregas et al., 2015). Taken together, our results revealed that salt stress significantly affected auxin homeostasis in S. argel plants by changing the local auxin biosynthesis, auxin influx carriers, and the level of active auxin in the cell. This pathway could be part of a mechanism that S. argel plants use to maintain the salt stress.

Proline is known for its central role in salinity tolerance in plants. Furthermore, the literature also suggests that pyrroline-5-carboxylate synthetase (P5CS) is a central enzyme in proline synthesis in plants. In our study, proline accumulation and enzyme activity of P5CS (K12657) were increased only in the roots; this result was consistent with that was found in S. maritima, where proline accumulated only in the roots (Benjamin et al., 2019). Furthermore, the proline accumulation was associated with higher P5CS activity during drought stress in tobacco (Szepesi and Szőllősi, 2018). P5CS expression level increased in the root tip, shoot apex, leaves, and inflorescences under stress (Székely et al., 2008; Kavi Kishor and Sreenivasulu, 2014) but in our study, it was increased significantly only in the roots, which indicates that the relationship between P5CS expression level and proline accumulation is positive and tissue-specific.

Further, there is an evidence that asparagine often accumulates significantly at the same time as proline in drought and salt stress in various plants, e.g., soybean (Glycine max), alfalfa (Medicago sativa), pearl millet (Cenchrus americanus), and wheat (Triticum aestivum; Lea et al., 2007). Moreover, in the younger leaves, asparagine accumulated, while proline showed the reverse of this trend. The accumulation of asparagine only in the leaves, observed in our study, is consistent with the results obtained in barley plants where asparagine was leaf-specific solutes under salt stress (Wu et al., 2013). On the other hand, aspartic acid and aspartate aminotransferase (GOT1; K14454) enzyme increased only in the leaves. Previews of literature indicate that GOT1 catalyzes aspartic acid synthesis from glutamic acid or oxaloacetate in all organisms (de la Torre et al., 2014). Asparagine and aspartic acid responded similarly under salt stress in barley and soybean (Wu et al., 2013; Zhang et al., 2016). It could be attributed that asparagine results from aspartic acid (reverse reaction) metabolism. Our results indicate that both asparagine and aspartic acid may be involved in similar response mechanism operated under salt stress.

Interestingly, ornithine (Orn) increased by 7.17-fold in the stressed leaves as compared to the control ones. Besides, the expression level of arginase (ARG; K01476) was increased both in the roots and leaves. Indeed, Orn biosynthesis pathway depends upon stress levels; a correlation has been observed between proline accumulation in Arabidopsis and Brassica napus plants and the ornithine pathway under prolonged conditions of severe stress (Kalamaki, 2009; Xue et al., 2009). It was found that the activation of ARG promotes Orn biosynthesis from Arg in A. thaliana plants exposed to bacterial infection (Jones et al., 2006). Hence, the metabolic pathways of pro, arginine, and Orn showed that Orn occupies a vital role in the three pathways (Anwar et al., 2018). Moreover, Orn contributes to PA metabolism.

All living organisms include PAs, which are small polycationic chemicals. Their unique chemical characteristics, such as low molecular weight, having two or more amino groups in their chemical structure, and positively charged compounds, give them a robust biological activity (Takahashi and Kakehi, 2009). Furthermore, PAs can influence the activity of DNA, RNA, proteins, and phospholipids (negatively charged molecules) by interacting with them (Igarashi and Kashiwagi, 2010).

Putrescine (Put), spermidine (Spd), spermine (Spm), and thermospermine (Tspm) are the most common PAs found in plants. There are accumulating evidences indicating that endogenous modification of PAs by exogenous applications of PAs, mainly Put, Spd, and Spm, protect against the effects of several forms of abiotic stress (Del Duca et al., 2014; Sequera-Mutiozabal et al., 2016). It has been demonstrated that increasing PA levels are one of the most notable metabolites in plants exposed to salt and other stresses. Alterations mainly produce the alteration in the levels of PAs in PA biosynthesis genes induced by stresses. Our study found that the expression level of Spd was increased by 4.17 and 1.66-fold in the leaves and roots, respectively, whereas Spm increased in the leaves by 1.25-fold while no change in Spm was observed in the roots. Polyamine balance is regulated by biosynthesis, back conversion, and terminal catabolism. Polyamine oxidases (PAOs) is involved in higher polyamine back conversion and terminal catabolism. Our study also found salt stress-induced PAO2 expression, which may also be involved in increasing Spd and Spm by reverse biosynthesis process. However, the PA biosynthesis regulation is not well investigated. These findings indicate that Spd and Spm play a vital role in adaptation under salt stress conditions.

These findings were also found in wheat, where Spd and Spm significantly promoted grain filling and osmotic resistance (Liu et al., 2016). Additionally, the increased Spd and Spm by 3–4 times higher in transgenic rice lines improved the growth of the seedlings compared to non-transgenic lines under NaCl stress (Roy and Wu, 2002). Overall, our results indicate that the amount of Orn amino acid was tissue-specific and linked to salt levels. Further, Orn occupied a vital role in salt stress response, possibly by adjusting the biosynthesis levels of amino acids and PAs.

In a distinct pathway from that of the other well-characterized ornithine- or arginine-derived PAs, cadaverine (PA) comes from lysine. Cadaverine modulates the growth and responses to environmental stress (Jancewicz et al., 2016). Lysine decarboxylase (LDC; K01582) is mainly decarboxylated and transforms lysine into cadaverine. Moreover, quinolizidine alkaloids (QAs) are derived from cadaverine by the action of LDC (Bunsupa et al., 2012). In our study, the LDC was up-regulated in the roots while cadaverine was increased in the leaves. We suggest that this pathway may play a role in the response of S. argel plants to salt stress. However, it is interesting to explore cadaverine biosynthesis pathway under salt stress in further research.

A significant class of plant secondary metabolites is biosynthesized via the phenylpropanoids pathway. This pathway starts with amino acids (phenylalanine or/and tyrosine) which converts via phenylalanine ammonia-lyase (PAL; K10775), C4H (cinnamate 4-hydroxylase; K00487), and 4CL (4-coumaroyl CoA ligase; K01904) into p-coumaroyl. The latter acts as a core for the phenylpropanoid pathway. At the end of this very complex metabolic pathway, all flavonoids, lignins, and several intermediate molecules are synthesized, whose exact biological roles correlate with the stress management strategies of plants (Zhang et al., 2015; Le Roy et al., 2016). Flavonoids in different classes, such as flavonoids (e.g., naringenin), isoflavone (e.g., isorhoifolin), and flavonols (e.g., quercetin) have vital roles during abiotic stresses to plant protection. Interestingly, the backbone of flavonoid is synthesized by chalcone synthase (CHS; K00660), which generates particular flavonoids regulated by diverse enzymes, such as F3′H (flavonoid 3-hydoxylase; K05280; Gu F. et al., 2018; Pi et al., 2019). Our data showed that the salt stress up-regulated the expression of phenylpropanoids biosynthesis-related genes, such as PAL, C4H, 4CL, and CHS in the leaves while F3H was up-regulated in the root tissues. Simultaneously, both the flavonoids, quercetin 5-O-hexoside and tricetin were increased by 14.52 and 5.04-fold in the stressed leaves. Meanwhile, quercetin and tricetin were increased by 2.07 and 2.24-fold in the roots, respectively. Interestingly, isorhoifolin was increased by 2.12 and 2.18-fold in the stressed roots and leaves, respectively, indicating that these flavonoids probably play critical roles in the responses of S. argel plants to salt stress.

Notably, hydroxycinnamic acids (HCAAs) derived from the phenylpropanoid pathway can combine with the PAs, which are referred to as polyamine conjugates or HCAAs, e.g., hydroxyferuloyl and hydroxycinnamoyl spermidine conjugates. The HCAAs are involved in various growth and development processes and responses to environmental stress in plants (Luo et al., 2009). Thus, the increase of N-feruloylspermidine and feruloyl putrescine derivatives in the roots and leaves indicates that these metabolites may play a role in the response of the S. argel plants to salt stress. It is likely to work to reverse the oxidative status imbalance caused by salt. Further, lignin accumulation is regulated by diverse enzymes in the following two steps: (i) cinnamoyl-CoA reductase (CCR; K09753) and cinnamyl-alcohol dehydrogenase (CAD; K00083) conversion of HCAAs derivatives to hydroxycinnamyl alcohols (Monolignols) and (ii) peroxidase (POD; K00430) and laccase (K05909) for polymerizing monolignols to lignin polymer to support cell wall formation (Wang et al., 2014). Changes in the biosynthesis of lignin affects plant growth and protection (Xie et al., 2018). In the S. argel plants, both peroxidase and laccase were up-regulated in the stressed roots and leaves. Coinciding with this increase in gene expression, several HCAAs were also increased (Figure 8D).

The key players in different metabolic and regulatory processes are amino acids and carbohydrates. During the response to salt stress in tomatoes, 17 amino acids and 17 carbohydrate metabolic pathways were found enriched (Thalmann and Santelia, 2017; Zhang et al., 2017). Salt tolerance significantly affected the core genes related to starch and sucrose metabolism of Arachis hypogaea (Zhang H. et al., 2020). In general, salt stress significantly impacted the increased accumulation of trehalose and sucrose in the roots and leaves of S. argel plant (Figure 8D) and increased the gene expression of beta-glucosidase (BGL; K01188). BGL was increased in the roots and shoots of maize following salt treatment (Zörb et al., 2004). Our data indicate that trehalose and sucrose may play a pivotal role in response to severe salt stress. According to the findings of other studies, trehalose and sucrose act as compatible osmolytes, minimize short-term water loss, and enhance cell turgor and cell expansion under long-term osmotic stress (Ruan, 2014; Henry et al., 2015).



CONCLUSION

Profiling of transcriptomic and metabolimoc changes happened during exposure to different abiotic stresses may provide a deep insight into the potential mechanisms behind stress tolerance in plants. In the current study, integrating transcriptomics and metabolomic changes revealed that several genes and metabolomic pathways might play pivotal roles in the salinity stress of S. argel plants. The results of the current study provide a comprehensive database for the transctomic and metabolomic profiles and the potential changes happened at these levels under salinity stress in S. argel plants. Furthermore, the obtained results in the current study lay the foundation for the future biotechnological studies aiming to examine the potential salinity tolerance mechanisms in S. argel plants and might help in the etabolic engineering efforts aiming to enhance the salinity stress in sensitive plants. Nevertheless, further comprehensive analyses of the pathways and mechanisms identified and proposed in the current study are needed either in the same plant or in different salt-tolerant plants.
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Soil salinization imposes severe stress to plants, inhibits plant growth, and severely limits agricultural productivity and land utilization. The response of a single plant to saline-alkali stress has been well investigated. However, the plant community that usually works as a group to defend against saline–alkali stress was neglected. To determine the functions of plant community, in our current work, Suaeda salsa (S. salsa) community and Puccinellia tenuiflora (P. tenuiflora) community, two communities that are widely distributed in Hulun Buir Grassland in Northeastern China, were selected as research objects. Ionomic and metabolomic were applied to compare the differences between S. salsa community and P. tenuiflora community from the aspects of ion transport and phenolic compound accumulation, respectively. Ionomic studies demonstrated that many macroelements, including potassium (K) and calcium (Ca), were highly accumulated in S. salsa community whereas microelement manganese (Mn) was highly accumulated in P. tenuiflora community. In S. salsa community, transportation of K to aboveground parts of plants helps to maintain high K+ and low Na+ concentrations whereas the accumulation of Ca triggers the salt overly sensitive (SOS)-Na+ system to efflux Na+. In P. tenuiflora community, enrichment of Mn in roots elevates the level of Mn-superoxide dismutase (SOD) and increases the resistance to saline–alkali stress. Metabolomic studies revealed the high levels of C6C1-compounds and C6C3C6-compounds in S. salsa community and also the high levels of C6C3-compounds in P. tenuiflora community. C6C1-compounds function as signaling molecules to defend against stress and may stimulate the accumulation of C6C3C6-compounds. C6C3-compounds contribute to the elimination of free radicals and the maintenance of cell morphology. Collectively, our findings determine the abundance of phenolic compounds and various elements in S. salsa community and P. tenuiflora community in Hulun Buir Grassland and we explored different responses of S. salsa community and P. tenuiflora community to cope with saline–alkali stress. Understanding of plant response strategies from the perspective of community teamwork may provide a feasible and novel way to transform salinization land.

Keywords: saline-alkali stress, Suaeda salsa community, Puccinellia tenuiflora community, ionomic, metabolomic


INTRODUCTION

According to the statistics of the United Nations Educational, Scientific and Cultural Organization (UNESCO) and the Food and Agriculture Organization of the United Nations (FAO), there are over 900 million ha of land with varying degrees of salinization worldwide. These salinized lands span more than 100 countries and account for 6.5% of the world’s total land area as well as 60% of the world’s total arable lands (Xia et al., 2013; Xu et al., 2020). More seriously, the area of salinized land is estimated to expand at a rate of 1.5 million ha per year. It is predicted that up to 50% of the land will be lost by 2050 (Xia et al., 2013; Xu et al., 2020).

Hulun Buir Grassland located in Northeast China is severely threatened by salinization due to man-made destruction and climate impact. In Hulun Buir Grassland, soil pH is higher than 9.8 and is classified as “saline-alkali” soil (Wang et al., 2007; Kobayashi et al., 2012). Saline–alkali soil normally means NaCl, Na2CO3, NaHCO3, Na2SO4, and NaOH (Yin et al., 2019). Saline–alkali stress leads to more serious damage than salt or alkali alone (Yu et al., 2013), impairs the physiological functions of plants, disturbs metabolic pathways, and adversely affects the growth of plants (Jia et al., 2019; Ye et al., 2019). The tolerance or defense responses against saline–alkali stress are composed of many cascades, including signal transduction, ion and osmotic homeostasis, antioxidant system, primary and secondary metabolisms, and transcription regulation. A large number of saline–alkali tolerant plants, such as S. salsa, P. tenuiflora, Mesembryanthemum crystallinum, and halophytes such as Tamarix hispida, Leymus chinensis, Populus nigra, Limonium bicolor, and Puccinellia distans have been investigated to explore the underlying tolerance or defense mechanisms (Kore-Eda et al., 2004; Taji et al., 2004; Wang et al., 2004; Ban, 2007; Wang et al., 2014; Zhao et al., 2016; Yin et al., 2019).

The majority of these researches focus on a single plant. However, in the natural ecological environment, plants resist saline–alkali stress via forming plant communities. S. salsa community and P. tenuiflora community were the dominant community types in Hulun Buir Grassland. S. salsa community is composed of its main constituent S. salsa, and also Atriplex patens and Polygonum sibiricum. P. tenuiflora community is composed of its main constituent P. tenuiflor and also Plantago maritima and Carex reptabunda. Investigating a single plant may result in loss of critical information, and that plant community functions as an entire group was particularly important. However, the systematic roles of plant community under saline–alkali stress have not been clearly reported.

Currently, ionomic and metabolomic-based technologies have been broadly employed to clarify the biological responses of various plants to saline–alkali stress, such as Hordeum vulgare, Oryza sativa, Suaeda corniculata, Glycine max, and Zea mays (Heleno et al., 2015; Pang et al., 2016; Guo et al., 2017; Yang et al., 2017). The application of ionomic and metabolomic offers a rational way to reveal changes under saline–alkali stress. It accelerates the understanding of the response mechanisms of plant salinization tolerance.

To overcome these limitations, instead of investigating a single plant, S. salsa community and P. tenuiflora community, two essential communities in Hulun Buir Grassland, were investigated here. Ionomic and metabolomic were used to compare the differences between S. salsa community and P. tenuiflora community. By studying these plant communities in groups, we attempt to build a response model to saline–alkali stress and decipher the resistance strategies of plants to saline–alkali stress from the perspective of community teamwork.



MATERIALS AND METHODS


Plants and Growth Conditions

Suaeda salsa community and P. tenuiflora community in Hulun Buir grassland (115°31′00″–121°34′30″, 47°20′00″–50°50′30″) were collected as research materials from three plots. S. salsa, A. patens, and P. sibiricum were collected from S. salsa community. P. tenuiflor, P. maritima, and C. reptabunda were collected from P. tenuiflora community. Plants were divided into leaf, stem, and root, and then frozen in liquid nitrogen.

Soils were collected along the vertical length of 20 cm in depth and sieved through a 2-mm nylon sieve. Then 0.2 g dry sample of soil was treated with HF–HClO4–HNO3 method (Hseu et al., 2002; Bielicka-Daszkiewicz et al., 2012). The pH of the soil was measured with a glass electrode pH meter (pHM-2000, Rikakikai Co., Japan) in the saturation phase. The contents of carbonates and bicarbonates were measured by titration with HCl. The contents of chlorides were measured by titration with silver nitrate. The amounts of sulfates were measured by colorimetry (UV-140-02, Shimadzu, Japan) (Lu et al., 2021).



Determination of Element Accumulation in Plants

Harvested plants were separated into leaves, stems, and roots and dried for 48 h at 60°C. Plant tissues were digested in concentrated HNO3 (95%) using a graphite plate (EH45A plus) at 130°C. The contents of potassium (K), calcium (Ca), sodium (Na), magnesium (Mg), manganese (Mn), copper (Cu), zinc (Zn), boron (B), nickel (Ni), and molybdenum (Mo) were determined by atomic absorption. Bioaccumulation factors (BFs) and transfer factors (TF) were calculated based on following formulas (Chen et al., 2018):
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Mplant represents mass of detected elements in plant, Mmedium represents mass of detected elements in medium, Mleaf represents mass of detected elements in leaves, and Mroot represents mass of detected elements in roots.



Determination of Primary Metabolisms

Samples weighting 60 mg were extracted as previously described (Chen et al., 2017). After extraction, 1 μL prepared sample solution was injected into the Agilent 7890A-5975C gas chromatography-mass spectrometry (GC-MS) system (Agilent Corporation, United States). GC-MS analysis was carried out on a non-polar DB-5 capillary column (30 m × 250 μm I.D., J&W Scientific, Folsom, CA). High purity of helium was used as the carrier gas at a constant flow rate of 1.0 mL/min. The temperatures of injection and ion source were set to 305 and 230°C, respectively. Electron impact ionization (-70 eV) at full scan mode (m/z 30-600) was used, with an acquisition rate of 20 spectrum/second in the MS setting. QC sample was prepared by mixing aliquots of tissues samples to be a pooled sample.

Acquired data were analyzed by ChromaTOF software (v 4.34, LECO, St Joseph, MI). Internal standards and any known pseudo positive peaks were removed from the obtained data set. Data set was normalized using sum intensity of peaks in each sample. Obtained three-dimensional data sets included sample information, retention time, and peak intensities.



Determination of Phenolic Compounds

The detection of phenolic compounds was conducted as previously described (Chen et al., 2021). Briefly, 1.0 g of liquid nitrogen pulverized sample was weighed and dissolved in 20 mL of methanol for extraction. Analysis was performed by ultrahigh-performance liquid chromatography (UPLC) (Waters, Japan) and Water Xeveo G2 time-of-flight mass spectrometer (qTOF-MS) (Waters, Japan). The chromatographic conditions were as following: A%: 0.05% formic acid–water; B%: 0.05% formic acid–acetonitrile; m/z: 120–1,200; positive scan mode, chromatographic columns: ACQUIT UPLC-BEH C18 Column (1.7 mm, 2.1 mm, × 50 mm). Leu-Enkephalin was applied as the internal standard.



Statistical Analysis

GC-MS and LC-qTOF-MS results were imported into the SIMCA-P14 software package (Umetrics, Umeå, Sweden). Orthogonal partial least squares discriminant analysis (OPLS-DA) was performed to visualize differences between groups after mean centering and unit variance scaling. Significantly different metabolites were screened by the multivariate statistical method and Student’s t-test (VIP > 1.0 and P-value < 0.05). A 7-round crossvalidation was applied, with 1/7 of the samples being excluded from the mathematical model in each round to avoid overfitting. Significantly different metabolites were subjected to Kyoto Enrichment of Genes and Genomes (KEGG) enrichment. SPSS version 24.0 software (Chicago, IL, United States) was applied to calculate the score of principal component “Q.” A log2 transformation was conducted to improve data normality. Min–max normalization was additionally tested. Hierarchical clustering analysis was performed with R-3.2. Heatmaps, histograms, and pathway maps were drawn with R-3.2 language software, GraphPad Prism8, and Visor, respectively.



RESULTS


The Saline–Alkali Degree of the Rhizosphere Community

Suaeda salsa community (Figure 1A) and P. tenuiflora community (Figure 1B) are pioneer communities for saline–alkali land improvement in Hulun Buir Grassland. Measured indicators of the rhizosphere soils around S. salsa and P. tenuiflora community demonstrated that both communities showed high pH values and could be defined as salinization soils according to soil alkalization classification standard (SSC) (Table 1). The amounts of anions indicated that S. salsa community rhizosphere soil could be identified as the saline–alkali soil of chloride whereas P. tenuiflora community could be identified as saline–alkali soil of sulfate.
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FIGURE 1. The habitats of S. salsa community and P. tenuiflora community: (A) S. salsa community; (B) P. tenuiflora community.



TABLE 1. The values of soil indicators of S. salsa community and P. tenuiflora community.

[image: Table 1]

Moreover, these recorded parameters of rhizosphere soils implied that S. salsa community is facing more severe alkalinity stress than P. tenuiflora community. It was consistent with the observations that the rhizosphere soil around P. tenuiflora seemed to be more fertile and less exposed than the rhizosphere soil around S. salsa (Figure 1). S. salsa community even presented “leucophylline” and harden into a lump.



The Accumulation of Main Elements in S. salsa Community and P. tenuiflora Community

To explore the influences of elements on plant communities on saline–alkali stress, we tested 11 kinds of main elements in plants and rhizosphere soils, including K, Ca, Na, Mg, Fe, Zn, Cu, Ni, Mn, Mo, and B. Among them K, Ca, Na, Mg, and Mn, were discovered to be significantly different between S. salsa community and P. tenuiflora community by the analysis of OPLS-DA (Supplementary Figure 1A and Supplementary Table 1). Calculation of Q-values of these significantly different elements showed that Q-values of K, Na, Mg, and Ca were obviously higher in S. salsa community as compared with in P. tenuiflora community (Figure 2). The only microelement that was significantly accumulated in P. tenuiflora compared with S. salsa community was Mn (Figure 2). These observations implied that S. salsa community has stronger capabilities of element adsorption, mobilization, and utilization under saline–alkali stress.
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FIGURE 2. The Q-values of significantly different elements between S. salsa community and P. tenuiflora community.


In addition, the contents of K, Ca, Na, Mg, and Mn in the organs of different kinds of plants in S. salsa community and P. tenuiflora community were measured. In S. salsa community, Na was mainly accumulated in the leaves of S. salsa and P. sibiricum (Figure 3A). In P. tenuiflora community, Na was enriched in the stems of P. maritima and the roots of C. reptabunda (Figure 3B). Calculated BFs showed that community plants obtained abundant Na from soils (BFs > 1) (Figures 3C,D). Plants in S. salsa community had relatively higher TF values as compared with plants in P. tenuiflora community, suggesting that plants in the S. salsa community had stronger Na transport capacities (Figures 3C,D).
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FIGURE 3. The accumulation of significantly different elements in various kinds of plants in S. salsa community and P. tenuiflora community: (A,E,J,N,R) Na, K, Mg, Ca, Mn accumulation in S. salsa community, respectively; (B,F,K,O,S) Na, K, Mg, Ca, Mn accumulation in P. tenuiflora community, respectively; (C,G,L,P,T) the BFs and TF of Na, K, Mg, Ca, Mn in S. salsa community, respectively; (D,H,M,Q,U) the BFs and TF of Na, K, Mg, Ca, Mn in P. tenuiflora community, respectively. (I) The ratio of Na and K; The accumulation of significantly different elements is summarized from three biological replicates and presented as the mean ± standard error. Different letters indicate significant differences among treatments (p < 0.05).


Measurement of the contents of K demonstrated that K was mainly enriched in aboveground parts of plants of S. salsa community (Figure 3E). The amount of K was less in P. tenuiflora community and significantly accumulated in the stems of plants in P. tenuiflora community (Figure 3F). Therefore, the transport capacity of K in P. tenuiflora community might be lower than that in S. salsa community. BFs in all tested S. salsa community plants and C. reptabunda in P. tenuiflora community were higher than 1, indicating that these plants are K hyperaccumulator plants (Figures 3G,H). The high TF values of these plants suggested that S. salsa, A. patens, C. reptabunda, and P. tenuiflora have high K transport capacity from roots to aboveground parts of plants (Figures 3G,H). K/Na ratio, an important index of plants to saline–alkali stress, was further calculated. High K/Na ratios were observed in all plants expect for P. maritime in P. tenuiflora community, demonstrating that these plants ensure the absorption of K under saline–alkali stress (Figure 3I). Moreover, higher K/Na values in S. salsa community as compared with in P. tenuiflora community implied that the mobilization and transportation of K in S. salsa community are more active to saline–alkali stress whereas plants in P. tenuiflora community are more tolerant to saline–alkali stress.

Magnesium was found to be mainly concentrated in all organs of plants in S. salsa community (Figure 3J) and the roots of plants in P. tenuiflora community (Figure 3K). High BFs and low TF values of these plants revealed that S. salsa community and P. tenuiflora community plants can absorb a large number of Mg from soil and store Mg in roots (Figures 3L,M). Ca seemed to be equally distributed in leaves, stems, and roots of plants in S. salsa community (Figure 3N) as well as the leaves and roots in P. maritima in P. tenuiflora community (Figure 3O). BFs and TF values revealed that Ca mainly plays biological roles in leaves and roots in community plants (Figures 3P,Q).

Different from the low abundance of Mn in S. salsa community (Figure 3R), Mn was discovered to be accumulated in the plants in P. tenuiflora community, especially roots (Figure 3S). The patterns of BFs and TF values were also different in S. salsa community and P. tenuiflora community (Figures 3T,U). High levels of TF values in S. salsa community indicated that Mn is mainly transported to aboveground parts of plants in S. salsa community (Figure 3T). On the other hand, low levels of TF values in P. tenuiflora community suggested that the absorbance and transportation of Mn to aboveground organs is less robust in P. tenuiflora community (Figure 3U).



The Response of Primary Metabolisms to Saline–Alkali Stress

GC-MS detection of primary metabolisms also revealed the differences between S. salsa community and P. tenuiflora community. Among 226 measured metabolisms, a total of 68 primary metabolites showed significantly different expression patterns between S. salsa community and P. tenuiflora community by analysis of OPLS-DA (Supplementary Figure 1B). These primary metabolisms were classified to seven sugars, seven amino acids, 12 alcohols, six esters, four amines, and 32 acids (including 10 phenolic acids and 22 non-phenolic compounds) (Supplementary Table 2). Q-values of primary metabolisms were calculated based on each class. Q-values of amino acids, alcohols, esters, and acids were significantly higher in S. salsa community (Figure 4A). Q-values of sugars were similar in S. salsa community and P. tenuiflora community (Figure 4A). Notably, soluble sugars such as tagatose, D-talose, and trehalose were more accumulated in P. tenuiflora community (Supplementary Table 2). It suggested that soluble sugars play an important role in P. tenutiflora community to respond to saline–alkali stress.
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FIGURE 4. The Q-values of significantly different metabolisms between S. salsa community and P. tenuiflora community: (A) the Q-values of significantly primary different metabolisms between S. salsa community and P. tenuiflora community; (B) the Q-values of a phenolic compounds C6C1-compounds, C6C3-compounds, and C6C3C6-compounds; PCs, phenolic compounds.




The Response of Phenolic Compounds to Saline–Alkali Stress

Considering the importance of acids, especially phenolic compounds, under saline–alkali stress, phenolic compounds were investigated in detail. A total of 34 important phenolic compounds were detected. A total of 24 phenolic compounds were found to be accumulated in our community plants and a total of 11 significantly different metabolisms were screened by OPLS-DA (Supplementary Figure 1C). Differences of acids between S. salsa community and P. tenuiflora community were mainly due to differences in phenolic compounds (Figure 4B). These differentially expressed phenolic compounds could be classified to C6C1-compounds, C6C3-compounds, and C6C3C6-compounds. C6C1-compounds and C6C3C6-compounds were more accumulated in S. salsa community whereas C6C3-compounds were more accumulated in P. tenuiflora community (Figure 4B).

The distributions of C6C1-compounds in plant organs showed that C6C1-compound protocatechuic acid was mainly gathered in the stems and roots of A. patens and P. sibiricum in S. salsa community (Figure 5A). In P. tenuiflora community, protocatechuic acid was more accumulated in the roots of P. maritima (Figure 5B). Another C6C1-compound, p-hydroxybenzoic acid, was mainly accumulated in the aboveground of P. sibiricum in S. salsa community and also in the roots of C. reptabunda in P. tenuiflora community (Figures 5C,D). C6C3-compound ferulic acid was mainly concentrated in the aboveground part of our community plants (Figures 5E–G). It was significantly accumulated in P. tenuiflora community, especially the leaves of C. reptabunda and P. tenuiflora (Figure 5F). C6C3C6-compounds were evidently enriched in the aboveground part of A. patens and P. sibiricum in S. salsa community (Figures 5H–M). Catechin and kaempferol were only detected in P. sibiricum in S. salsa community. The amounts of naringenin and pelunidin were also higher in P. sibiricum in the S. salsa community.
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FIGURE 5. Relative contents of significantly different phenolic compounds in S. salsa community and P. tenuiflora community: (A,C) relative contents of C6C1-compounds in S. salsa community; (B,D) relative contents of C6C1-compounds in P. tenuiflora community; (E) relative contents of C6C3-compounds in S. salsa community; (F,G) relative contents of C6C3-compounds in P. tenuiflora community (H,I,K,L) relative contents of C6C3C6-compounds in S. salsa community (J,M) relative contents of C6C3C6-compounds in P. tenuiflora community; The accumulation of significantly different elements is summarized from 3 biological replicates and presented as the mean ± standard error. Different letters indicate significant differences among treatments (p < 0.05).




DISCUSSION

Soil salinization is a major abiotic environmental factor that limits land utilization efficiency (Abdel and Tran, 2016). Given that Hulun Buir Grassland is influenced by obviously gradient salinization, here, we collected the rhizosphere soil of S. salsa community and P. tenuiflora community in Hulun Buir Grassland. We found that the rhizosphere soil of S. salsa community was chloride saline–alkali soil (Cl– and SO42–) and the rhizosphere soil of P. tenuiflora community was saline–alkali sulfate soil (SO42– and CO32–). Moreover, the unique features of S. salsa community and P. tenuiflora community were characterized by determining the amounts of elements and primary metabolisms, especially phenolic compounds (Figures 6, 7).
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FIGURE 6. Visualization of pathway maps of significantly different elements and phenolic metabolites in S. salsa community. Blue circle, highly expressed in S. salsa, purple circle, highly expressed in A. patents, red circle, highly expressed in P. sibiricum. The green circle, yellow circle, and black circle represent leaf, stem and root, respectively.



[image: image]

FIGURE 7. Visualization of pathway maps of significantly different elements and phenolic metabolites in P. tenuiflora community. Blue circle, highly expressed in C. reptabunda, pink circle, highly expressed in P. tenuiflora, orange circle, highly expressed in P. maritime. The green circle, yellow circle, and black circle represent leaf, stem and root, respectively.



Element Response

Sodium is one of the most dominating toxic ions that induce soil salinization. Extremely accumulated Na can induce ionic imbalance and disrupt normal physiological metabolisms (Lin et al., 2018; He et al., 2020). Our observations showed that Na was significantly accumulated in plants in both S. salsa community and P. tenuiflora community, indicating that these plants can survive from excess Na from soils. Na was found to be transported to the aboveground parts of plants and accumulated in leaves and stems. High K+ and low Na+ concentrations are critical for maintaining osmotic pressure. The accumulation of Na in S. salsa community and P. tenuiflora community implied that the osmotic balance might be disturbed. Since there exists no special Na transportation channel, a competitive relationship between K (or other ions) and Na may be present during K/Na uptake under saline–alkali stress. Excessive Na+ can damage metabolic pathways by replacing K+ in key enzymatic reactions, causing the dysregulation of various biological processes (Guo et al., 2017). However, our results showed that K was also significantly accumulated in the aboveground parts of community plants, indicating that the accumulation of Na may not affect the absorption of K. The value of K/Na ratio suggested that community plants can grow normally under saline–alkali stress. Different from reducing Na uptake to alleviate injuries to plants, K uptake of community plants are seemingly not affected. Therefore, Na may be necessary for the growth of some halophytes.

Salt overly sensitive pathway is an important ionic stress signaling pathway to maintain Na/K balance by extruding Na+ into the apoplast. Ca2+ is a key signaling component in this pathway. Ca accumulation in tissues can instantly trigger the SOS–Na+ system to exclude and diminish the damage caused by Na toxicity (Jia et al., 2019). The significant accumulation of Ca in plant leaves and roots may activate the SOS–Na+ system. Moreover, accumulated Ca can enhance Ca2+ binding to Ca2+ sensor proteins and further support Na+ detoxification (Jia et al., 2019). Ca not only contributes to the SOS–Na+ signaling pathway, but also plays a pivotal role in cellular structure maintenance under saline–alkali stress. The accumulation of Ca helps to increase membrane stability under adverse conditions such as osmotic stress (Zeng et al., 2015). Ca accumulated in roots can function as a Ca storage and provide a Ca gradient for multiple biological processes (An et al., 2020). Our results implied that Ca may play an important role in plant saline–alkali tolerance by increasing the levels of Ca in roots, rather than by reducing the levels of Na.

It has been reported that saline–alkali stress can lead to decreased plant biomass and reduced photosynthesis (Guo et al., 2017; Nie et al., 2018). Mg participates in chlorophyll biosynthesis and affects photosynthetic rate. Superfluous Na and high pH value can result in deficiency of Mg, affecting the structure of chloroplast and the activation of chlorophyllase enzyme. Our results showed that Mg was strongly absorbed from soil by community plants. The entry of Mg2+ into root cells is passively mediated via Mg2+ permeable channels. Saline–alkali stress may activate Mg2+-uptaking channels in roots. Chloroplast membrane-localized Mg-chelatase H subunit has been demonstrated as a key putative ABA receptor with essential roles in ABA signaling. Plant roots can perceive and defend against saline–alkali stress via ABA signaling (Jia et al., 2019). The accumulation of Mg2+ in roots of S. salsa community plants may regulate ABA signaling transduction and ABA receptor synthesis.

Manganese is also a key element involved in photosynthesis. Here, we identified the enrichment of Mn in P. tenuiflora community. Mn in leaves protects PSII cluster on photosynthetic electron transport whereas Mn in roots improves the resistance to saline–alkali stress by functioning as a component of Mn-SOD (Jia et al., 2019; Zhu et al., 2020).

It is worth noting that our comparison of elements in S. salsa community and P. tenuiflora community demonstrated different element strategies between these community plants. In S. salsa community plants, macroelements play significant roles under stress. Specifically, K is transported to the aboveground part to maintain high K+ and low Na+ concentrations and support normal physiological activity. Ca is used for triggering the SOS–Na+ system to efflux Na and improve membrane stability. Mg, as a Mg-chelatase H subunit of ABA receptor, plays a role in perceiving and defending against the saline–alkali stress. In P. tenuiflora community, the high abundance of microelement Mn in roots revealed the potential involvement of Mn–SOD in improving the resistance to saline–alkali stress.



Phenolic Compounds Response

Phenolic compounds play primary roles in the regulation of plant’s life cycle and growth as well as the acceptance of the environmental challenge. They are the most widely distributed metabolites that are involved in environment responses (Liu et al., 2016; Liu J. et al., 2020). Phenolic compounds are referred to as cyclic compounds containing at least one hydroxyl group attached to an aromatic ring and can be divided into three major groups, i.e., C6C1-compounds, C6C3-compounds, and C6C3C6-compounds, according to the number and binding position of convertible hydroxyl groups on the aromatic chain. C6C1-compounds, such as protocatechuic acid and hydroxybenzoic acid, have C6C1 carbon skeletons derived from cinnamic acid. C6C3-compounds, such as ferulic acid and p-hydroxycinnamic acid, have C6C3 carbon skeleton derived from phenylalanine. C6C3C6-compounds (also named flavonoids), such as naringenin and kaempferol, have C6C3C6 carbon skeletons (Liu et al., 2016; Wu et al., 2018; Liu Y. et al., 2020). Phenolic compounds are able to scavenge reactive oxygen species (ROS) and respond to stressful environmental conditions, such as drought, temperature extremes, and high ultraviolet radiation (Heleno et al., 2015). Some certain species of plants even develop phenolic compounds to inhibit the growth of other competitors (Heleno et al., 2015; Liu Y. et al., 2020).

Some previous studies have demonstrated that organic acid metabolisms can help many plants, such as Chloris virgata, Suaeda salsa, and Leymus chinensis, to adapt to alkali stress (Yang et al., 2008, 2020; Lin et al., 2014). Similar to their observations, our results showed that 32 acids were enriched in differentially expressed primary metabolisms in S. salsa community and P. tenuiflora community, accounting for half of the significantly expressed metabolisms. The high levels of organic acids may be key adaptive mechanisms that help to stabilize the intracellular pH, neutralize excess toxic cations, and maintain ionic balance (Guo et al., 2017). The secretion of organic acids may make the rhizosphere to be more acidic, helping the rhizosphere to neutralize surrounding alkalinity (Zhao et al., 2019). Our results demonstrated that phenolic compounds occupied a large proportion in differentially expressed acids between S. salsa community and P. tenuiflora community. C6C1-compounds and C6C3C6-compounds were more accumulated in S. salsa community. C6C1-compounds, usually induced by biotic elicitors, are commonly used as signaling molecules to defend stress. We speculate that in P. sibiricum, activated p-hydroxybenzoic acid functions as a signaling cascade and communicates with C6C3C6-compounds. There may also be communications between p-hydroxybenzoic acid and protocatechuic acid. Communication signaling was magnified in the aboveground part of plants via p-hydroxybenzoic acid, and affected C6C3C6-compounds accumulated in the aboveground in P. sibiricum (Figure 7). Therefore, there may exist a continuity from C6C1-compounds to C6C3C6-compounds. C6C3C6-compounds accumulated in the epidermal layers of leaves and stems act as filters and absorb radiation in the UV-B portion of the spectrum (Agati et al., 2011; Liu Y. et al., 2020). We speculate that C6C3C6-compounds block the toxicity of saline–alkali via a similar way. Excess Na+ or ROS can be chelated in the epidermal layers by C6C3C6-compounds to protect cells. Increased C6C3C6-compounds may be due to their strong defense and antioxidant capacity (Liu Y. et al., 2020). We speculate that the distributions of the carbon skeleton of phenolic compounds are “primed” by the mechanisms that involve metabolism reprogramming. It will help S. salsa community plants to cope with saline–alkali stress.

The relative contents of C6C1-compounds in P. tenuiflora community were far below their contents in S. salsa community, indicating that the responses of phenolic compounds in P. tenuiflora community are weaker than that in S. salsa community. Interestingly, the resources of the carbon skeleton flow more to the C6C3 pathway in P. tenuiflora community. The roles of C6C3-cmpounds are different from C6C3C6-compounds. C6C3-cmpounds may only have basic reducibility to eliminate free radicals and maintain cell morphology. Therefore, different response modes of phenolic compounds may be applied in S. salsa community and P. tenuiflora community. In S. salsa community, C6C1-compounds stimulate C6C3C6-compounds to block toxicity whereas in P. tenuiflora community, C6C1-compounds induce C6C3-compounds to tolerate stress.

Collectively, in our current study, by applying the community as a unit instead of focusing on a single plant, We achieved characteristics of plant communities, built a conceptual model of community plant cooperation under saline–alkali stress, and provided a novel way for the investigation of response strategies against saline–alkali stress.
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Most crops are sensitive to salt stress, but their degree of susceptibility varies among species and cultivars. In order to understand the salt stress adaptability of Brassica napus to salt stress, we collected the phenotypic data of 505 B. napus accessions at the germination stage under 150 or 215 mM sodium chloride (NaCl) and at the seedling stage under 215 mM NaCl. Genome-wide association studies (GWAS) of 16 salt tolerance coefficients (STCs) were applied to investigate the genetic basis of salt stress tolerance of B. napus. In this study, we mapped 31 salts stress-related QTLs and identified 177 and 228 candidate genes related to salt stress tolerance were detected at germination and seedling stages, respectively. Overexpression of two candidate genes, BnCKX5 and BnERF3 overexpression, were found to increase the sensitivity to salt and mannitol stresses at the germination stage. This study demonstrated that it is a feasible method to dissect the genetic basis of salt stress tolerance at germination and seedling stages in B. napus by GWAS, which provides valuable loci for improving the salt stress tolerance of B. napus. Moreover, these candidate genes are rich genetic resources for the following exploration of molecular mechanisms in adaptation to salt stress in B. napus.
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INTRODUCTION

Salt stress is a leading cause of inhibition of crop growth and development in the world (Munns, 2005; Morton et al., 2019). At present, about 10% area of China is arable land is salt-affected (Song and Liu, 2017). Although many methods have been used to improve the high yield of crops under salt stress, it is also a challenge of maintaining the world food supplies (Hickey et al., 2019; Tyerman and Munns, 2019). Understanding the genetic and molecular mechanisms for enhancing salt tolerance is an important step toward improving the agricultural productivity of crops (Patishtan et al., 2018).

Salt stress mainly includes ion stress and osmotic stress (Zhu, 2002; Julkowska and Testerink, 2015). Short-term salt stress can make the plants immediately appear the phenomenon of wilting dehydration and slow down the growth speed of the new leaves slow down. However, long-term salt stress can cause ion poisoning and a high concentration of ions in the old leaves, leading to falling off of leaves. Crops have different abilities to resist salt stress. When the level of salt stress is greater than the resistance of plants, owing to cell membrane damage, ion imbalance, lipid peroxidation, reactive oxygen species production and metabolic disorders, etc., the damage of high osmotic pressure will restrict the normal growth and development of plants (Bedard and Krause, 2007; Munns and Tester, 2008). Moreover, Salt stress is mainly regulated by hormones and ion transporters in plants, which form a complex genetic regulatory network (Zhu, 2001b,2016; Khan and Hakeem, 2013).

The harm of salt stress is also attributed to inhibition of moisture absorption and ions poisoning and their interference with the uptake of mineral nutrients based on a decrease in osmotic potential (Khan and Weber, 2006; Mba et al., 2007). HKT1 encodes a sodium ion (Na+) transporter and it contributes to salt tolerance in plants (Apse et al., 1999; Brini et al., 2007). The SOS signaling pathway was involved in Na+ extrusion (Ma et al., 2019). The sos mutants show hypersensitivity to salt stress in Arabidopsis (Zhu, 2001a; Shi et al., 2002), whereas overexpression of AtSOS1, AtSOS2, and AtSOS3-overexpression can significantly improve salt resistance in plants (Zhu, 2001a,2016). OsSKC1 was mapped for root and shoot Na+/potassium ion (K+) concentration and transportation in the shoots and roots controlling rice salt tolerance (Lin et al., 2004). Two Na+/H+ antiporters, AtNHX1 and AtNHX2, localized on the tonoplast membrane. They are expressed in roots and leaves, and selectively transports Na+ into the vacuole. nhx1 and nhx2 mutants showed decreased sensitivity to salt stress in Arabidopsis (Brini et al., 2007; Barragan Borrero et al., 2012).

Salt stress usually makes a significant inhibitory effect on seed germination and seedling growth of crops, which plays an important role in stable stand establishment and yield of crops (Rehman et al., 2000). Previous studies have shown that germination rate, shoot length, root length, and aboveground dry weight at the seed germination stage are extremely sensitive to salt stress in crops (Gomes-Filho et al., 2008; Munns et al., 2012; Yu et al., 2018). Moreover, plant height, root length, Na+/K+ ratio, relative electrical conductivity, aboveground fresh weight, and dry weight can also be affected by salt stress during the seedling period in rice (Campbell et al., 2015), wheat, barley (Fan et al., 2016), tomato (Campbell et al., 2015), Arabidopsis (Awlia et al., 2016), and B. napus (Hou et al., 2017; Lang et al., 2017). To date, only a few studies have focused on the gene function related to salt stress tolerance of B. napus. The AtNHX1 overexpression could significantly improve the salt tolerance of B. napus (Zhang et al., 2001). The BnaABF2 could significantly enhance salt tolerance in transgenic Arabidopsis (Zhao et al., 2016). The 582 transcription factors and 438 transporter genes have been identified by a comparative transcriptome analysis under salt stress (Yong et al., 2014). With the development of sequencing technology, genome-wide association study (GWAS) is a quick tool to map QTLs of complex traits for crop genetic improvement (Pearson and Manolio, 2008; De et al., 2014). Bna.SCO1, Bna.ARR4, and Bna.ATE1 was identified at the germination stage under salt stress by GWAS in 248 B. napus accessions using the 60k SNP array (Hatzig et al., 2015). In addition, 38 promising candidate genes associated with salt tolerance were also identified by GWAS in 368 Brassica accessions using a 60k SNP array (Wan et al., 2017). A total of 62 QTLs for aboveground dry weight and Na+/K+ ratio traits were identified in 85 B. napus inbred lines (Yong et al., 2015). GWAS could improve efficiency and cost savings to parse the genetic basis based on abundant genetic variation and prediction precision (Huang et al., 2012). OsMADS31 could be a down-regulated expression and was identified by GWAS to be a candidate gene related to salt stress response at the germination stage of rice (Yu et al., 2018). Although a great number of QTLs and candidate genes have been identified by previous studies in B. napus, no candidate genes are functionally validated in response to salt stress and molecular mechanisms underlying the regulation of salt tolerance have not been elucidated in B. napus.

To study the genetic basis of the adaptation of B. napus to salt stress, GWAS of salinity-stress responsive traits at seed germination and seedling stages in the 505 B. napus accessions was employed to map QTLs related to the salt stress responses. Here we totally identified 177 and 228 candidate genes controlling 16 salt stress coefficients (STCs) of B. napus subjected to salt stress at seed germination and seedling stages, respectively. It should be noted that many previously unreported genes were discovered to be involved in salt stress responses. This study will help us unveil the mechanism of salt stress adaptation and provide a valuable reference for the genetic improvement of salt tolerance in B. napus.



MATERIALS AND METHODS


Materials

A collection consisting of 505 natural accessions of B. napus (Supplementary Table 1; Tang et al., 2021) was used to investigate growth in normal and salt stress conditions at seed germination and seedling stages (Supplementary Table 2).



Trait Measurement at Seed Germination and Seedling Stages

The experiment involved 100 uniform seeds which were treated by three treatment groups including normal (CK), low salt (150 mM sodium chloride [NaCl]), and high salt stress (215 mM NaCl) and put into a Petri dish (Φ 9 cm, Guangzhou Jiete Biological Filtration Co., Ltd., Wuhan, China) with double layers of filter paper (Φ 9 cm, General Electric Biotech Hangzhou Co., Ltd., Wuhan, China). Then, we added 10 ml deionized water (CK), 150 mM (T1), and 215 mM (T2) NaCl solution into the petri dish with a peri dish cover in the growth room for 3 days, 7 days, and 2 weeks to record germination potential (FYS), germination rate (FYL), shoot length (SL), and root length (RL), respectively (Supplementary Figure 1). All experiments were carried out in a greenhouse with 25/16°C day/night temperature under a 16/8 h of light/darkness photoperiod and 50–60% RH (Long et al., 2015).

For measurements at the seedling stage, the plants were grown in ten rounds of experiments, and each round contained about 50 accessions. We designed 2 treatment groups including normal (CK) and high salt stress (215 mM NaCl solution) conditions with 6 biological repeats per line (Supplementary Figure 2). In order to guarantee reliability, we firstly selected 25–30 uniform and healthy seeds and then put the seeds into the yarn net in hydroponic culture for a generation. After 10 days, the uniform seedlings were selected and transferred to a 10 L black box covered by a black plate with Hoagland nutrient solution (60 cm length × 40 cm width × 10 cm depth) according to a completely randomized block design. After these plants were cultivated in the nutrient solution culture for about 2 weeks, we added 10 L Hoagland nutrient solution (CK) and Hoagland nutrient solution containing 215 mM (T2) NaCl solution into the black box, respectively, and the nutrient solution was changed once a week. The seedlings were treated for 2 weeks in the hydroponic culture. Hoagland nutrient solution consists of the following nutrients: 4 mM KNO3, 1 mM MgSO4, 4 mM Ca (NO3)2, 1 mM NH4H2PO4, 1 mM (NH4)2HPO4, 1 mM NaCl, 41.2 μM Na2-EDTA, 12.5 μM H3BO3, 0.39 μM CuSO4, 1.59 μM MnSO4, 1 μM ZnCl2, and 0.5 μM NaMoO4, and pH of the solution was adjusted to 5.8 with 0.1 M KOH (Sinopharm Chemical Reagent Co., Ltd., Wuhan, China) (Monirifar and Barghi, 2009; Wan et al., 2017).



Determination of Growth Indexes


Growth Indexes

After a 2-week salt treatment, some traits, such as plant height (PH), RL, aboveground dry weight (ADW), and root dry weight (RDW) were measured. Materials were harvested and dried at 85°C for at least 72 h to be weighed (Lv et al., 2016; Yu et al., 2017).



Leaf Area

Leaf area was measured by a high-throughput leaf area meter developed by the phenotyping platform of phenotype platform center of Huazhong Agricultural University (Yang et al., 2015).



Leaf Chlorophyll Content

Leaf chlorophyll content was determined using the Chlorophyll Meter SPAD-502plus (Spectrum Technologies Inc., Hangzhou, China) under salt stress and normal conditions. The fully-expanded penultimate leaf was used for the measurement. Each leaf was measured three times at different positions avoiding the veins, and the average of the three readings was recorded at different time points under salt stress conditions (Kang et al., 2019).



Determination of Proline

Proline was an important component of plants in response to salt stress. L-proline concentration was determined using a standard curve. About 0.1 g of leaves were homogenized in 1.5 ml of 3% sulfosalicylic acid (Sinopharm Chemical Reagent Co., Ltd., Wuhan, China) and the residue was removed by centrifugation at 3,000 rpm/min for 5 min. 100 μl of the extract was reacted with 2 ml glacial acetic acid and 2 ml acid ninhydrin (Sinopharm Chemical Reagent Co., Ltd., Wuhan, China) (1.25 g acid ninhydrin warmed in 30 ml glacial acetic acid and 20 ml 6 M phosphoric acid until dissolved) for 1 h at 100°C and the reaction was then terminated in an ice bath. The reaction mixture was extracted with 1 ml toluene. The vortex shocked for 30 s and rested 10 min. The chromophore-containing toluene was warmed to room temperature and its optical density was measured at 520 nm via an ultra-microporous plate (MPP) spectrophotometer (BioTek Epoch, United States) (Bates et al., 1973; Khedr et al., 2015).



Determination of Malondialdehyde

We weighed approximately 0.1 g of leaf tissue per plant, to which we added 2 ml of 10% trichloroacetic acid (TCA, Sinopharm Chemical Reagent Co., Ltd., Wuhan, China) solution followed by the addition of to achieve a total volume of 3 ml. The samples have subsequently centrifuged the sample for 10 min, at 4°C at 4,000 rpm. We transferred 2 ml solution of the supernatant into new tubes and added 2 ml of distilled water and 2 ml of 0.6% thiobarbituric acid (TBA, Sinopharm Chemical Reagent Co., Ltd., Wuhan, China) solution, respectively. After a 15-min reaction in boiling water for a 15 min reaction, after which the solution was centrifuged and cooled to room temperature. Finally, we measured the malondialdehyde (MDA) content at wavelengths of 450, 532, and 600 nm via an ultra-microporous plate (MPP) spectrophotometer (BioTek Epoch, United States) (Hong et al., 2005; Wang et al., 2006).



Relative Electrical Conductivity

Relative electrical conductivity measurements were performed as previously described with minor modifications (Lv et al., 2016). One fully expanded functional leaf from normal plants was cut into segments of similar sizes by a leaf blade sampler and immersed in 8 ml of double-distilled water in a 10 ml tube for 24 h at room temperature with continual shaking at 100 rpm, and then we calculated the parameter (S1) by a conductivity meter (Model DDS-IIA, Shanghai Leici Instrument, Inc., Shanghai, China). The rest of the solution was placed into a water bath at 100°C for 10 min. After the sample was cooled down to room temperature, the conductivity value was measured (S2) (Model DDS-IIA, Shanghai Leici Instrument, Inc., Shanghai, China). The value of REC was calculated as the ratio of S1 to S2.



Statistical Analysis

Student’s t-test was performed to calculate the statistically significant differences between data sets. For each accession, the absolute values of all traits were obtained and the average of 6 replicates was counted under each condition. The salt tolerance coefficient was calculated by STC = T/WT. We used the scale package of R language to analyze data standardization. Phenotypic data were analyzed using the stat.desc package of R language.



Genetic, Treatment Effect, and Heritability Analysis

To determine the variance components, we used mixed-effect ANOVA of avo package of R language including the genetic effect (G_effect), treatment effect (E_effect), and interaction effect of genetic and treatment effect (G & E effect). Broad sense heritability (H2b) was calculated for all traits as follows: H2b = σ2G/(σ2G + σ2GE/n + σ2e/nr) where σ2G was the genotypic variance, σ2e was the error variance, σ2GE is the variance of the genotype by environment interaction and r is the number of replications with R language. The estimates of σ2G and σ2e were analyzed by the ANOVA using the lmer function in the lme4 package in the R environment. All statistical analyses were performed in R language (Chen et al., 2014).



Correlation Analysis

The correlation coefficient was calculated using the corr.test of psych package and plotted using the corrplot package of R language.



Genome-Wide Association Analysis

The 505 B. napus accessions were collected to construct this association panel (Tang et al., 2021). The high-quality clean reads data was used by the BWA (version 0.75) software (Li and Durbin, 2009). The reference genome came from “Brassica version 4.1” (‘Darmor-bzh’) genome1. We adopted a mixed-model approach using the factorial spectrally transformed linear mixed model with 6,448,413 SNPs (MAF > 0.05). We also performed GWAS using FaST-LMM software models (Listgarten et al., 2013).



Identification of Candidate Genes and Polymorphisms

The suggestive and significant P-value thresholds of the entire population were 1.0e−06. All SNPs that exceeded the significance criterion were assessed for the location of candidate genes. If coding regions were present, the potential impact on the protein of each SNP was subsequently determined using the “Allele finder” facility Gene Ontology (GO) analysis. The candidate genes with differential gene expression ratios between the control treatment and stress treatment (R ≥ 2 or ≤ 0.5) (Zhang et al., 2019) were identified within 200 kb upstream or downstream of the lead SNP (Tang et al., 2021).



RNA-Seq

Total RNA was extracted with TRIzol reagent (Invitrogen Life Technologies, Wuhan, China) from the leaves of 4-week-old plants grown under normal conditions and 385 mM NaCl in a growth chamber set at 25 C, a 16/8 h light/dark and 50–60% relative humidity. The RNA was dissolved in DEPC water and measured with a spectrophotometer (NanoDrop, Beijing, China, 2000). The purified RNA was sequenced with GenoSeq (high-throughput phenotyping://www.genoseq.cn/) using an Illumina HiSeq platform center of Huazhong Agricultural University in paired-end 2 × 150 bp mode, and approximately 10 Gb of clean reads were generated for each sample. We finally calculated the normalized transcripts per million (TPM) values. (Supplementary Table 15).



Generation of Overexpression Transgenic Plants

The coding DNA sequences of BnaA02g05340D (BnCKX5, Primer_F: CGGGGTACCGCCACCATGATAGCTTACATAGA GCCATACT, Primer_R: GCTCTAGATCATTTGTCGTCGTC GTCCTTGTAGTCCATAGGAGCCCTATTGAAAATCTTTTG) and BnaA06g02670D (BnERF3, Primer_F: CGGGGTACC GCCACCATGAGGAGAGGTAGAGTCTCT, Primer_R: GCTC TAGATTATTTGTCGTCGTCGTCCTTGTAGTCCATGAGAC GTAGATCGGTGCATAT, Tsingke Biological Technology Wuhan Co., Ltd., Wuhan, China) were cloned from accession X182 (97097), and the cloned fragments were subsequently ligated into pCAMBIA-1300s using the KpnI and XbaI restriction enzymes. Cloning primers and sequencing primers are from Tsingke Biological Technology Wuhan Co., Ltd Wuhan, China. The accession, specifically Westar, was used as the transgenic receptor material. Agrobacterium tumefaciens-mediated transformation was performed in B. napus as previously described (Dai et al., 2020).



Salt and Mannitol Treatments on Overexpression Transgenic Plants

A total of 50 seeds of OE-BnCKX5, OE-BnERF3, and Westar (WT) were sown into Petri dishes with covers on them and grown in a greenhouse at 25/16°C day/night temperature under a 16/8 h light/dark photoperiod and 50–60% RH. OE-BnCKX5 lines and WT were treated by 0, 50, 100, 125, 150, and 200 mM NaCl and mannitol for 9 days, respectively. OE-BnERF3 lines and WT were treated by 0, 50, 100, 125, 150, 175, 200, and 225 mM NaCl and mannitol for 9 days, respectively. Germination rate, stem length, and root length were determined after the salt and mannitol treatments.





RESULTS


Phenotypic Variation in 505 Brassica napus Accessions for Salt Tolerance Traits at Germination and Seedling Stages

To study the response of the 505 B. napus accessions to salt stress, we analyzed the related traits at the germination stage under 0 mM, 150 mM (T1), and 215 mM NaCl (T2), and at the seedling stage under 0 mM and 215 mM NaCl (T2). The germination potential (FYS_CK, FYS_T1, and FYS_T2), germination rate (FYL_CK, FYL_T1, and FYL_T2), shoot length (GSL_CK and GSL_T1), and root length (GRL_CK and GRL_T1) at the germination stage were measured (Supplementary Tables 2, 3). At the seedling stage, we obtained traits under the normal and salt stress conditions, such as plant height (PH_CK and PH_T2), root length (RL_CK and RL_T2), root dry weight (RDW_CK and RDW_T2), aboveground dry weight (ADW_CK and ADW_T2), total dry weight (TDW_CK and TDW_T2), leaf area (LA_CK and LA_T2), malondialdehyde content (MDA_CK and MDA_T2), proline content (Proline_CK and Proline_T2), chlorophyll content under (SPAD_CK and SPAD_T2), and relative electrical conductivity (REC_CK and REC_T2) (Supplementary Tables 2, 4). In order to better reflect salt stress responses, we focused on the salt tolerance coefficient (STC) calculated as the ratio of trait value under salt stress condition to that under normal condition, which was represented by the suffix type “trait_R1” under low salt stress and “trait_R2” under high salt stress (Supplementary Table 5; Guo et al., 2018). Descriptive statistics is a good description of phenotypic variation in 505 B. napus accessions under normal and salt stress conditions. We calculated the descriptive statistics through “Mean,” “Max,” “Min,” “SD,” “SE,” and “CV” for the mean values (Supplementary Table 6). We found that most characters were, on average, reduced by more than 25% (CV,%) under salt stress (Supplementary Table 6). Most traits of the accessions show significant variations under salt stress conditions. Interestingly, large variations in germination potential (FYS) and germination rate (FYL) were observed among the accessions under salt stress, whereas FYS and FYL showed small variations under the normal conditions at the germination stage (Supplementary Table 6).



Frequency Distribution and Correlation Analysis Among All Traits Under Salt Stress

We also performed normal distribution detection on the original value (Supplementary Table 7) and the relative value (STCs) for GWAS (Supplementary Table 8), respectively. Except for germination potential (FYS) and germination rate (FYL), the rest of the traits were found in normal and lognormal distributions. The non-normal distribution for FYS and FYL may be attributed to the significant phenotypic differences among these accessions. Correlation analysis for all traits at germination and seedling stages was calculated and presented in Supplementary Table 9. A total of 10 traits at the seedling stage and 4 traits at the germination stage showed significant correlations with r, which ranged from 0.001 to 0.994 between each other (Figure 1A, Supplementary Table 9, and Supplementary Figures 3–5). It is worth noting that the RDW_CK was strongly correlated with the TDW_CK and REC_CK (r ≥ 0.4). The RL_CK was strongly correlated with the MDA_CK (r ≥ 0.3). The RDW_T2 was strongly correlated with the REC_T2 and TDW_T2 (r ≥ 0.3). The ADW_T2 was strongly correlated with the ADW_CK, TDW_CK, TDW_T2, LA_CK, and LA_T2 (r ≥ 0.3). The TDW_CK was strongly correlated with the TDW_T2, LA_CK, and REC_CK (r ≥ 0.4). Moreover, a strong positive correlation between normal and salt stress conditions was observed for PH, GDW, TDW, and SPAD, and their correlations were from 0.426 to 0.599. By comparing the growth dynamics of normal and salt-treated plants, the positive correlations were in accordance with observation between the traits related to salt stress.
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FIGURE 1. Evaluation of correlation coefficient, heritability, and genetic & treatment effect of all traits under normal and salt stress conditions at germination and seedling stages. (A) Heat map showing Pearson’s correlations (r) among all traits of the 505 B. napus accessions assessed under normal and salt stress conditions (CK, control; T1, 150 mM NaCl; and T2, 215 mM NaCl) at germination and seedling stages in the greenhouse. (B) Heat map showing Broad-sense heritability, genetic, and treatment effect. H2b, broad-sense heritability; E_effect, treatment effect; G_effect, genetic effect and G&E_effcet; interaction of genetic and treatment effects. Germination stage: FYS, germination potential; FYL, germination rate; SL, shoot length and GRL, shoot length. Seedling stage: PH, plant height; RL, root length; RDW, root dry weight; TDW, total dry weight; LA, leaf area; MDA, Malondialdehyde content; SPAD, chlorophyll content; Proline, proline content and REC, Relative electrical conductivity.




Heritability, Genetic, and Treatment Effect Analysis

Heritability is a key factor for marking decisions in crop breeding and it is crucial to make an effective design for the breeding scheme (Chen et al., 2014). We also calculated the broad heritability (H2b), which was presented in Supplementary Table 10. As for these parameters, variation between accessions was determined for a large part by the genotype, corresponding to low to high heritabilities (0.002 < H2b < 0.66) (Figure 1B and Supplementary Table 10). We found that the H2b of these traits was more than 0.5 including plant height (PH), ground dry weight (ADB), total dry weight (TDW), and chlorophyll content (SPAD). Compared with the control, we always chose significantly genetic and treatment effects of these traits under the different salt treatments using the AVOVA in the R environment (P ≤ 0.05). In addition, the genetic effect and treatment effect (G_effect and E_effect, P ≤ 0.05) could significantly represent the genotype effect and environment effect, which were significant for all traits (Figure 1B and Supplementary Table 10). These results showed that normal growth and growth response to salt stress are dynamic traits that are determined for a large part by the genetic effect.



Genome-Wide Association Studies Revealed QTLs Which Were Associated With Salt Stress in Brassica napus and Prediction of Candidate Genes Related to Salt Stress

Salt tolerance coefficient (STC) was usually described as an effective salt stress indicator. 16 STCs were performed using the Fast-LMM for GWAS (Listgarten et al., 2013; Figures 2A,B and Supplementary Table 5). The results showed that 5,410 (∼0.08% of in total) strongly associated SNPs [−log(P) ≥ 6] (Supplementary Table 11) were chosen to further map the QTLs with the largest effects. There were some co-localized SNPs between leaf area (LA_R2), chlorophyll content (SPAD_R2), relative electrical conductivity (REC_R2), and malondialdehyde (MDA_R2) distributed on Chromosome A02 and A03. In addition, some SNPs were co-localized between chlorophyll content (SPAD_R2) and root length (RL_R2), leaf area (LA_R2), and relative electrical conductivity (REC_R2) distributed on Chromosome A02, A05, A06, and A10 at the seedling stage (Figure 2A and Supplementary Table 12). Some co-localized SNPs between FYL_R2 and FYS_R2 were also found to locate on Chromosome A07 and C01 at the germination stage (Supplementary Table 12 and Figure 2B). Some of these significant SNPs were in linkage disequilibrium and therefore considered to associate with the same causal genes or were assigned to the same QTL.
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FIGURE 2. GWAS of STCs at germination and seedling stages. (A) Circle Manhattan plots with the co-localized SNPs of multiple traits at the seedling stage (P-value ≤ 1e-2; arrows represent sites of co-located SNPs). 1: ADW_R2, the ratio of aboveground dry weight between normal condition and 215 mM NaCl; 2: LA_R2, the ratio of leaf area between normal condition and 215 mM NaCl; 3: MDA_R2, the ratio of MDA content between normal condition and 215 mM NaCl; 4: PH_R2, the ratio of plant height between normal condition and 215 mM NaCl; 5: Proline_R2, the ratio of proline content between normal condition and 215 mM NaCl; 6: REC_R2, the ratio of relative electrolyte leakage between normal condition and 215 mM NaCl; 7: RL_R2, the ratio of root length between normal condition and 215 mM NaCl; 8: SPAD_R2, the ratio of chlorophyll content between normal condition and 215 mM NaCl; 9: RDW_R2, the ratio of root dry weight between normal condition and 215 mM NaCl. (B) Circle Manhattan plots with the co-localized SNPs of multiple traits at the germination stage (P-value ≤ 1e-2; arrows represent sites of co-located SNPs). 1: FYL_R1, the ratio of germination rate between normal condition and 150 mM NaCl; 2: FYL_R2, the ratio of germination rate between normal condition and 215 mM NaCl; 3: FYS_R1, the ratio of germination potential between normal condition and 150 mM NaCl; 4: FYS_R2, the ratio of germination potential between normal condition and 215 mM NaCl; 5: SL_R1, the ratio of shoot length between normal condition and 150 mM NaCl; and 6: RL_T1, the ratio of root length between normal condition and 150 mM NaCl.


The candidate genes were selected within 200 kb upstream or downstream of a significant SNP (Supplementary Tables 13, 14). By differential expression analysis comparing normal and treatment conditions (the ratio ≥ 2 or ≤ 0.5) (Zhang et al., 2019), we finally identified 177 candidate genes at the germination stage (Supplementary Table 13) and 228 candidate genes (Supplementary Table 14) at the seedling stage, respectively. Based on our RNA-seq analysis, we also found that these candidate genes were significantly induced by salt stress. Transcription levels of some candidate genes assayed by RNA-seq were shown as an example (Supplementary Tables 14, 15 and Supplementary Figure 6), which was consistent with the previous transcriptome analysis2 (Zhang et al., 2019). Most of the candidate genes were found to be related to cellular processes, metabolic processes, biological regulation, signaling, and response to stimulus (Supplementary Figure 7). These results emphasized that complex genetic mechanisms of salt stress responses are regulated by multiple genes in both normal and salt stress conditions at germination and seedling stages.



BnCKX5 Overexpression Increased the Sensitivity to Salt and Mannitol Stresses at the Germination Stage

There are 36 genes on ChrA02 within 200 kb upstream and downstream of the candidate SNPs, BnvaA0202514802 and BnvaA0202514804 of LA_R2, BnvaA0202449329 of SPAD_R2 and BnvaA0201847086 of RL_R1 (Figures 3A,B and Supplementary Table 14). Moreover, among these genes, BnaA02g05340D, whose expression was found to be significantly induced by salt stress and ABA treatment (Figure 3C, Supplementary Figures 6, 15, and Supplementary Table 17) (see text footnote 1) (Zhang et al., 2019), have not yet been reported to be related to salt stress in B. napus. Thus, we focused on the BnaA02g05340D for further study. BnaA02g05340D named BnCKX5 is a homolog of Arabidopsis CKX5 belonging to CKXs subfamily VII, which encodes a cytokinin dehydrogenase and plays a vital role in maintaining cytokinin homeostasis (Ma et al., 2016). However, whether CKX5 plays a role in plant salt tolerance remains unknown (Liu et al., 2018). BnCKX5 consists of three introns and four exons with pairwise LD correlations, which presents rich SNP sequence variations leading to amino acids changes (r2 > 0.5) (Figure 3D and Supplementary Table 18). The haplotypes of BnCKX5 were grouped into 3 haplotypes including hap.A, hap.B, and hap.C types. The absolute and relative values of leaf area (LA) in the Hap.C type accessions were significantly less than that in hap.A and hap.B under salt stress (Figures 3E–G and Supplementary Table 19), while the absolute and relative values of chlorophyll content (SPAD) in the hap.C type accessions were significantly higher than that in hap.A and hap.B type accessions under normal and salt stress conditions (Figures 3H–J and Supplementary Table 19). Therefore, BnCKX5 was considered as a candidate gene for salt stress response and showed a rich SNPs variation among 505 B. napus accessions. The identified extreme haplotypes related to salt tolerance would be useful for breeding salt-tolerant B. napus in the future.
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FIGURE 3. Gene location and function research of BnCKX5 under salt stress. (A) Zoom-in of the Manhattan plot on ChrA02 with co-localized locus. These points represented the log-transformed P-values for variants from GWAS of root length (RL_R1) at the germination stage. (B) Zoom-in of the Manhattan plot on ChrA02 with co-localized locus. These points represented the log-transformed P-values for variants from GWAS of chlorophyll content (SAPD_R2) at the seedling stage. (C) Gene expression of candidate genes identified within 200kb upstream or downstream of the associated SNPs under 200 mM NaCl, 25 μM ABA or 4°C low-temperature stress for 4 and 24h and dehydration condition for 1h and 8h in B. napus cultivar Zhong Shuang 11 (‘ZS11’). (D) LD heatmap within 1kb upstream or downstream of BnCKX5. (E–G) Boxplots of haplotypes for the absolute and relative value of the root length (RL) at germination stage (RL_CK, E; RL_T1, F; and RL_R1, G). Values were means ± SD and different letters indicate differences at P ≤ 0.05 using two-way ANOVA. (H–J) Boxplots of haplotypes for the absolute and relative value of different stress conditions and control with the chlorophyll content (SPAD) at seedling stage (SPAD_CK, H; SPAD_T2, I; and SPAD_R2, J). Values were means ± SD (n = 6 replicates) and different letters indicate differences at P ≤ 0.05 using two-way ANOVA. (K,L) Comparison of the germination rate (FYL, K,L) of wild type (Westar) and BnCKX5 overexpression (OE-BnCKX5) under control and salt (0, 50, 100, 125, 150, 175, 200, 225, and 250 mM NaCl) conditions. Values were means ± SD (n = 2 replicates). (M–O) Comparison of the shoot length (SL, N) and root length (RL, O) of wild type (Westar) and BnCKX5 overexpression (OE-BnCKX5) under control and salt (0, 50, 100, 125, 150, 175, 200, 225, and 250 mM NaCl, M) conditions. Scale bar = 1.5 cm. Values were means ± SD (n = 6 replicates) and different letters indicate differences at P ≤ 0.05 using two-way ANOVA.


To validate whether BnCKX5 was involved in response to salt stress, seeds of BnCKX5-overexpressing (OE-BnCKX5) plants and WT were sowed under the 0, 50, 100, 125, 150, and 200 mmol NaCl for 9 days (Figure 3K and Supplementary Figures 8, 9). Germination rates significantly decreased in the OE-BnCKX5 lines compared with the WT plants under the salt treatments (Figure 3L). Stem length and root lengths of OE-BnCKX5 lines were significantly lower than that of WT under 50 mmol NaCl (Figures 3M–O). In addition, seeds of OE-BnCKX5 and WT have also sowed under 0, 50, 100, 125, 150, and 200 mmol mannitol for 9 days. Germination rate significantly decreased in the OE-BnCKX5 lines compared with the WT plants under the mannitol treatments (Supplementary Figures 10, 11). These results suggest the BnCKX5 overexpression increases the sensitivity to salt and mannitol stresses at the germination stage. However, the detailed molecular mechanism mediating the adverse effects of salt and mannitol stresses at the germination stage through BnCKX5 remains to be further investigated.



BnERF3 Overexpression Increased the Sensitivity to Salt and Mannitol Stresses at the Germination Stage

By analyzing SNPs sequence variations of genes, we totally identified 38 genes by SNPs cluster on ChrA06 within 200 kb upstream and downstream of the candidate SNPs, from BnvaA0601466004 to BnvaA0601655665 of SPAD_R2 and BnvaA0601570302 of RL_R1 (Figures 4A,B and Supplementary Table 14). Moreover, among these genes, BnaA06g02670D, whose expression was found to be significantly induced by salt stress and dehydration treatment, has not yet been reported to be related to salt stress in B. napus. Thus, we focused on the BnaA06g02670D for further study (Figure 4C, Supplementary Figure 6, and Supplementary Tables 15, 17) (see text footnote 1) (Zhang et al., 2019). BnaA06g02670D named BnERF3 is a homolog of Arabidopsis ERF3 belonging to the AP2/ERF subfamily, which encodes an ethylene response transcription factor and plays a very important role in signal transduction of many adversity stresses. However, whether ERF3 plays a role in plant salt tolerance remains unknown (Zhang and Huang, 2010). BnERF3 consists of one exon with pairwise LD correlations, which presents rich SNP sequence variations leading to amino acids changes (r2 > 0.5) (Figure 4D and Supplementary Table 20). The haplotypes of BnERF3 were grouped into 4 haplotypes including hap.A, hap.B, hap.C, and hap.D type accessions (Supplementary Table 21). The absolute and relative value of root length (RL) in the Hap.D type accessions was significantly less than that in hap.A, hap.B, and hap.C under salt stress (Figures 4E–G and Supplementary Table 21). However, the absolute and relative values of chlorophyll content (SPAD) in the hap.D type accessions were significantly higher than that in hap.A, hap.B and hap.C type accessions under normal and salt stress conditions (Figures 4H–J and Supplementary Table 21). Therefore, BnERF3 was considered as a candidate gene for salt stress response and showed a rich SNPs variation among 505 B. napus accessions. The identified extreme haplotypes related to salt tolerance would be useful for breeding salt-tolerant B. napus in the future.
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FIGURE 4. Gene location and function research of BnERF3 under salt stress. (A) Zoom-in of the Manhattan plot on ChrA06 with co-localized locus. These points represented the log-transformed P-values for variants from GWAS of root length (RL_R1) at the germination stage. (B) Zoom-in of the Manhattan plot on ChrA06 with co-localized locus. These points represented the log-transformed P-values for variants from GWAS of chlorophyll content (SAPD_R2) at the seedling stage. (C) Gene expression of candidate genes identified within 200kb upstream or downstream of the associated SNPs under 200 mM NaCl, 25 μM ABA or 4°C low-temperature stress for 4 and 24h and dehydration condition for 1 and 8h in B. napus cultivar Zhong Shuang 11 (“ZS11”). (D) LD heatmap within 1kb upstream or downstream of BnERF3. (E–G) Boxplots of haplotypes for the absolute and relative value of different stress conditions and control with the root length (RL) at germination stage (RL_CK, E; RL_T1, F; RL_R1, G). Values were means ± SD and different letters indicate differences at P ≤ 0.05 using two-way ANOVA. (H–J) Boxplots of haplotypes for the absolute and relative value of different stress conditions and control with the chlorophyll content (SPAD) at seedling stage (SPAD_CK, H; SPAD_T2, I; SPAD_R2, J). Values were means ± SD (n = 6 replicates) and different letters indicate differences at P ≤ 0.05 using two-way ANOVA. (K,L) Comparison of the germination rate (FYL, K,L) of wild type (Westar) and BnERF3 overexpression (OE-BnERF3) under control and salt (0, 50, 100, 125, 150, 175, 200, 225, and 250 mM NaCl) conditions. Values were means ± SD (n = 2 replicates) and different letters indicate differences at P ≤ 0.05 using two-way ANOVA. (M–O) Comparison of the shoot length (SL, N) and root length (RL, O) of wild type (Westar) and BnERF3 overexpression (OE-BnERF3) under control and salt (0, 50, 100, 125, 150, 175, 200, 225, and 250 mM NaCl, M) conditions. Values were means ± SD (n = 2 replicates). Scale bar = 1.5 cm. Values were means ± SD (n = 6 replicates) and different letters indicate differences at P ≤ 0.05 using two-way ANOVA.


To examine whether BnERF3 participates in response to salt stress, seeds of BnERF3-overexpressing (OE-BnERF3) plants and WT were sowed under the 0, 50, 100, 125, 150, 175, 200, and 225 mmol NaCl for 9 days (Figure 4K and Supplementary Figures 12, 13). Germination rates significantly decreased for the OE-BnERF3 lines compared with the WT plants under the salt treatment (Figure 4L). The stem length and root length of OE-BnERF3 were significantly lower than that of WT under 50 mmol NaCl (Figures 4M–O). In addition, seeds of OE-BnERF3 lines and WT have sowed under 0, 50, 100, 125, 150, 175, 200, and 225 mmol mannitol for 9 days. Germination rates significantly decreased in the OE-BnERF3 lines compared with the WT plants under the mannitol treatments (Supplementary Figures 14, 15). These results suggest the overexpression of BnERF3 increases the sensitivity to salt and mannitol stresses at the germination stage. However, the regulation mechanism of BnERF3 involved in response to salt and mannitol stresses at the germination stage needs further investigation.




DISCUSSION

Seed germination has significant influences on seedling establishment and yield performance. Germination speed under different stress conditions is a key element of vigorous seeds to measure the resistance of seed germination (Finch-Savage et al., 2010; Hatzig et al., 2015). In this study, we determined the response to salt stress at seed germination and seedling stages in 505 accessions of B. napus. Four phenotypic indexes and 10 growth and physiological traits were obtained at seed germination (Supplementary Tables 2, 3) and seedling stages (Supplementary Tables 2, 4), respectively.

The genetic effect and treatment effect (G_effect and E_effect, P ≤ 0.05) could better represent the genotype effect and treatment effect, which were significant for all traits under salt stress (Supplementary Table 10). We found that the salt stress could significantly inhibit the plant height, root length, leaf area, aboveground dry weight and total dry weight at the seedling stage, and germination rate, shoot length, and root length at germination stage compared with control. On the contrary, salt stress significantly increased the REC, MDA, and SPAD. The broad-sense heritability could better represent the genotypic effect of all traits ranging from 1.31E-06 (GSL) to 0.664 (SPAD). Smaller plants with lower STCs were observed under salt stress. A positive correlation was observed between normal and salt stress conditions. The correlation coefficients of all traits were calculated at germination and seedling stages. The ADB was significantly correlated with TDW and LA (p < 001). The germination potential was positively correlated with germination rate, shoot length, and root length under salt stress (p < 0.05), in accordance with the previous studies (Taghvaei et al., 2012; Amlca and Yaldz, 2017). Our findings revealed that the traits of germination were not significantly correlated with the seedling traits, suggesting that the regulatory mechanism of salt stress responses was likely to be different between the germination and seedling stages. These results were consistent with a previous study (Wan et al., 2017).

Two previous two studies have performed GWAS to explore the genetic basis of salt stress responses at the seedling stage in 85 and 368 inbred B. napus lines (Yong et al., 2015; Wan et al., 2017). Though many QTLs and candidate genes related to salt stress at the seedling stage were identified, no candidate gene has been functionally validated under salt stress in B. napus until now. Using a GWAS approach, we mapped 31 salts stress-related QTLs by GWAS of 16 STCs to investigate the genetic basis of salt stress tolerance of B. napus (Supplementary Table 11). However, parts of those SNPs could be false positives to salt stress responses. In addition, the lack of overlapped QTLs can also be the consequence of the weak power to detect the many micro-effect genes, which probably underlie the salt stress responses. Detection power was reduced by the low heritability observed in our salt stress conditions at germination and seedling stages, respectively. A total of 75 co-localized and special SNPs were found by Venn analysis between the two stages (Supplementary Table 12). Therefore, we believe that our method is trustworthy.

In addition, we totally identified 177 candidate genes at the germination stage (Supplementary Table 13) and 228 candidate genes (Supplementary Table 14) at the seedling stage, which are differentially expressed under salt stress, respectively (see text footnote 1) (Zhang et al., 2019). Some candidate genes identified from the GWAS results have been reported to be related to salt stress responses, such as BnaA03g43130D (RAB), BnaA05g01580D (ABI1), BnaA07g12170D (ABA1), BnaA10g29660D (SOS3), and BnaC07g25850D (ABI5) (Yong et al., 2015). Moreover, we also mapped some candidate genes, which also were identified in a previous study (Huang et al., 2012). BnaA01g02240D and BnaA01g02100D were identified for the salt tolerance index of root length (ST-RL). BnaA05g03980D, BnaA05g05230D, BnaA05g04990D, BnaA07g22240D, and BnaA07g22790D were identified for shoot length (ST-SL). BnaA01g12890D was identified for shoot fresh weight (ST-SFW) (Wan et al., 2017). Therefore, we believed that it was a reliable method to identify candidate genes related to salt stress. Interestingly, some of these candidate genes have not yet been known to be involved in salt stress responses. Additionally, BnaA02g03750D (AT5G17860.1) is a calcium exchanger protein. BnaA06g01090D (AT1G53170.1) belongs to the AP2/ERF subfamily, which encodes an ethylene response factor transcription factor and plays an important role in signal transduction of many adversity stresses (Savitch et al., 2005). BnaC05g00520D (AT1G01490.2) encodes a heavy metal transport/detoxification superfamily protein, which plays a role in ion transportation. BnaA02g07120D and BnaA02g07110D (AT5G59310.1) encode lipid transfer proteins. BnaA02g05360D (AT5G21940.1) encodes a histidine kinase. These identified candidate genes were also found to be differentially expressed under salt, drought stress, or ABA treatment (see text footnote 1) (Zhang et al., 2019).

Additionally, the function of two identified candidate genes by transgenetic verification, which are BnCKX5 and BnERF3, has also not yet been reported to be related to salt stress. BnaA02g05340D (BnCKX5) encoding a cytokinin dehydrogenase is involved in the cytokinin metabolic process. Previous studies have discovered that the ckx3 ckx5 double mutants in Arabidopsis thaliana form large inflorescences, floral meristems, and more ovules, thereby increasing the number of kernels per silique (Liu et al., 2018). Four BnCKX3 and two BnCKX5 genes were to be regulators of reproductive development in the allotetraploid B. napus. ckx3 ckx5 mutants increased cytokinin concentration and larger and more active inflorescence meristems (Ireen et al., 2020). PsCKX2 and PsCKX5 formed citrus dwarf rootstock with a stronger root system with more lateral roots in Poncirus trifoliata (Ma et al., 2016). BnaA06g02670D (BnERF3) encodes a member of the ethylene response factor subfamily and is an AP2 transcription factor, which negatively regulates the ethylene-activated signaling pathway. AtERF4 encoding an AP2 transcriptional repressor modulate ethylene and abscisic acid responses in Arabidopsis (Zhen et al., 2005). Therefore, we are curious about whether BnCKX5 and BnERF3 have functions in the adaptation of B. napus to salt stress. Our results revealed that BnCKX5 and BnERF3 played positive roles in response to salt and mannitol stresses in B. napus. However, more studies are needed to unveil the molecular mechanism of BnCKX5 and BnERF3 regulation in response to salt stress. These results suggest that GWAS is employed not only to confirm the presence of allelic differences in known salt tolerance-related genes but also to identify QTLs of which the causal gene is not annotated yet to be involved in salt tolerance. Our study provided an efficient way to reveal the complex genetic architecture of salt stress tolerance to B. napus.



CONCLUSION

Our results revealed significant natural variation for many phenotypic indexes under salt stress at the germination and seedling stages and rich genetic variation of candidate genes related to salt stress responses. Many traits were correlated to salt stress response, indicating the overlap in salt regulatory networks or correlated responses of these traits to selection. Many candidate genes with unknown function in salt stress responses, such as BnCKX5 and BnERF3, were identified based on differential expression under salt stress by haplotype analyses and genetic transformation. BnCKX5 and BnERF3 overexpression were found to increase the sensitivity to salt and mannitol stresses at the germination stage. Additionally, some salt-tolerant and salt-sensitive accessions have been identified as breeding materials for the genetic improvement of salt stress tolerance of B. napus. This study provided insights into the genetic architecture of salt tolerance at germination and seedling stages by GWAS and would be useful for genetic improvement of salt tolerance by breeding in B. napus.
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Cultivation of potential biofuel tree species such as Pongamia pinnata would rehabilitate saline marginal lands toward economic gains. We carried out a physiological, biochemical, and proteomic analysis to identify key regulatory responses which are associated with salt tolerance mechanisms at the shoot and root levels. Pongamia seedlings were grown at 300 and 500 mM NaCl (∼3% NaCl; sea saline equivalent) concentrations for 15 and 30 days, gas exchange measurements including leaf net photosynthetic rate (Asat), stomatal conductance (gs), and transpiration rate (E), and varying chlorophyll a fluorescence kinetics were recorded. The whole root proteome was quantified using the free-labeled nanoLC-MS/MS technique to investigate crucial proteins involved in signaling pathways associated with salt tolerance. Pongamia showed no visible salt-induced morphological symptoms. However, Pongamia showed about 50% decline in gas exchange parameters including Asat, E, and gs 15 and 30 days after salt treatment (DAS). The maximum potential quantum efficiency of photosystem (PS) II (Fv/Fm) was maintained at approximately 0.8 in salt-treated plants. The thermal component of PSII (DIo) was increased by 1.6-fold in the salt-treated plants. A total of 1,062 protein species were identified with 130 commonly abundant protein species. Our results also elucidate high abundance of protein species related to flavonoid biosynthesis, seed storage protein species, and carbohydrate metabolism under salt stress. Overall, these analyses suggest that Pongamia exhibited sustained leaf morphology by lowering net photosynthetic rates and emitting most of its light energy as heat. Our root proteomic results indicated that these protein species were most likely recruited from secondary and anaerobic metabolism, which could provide defense for roots against Na+ toxicity under salt stress conditions.

Keywords: Asat/Ci curves, Chl a fluorescence, gas exchange, OJIP curves, JIP-test, proteomic analysis, nanoLC-MS/MS, root proteome


INTRODUCTION

Soil salinization is a growing problem in arid and semi-arid areas. For the past 3 decades, over 800 million ha, which is about 6% of the total landmass, have been converted to marginal saline lands (Munns and Gilliham, 2015). It is estimated that approximately 50% of land around the world will be affected by salinity by the year 2050 (Machado and Serralheiro, 2017; Qureshi et al., 2019). Global population growth and industrialization are further decreasing the accessibility of land and water for cultivation (Cosgrove and Loucks, 2015). On the other hand, improper irrigation management, inadequate water supply, and brackish water use on arable land lead to conversion of cultivable lands to saline lands. Over 10 million ha of arable lands are converted into marginal saline lands every year. It is estimated that about 124 trillion kilocalories worth of agriculture yield will be lost every year due to the salinization of arable lands (Machado and Serralheiro, 2017; Damania et al., 2019). Several attempts were made to utilize the saline arable lands for cultivation, including the rise of genetically engineered crops (Shukla et al., 2018). However, these attempts are largely unsuccessful because of salinity tolerance being governed by multigene networks and their coordination depending on soil environment (Quan et al., 2018). Recently, nitrogen-fixing tree species have been gaining immense importance not only to rehabilitate saline marginal lands but also to use these lands for economic gain (Marriboina and Attipalli, 2020a).

To survive under extreme saline conditions, plants need to adapt to various physiological and biochemical processes (Gupta and Huang, 2014). The presence of salts in soil restricts water entry across plants and thereby causes salinity-induced drought stress (Kaur and Nayyar, 2014). Plants maintain steady levels of chlorophyll, and photosynthetic accessory pigments could help in maintaining photosynthetic activity under extreme saline conditions (Marriboina et al., 2017). Salinity is known to reduce the uptake of water to limit stomatal conductance (gs) and transpiration rate (E), which could be an acclimation response under water-deprived conditions (Guha and Reddy, 2014). Excess accumulation of Na+ and Cl– ions in plants leads to decrease in net photosynthetic rate due to reduced stomatal conductance. Salinity also affects leaf relative water content (RWC) and intercellular CO2 concentration (Marriboina et al., 2017). Thus, to thrive under high saline conditions, plants reduce primary activities, such as net CO2 assimilation/utilization, until favorable conditions appear (Eisa et al., 2012; Acosta-Motos et al., 2017). Fast chlorophyll fluorescence is known to be the best tool to assess the efficiency of photosystem (PS) II under stressful conditions (Murchie and Lawson, 2013). It is also an efficient indicator for salt stress tolerance and is used as the best tool for monitoring PSII photochemistry (Dongsansuk et al., 2013). Salinity stress reduces the maximal yield of PSII (Fv/Fm) because of the increased susceptibility of PSII, which is associated with several other non-photochemical and photochemical quenchers (Shin et al., 2020). Plants recruit various non-water electron donors such as proline and glycine betaine to compensate for electrons generated through photolysis of water at the donor side of PSII under salinity stress (Sengupta et al., 2013). Plants enhance several enzymes such as chloroplast oxidases (involved in carotenoid biosynthesis) and NAD(P)H-plastoquinone oxidoreductases to maintain plasto-quinine redox homeostasis, which enables stable electron transport rate across thylakoid membranes under extreme saline conditions (Bennoun, 2002). The root is the primary organ that senses salt stress and acts as a physical barrier to restrict Na+ ion distribution across plants (Marriboina and Attipalli, 2020a). Continuous accumulation of Na+ ions inside the root cell exerts high osmotic pressure on the cell wall (Horie et al., 2012). Plant synthesizes cell wall remodeling enzymes, including galactoside 2-alpha-L-fucosyltransferase 1 (FUT1) and probable UDP-arabinopyranose mutase 1 (RGP1), to protect cell wall turgor under salt stress (Tryfona et al., 2014; Saqib et al., 2019). In response to salt stress, plants also induce the synthesis of several protein species related to secondary metabolism, including flavonoid and anthocyanin biosynthesis, to defend against ROS damage (Chen et al., 2019). On the other hand, plants also trigger antioxidant defense systems to cope with salt-induced oxidative stress (Al-Kharusi et al., 2019). Antioxidant enzymes such as ascorbate peroxidase 1 (APX1), catalase 4 (CATA4), and monodehydroascorbate reductase (MDAR) are known to provide defense against ROS and help maintain superoxide levels under salt stress (Li et al., 2015; Sofo et al., 2015). However, an integrated analysis to demonstrate the co-existing adaptive and defensive mechanisms of roots and leaves conferring overall tolerance under salinity stress is crucial to understand the salt stress response of a specific plant.

Pongamia pinnata (Millettia pinnata) is a medium-sized leguminous tree belonging to the Fabaceae family (Marriboina et al., 2021). Pongamia seed oil with 50% oleic acid content can be used as potential feedstock for biofuel (Calica, 2017; Singha et al., 2019). With nitrogen-fixing ability, Pongamia can fix 47.4 mg of nitrogen per plant under normal conditions (Calica and Gresshoff, 2019). We have recently shown that Pongamia exhibits “stay green” leaf morphology under high salt stress conditions and restricts the uptake of Na+ ion into the leaves (Marriboina et al., 2021). However, root proteins involved in the uptake of salt have not been characterized so far. Various plants express proteins differentially to salt stress; therefore, it is important to understand the total proteome of roots from Pongamia. Uptake of salt from roots could directly influence the rate of photosynthesis. In the present study, we analyzed leaf gas exchange parameters, chlorophyll (Chl) a fluorescence and whole root proteome to unravel the deeper insights of PSII photochemistry and CO2 assimilation characteristics in Pongamia.



MATERIALS AND METHODS


Plant Material, Growth Conditions, and NaCl Treatment

Freshly harvested seeds of P. pinnata (accession TOIL12) were obtained from Tree Oils India Limited (TOIL) (Zaheerabad, Telangana, India). The seeds were oven-dried at 40°C temperature overnight to remove excess moisture. Uniform-sized seeds were selected and washed thoroughly in 1% (v/v) HOCl solution for 5 min. The seeds were transferred on a moist cotton bed and incubated for 10 days in the dark for germination (Marriboina and Attipalli, 2020b). Furthermore, the germinated seeds were carefully transferred to pots filled with soil and sand mixture (3:1 w/w). The seedlings were grown for 30 days under greenhouse conditions (temperature 25 ± 1°C, relative humidity 60–70%, and natural photoperiod). After 30 days, synchronized seedlings were divided into two groups, control and salt stress seedlings. For salt stress, two salt concentrations were used, 300 and 500 mM NaCl. Salt treatment was given according to Marriboina et al. (2017), where seedlings were treated with salt stress for 30 days by following measured pot water holding capacity. Two time points were chosen for the study, 15 and 30 days. After each time point, physiological and biochemical studies were performed. Based on our previous studies (Marriboina et al., 2017; Marriboina and Attipalli, 2020a), Pongamia is associated with several physiological, molecular, and anatomical changes including Na+ vacuolar sequestration, root ultra-filtration (Marriboina and Attipalli, 2020a), and altered metabolome and phytohormonal changes 30 days after salt treatment (DAS) (Marriboina et al., 2021).



Leaf Gas Exchange Measurements

Leaf gas exchange measurements were performed using a portable infrared gas analyzer (IRGA, LCpro-32070; ADC BioScientific Ltd., United Kingdom). Fully expanded second and third leaves were used for experimentation. All measurements were recorded between 10:00 and 11:30 h. The following conditions were maintained throughout the experimentation: saturating photosynthetically active radiation (PAR) of 1,600 μmol m–2 s–1 supplied by a LED light source (LCpro Lamp 32070–Broad; ADC BioScientific Ltd., United Kingdom) attached to a leaf chamber. Air temperature was maintained at about 25–26°C and relative humidity approximately 55–60%. Photosynthetic parameters such as light-saturated net photosynthetic rate (Asat), stomatal conductance (gs), intercellular CO2 concentration (Ci) and transpiration rate (E) were recorded. Leaf instant water use efficiency (WUEi) was calculated as Asat/E.Asat/Q, and Asat/Ci curves were measured according to Sekhar et al. (2015). Asat/Q curves were determined with increasing PAR between ∼250 and ∼2,000 μmol m–2 s–1 supplied by the LED light source attached to the leaf chamber. Air temperature was maintained at about 25–26°C and relative humidity approximately 55–60%.

Asat/Ci curves were determined with increasing CO2 between ∼50 and ∼1,000 μmol mol–1 supplied by an external CO2 source attached to the leaf chamber. Air temperature was maintained at about 25–26°C and relative humidity approximately 55–60%.



Measurement of Total Chlorophyll Content, Leaf Relative Water Content, and Photosystem II Efficiency

Measurements of PSII efficiency and Chl a fluorescence were performed using a portable Handy PEA (Plant Efficiency Analyzer-2126) fluorometer (Hansatech Instruments Ltd., Kings Lynn Norfolk, United Kingdom) on fully expanded second and third leaves of the plant. All the measurements were recorded between 10:00 and 11:30 h. The leaves were kept in the dark and incubated for 30 min before starting the experimentation using leaf clips, where all the reaction centers will be closed and the minimum Chl a fluorescence (Fo) will be close to zero (Guha et al., 2013). Fluorescence intensities were recorded by illuminating a saturating light intensity of 3,000 mol m–2 s–1 of a 650-nm peak wavelength generated by an array of three light-emitting diodes for 1 s. Data presented are average of three independent replicates. JIP parameters were analyzed using the Bioanalyzer software (Hansatech Instruments Ltd., Kings Lynn Norfolk, United Kingdom). Chlorophyll and total carotenoid contents were measured using standard protocols (Hiscox and Israelstam, 1979; Minocha et al., 2009). Leaf RWC was measured by following the methods of Barrs and Weatherley (1962).



Estimation of Proline and Total Soluble Sugar Contents

Leaf proline content was measured according to Ábrahám et al. (2010). Fresh leaf samples (0.5 g) were powdered using liquid nitrogen followed by homogenization with 5 ml of 3% (v/v) sulfosalicylic acid. The homogenate was centrifuged at 10,000 × g at room temperature for 15 min. The supernatant (2 ml) was mixed with 2 ml of acid ninhydrin and 2 ml of glacial acetic acid, and incubated for 1 h in a boiling water bath. After incubation, the reaction mixture was cooled to room temperature, and 4 ml of toluene was added and mixed vigorously by vortexing for 15–20 s. The upper pink-colored toluene layer was separated carefully through a separating funnel, and absorbance was read at 520 nm with a UV-visible spectrophotometer (Eppendorf BioSpectrometer; Eppendorf, Germany) using toluene as blank. Proline concentration was determined as μg g–1 FW.

Total soluble sugars were estimated according to Jain et al. (2017). A total of 100 mg of finely ground dry leaf powder were placed in clean glass tubes. For sugar extraction, 5 ml of 80% ethanol was added to the leaf powder and kept in a boiling water bath at 95°C for 10 min. After extraction, the tubes were centrifuged at 2,500 rpm for 5 min, and the supernatant was collected using a fresh glass tube. The above steps were repeated three times. The supernatants were pooled for sugar analysis. To 1 ml of supernatant, 1 ml of phenol and 5 ml of sulfuric acid was added and kept in the dark for 10 min after thoroughly mixed. Furthermore, the reaction mixture was kept in a boiling water bath at 25–30°C for 20 min. The reaction mixture was allowed to cool, and absorbance was taken at a 490-nm wavelength using a UV-visible 160A spectrophotometer (Shimadzu, Tokyo, Japan). Glucose concentration was determined using the standard curve of 0–10 mg ml–1 concentration range).



Root Protein Extraction and Quantification

Total root protein was extracted as described in Saravanan and Rose (2004), with some modifications (Supplementary Figure 1). Whole roots of the control and 500 mM NaCl-treated plants were collected and finely ground in liquid nitrogen with motor and pestle. Total root proteins were extracted as described in Saravanan and Rose (2004), with some modifications. Approximately 1 g of root powder was taken in a 15-ml falcon tube (Genaxy, India) and suspended in 4 ml of an extraction buffer containing 0.5 M Tris–HCl (pH 7.5), 0.7 M sucrose, 0.1 M KCl, 50 mM EDTA, 2% β-mercaptoethanol, and 1 mM PMSF. An equal volume of Tris-saturated phenol (pH 7.5) was added to the extract suspension after thorough mixing, and the whole suspension was further mixed for 30 min at 4°C in a rotor spin cyclomixer. Tris-saturated phenol was prepared by mixing an equal volume of Tris–HCl (pH 7.5) and phenol with continuous stirring for 3–4 h. The lower phenolic layer was separated, and we added an equal volume of Tris–HCl (pH 7.5) with continuous stirring for 2–3 h. The lower phenolic layer was collected and stored in an amber color glass bottle at 4°C. The sample mixture was centrifuged at 5,000 × g for 30 min at 4°C. The upper phenolic phase was collected carefully, and an equal volume of extraction buffer was added to it. The above steps were repeated one more time, and the phenolic phase was re-extracted. Four volumes of ice cold 0.1 M ammonium bicarbonate in methanol were added to the final collected phenolic phase, and incubated overnight at −20°C for protein precipitation. On the next day, the samples were centrifuged at 10,000 × g for 30 min at 4°C. The pellet was washed thrice with ice-cold methanol and twice with acetone, and air-dried for a few minutes.

The final pellet was dissolved in 200 μl of a rehydration solution containing 8 M urea, 2 M thiourea, 30 mM DTT, 4% CHAPS, and 8% IPG buffer of pH range 4–7 (GE Healthcare, United States), and protein concentration was determined using An RC-DC protein assay kit (Bio-Rad, Hercules, CA, United States) with BSA as standard (standard curve of 0–100 mg ml–1 concentration).



nLC-MS/MS Analysis

A total of 100 μg of the final pellet was treated with 100 mM DTT for 1 h at 95°C followed by 250 mM iminodiacetic acid (IDA) for 45 min at room temperature in the dark. The sample suspension was incubated with trypsin at 37°C for overnight digestion. Trypsin-digested peptides were extracted in 0.1% formic acid solution at 37°C for 45 min. The solution was centrifuged at 10,000 × g for 15 min at room temperature, and the supernatant was collected in a fresh tube for vacuum drying. The final sample was solubilized in 20 μl of 0.1% formic acid. For separation of peptides, 10 μl of injection volume was loaded on C18 UPLC column, and peptides were separated on Waters Synapt G2 Q-TOF (Water, United States). For LC-MS analysis, 10 μl of the sample was injected into an ACQUITY UPLC system (Waters, United States) equipped with an ACQUITY UPLC BEH C18 column (Waters, United States) (150 mm × 2.1 mm × 1.7 μm), SYNAPT G2 QTOF (Waters, United States), and an electrospray ionization (ESI) source. A sample analysis was performed on the positive mode by applying 3,500-V capillary voltage and 30-L cone gas flow per hour. Source and desolvation glass flow was maintained at 1.8 and 800 L per h, and the temperatures of source and desolvation were 150 and 350°C, respectively. Protein range was used from 50 to 150 Da. Trap and transfer collision energy were maintained constantly at 6 V, and ramp collision energy was set at 20 V and increased up to 45 V. Total acquisition time was 60 min, and solution flow rate was 300 nl min–1. The mobile phase consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). A linear 60 min gradient consisted of solvent A 98% and solvent B 2% for 1 min, solvent A and B 50% for 29 min, solvent A 20% and solvent B 80% for 15 min, followed by 15 min solvent A 98% and solvent B 2%. A washing solution was used at the end of each program to reduce carry-over between samples.



Protein Identification

The raw data acquired from the above analysis were processed using PLGS software 3.0.2 (Waters, United States; identification and expression algorithm), within which data process and database search were performed. The source of the sample being Fabaceae proteins for two sample sequences in FASTA format was downloaded from Swiss-Prot and used for searching peptides present in the sample. On each run, the sample was processed using the following search parameters in the software: peptide tolerance 50 ppm, fragment tolerance 100 ppm, minimum number of fragment matches for peptides 2, and minimum number of fragment matches for proteins 5; carbamidomethylation of cysteine and oxidation of methionine were selected as fixed and variable modifications, respectively. Universal Protein Resource (UniProt) (Fabaceae, reviewed protein) was used as the database against which the search was performed.



Gene Ontology and Bioinformatics Analysis

The identified protein species in this study were annotated based on their molecular function, biological process, and cellular component by Gene Ontology (GO) annotation using the UniProt database. Hierarchical cluster analysis was performed on correlation values using the R.3.61 statistical package. Network analysis was performed using Cytoscape bioinformatics software version 3.7.2.



Statistical Analyses

All the statistical analyses were performed on three biological replicates (n = 3). The significant difference between average values of control and salt-treated plants was measured by Student’s t-test. Hierarchical cluster matrices and protein–protein networks were constructed based on correlation values and P-values less than 0.05 using the R.3.6.1 statistical package.

For physiological and biochemical analysis, a two-way ANOVA test was performed between the control and salt-treated plants for 15 and 30 days to measure the P-values; ns, not significant; *, P < 0.05; **, P < 0.01; and ***, P < 0.001.




RESULTS


Salt-Induced Changes in Morphology, Leaf Gas Exchange and Biochemical Parameters, and Chlorophyll Content

Despite having no visible salt-induced symptoms (Figure 1), the salt-treated plants showed significant changes in gas exchange parameters such as Asat, gs, E, and WUEi (Figure 2). A significant decrease was observed in Asat by ∼45% in the salt-treated plants 15 and 30 DAS (Figure 2A). Similarly, gs values showed a significant decrease ranging from ∼0.05 to 0.03 μmol m–2 s–1 in the 300 and 500 mM NaCl-treated plants 15 and 30 DAS, respectively (P < 0.01; Figure 2B). We also observed a significant reduction in E by ∼65 and ∼60% in the 300 mM NaCl-treated plants, while ∼40% was observed in 500 mM NaCl-treated plants 15 and 30 DAS, respectively (Figure 2C). Conversely, WUEi increased progressively in the salt-treated plants (Figure 2D). However, Ci values varied in the salt-treated plants 15 and 30 DAS (Figure 2E). The percentage of RWC did not change 15 DAS, while ∼64 and ∼55% decrease was observed 30 DAS in the 300 and 500 mM NaCl-treated plants, respectively (Figure 2F).
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FIGURE 1. Effect of salinity stress on the plant morphology of Pongamia pinnata. Thirty-day-old soil-grown plants were treated with three different salt concentrations: 0 (control), 300, and 500 mM NaCl for (A) 15 and (B) 30 days. Error bars represent the mean ± SD (n = 4).
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FIGURE 2. Effect of salinity stress on leaf photosynthetic performance of P. pinnata. Variations in (A) light-saturated net photosynthetic rate (Asat) (μmol m–2 s–1), (B) stomatal conductance (gs) (mol H2O m–2 s–1), (C) transpiration rate (E) (mmol m–2 s–1), (D) instant water use efficiency (WUEi) (mmol m–2 s–1), (E) intercellular CO2 (Ci) (μmol m–1), and (F) relative water content (RWC) in P. pinnata grown under control and salt treatment conditions. Error bars represent the mean ± SD (n = 4). Two-way analysis of variance (ANOVA) test was performed to measure P-values ns, not significant; *, P < 0.05; **, P < 0.01; and ***, P < 0.001.


Asat followed a hyperbolic curve pattern with a decreased trend in the 300 and 500 mM NaCl-treated plants 15 and 30 DAS (Figures 3A,B). We also observed a similar trend in Asat decline with various intensities of PPFD in both the 300 and 500 mM NaCl-treated plants 15 and 30 DAS (Figures 3C,D). Chlorophyll content did not change significantly in the salt-treated plants 15 and 30 DAS (Supplementary Table 1). Chl a, Chl b, total chlorophyll, total carotenoid content, and Chl a/b ratios showed no differences with respect to controls in the salt-treated plants 15 and 30 DAS. Leaf proline content did not change significantly 15 DAS, while its levels slightly increased 30 DAS in both the 300 and 500 mM NaCl-treated plants. Leaf total soluble sugar content did not change significantly 15 DAS, while its levels slightly decreased 30 DAS in the 300 and 500 mM NaCl-treated plants.
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FIGURE 3. Salt-induced response of photosynthetic rates to intercellular (CO2) (Ci) (A) 15 days after salt treatment (DAS) and (B) 30 DAS. Photosynthetic rates to photosynthetic photon flux density (PPFD) (C) 15 and (D) 30 DAS in Pongamia grown under control and salt-treated conditions.




Salt-Induced Changes in Chlorophyll a Fluorescence, JIP Parameters, and Phenomenological Fluxes

Changes in Chl a fluorescence intensities were monitored using radar plots and normalized with respect to controls (Figures 4A,B and Supplementary Table 1). The Mo and PHI (Do) showed no change 15 DAS, whereas a significant increase was observed 30 DAS in both the 300 and 500 mM NaCl-treated plants. Furthermore, Fv/Fm, Fv/Fo, SFI(abs), and PI(csm) did not change significantly 15 DAS, while a slight decrease was recorded 30 DAS in the 300 and 500 mM NaCl-treated plants. J (Vj), Fo/Fm, ABS/RC, and DIo/RC showed no differences 15 DAS, whereas these increased significantly 30 DAS in the salt-treated plants. PHI (Po) value did not change significantly in the salt-treated plants 15 DAS, while a slight reduction was observed 30 DAS in the 300 and 500 mM NaCl-treated plants. A moderate decrease in PSIo, PHI(Eo), ETo/RC, PI(abs), and SumK was recorded 15 DAS, but these values significantly declined 30 DAS. Sm, Kp, area, and N were marginally high 15 DAS but showed a significant decrease 30 DAS in the 300 and 500 mM NaCl-treated plants. An increasing trend was observed in Fo 15 and 30 DAS in the salt-treated plants. Kn, Fm, and Tfm values were slightly decreased with respect to the controls 15 DAS but returned to control values 30 DAS in the salt-treated plants. RC/CSm showed a significant increase 15 DAS, while it was significantly decreased 30 DAS in the 300 and 500 mM NaCl-treated plants. REo/ETo showed a moderate increment in the 300 mM NaCl-treated plants, but showed no apparent change in the 500 mM NaCl-treated plants 15 DAS. REo/ABS was slightly increased in the 300 mM NaCl-treated plants and was moderately low in the 500 mM NaCl-treated plants 15 DAS. REo/ABS was significantly decreased 30 DAS in the 500 mM NaCl-treated plants. JIP parameters such as Sm/Tfm, PHIo/(1-PHIo), PSIo/(1-PSIo), DF, and OCE showed progressive decrease with treatment time in the salt-treated plants (Supplementary Table 2). The changes of phenomenological fluxes in the control and salt-treated plants were represented as the leaf energy pipeline model (Supplementary Figure 2). ETo/CSm was progressively decreased with increment of treatment time in the 300 and 500 mM NaCl-treated plants. In contrast, DIo/CSm showed a large difference with respect to the controls 15 and 30 DAS in the salt-treated plants, while a marginal decrease was observed in TRo/CSm in the salt-treated plants 15 and 30 DAS.
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FIGURE 4. Radar plot depicting salt stress-induced changes in Chl a fluorescence transient parameters in Pongamia grown under 300 and 500 mM NaCl concentration for (A) 15 and (B) 30 day. All variables were deduced from the OJIP-test analysis. Data are mean ± SD (n = 4).




Salt-Induced Changes in OLKJIP Transients

Pongamia followed a typical polyphasic (OJIP) rise in Chl a fluorescence, and the pattern of raw fluorescence (FM − FO = FV) OJIP curves showed no difference between the control and treated plants (Figure 5A). To see further insights into variance in OJIP transients, double normalization was carried out. The double normalized Vop fluorescence showed a clear difference at the O-J intermediate step in the 300 and 500 mM NaCl-treated plants 15 and 30 DAS compared to respective controls (Figure 5B). Subsequently, to investigate further variance in fluorescence kinetics, normalization and subtractions were performed. Normalized relative variable fluorescence between O and K phase (50–300 μs), expressed as VOK (Supplementary Figure 3A), and respective kinetic differences are depicted as ΔVOK in Figure 5C. A negative bell-shaped L-band with maximum peak at around 150 μs was observed in the 500 mM NaCl-treated plants 15 and 30 DAS. The variable fluorescence between O and J phase (50 μs to 2 ms), represented as VOJ (Supplementary Figure 3B), and respective kinetic differences are shown as ΔVOJ in Figure 5D. A positive K-band with a maximum peak was observed between 50 μs and 1 ms in the 300 mM NaCl-treated plants 15 and 30 DAS. In the 500 mM NaCl-treated plants, negative K-band values were recorded between 0 and 50 μs. Conversely, these values returned to positive between 50 μs and 1 ms 15 and 30 DAS in the salt-treated plants. The fluorescence data between O and I [50 μs to 20 ms (<1)], expressed as VOI (Supplementary Figure 3C), and respective kinetic differences are shown as ΔVOI in Supplementary Figure 3D. Maximum negative peak values were reported between 100 μs and 5 ms. The normalized relative variable fluorescence between I and P phase (30–180 ms), depicted as VIP (Supplementary Figure 3D), and respective kinetic differences are depicted as ΔVIP in Supplementary Figure 3F. VIP values followed a hyperbolic curve pattern (Supplementary Figure 3E), and it was fitted into the Michaelis–Menten equation to calculate 1/2 VIP, i.e., equal to Km value. Fifteen DAS, Km increased, but it was decreased 30 DAS in the 300 mM NaCl-treated plants. Additionally, in the 500 mM NaCl-treated plants, the Km values followed control patterns 15 DAS and decreased significantly 30 DAS. Similarly, ΔVIP values showed positive deviation with respect to controls in 300 mM NaCl-treated plants 15 and 30 DAS, while negative ΔVIP values were recorded 15 and 30 DAS in the 500 mM NaCl-treated plants (Supplementary Figure 3F).
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FIGURE 5. Polyphasic chlorophyll a transients for O-K, O-J, O-I, and I-P phases in leaves of P. pinnata under salt-treated conditions. (A) Raw Chl a fluorescence transient curves observed florescence intensity recorded between 0.1 and 1,000 ms time period; (B) double-normalized Chl a fluorescence transients recorded between extreme O (Fo) and P (FM) phases [VOP = (Ft – Fo)/(FM – Fo)]; (C) kinetic difference between control and treated values of ΔVOK (L-band) with respective controls represented by black and gray circles; (D) kinetic difference between control and treated values of ΔVOJ (K-band) with respective controls represented by black and gray circles; data are mean ± SD (n = 4).




Identification of Proteins by nLC-MS/MS and Gene Ontology Analysis

A total of 1,062 abundant protein species (APs) were identified in both the control and salt-treated plants (Supplementary Table 3). The APs of Pongamia showed sequence homology with Glycine sp. (22%), Pisum sp. (21%), and Medicago sp. (10%), with sequence search similarity in the UniProt database (Supplementary Figure 4A). The APs were categorized into two groups, commonly abundant protein species (CAPs; proteins present in both the control and salt-treated plants) and specific to the control and salt-treated plants (Supplementary Tables 3,4). Furthermore, these CAPs were categorized based on values of log2 fold change (≤0.5 or ≥2) into three groups: high abundant protein species (HAPs), low abundant protein species (LAPs), and unchanged protein species (Supplementary Table 3). In Pongamia, most of the root protein species belonged to the unchanged protein category (82.4%), while the percentage of HAPs and LAPs was ∼7.8 and ∼9.8%, respectively (Supplementary Figure 4B). Based on biological and molecular functions (GO analysis), the APs were classified into 28 groups belonging to various metabolic pathways, namely, carbohydrates, lipids, amino acids, fatty acids, secondary metabolism, pigment metabolism, seed storage, transport, photosynthesis, defense response, cell cycle, signal transduction, cell wall synthesis, catalytic activity, DNA binding, carboxylic acid biosynthesis, mRNA processing, DNA repair, protease inhibitor, proteolysis, catalytic activity, chaperone, cytoskeleton, growth and developmental process, pathogenesis, replication, transcription, and translation regulatory proteins.



Secondary Metabolism and Seed Storage Proteins

In Pongamia, protein species of secondary metabolism such as chalcone synthases (CHS) were highly abundant in roots of the salt-treated plants, namely CHS1_Q9SML4/P30073/Q01286/P24826/P51083, CHS2_ P51084/P17957/P30074/Q01287, CHS3_P51085/P19168/O23883, CHS4_P51086/P30075/O23882, CHS4-1_P51077, CHS5_O23884/P48406/P51078/P51087, CHS6_Q01288/P30080/P51088, CHS6-4_P51079, CHS7_P30081, CHS8_P30076, CHS17/Y_O22586/P49440/P51089/P23569, isoflavone reductase (IFR_P23569/Q00016/P52575), and isoflavone reductase homolog (IFRH_P52581) (Figure 6 and Supplementary Figure 5A; for abbreviations, see Supplementary Table 3). There were several protein species of CHS, which showed a significant decrease, namely CHS1_Q9SML4/P30073/P30073, CHS2_P51084, CHS4_ O23882, CHS4-1_P51077, CHS5_O23884, CHS17/Y_P49440/P51089, and IFR_P52576 in the roots of Pongamia under salt stress. However, protein species, namely, caffeic acid 3-O-methyltransferase (COMT1_P28002), favin (LEC_P02871), phenylalanine ammonia lyase class 3 (PAL-3_P19143), NAD(P)H-dependent-6′-deoxychalcone synthase (6DCS_P26690), and trans-cinnamate-4-monooxygenase (TCMO_Q42797), and their relative abundance were significantly low with respect to the controls. Additionally, protein species such as isoflavone reductase homolog (IFRH_P52581), naringenin-8-dimethylallyltransferase 2 (chloroplast origin) (chlN8DT2_B1B5P4), 2-hydroxyisoflavanone synthase (C93C2_Q9SXS3), C93C1_Q9SWR5, and flavonoid-3-O-glucosyltransferase (UGFGT_A6XNC6) were only abundant in roots of the salt-treated plants.
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FIGURE 6. Schematic representation of secondary metabolic pathway in roots of P. pinnata. Relative expression of protein species related to the phenylpropanoid pathway. Color key represents fold expression, and number indicates identified peptides: red color: high abundant protein species; green color: low abundant protein species, blue color: unchanged protein species; yellow color: control specific protein species; violet color: treated specific protein species. CHS, chalcone synthase; PAL, phenylalanine ammonia lyase. For protein abbreviations, see Supplementary Table 1.


Seed storage protein species such as vicilin (VCLC_P13918/P08438), legumain (LEGU_P49046), arachin (ARA5_P04149), arachin Ahy-3 (AHY3_Q647H2), basic 7S globulin (7SB-1_P13917), legumin B2 (LEGB-2_P16078), LEGB-4_P05190, LEGB-6_P16079, LEGB-7_P16080, LEG-K_P05693, and LEG-J_P05692 were highly abundant in the salt-treated roots of Pongamia, while arcelin 5A (ARC5A_Q42460), ARC5B_Q41116 and albumin 2 (ALB2_D4AEP7) were low under salt stress (Supplementary Figure 5B). Notably, protein species such as LEGA-2_P15838, ALB1-D_P62929, seed-agglutinin 2 (LCS2_Q41161), ALB1_Q9FRT8, ARC1_P19329, and phaseolin-β-type (PHSB_P02853) showed high abundance only in roots of the salt-treated plants. Protein species related to saponin metabolism showed significant change under salt stress. Saponins-β-amyrin-11-oxidase (BAMO_B5BSX1) showed significant increase, while β-amyrin synthase (BAMS_Q9LRH8) and soyasaponin III rhamnosyltransferase (SGT3_D4Q9Z5) were decreased under salt stress.



Primary Metabolism

High abundance of cell wall synthesis and energy metabolism-related protein species, namely, FUT1_Q9M5Q1, RGP1_O04300, PDC2_P51851, isocitrate lyase 1 (ACEA1_P45456), granule-bound starch synthase 2 (chlSSG2_Q43093), and malate dehydrogenase (chlMDHP_P21528/O48902) in the salt-treated roots was recorded (Supplementary Figure 6). However, a significant decrease was observed in protein species such as ribulose bisphosphate carboxylase large chain (RBL_O62964/O20304/A4GG89/O62943), malate dehydrogenase (MDHC_O48905), probable mannitol dehydrogenase (MTDH_O82515), sucrose synthase (SUS_Q01390), glucose-1-phosphate adenylyltransferase small subunit 2 (GLGS_P52417), pectinesterase 3 (PME3_Q43111), and polygalacturonase inhibitor 1 (PGIP1_P35334) in roots of the salt-treated plants (Supplementary Figure 7). Furthermore, protein species such as UGT13_A0A067YBQ3, UDP-glucose-4-epimerase GEPI48 (GALE2_O65781), chlRBS_Q42822, chlRBS1_P00865, RUBB_P08927, RuBisCO-associated protein (RUAP_P39657), fructose-1,6-bisphosphatase (F16P2_Q8RW99), isocitrate dehydrogenase (chlIDHP_Q40345), inactive UDP-glycosyltransferase79A6 (FG2KI_U3THC0), IDHC_Q06197, UDP-glycosyltransferase79A6 (FG2KO_I1LCI8), non-specific lipid-transfer protein 1 (NLTP_A0A161AT60), NLTP3_A0AT30, CASP-like protein 2D1 (CSPL4_C6T2J5), CSPL5_C6SZP8, and digalactosyl-diacylglycerol synthase 2 (chlDGDG2_Q6DW75) were abundant only in roots of the salt-treated plants.

S-adenosylmethionine synthase (METK_A4PU48) increased significantly, while γ-glutamyl hydrolase (GGH_P93164) and adenosylhomocysteinase (SAHH_P50246) decreased in the salt-treated roots of Pongamia (Supplementary Figure 8). Protein species such as ketol-acid reductoisomerase (chlILV5_O82043), pyridoxal-5′-phosphate synthase subunit PDX1 (PDX1_Q9FT25), aspartate carbamoyltransferase 1 (chlPYRB1_Q43086), arginine decarboxylase (SPE1_Q43075), isoaspartyl peptidase/L-asparaginase (ASPG_P50288), glutamate-1-semialdehyde-2,1-aminomutase (chlGSA_P45621), aspartate aminotransferase 1 (AAT1_P28011), serine carboxypeptidase-like (CBPX_Q41005), and ornithine carbamoyltransferase (chlOTC_Q43814) were observed only in roots of the salt-treated plants.



Hormone Metabolism and Signal Transduction

High abundance of ABA-responsive protein 18 (ABR18_Q06930) and auxin-induced protein 6 (IAA6_P49680) was observed in response to salt stress (Supplementary Figures 9, 10). Additionally, significant increase was observed in serine/threonine-protein phosphatase catalytic subunit A (PP2A_Q06009), calcium-dependent protein kinase SK5 (CDPK-SK5_P28583), and phytochrome-associated serine/threonine protein phosphatase (FYPP_Q8LSN3) in the roots of Pongamia under salt stress conditions. The abundance of protein species associated with hormone metabolism, namely, carotenoid 9, 10 (9′, 10′) cleavage dioxygenase 1 (CCD1_Q8LP17), G2OX1_Q9SQ80, G2OX2_Q9XHM5, abscisate-β-glucosyltransferase (AOG_Q8W3P8), calmodulin 2 (CALM_P62163), guanine nucleotide-binding protein subunit-β-like protein (GBLP_Q39836), and rac-like GTP-binding protein 1 (RAC_O04369) was low in roots of the salt-treated plants. Protein species such as AUX22C_O24541, AUX22D_O24542, LAX2_Q9FEL7, LAX3_Q9FEL6, PCS3_Q2QKL5, AMO_P49252, ras-related protein rab11A (RB11A_Q40191), rab11C (Rab11C_Q40193), MMK1_Q07176, purple acid phosphatase (PPAF_Q09131), and rac-like GTP-binding protein (RHO1_Q35638) were abundant only in the salt-treated plants.



Protein Species of Antioxidant Enzymes and Electron Transport Chain Components

CATA4_O48561 showed high abundance in the salt-treated roots of Pongamia (Supplementary Figure 11). Antioxidant enzymes such as MDAR (MDAR_Q40977) and L-ascorbate peroxidase (APX1_P48534) were increased only in roots of the salt-treated plants. Additionally, the abundance of protein species related to electron transport chain such as NAD(P)H-quinone oxidoreductase (NDHH) subunit H (chlNADHH_Q9BBN8), ATP synthase subunit-α (mitochondrial origin) (mtATPA_Q01915), chlATPA_A4GGB2, and ATPE_Q2PMU9 were high with respect to their controls. Protein species, namely, CYB_P05718, CYB6_Q2PMQ5, chlNU4_Q2PMN2/A4GGE6, chlNU5_Q2PMM9/P15958, and chlNDHH_A4GGF2 were abundant only in roots of the salt-treated plants.



Other DEPs

Trypsin protease inhibitors (ITs) such as IT2_P25700 and ITRA_P01070 showed significant increase, while ITRB_P01071 was decreased in roots of the salt-treated plants (Supplementary Table 3). In addition, proteinase inhibitors, namely, bowman-birk type proteinase inhibitor A-II (IBB1_P85172), IBB3_P01057, kunitz-type trypsin inhibitor (KTI2_P25273), cysteine proteinase inhibitor (CYTI_Q06445), peptidyl-prolyl cis–trans isomerase 1 (CYP1_Q8W171), and ATP-dependent Clp protease proteolytic subunit (CLPP_Q9BBQ9) were abundant only in roots of the salt-treated plants. Protein species belonging to the monooxygenase family, such as cytochrome P450 71D10 (C71DA_O48923), C71DB_O22307, cytochrome P450 82A1 (C82A1_Q43068), and cytochrome P450 94A1 (C94A1_O81117), showed high abundance, while cytochrome P450 71D9 (C71D9_O81971) was relatively low in roots of the salt-treated plants (Supplementary Figure 12). Other protein species, namely, calnexin homolog (CALX_O82709), maturase K (MATK_Q6PSC6/Q9TKS4), proliferating cell nuclear antigen (PCNA_O82134), vacuolar-sorting receptor 1 (VSR1_P93484), low-affinity sulfate transporter 3 (SUT3_P53393), abrin-c OS (ABRC_P28590), tubulin alpha 1 chain (TBA1_P46259), cytolytic protein enterolobin (ENT_P81007), and glutamine synthetase (GS) nodule isozyme (GLNA3_Q43785) were significantly increased under salt stress (Supplementary Figure 13). Conversely, we also noticed that the fold values of protein species of MATK showed slight increase or were unchanged during salt stress. Translation protein species such as 60S ribosomal protein L24 (RL24_O65743) showed high abundance, while 50S ribosomal protein L16 (chlRK16_Q8MCA4/Q2PMP8), eukaryotic translation initiation factor 5 (IF5_P48724), RK2A_P18663, RK2B_Q2PMM3, and RK2_Q8LVH2/A4GGF8/Q9B1H9 showed low abundance in roots of the salt-treated plants. Eukaryotic translation initiation factor 1A (IF1A_P56331), 60S acidic ribosomal protein P0 (RLA0_P50345), RL27_Q05462, ribosomal protein S10 (mitochondria origin) (RT10_P51428), RK20_Q9BBR0, RK9_P11894, and RK24_P11893 were abundant only in roots of the salt-treated plants. Similarly, carbohydrate-binding protein species such as Flt3 receptor-interacting lectin (FRIL_Q9ZTA9), bark agglutinin I polypeptide B1 (LCB1_Q41159), lectin-4 (LEC4_P24146), agglutinin-1 (LEC1_Q39528), LEC2_P29257, LCB2_Q42372, and LCB3_Q41160 were high in roots of the salt-treated plants.



Protein Network Studies

To elucidate protein–protein interaction networks, we employed Pearson’s correlation coefficient (r) on selected fold values ≤0.5 (LAPs) and ≥2.0 (HAPs) data points. The correlation network was generated at the P < 0.99 significance threshold and P ≤ 0.05 statistical significance. We also analyzed the network as undirected with combined paired edges.

For HAP correlation network, each data point was considered as a node, and a total of 58 nodes (each node represents single protein species) formed 1,350 edges (neighboring interactions); on average, each node shared 47 edges with neighboring nodes (clustering coefficient of 0.92) (Figures 7A,B). To simplify the correlation network, the nodes were represented in circles with three colors (yellow, blue, and green) based on the degree of interactions. The number of interactions ranges from ∼15 to ∼55, yellow circles range from ∼15 to ∼40, blue circles range from ∼45 to ∼50, and green ranges from ∼50 to ∼55. The green nodes consist of a dense network containing an average of ∼50 interaction edges (closeness centrality < 0.9) with neighboring nodes. Interestingly, the green nodes belong to protein species related to secondary metabolism (CHS1_P51083, CHS2_P30074/Q01287, CHS5_P51087, CHS6_P51088, CHS6-4_P51079, CHS7_P30081, and IFR_P52575), carbohydrate metabolism (ACEA1_P45456 and SSG2_Q43093), cell wall synthesis (FUT1_Q9M5Q1, RGP1_O04300, and PDC2_P51851), hormone metabolism (ABR18_Q06930 and IAA6_P49680), ETC protein species (ATPE_Q2PMU9 and chlATPA_A4GGB2), seed storage protein species (7SB1_P13917, LEGB4_P05190, and LEGK_P05693), CATA4_O48561, CALX_O82709, PP2A_Q06009/P36875, GLNA3_Q43785/P00965, C94A1_O81117, VSR1_P93484, C82A1_Q43068, TBA1_P46259, ITRA_P01070, BAMO_B5BSX1, RL24_O65743, ENT_P81007, PCNA_O82134, and ABRC_P28590. Similarly, 72 nodes formed a dense interaction network with 1,414 edges for a down-regulated correlation network. Each node shared its interaction network on an average of 39 neighboring nodes (clustering coefficient of 0.84) (Figures 7C,D). To simplify the correlation matrix, each node was represented with a specific color (yellow, blue, or red) based on the degree of interaction (Figures 7C,D). The number of interactions ranges from ∼10 to ∼55; yellow circles range from ∼10 to ∼40, blue circles range from ∼40 to ∼50, and red ranges from ∼50 to ∼55. Furthermore, the red and blue nodes formed a dense network containing an average of ∼50 interaction edges (closeness centrality < 0.75) with neighboring nodes, which correspond to protein species related to secondary metabolism (CHS2, CHS4, CHSY, COMT, and LEC), saponin metabolism (BAMS and SGT3), defense response proteins (1433B, C, and D), ITRB, RBL (isoform), LGC1, GGH, MATK, RK16, CALM2, SGRW, HMGYB, LGC3, IF5, and AR5A.


[image: image]

FIGURE 7. Correlation networks of abundant proteins. (A) Correlation network of HAPs based on Pearson correlation coefficient with probability threshold P < 0.0001. Each node was represented with a different color based on the degree of interaction. The order of interaction was green color node > blue color node > yellow color node. (B) Correlation network of 53 protein species in a cluster; box was drawn to represent zoom-in of the most highly interconnected core of proteins. (C) Correlation network of LAPs based on Pearson correlation coefficient with probability threshold P < 0.0001. Each node was represented with a different color based on the degree of interaction. The order of interaction was red color node > blue color node > yellow color node. (D) Correlation network of 72 protein species in a cluster; box was drawn to represent zoom-in of the most highly interconnected core of proteins. For protein abbreviations, see Supplementary Table 1.





DISCUSSION


Salinity-Induced Changes in Gas Exchange Parameters and Enhanced Photo-Protective Components of Photosystem II Improves Leaf Photosynthesis in Pongamia Under High Salinity Stress

Our previous study has shown that stable leaf physiological responses are crucial in salt tolerance in Pongamia (Marriboina and Attipalli, 2020a). Pongamia did not display salt-induced morphological symptoms 30 DAS, which clearly showed that there are strong adaptive mechanisms to withstand such as high salt concentrations. Decrease in gs with increase in salinity treatment time in the salt-treated plants suggests that Pongamia might operate a water-conserving mechanism to withstand salt-induced limited water conditions (Marriboina et al., 2017). Additionally, decreased E and Asat would help to maintain limited photosynthesis by decreasing water evaporation and net CO2 fixation, which might extend plant survivability until favorable conditions appear (Acosta-Motos et al., 2017). Although E and Asat were significantly decreased in the salt-treated plants, their ratio (WUEi) gradually increased with treatment time, which helps to maintain the marginal photosynthetic activity under salt stress conditions (Khataar et al., 2018). Stable and constant low Asat/Ci and Asat/Q suggest that Pongamia might be operating strong adaptive mechanisms to maintain stable photosynthesis under extreme salt stress conditions. Moreover, several plant species maintain low photosynthetic rates to balance CO2 utilization and water usage under adverse limited water conditions (Brito et al., 2014; Sekhar et al., 2015; Miranda et al., 2016).

The excited light energy distributed between the LHCII complex and PSII units represents the connectivity or grouping between these components denoted by L-band, which was calculated through kinetic difference between O and J phases. Notably, the characteristic negative bell-shaped L-band suggests the connectivity or grouping between LHCII and PSII units to enhance the effective utilization of energy throughout PSII units under salt stress (Gururani et al., 2015). Increased Fo reflects the accumulation of inactive reaction centers in the PSII complex. Furthermore, changes in Mo, Fm/Fo, and Vj, and reduced plastoquinone pool size also reflect the accumulation of inactive reaction centers in PSII, which might cause the fractional reduction in QA to QA– or low energy transfer from LHCII to PSII (Guha and Reddy, 2014; Xu et al., 2020). The prominent K-band at 300 μs suggests well preserved structural and functional integrity of OEC or limitation at donor side and acceptor side of PSII, as well as the availability of non-water electron donors at the acceptor side of PSII. The appearance of a negative bell-shaped K-band might reveal the possible recruitment of non-water electron donors such as osmolytes at the acceptor side of PSII under water-limited environmental regimes (Sengupta et al., 2013). Pongamia also accumulated several osmolytes such as mannitol, pinitol, myo-inositol, as well as proline, in leaves under salt stress (Marriboina et al., 2021). The O-I phase denotes the state of electron transfer from QA– to QB. The absence of a negative ΔVOI band and no significant changes in Vi suggest that Pongamia could maintain an active PQ pool under salt-induced water-deprived conditions. However, limited electron transport from PSII to QA and constant maintenance of active PQ pool under high saline conditions are quite arguable. The involvement of chloroplast oxidases in higher plants and algae could maintain or recycle the PQ pool under stressful conditions (Bennoun, 2002). Step I-P showed transfer of electrons from reduced end acceptors of PSII (plastoquinol) to end acceptors of PSI [ferredoxin-NADP+ reductase (FNR)]. The amplitude of VIP followed a hyperbolic pattern, which can be fitted into the Michaelis–Menten equation to calculate VIP = 0.5 (the half-maximal time required to estimate the rate of reduction of electron acceptors of PSI) (Adamski et al., 2011). The unaltered or slightly changed amplitude of ΔVIP may result in high reduction rate of PSI end acceptor (Guha and Reddy, 2014).

We determined the energy pipeline leaf model of phenomenological fluxes (per cross-section, CS) and JIP parameters to know further insights into PSII photochemical efficiency. Additionally, the unchanged TRo/RC and TRo/CSm indicate continuous supply of trapping energy, which could impose a deleterious effect on PSII under saline conditions (Guidi et al., 2016). To counteract these deleterious effects, increased ABS/RC, DIo/CSm, DIo/RC, and PHI(Do) might balance the absorbed and trapped excess energy by converting it into thermal dissipation energy (Kalaji et al., 2016). We also observed a significant decrease in electron transport components such as PHI(Eo), ETo/RC, and ETo/CSm in the salt-treated plants. The decrease in ETo leads to decrease in electron transport to the terminal electron acceptor end of PSI (REo/ABS) (Baghbani et al., 2019). Furthermore, we also noticed that the overall electron transport of intersystem electron carriers to the terminal electron acceptor end of PSI (REo/ETo) remained constant, suggesting increased dissipation of absorption fluxes and trapped energy, as well as recruitment of non-water electron donors at the donor side of PSII to maintain the reducing terminal electron acceptor end of PSI (Yan et al., 2013). The performance indices of photochemical [PHIo/(1-PHIo)] and non-light-dependent [PSIo/(1-PSIo)] reactions decreased significantly in the salt-treated plants, which was further confirmed by decreased responses of Kp, net photosynthetic rate, Asat/Q, and Asat/Ci curves. However, the unchanged non-photochemical rate constant (Kn), Asat/Ci, and Asat/Q suggest that Pongamia operates an effective photoinhibition mechanism to survive under extreme saline conditions. Our results also elucidate that the efficiency of PSII is largely maintained by recruiting non-water electron donors and promoting enzyme-dependent redox PQ pool balance and increasing thermal dissipation of energy. Thus, gas measurements and Chl a fluorescence studies demonstrate that Pongamia has recruited thermal dissipation components and non-water electron donors to protect the photosystems to drive effective photosynthesis under salt-induced limited water conditions.



Alternations in Root Proteome and Phenylpropanoid Pathway-Related Protein Species Conferred Salt Tolerance in Pongamia

A whole root of Pongamia was taken for label-free shot-gun proteome analysis. A total of 1,062 protein species were identified in the roots of Pongamia by label-free shot-gun proteome analysis. We also used computational platforms (R-program and Cytoscape) and performed GO-based analysis to explore more knowledge on global proteome changes in Pongamia as well as to further simplify the complex data into visual graphical and network forms. Most of the protein species were unchanged (∼82.5%) in response to salt stress, suggesting the dynamic nature of root cell proteome, which is essentially important to preserve cellular processes toward changing environmental cues.

The Pongamia roots expressed numerous protein species related to the phenylpropanoid pathway, including CHS protein species showing high abundance in root response to salt stress. CHS is known to catalyze the synthesis of naringenin chalcone, which is a branch point of flavanones, flavonols, and anthocyanins synthesis (Zhang et al., 2020). The high abundance of CHS species might help in the biosynthesis of flavonoids to scavenge the ROS generated during salt stress (Chen et al., 2019). In the network analysis, CHS1 was found to be a network node containing the highest number of interactions with other protein species. The abundance of CADH, COMT, THS2, and CAMT also indicates the importance of the phenylpropanoid pathway in the salt tolerance of Pongamia. Furthermore, the high-fold increase in glycosyltransferases (FG3H and FG2KO) may induce the accumulation of flavonoids such as kaempferol-3-O-sophoroside and kaempferol-3-O-rutinoside, which improve the defense mechanism of plants under stressful conditions (Martinez et al., 2016; Li et al., 2017). Thus, the high abundance of protein species related to secondary metabolism could help Pongamia with high antioxidant activity to defend from ROS damage and promote root growth during high salinity stress.



Induction of Protein Species Related to Glyoxylate Cycle, Carbohydrate Metabolism, and Cell Wall Carbohydrate Synthesis Provides Resilience to Root Under Salt Stress Conditions

The high abundance of cytoplasmic GS and ASPG induce the production of glutamate and aspartate, respectively, which might increase the availability of nitrogen for newly synthesized proteins, and increase levels of SPE1 and concomitant decrease in the abundance of SPD1 and SPD2 might increase the availability of putrescine either in the free or conjugated form in the cell. Perennial plants are known to use the conjugated putrescine to stabilize membrane potential and cellular pH balance under saline conditions, albeit the free form of putrescine is toxic to the cell (Yamamoto et al., 2017). The abundance of INV indicates the conversion of sucrose to glucose and fructose, substrates for glycolysis and HMP shunt. The rise in F16P2 might signify the accumulation of fructose-6-phosphate, a substrate for numerous metabolic pathways, such as sucrose and osmolyte biosynthesis (Stein and Granot, 2019). We have previously reported increased levels of sucrose, glucose, and fructose in roots of Pongamia under salt stress (Marriboina et al., 2021). The steady-state levels of protein species such as SUS/SUS2, SPSA, PMM, and MTDH might help the plant in synthesizing phosphorylated sugars such as sucrose-6p, mannose-1p, and mannitol to retain cellular osmotic potential (Dong et al., 2018). The interaction between ACEA1 and PDC2 diverts the carbohydrate pool to anaerobic respiration to replenish reducing energy equivalents rather than channelizing the carbohydrate pool toward the TCA cycle (Yuenyong et al., 2019). Furthermore, the abundance of pyruvate-metabolizing protein species such as PDC2, ADHX, and AL7A1 suggest the involvement of an anaerobic process in the roots of Pongamia during salt stress, which might supply reduced energy equivalents, to quickly restore cellular energy needs under salt stress conditions (Luo et al., 2017). Enhanced synthesis of antioxidant enzymes such as APX1, CATA4, and MDAR may reduce the production of ROS inside the cell under salt stress (Li et al., 2015; Sofo et al., 2015). The high abundance of both PP2A and FyPP1 expressions, as well as positive interaction between PP2A and FyPP1, might lead to the formation of PP2A-FyPP1 complex to positively regulate root growth under salt stress (Dai et al., 2013). Increased PP2Ac and PP2Ar might regulate the balancing of amino acids by controlling both SAHH and GLN1 (Lillo et al., 2014; Marriboina et al., 2021). Our shotgun proteome results suggest that Pongamia induced different proteins associated with secondary metabolism to provide defense against ROS and maintain cell wall turgidity under salinity stress. The induction of proteins related to the glyoxylate cycle and carbohydrate metabolism could replenish the quick energy resources to maintain the vital metabolic activity of roots under salt stress. In this study, we observed that Pongamia induced several root proteins related to phytohormones, small GTP-binding proteins, and other proteins, which are proved to be involved active long-distance signaling from root to shoot. However, the combination of both molecular biology and physiological tools is required to understand the role of these proteins in Pongamia root–shoot communication under salt stress. This study investigated the changes in root proteome that are crucial to maintain sustainable leaf physiology, which can be further evidenced by advanced molecular tools such as gene silencing and gene heterologous expression studies.




CONCLUSION

This study explicitly focused on global root proteome changes and determined the alternations in P. pinnata leaf photosynthesis under salt stress conditions. Pongamia relies on protein species related to several critical regulatory pathways to maintain its growth under salt stress. Pongamia also triggered protein species belonging to various metabolic pathways including secondary metabolism, carbohydrate metabolism, anaerobic respiration, and antioxidant metabolism, which may help in adjusting the root cells toward balancing the cell wall turgidity and ROS cellular energy redox homeostasis under saline environment conditions. The stable marginal leaf photosynthesis in response to salt-induced limited water conditions suggests a strong communication between root and shoot in Pongamia. This leaf physiology and whole root proteome study highlights the key mechanisms of high salt tolerance in Pongamia, which can be highly crucial for further research to develop Pongamia in marginal land cultivation.
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Salinity is one of the main adverse environmental factors severely inhibiting rice growth and decreasing grain productivity. Developing rice varieties with salt tolerance (ST) is one of the most economical approaches to cope with salinity stress. In this study, the salt tolerance of 220 rice accessions from rice diversity panel l (RDP1), representing five subpopulations, were evaluated based on 16 ST indices at both seedling and reproductive stages under salt stress. An apparent inconsistency was found for ST between the two stages. Through a gene-based/tightly linked genome-wide association study with 201,332 single nucleotide polymorphisms (SNPs) located within genes and their flanking regions were used, a total of 214 SNPs related to 251 genes, significantly associated with 16 ST-related indices, were detected at both stages. Eighty-two SNPs with low frequency favorable (LFF) alleles in the population were proposed to hold high breeding potential in improving rice ST. Fifty-four rice accessions collectively containing all these LFF alleles were identified as donors of these alleles. Through the integration of meta-quantitative trait locus (QTL) for ST and the response patterns of differential expression genes to salt stress, thirty-eight candidate genes were suggested to be involved in the regulation of rice ST. In total, the present study provides valuable information for further characterizing ST-related genes and for breeding ST varieties across whole developmental stages through marker-assisted selection (MAS).

Keywords: Oryza sativa L., natural accessions, salt tolerance, developmental stages, genome-wide association study (GWAS)


INTRODUCTION

Rice (Oryza Sativa L.) is one of the most important food crops that feeds more than half of the population of the world. It is estimated that until 2050, the population of the world will reach 9 billion, which poses a great challenge for crop productivity including rice production (Tyczewska et al., 2018). Improving rice tolerance to various biotic and abiotic stresses is an important strategy to increase rice yield. Salinity stress, as one of the main adverse environmental factors, inhibits plant growth and decreases crop productivity. Globally, more than 930 million hectares of land are reportedly affected by salinity (Hu et al., 2012). In addition, irrational use and management of water and fertilizer may speed up soil salinization, which has been found in some areas especially in rice growing areas (Yamaguchi and Blumwald, 2005). Known as a glycophyte, very few rice varieties could grow on highly salinized land, and rice in seedling and reproductive stages is generally most sensitive to salt stress (Khan et al., 2008; Ali et al., 2014; Emon et al., 2015; Rohila et al., 2019). Excess salt can interfere with metabolic processes at multiple levels, resulting in a reduction of the seed germination rate and interruption of the normal growth and the ultimate grain yield losses (Zeng and Shannon, 2000; Khan et al., 2008). Developing rice varieties with salt tolerance (ST) is considered as the most promising, less resource-consuming, and socially acceptable approach to cope with salinity stress and to take full advantage of marginal lands.

Rice varieties vary drastically on ST-associated characteristics, which provides the basis to develop new varieties with improved ST and high yield. In general, rice ST is a comprehensive expression of a variety of physiological responses of rice under salt stress, typically known as a quantitative trait loci (QTLs) controlled by multiple genes (Khan et al., 2008; Ganie et al., 2019). In the past two decades, dozens of ST QTLs and/or genes and their linked markers have been identified, some of which have already been successfully incorporated into commercial cultivars (Emon et al., 2015; Hossain et al., 2015; Ganie et al., 2019). A classic example is Saltol, a QTL with major effects on ST mapped on chromosome 1 (Bonilla et al., 2002), in which SKC1 was firstly cloned as the ST-related gene encoding Na+-selective transporter (Ren et al., 2005). SKC1 plays an important role in maintaining Na+/K+ homeostasis, thereby contributing profoundly to ST (Mohammadi-Nejad et al., 2008; Thomson et al., 2010; Ganie et al., 2016). Due to the minor effects, however, most of ST QTLs were in fact neither isolated nor characterized, which limited their utilization in breeding programs. Through marker assisted selection (MAS), the SKC1 had been incorporated into some rice varieties with apparently enhanced ST in the seedling stage. It has been well recognized that ST at seedling and reproductive stages are different (Moradi et al., 2003; Liu et al., 2019; Chen et al., 2020; Lei et al., 2020), while only few studies have reported ST QTLs/genes at the reproductive phase so far (Mohammadi et al., 2013; Bimpong et al., 2014; Hossain et al., 2015; Ganie et al., 2019; Lekklar et al., 2019; Liu et al., 2019; Theerawitaya et al., 2020). Through the linkage mapping method, Hossain et al. (2015) reported 16 QTLs affecting 6 agronomic traits, plus Na+ content, and the K+/Na+ ratio in the flag leaf under stress conditions at the reproductive stage. In recent years, genome-wide association study (GWAS) has been developed in crops to enable large-scale and high-precision identification of elite alleles, and their allelic variations widely distributed in natural rice varieties (Zhao et al., 2011; Lekklar et al., 2019; Liu et al., 2019). With respect to salt stress, Kumar et al. (2015) firstly conducted GWAS with high density single nucleotide polymorphism (SNP) markers and identified 64 SNPs significantly associated with the K+/Na+ ratio and some agronomic traits under salt stress at rice reproductive stage. Lekklar et al. (2019) investigated photosynthetic and yield-related traits of 190 Thai and Asian rice accessions exposed to salt stress at the flowering stage and identified 448 SNPs associated with ST by GWAS. By using 708 rice accessions and high-density SNPs within genes, Liu et al. (2019) detected 2,255 SNPs that were significantly associated with ST-related traits at both seedling stage in greenhouse and reproductive stage at saline fields. In total, although a lot of ST-related QTLs/genes have been reported, few of them, especially for those at reproductive stage, were characterized and successfully used in breeding (Li et al., 2020; Theerawitaya et al., 2020; Nayyeripasand et al., 2021).

Besides high-density SNPs generally used in GWAS, the other advantage of GWAS is that once a natural variety population is genotyped, it can be widely used in different studies toward diverse traits. For instance, to the best of our knowledge, the rice diversity panel l (RDP1), comprised around 420 varieties from 82 countries/regions and genotyped by high-density SNP markers, has been widely employed in studying agronomic traits and biotic and abiotic stresses (Famoso et al., 2011; Zhao et al., 2011; Norton et al., 2014; Kang et al., 2016; McCouch et al., 2016; Chen et al., 2019; Feng et al., 2019). However, although the GWAS using natural variety population has a few advantages than QTL mapping based on bi-parents population on detecting ST-related QTLs, as one of forward genetic approaches, it is still very difficult on identifying genes that underly these ST QTLs. Comparatively, most ST-related genes reported so far were obtained by reverse genetic approach, which significantly deepened the understanding of ST mechanism although the breeding potential of these genes remained to be evaluated (Ganie et al., 2019; Zhang et al., 2021). Notably, genome-wide transcriptional reprogramming reflected by differentially expressed genes (DEGs) response to ST tolerance, such as the genes related to osmotic adjustment, detoxification, repair of stress-induced damage, amplification or attenuation of stress signaling, and so on, has been found play important roles in ST tolerance (Zhang et al., 2021). This implies that identifying ST-related DEGs located in ST QTLs or associated SNPs regions is one of important approaches to quickly screen potential candidate genes or elite alleles underlying these QTLs. In the present study, the ST performance of 220 rice accessions from RDP1, representing five subpopulations (tropic japonica/TRJ, temperate japonica/TEJ, indica/IND, aus/AUS, aromatic/ARO) and an admixture (ADMIX) subpopulation, has been evaluated at both seedling and reproductive stages. By using a gene-based/tightly linked GWAS analysis as reported in Liu et al. (2019), we identified 214 SNPs related to 251 genes that are significantly associated with ST at both stages. Especially, fifty-four rice accessions were proposed as donors with most valuable alleles in breeding and 31 promising candidate ST genes were recommended after the integrated analysis with public DEG data. These results provide useful information to further characterize ST-related genes and for breeding ST varieties using the proposed donors through MAS.



RESULTS


Phenotypic Variations at Seedling and Reproductive Stages

At the seedling stage, we found that most accessions began to wither and turn yellow on the 4th day after salt treatment and died on the 6th day after salt treatment, while a few accessions still showed acceptable growing status on the 6th days after salt treatment (Figure 1A and Supplementary Figure 1). According to the phenotypic distribution, we found that sRV-Chl6 and sRV-DR6 presented an apparently skewed distribution, while the rest four ST-related indices displayed a more scattered distribution (Supplementary Figure 1), demonstrating a significant variance of ST among accessions tested at the seedling stage.
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FIGURE 1. Phenotype and principal component analysis (PCA) of indices under salt stress at seedling and reproductive stages. (A) Comparison of rice accessions with (+) and without (–) NaCl treatment. Pictures for seedling stages were taken at 4 days after treated with and without 0.8% NaCl. Pictures for reproductive stages were taken at 14 days after treated with and without 0.5% NaCl. Left and right pictures in each panel refer to different rice accessions with different tolerance to salt stress at seedling or reproductive stages, respectively. (B) Pearson correlation coefficient matrix of 16 ST indices. The cross indicates that the correlations did not reach statistically significant level at p < 0.05. Red and blue refer to positive and negative correlation, respectively. (C,D) PCA analysis of salt tolerance (ST) indices at seedling and reproductive stages, respectively. Total of 220 accessions were plotted on PCA plot with different shapes and colors. Each arrow represents an index and the length refers to its contribution on ST. The angles captained by any of the two arrows less than 90° imply the two indices having positive correlation, otherwise represent negative correlation between the two indices.


At the reproductive stage, ten ST-related indices were scored (Supplementary Table 1). Na+ content and Na+/K+ ratio, which are commonly important indices in evaluating crop ST, clearly showed scattered distributions in the population, demonstrating varying responses to salt stress among accessions (Supplementary Figure 2). Similar trends were observed in 6 indices related to chlorophyll contents and Fv/Fm. Some accessions were severely affected by salt treatment, showing no panicle emergence, while some others exhibited apparently reduced panicle lengths (Figure 1A). Therefore, the panicle length was measured as one of agronomical indices. We found that compared with the control, only a few accessions produced similar panicle lengths under salt treatment conditions, and most had significantly shortened panicles, including some without panicles (Supplementary Figure 2). The other agronomic index is seed-setting ratio (rRSD-SR), which showed a clearly scattered distribution in the population. Together, these data indicate that the accessions in this study display significant differences in the ST at both seedling and reproductive development stages.

Correlation analysis showed that almost no significant correlations were found between ST indices from seedling stage and reproductive stage (Figure 1B). This is consistent with previous studies, in which very few ST-related QTLs were reported conferring ST at both seedling and reproductive stages (Hossain et al., 2015; Liu et al., 2019). In addition, we also conducted a multi-comparison of each ST index among 5 subpopulations, and only observed three traits that showed significant differences among some subpopulations (Supplementary Figure 3). One index was sRV-FW that significantly differed between ADMIX and TRJ subpopulations. The other two were rRSD-SR and rRV-Fv/Fm7, which showed significant differences between AUS and TEJ subpopulations, and between AUS subpopulation and IND and TRJ subpopulations, respectively. This implies that the five subpopulations have almost no differentiation on ST.

In order to better portray the ST performance of the accessions, we conducted principal component analysis (PCA) for all measured ST-related traits. For the seedling stage, the PCA results showed that PC1 accounted for more than 45.2% of the total variance while PC2 was responsible for 18.8% (Figure 1C). According to the length of each index line on PCA plot, the sRV-PH presented the strongest correlation with ST, followed by sRV-FW, sRV-Chl6, sRV-DR6, sRV-DR4, and sRV-Chl4. Negative correlations between photosynthesis and survival rates under stress have been well documented (Moradi and Ismail, 2007), consistent with our data that sRV-Chl4 and sRV-Chl6 were significantly negatively correlated with the sRV-DR4 and sRV-DR6, respectively, reflected by their opposite directions on the PCA plot. For the reproductive stage, the PCA results showed that PC1 and PC2 accounted for 56.5% and 13.5% of the total variance, respectively (Figure 1D). Comparatively, the two agronomic traits, rRSD-SR and rRSD-PL, directly associated with grain yield and showed strong correlations with ST, while other indices presented similarly moderate contributions to ST, according to the PCA analysis. The Na+ content and Na+/K+ ratio, commonly used for evaluating ST in seedlings (Zelm et al., 2020), did not appear to be strongly correlated with ST at the reproductive stage. Except for the correlation between rRSD-SR and rRV-Fv/Fm7, all other correlations among 10 indices reached a statistically significant level (Figure 1B). Both Na+ content and Na+/K+ ratio showed apparently negative correlations with the rRV-Chl and rRV-Fv/Fm indices, while positive correlations were identified with the two agronomic traits, rRSD-PL and rRSD-SR, indicating that a higher content of Na+ leads to a more severe hurt to the plants (Figure 1B). Together, the PCA data indicate that different indices have divergent contributions to rice ST at different stages.



Genome-Wide Association Study of Salt Tolerance-Related Indices

To elucidate the genetic variance and identify the potential gene(s) with ST at both seedling and reproductive stages, we conducted a gene-based/tightly linked GWAS for 16 ST-related indices. A total of 201,332 SNPs located within genes and their flanking regions were identified, which related to 27,923 unique genes (Supplementary Table 2). The average interval distance of these SNPs on genome is 1,892 bp and ranges from 1,543 to 2,225 bp on different chromosomes (Chrs), showing a relatively even distribution on rice genome (Supplementary Figure 4). By using two statistical analysis models, Compressed Mixed Linear Model (CMLM) and Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway (BLINK), we obtained a total of 252 and 508 SNPs significantly associated with ST, respectively, which covered 15 ST-related indices except for sRV-DR4 on which no significant SNP was detected (Supplementary Tables 3–18). Comparatively, a total of 224 SNPs were consistently detected by both methods (Supplementary Table 19). After removing 10 SNPs that were repeatedly detected in different ST indices, 214 SNPs in total were chosen for further analysis.

A total of 117 significant SNPs were detected at the seedling stage, which were distributed on different chromosomes and corresponded to 140 genes but varied among traits (Figure 2 and Supplementary Table 19). Specifically, 32 SNPs representing 39 genes for sRV-FW were identified on Chrs 1, 2, 4, 6, 7, 8, and 12, which accounted for 8.26- 12.31% of phenotypic variance. For sRV-DR6, 30 SNPs from 37 genes were found on the genome except for Chr 11, with a notable preference for Chr 3 and Chr 9, each harboring 7 and 9 SNPs, respectively. For sRV-Chl6, 16 SNPs belonging to 21 genes were evenly located on Chrs 1, 2, 3, 4, 6, 7, 8, 10, and 12, while the associated SNPs for sRV-Chl4 were preferentially situated on Chr 3 (5 out of 24) and Chr 10 (4 out of 24), with phenotypic variance ranging from 8.65 to 11.52%. For sRV-PH, the 18 SNPs from 21 genes were discovered on Chrs 1, 2, 3, 4, 6, 8, 9, 11, and 12, accounting for 8.79-10.20% of phenotypic variance. Out of the above associations, three SNPs were linked with two traits: one of them (SNP-1.33074009) was detected in both sRV-FW and sRV-PH, while the other two SNPs (SNP-4.19825069 and SNP-8.3430353) were consistently found in sRV-DR6 and sRV-Chl6, possibly due to pleiotropic effects of the SNP-carrying genes.
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FIGURE 2. Distribution of significant single nucleotide polymorphisms (SNPs) associated with different ST indices on chromosomes. Red and green dots indicate the corresponding SNP explained phenotypic variation less than 10% and more than 10%, respectively. The arrows indicate the SNPs explain more than 14% total phenotypic variation of the corresponding ST index. Triangles indicate the SNPs associated with two different ST indices. The length of chromosome was dimensionally drawn based on the physical length of each chromosome (http://rice.plantbiology.msu.edu).


At the reproductive stage, a total of 97 significant SNPs corresponding to 111 genes interspersed on the genome were detected with 17 for rRV-Fv/Fm7, 17 for rRV-Na/K, 15 for rRV-Na, 14 for rRSD-SR, 10 for rRV-Chl7, 8 for rRSD-PL, 7 for rRV-Fv/Fm14, 7 for rRV-Fv/Fm21, 5 for rRV-Chl14, and 5 for rRV-Chl21, respectively (Supplementary Table 19). The phenotypic variance of these significant associations ranged from 5.62 to 16.90%. Around 25% (25 out of 97) of SNPs were detected on Chr 11, including 10 for rRV-Fv/Fm7, 8 for rRV-Na/K, 6 for rRV-Na, 2 for rRSD-SR, and 1 for each of rRV-Fv/Fm14, rRV-Chl7, and rRV-Chl14. On Chr12, only 3 associations were found, 2 for rRSD-SR and 1 for rRV-Chl14. The rest of the ST-related signals were distributed among the other Chrs except Chr 9, each containing 5-12 SNPs. While 7 SNPs were jointly associated with Na+ and Na+/K+, which are highly correlated (r = 0.94, Figure 1B), none of the evaluated index-associated SNPs/genes at this stage overlapped with those detected at the seedling stage, further revealing the complexity and stage specificity of rice ST.



Pyramiding Effects of Low-Frequency Favorable Single Nucleotide Polymorphism-Carrying Genes

To identify favorable alleles/haplotypes with potential effects on ST improvement, we conducted a haplotype analysis for each SNP locus (Supplementary Table 19). According to the result of t-test between the two genotypes in each SNP locus, we found that 172 SNPs related to 201 genes exhibited significant differences on corresponding ST index value, and the frequency for the favorable alleles ranged from 2.80 to 97.18% in the population (Supplementary Table 19). In particular, we are interested in those favorable alleles less than 50% in the population and consider them as low-frequency favorable (LFF) alleles, because they are not utilized in most varieties and so have a relatively high breeding value in ST improvement for most varieties. Certainly, those high-frequency favorable (HFF) alleles (> 50% in the population) are also helpful to improve some varieties without them. After screening, a total of 82 LFF alleles (refer to 96 genes) with the frequency ranging from 2.80 to 50% were shortlisted, which included 57 and 25 (67 and 29 genes) at the seedling and the reproductive stages (Supplementary Table 20), respectively.

To assess whether these LFF alleles have pyramiding effects on ST improvement, we evaluated the relations between the ST index value and the number of LFF alleles. As shown in Supplementary Figures 5, 6, an apparently linear relationship was observed between each of 16 ST index values and the number of LFF alleles, although the degrees of slopes varied among each other that reflect the magnitude of effects. These additive effects inform that the adaptability of rice to salinity can be strengthened by combining LFF alleles that dominate ST-related indices. Based on this consideration, we then calculated the number of stage-specific LFF alleles accumulated in each accession. At the seedling stage, we found that no varieties contained more than half of the total LFF alleles, and the highest number of LFF alleles accumulated in a variety was 26 (Figure 3A). Most varieties harbored less than 10 LFF alleles and around 46% (number of 102) varieties possessed no more than 4 LFF alleles. At the reproductive stage, one variety carried the highest number of 13 LFF alleles, and up to 63% germplasms (139) contained less than 4 LFF alleles (Figure 3B).
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FIGURE 3. Distribution of accessions contained low frequency favorable alleles and the potential donor germplasms of these alleles. (A,B) The histograms for the count of rice accessions with cumulative number of favorable haplotypes at seedling (A) and reproductive (B) stages. The dark columns at the right of dotted line represent the top 15% accessions that carrying most low-frequency favorable (LFF) alleles at seedling and reproductive stages, respectively. Number on each column indicates the number of accessions containing the corresponding number of LFF alleles. (C,D) Selected donor germplasms on the PCA plots similar to Figure 1 C,D. Dark points in panels (C,D) represent the top 15% accessions that carried most LFF alleles at seedling and reproductive stages, respectively. NSFTV72 is IR8, containing 14 and 11 LFF alleles at seedling and reproductive stages, respectively.


Considering the fact that LFF alleles are distributed in different germplasms, we selected the accessions that possessed top 15% stage-specific LFF alleles as promising germplasms at each developmental stage. At the seedling stage, 30 accessions carrying LFF alleles with numbers ranging from 14 to 26 were identified as potential ST breed donors (Figure 3A), which covered all 57 LFF alleles (Supplementary Table 21). Among them, most accessions contained 14 to 18 LFF alleles, and 7 accessions possessed more than 20 LFF alleles. At the reproductive stage, 25 accessions carrying at least 9 LFF alleles were identified as potential ST breed donors with 3 of them possessing more than 12 LFF alleles (Figure 3B). Together, these 25 accessions covered all 25 reproductive specific LFF alleles (Supplementary Table 22). In order to better present the ST performance of these potential donors, we projected them on the PCA plot (Figures 3C,D). According to the directions of each ST index on the PCA plot (Figures 1C,D), we knew that the accessions located in the right part had better ST performance. At the seedling stage, we found that except for 3 accessions, all the rest 27 varieties were distributed in the right part of PCA plot (Figure 3C). With respect to the reproductive stage, only one variety was located at the left part of the PCA plot and over 76% (19/25) of the varieties were distributed at the bottom right section of PCA plot, suggesting that these varieties have good ST performance at the reproductive stage (Figure 3D). Normally, rice ST acquired at the seedling stage does not sustain through the reproductive stage (Singh and Flowers, 2010). Yet, we found an accession (NSFTV72/IR8) that featured a longer life span in ST, although it did not display the best ST at each of the two stages (Figures 3C,D). This variety accumulated 14 seedling LFF and 11 reproductive LFF alleles (Figures 3A,B), suggesting its potential value as a donor for simultaneously transferring multiple LFF alleles from both stages in future breeding programs.



Candidate Genes Associated With Salt Tolerance-Related Indices

Since all the SNPs applied in the above GWAS analysis are located in or very close to the annotated genes, we would like to mine some candidate genes for ST. Out of 214 significant SNPs, we found that 39 SNPs were located in the coding regions (Supplementary Table 23). These included 17 synonymous SNPs and 22 non-synonymous SNPs resulting in either amino acid substitutions or premature stop codons. The rest of the 175 SNPs were in non-coding regions, which can be further subdivided into three groups: 127 in intergenic regions, 5 in 5′ UTR, 7 in 3′ UTR, and 36 in intron (Supplementary Table 23). Altogether, these 214 significant SNPs cover 251 genes, in which 222 are annotated and 29 encoded hypothetical proteins of unknown functions (Supplementary Table 19).

To prioritize GWAS-derived SNPs/genes, we conducted a co-localization analysis with ST-related QTLs published previously. Since most of these reported QTL data came from independent studies that were not entirely consistent with each other, we performed a meta-analysis to identify consensus QTLs with high reliability. A sum of 375 ST-related QTLs from 18 independent studies were collected for meta-analysis, which included 308 in the seedling stage, 55 in the reproductive stage, and 12 in vegetative and reproductive stages (Supplementary Table 24). In meta-analysis, QTLs in vegetative and reproductive stages were all considered as reproductive ST QTL. As a result, we obtained 41 seedling meta-QTL for ST (sMqST) and 17 reproductive meta-QTL for ST (rMqST), which were scattered on all 12 chromosomes (Figure 4A and Supplementary Table 25). The interval length of these sMqST and rMqST ranged from 0.054 to 4.734 Mb and from 0.139 to 5.614 Mb, respectively (Supplementary Table 25). The average length of sMqST was 0.789 Mb and apparently less than 2.375 Mb of rMqST (Figure 4B). Through comparison, we found a total of 45 SNPs located in these MqST intervals (Figure 4A).
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FIGURE 4. Comparison of the significant association SNPs, Meta-quantitative trait locus (QTL), and differentially expressed genes. (A) Integrated map for association SNPs, Meta-QTL intervals and differentially expressed genes (DEGs). Circles and triangles on the left side of each chromosome represent LFF and not LFF SNPs, respectively. Green and pink colors indicate the association SNPs detected at seedling and reproductive stages, respectively. Squares on the right side of the chromosomes represent the DEGs. Red and blue vertical lines refer to meta-QTL intervals of seedling and reproductive stages, respectively. (B) Distribution of interval length of meta-QTL in reproductive stage (rMqST) and in seedling stage (sMqST). (C) Haplotype analysis of the SNP-3.8889557 associated differentially expressed gene OsPP1. The n = 196 and n = 12 indicate the number of the accessions harbored “G” and “A” haplotypes, respectively. The average rRSD-SR value of the accessions containing each of the two haplotypes reached statistically significant difference at p < 0.05.


To screen candidate genes for ST, we consulted publicly available data on DEGs of rice under salt stress at diverse growth stages, which offered a list of 143 DEGs that related to 129 out of 214 SNPs (Supplementary Table 26). To the best of our knowledge, only one of them, OsPP1 (LOC_Os03g16110), encoding a protein phosphatase, has been reported as an ST regulation gene (Liao et al., 2016). Rice plants over-expressing OsPP1a can recover from salinity-induced oxidative damage via boosting antioxidant enzyme systems to maintain a relative redox homeostasis. SNP-3.8889557, associated with rRSD-SR on chromosome 3, was found to be located in the 3′ UTR of OsPP1, which accounted for 14.48% of the total variation of rRSD-SR (Supplementary Table 23). Twelve accessions out of 208 (5.77%) carried the “A” allele at this position with an average rRSD-SR of 56%, while the accessions possessing the alternative “G” allele were more sensitive to salinity treatment, with an average rRSD-SR of 84% (Figure 4C). In comparison, the favorable “A” allele of OsPP1 was able to rescue 28% losses on seed setting rate due to salt stress during the reproductive stage. This implies that mining DEG data could be a feasible strategy to screen candidate ST genes.

By comparison, we identified 38 DEGs related to 32 out of 45 SNPs located within MqST intervals (Table 1). The chromosome 3 had most co-located DEGs with MqST, and no co-located DEGs and MqST were found on chromosome 5 (Figure 4A). According to the gene annotation, we found that except for 4 genes belonging to hypothetical protein or predicted protein, most of the rest of the 34 DEGs presented potential function in various kinds of stress resistance, such as OsPRI1, OsSPL2, OsULT1, OsERF60, and so on (Table 1). It is worth further validation on the function of these candidates in ST. In addition, eighteen of these candidates were from LFF alleles, which related to 5 ST indices with 3 genes for sRV-Chl6, 10 for sRV-DR6, 4 for sRV-FW, 1 for sRV-PH, and 3 for rRSD-SR (Figure 5). To estimate the contribution of each LFF of these 18 candidates, we compared the differences of accessions with favorable and unfavorable alleles on the corresponding ST indices and found that all favorable alleles could significantly improve the ST tolerance reflected by the corresponding ST indices (Figure 5). Certainly, the exact contributions on ST improvement of these LFF alleles required to be tested in practice in the future. Through qRT-PCR, we randomly tested transcription levels of 6 candidates from LFF alleles and one gene OsPP1(LOC_Os03g16110) in 15 accessions at 12 and 24 h after treatment (HAT) with salt (Supplementary Figure 7). Both favorable and unfavorable alleles in each of these 7 genes were included in the 15 accessions (Supplementary Table 27). We found that the transcriptional levels of all 7 genes were significantly induced by salt stress, which demonstrated not only their potential roles in regulating rice ST but also the reliability of other candidate genes in Table 1. Among them, OsPRI1 (LOC_Os08g04390) and OsULT1 (LOC_Os01g57240) showed that differently induced expression levels by salt stress between the accessions contained favorable and unfavorable alleles, while the remaining 5 genes did not show this difference.


TABLE 1. Details of candidate genes for salt tolerance and its co-located single nucleotide polymorphisms (SNPs) and meta quantitative ST loci (MqSTs).
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FIGURE 5. Effects comparison of different haplotypes in 14 LFF SNPs associating with differentially expressed genes on salt tolerance. Error bars mean the standard errors. *, ** and *** indicate the difference reached statistically significant difference at the P value <0.05, <0.01, and <0.001, respectively. Numbers of rice accessions contained different alleles in each SNP locus were listed on the top of columns. Two SNPs were found association with two ST indices.


OsPRI1, associated with SNP-8.2146875 in the interval of sMqST8-1, was a more strongly induced expression in 5 accessions that contained favorable alleles than those without favorable alleles at both time-points. In rice, OsPRI1 is a linker between the iron-binding sensor OsHRZ1 and the Fe-deficiency-responsive gene OsIRO2 (Zhang et al., 2017). Under Fe deficiency, this helix-loop-helix (HLH) transcription factor positively regulates OsIRO2 expression via directly binding to its promotor. Through global bioinformatics analysis, the HLH transcription factor was found to participate in salt responsive gene regulatory networks (Wang et al., 2020). Overexpression of OsIRO2 results in an elevation of Fe uptake and translocation in rice (Ogo et al., 2007). Being an essential mineral element for plant growth and development, Fe has also been proposed as a defense against salinity since it can boost the production of antioxidative enzymes to mitigate salinity-induced oxidative damage (Sharma et al., 2012; Ghasemia et al., 2014; Li et al., 2016). In addition, salt stress would impose deleterious effects on Fe acquisition and distribution in plants (Li et al., 2016). Consequently, efficient absorption of Fe with the help of OsIRO2 and its upstream regulator OsPRI1 would have the potential to confer greater tolerance to saline-alkaline stress in rice. The accessions containing “A” allele in the regulatory of OsPRI1 displayed a lower sRV-FW of 52%, while only 13 accessions carried the “G” allele that showed a better sRV-FW value (Figure 5). This demonstrated that introducing “G” allele of OsPRI1 from the 13 accessions could further improve rice ST.




DISCUSSION


Identification of Genetic Resources for Rice Breeding Toward Salt Tolerance

Rice is relatively tolerant to salt during germination, active tillering, and maturity, but is very sensitive at the early seedling stage and reproductive stage (Singh and Flowers, 2010; Ganie et al., 2019). To mitigate the adverse effects of salinity on rice, a prospective practice is to breed varieties with salt tolerance at both sensitive stages and develop new rice varieties with enhanced resilience in salt stress environments. However, only a few attempts have been made to discover loci associated with ST across developmental stages and, especially, at the reproductive stage (Ganie et al., 2019; Haque et al., 2020). This is mainly due to the fact that it is so difficult to obtain precise phenotypes at this stage, especially for natural varieties, because they vary largely on the time entering into reproductive stage (Zeng et al., 2002). In order to eliminate the effects of different developing processes on ST-phenotyping, we treated each accession with salt stress at a uniform time, that is, the date of the pulvinus of flag leaf and penultimate leaf reached together. This time point is often defined as rice entering reproductive stage and is easily determined by eye observation (Hoshikawa, 1989; Xu et al., 2020). This design allowed us to establish a uniform standard to test rice ST tolerance at reproductive stage in greenhouse, and to ultimately obtain ST phenotypes as precise as possible for the subsequent analysis. In this study, we evaluated the ST of 220 rice accessions representing five subpopulations at both seedling and reproductive stages by assessing a combination of morphological and physiological parameters. We found that although the degree of ST varies among this rice panel at both stages, almost no correlation was found between ST-related indices measured at seedling stage and reproductive stage (Figure 1B), which is consistent with the previous reports (Moradi et al., 2003; Liu et al., 2019; Chen et al., 2020; Lei et al., 2020). Through GWAS, we identified 117 and 97 SNPs significantly associated with different ST-related indices at seedling and reproductive stages (Figure 2), respectively. Meanwhile, no overlapping SNP was found, highlighting the independence of ST between the two stages and the genetic complexity of rice ST. In addition, we found various correlations among ST indices at the reproductive stage (Supplementary Figure 3), indicating that it is impossible to simply determine critical indices responsible for ST. As a result, we employed PCA to determine the contributions of different indices on ST and found that the two morphological indices (rRSD-PL and rRSD-SR) displayed apparent stronger correlations with ST than those of the other 8 indices, including Na+ and Na+/K+ ratio at the reproductive stage. The rRSD-SR has been universally employed for evaluating rice ST in previous studies, while the rRSD-PL was seldom used. Therefore, the rRSD-PL could be emphasized in both ST-related genetic and breeding research at the reproductive stage in future studies.

The ultimate goal of these significant SNP discoveries is to deploy them in the breeding program to develop new salt-tolerant rice varieties or germplasms that are adaptable to salinity across the whole growth stages. A prospective practice is to combine diverse ST favorable alleles in both sensitive stages of rice. Comparatively, LFF alleles were on the priority list in view of their great potential in genetic improvement. Among the 214 SNPs in total, we identified 57 and 25 LFF alleles at the seedling and the reproductive stages (Supplementary Table 20), respectively. Importantly, our preliminary results showed that rice accessions accumulating more LFF SNPs typically display relatively superior ST compared with those comprising fewer LFF SNPs (Figure 5 and Supplementary Figure 5). This means that increasing the frequency of these LFF alleles in rice population could be a feasible approach to further improve rice ST. In order to accelerate the utilization of these LFF alleles, 30 and 25 potential donors were selected at seedling and reproductive stages, respectively, which collectively covered all 82 LFF alleles and displayed a good performance on ST at both stages (Figure 3). We also noted some deviations where accessions carrying LFF alleles, similar to those of other salt-tolerant lines, exhibit phenotypic salt-sensitivity. This is probably due to the complex interactions among different genes or between genes and genetic backgrounds, which results in various phenotypes, although these accessions harbored similar LFF alleles. Undoubtedly, pyramiding these LFF alleles using the potential donors discovered in this study with previously identified ST loci/genes will facilitate the development of highly tolerant varieties against salinity. In addition, these identified LFF SNPs could also be converted into breeding-friendly and cost-effective markers, like Kompetitive Allele Specific Polymerase Chain Reaction (KASP) marker, for future molecular breeding.



Candidate Genes Involved in Regulation of Rice Salt Tolerance

In total, 214 significant association SNPs corresponded to 251 genes (Supplementary Table 19). According to a latest review paper on rice ST (Liu et al., 2021), we found that one of the 251 genes was confirmed to be involved in rice ST, which encodes a protein of trehalose family associated with sRV-DR6 in our study (Supplementary Table 28). In addition, we found that 19 known ST-related genes co-located in the LD regions of 19 SNPs (Liu et al., 2021), further confirming the importance of our association study (Supplementary Table 28). By integration of DEG data and Meta-QTL results, we obtained 38 candidate genes that could play a crucial role in tolerance against salinity (Table 1). Seven of them were further confirmed to be induced expression by salt stress, indicating the reliability of these candidate genes in rice ST (Supplementary Figure 7). Two of the 7 genes showed that differently induced expression levels between the accessions contained favorable and unfavorable alleles, which further confirmed the breeding potential of these candidate genes in improving rice ST in practice. In addition, based on the prior literatures, at least 5 genes discussed below were considered having potential roles in ST improvement. All these together imply that these 38 candidate genes are valuable gene resources in further elucidating rice ST.

OsTOGR1 (LOC_Os03g46610) presents significantly higher expression levels in accessions that contained favorable alleles than those without favorable alleles at 24 hours after treatment (HAT) (Supplementary Figure 7), which encodes a DEAD-box RNA helicase co-located with rMqST3-2. At higher temperature, the intrinsic helicase activity of OsTOGR1 increases, thereby promoting stabilization of pre-rRNA homeostasis (Wang et al., 2016). Although it is uncertain whether OsTOGR1 directly participates in ST through regulation of RNA surveillance, its two family members, OsPDH45 and OsSUV3, have been demonstrated to function in ST (Amin et al., 2012; Macovei and Tuteja, 2012; Tuteja et al., 2013). In particular, overexpression of PDH45 confers salt tolerance to rice at both seedling and reproductive stages. SNP-3.26377803, located in the CDS region of OsTOGR1, contains two kinds of variations “G” and “T.” Thirteen accessions containing the favorable “T” allele significantly reduced the rRSD-SR of around 25% (Figure 5), implying its breeding potential in ST breeding program.

LOC_Os09g34100 (SNP-9.20121667.), known as OsGLYII3 and associated with sRV-DR6 at the seedling stage, encodes a Glyoxalase II involved in the glyoxalase pathway (Yadav et al., 2007; Mustafiz et al., 2011), which is required for glutathione-based detoxification of methylglyoxal. Earlier studies have already revealed the potential role of this pathway in conferring ST of tobacco (Singla-Pareek et al., 2003, 2006). Particularly, overexpression of glyI from Brassica juncea in tobacco imparts tolerance to the transgenic plants during salt stress (Veena et al., 1999); overexpression of glyI and glyII together can enhance the ST of transgenic plants to a higher extent (Singla-Pareek et al., 2003, 2006). In rice, OsGLYII3, together with OsGLYI1, were identified as salt responsive gene (Veena et al., 1999; Yadav et al., 2007), with increased transcription levels upon salt stress. Leaf segments from OsGLYII3-overexpressing lines could retain a larger amount of chlorophyll in the presence of salt as compared to the control (Singla-Pareek et al., 2008). Consequently, OsGLYII3 is a prominent causative gene for ST.

LOC_Os02g45660 (SNP-2.27769525.), known as OsIspF, is associated with sRV-PH at the seedling stage and encodes a 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, which is the fifth enzyme in the MEP pathway (Huang et al., 2018). Located in chloroplast, OsIspF plays a pivotal role in chloroplast development. Rice plants carrying mutated forms of OsIspF display yellow-green leaf phenotype throughout development, with significantly reduced contents of chlorophyll and carotenoid. Relationships between photosynthesis, chloroplast, and survival rates of rice under salinity have been well documented (Moradi and Ismail, 2007; Nan et al., 2020). Therefore, OsIspF could be a prominent gene for ST.

LOC_Os09g29584 (SNP-9.17990633), also named OsWAK84, is associated with sRV-DR6 at the seedling stage and encodes a wall-associated kinase. Wall-associated kinases in rice have been proposed to be involved in plant immunity (Li et al., 2009; Delteil et al., 2016; Harkenrider et al., 2016; Hu et al., 2017) and response to mineral toxicities (Xia et al., 2018). In contrast, there has not been a single report that reveals their relationships with rice ST. However, it was reported that an Arabidopsis WAK-like gene 4 (AtWAKL4) responded notably to salt stress, with a 5-fold increase in AtWAKL4 transcripts after salt treatment of the seedlings, while destruction of its promoter via T-DNA insertion extenuated the adaptability of Arabidopsis to salt stress (Hou et al., 2005).

LOC_Os03g44660 (SNP-3.25139625), known as OsGRL7, is associated with rRV-Chl7 at the reproductive stage and encodes a Glutaredoxins (GRXs) family protein of GRL-type (Garg et al., 2010). Though the precise functions of GRL-type proteins in ST have not been investigated, overexpression of a CPYC-type GRX-OsGRX20 was shown to result in enhanced tolerance to salt stress (Ning et al., 2018). It was proposed that the capacity of GRXs to reduce oxidized disulfides is a decisive factor to maintain redox homeostasis under high salinity (Rouhier et al., 2005; Ning et al., 2018).

The other candidate ST genes jointly supported by DEG data and Meta-QTL results have hardly been studied in the previous literature. In summary, our findings are anticipated to add potential novel gene resource to the list of ST contributing factors. Further functional tests will be needed to validate their roles in ST.




MATERIALS AND METHODS


Plant Materials

A total of 220 rice accessions including 5 subpopulations from RDP1 were selected, and comprised 53 TRJ, 57 TEJ, 43 IND, 32 AUS, 2 ARO, and 33 ADMIX accessions according to that reported in McCouch et al. (2016) (Supplementary Table 1). Twenty germinated seeds of each variety were placed in a 96-well PCR plate cut at the bottom and put into a container for hydroponic culture in greenhouse. At two-leaf stage, the seedlings were transferred to the International Rice Research Institute (IRRI) nutrient solution with pH 5.5 (Xia et al., 2015). The solution was changed every three days till four-leaf stage, and then the 0.8% NaCl (136.8 mmol/L) was used for salt treatment. In the period of three days, to keep the concentration of solution, we added distilled water to a fixed position that was marked in a container. The nutrient solution without NaCl was used as the control.

The same rice germplasm as the seedling stage was soaked and seeded in a 32-well seedling tray. At four-leaf stage, the seedlings were transplanted into 15 L plastic buckets with soil in a greenhouse. Each plastic bucket contained 5 plants, and at jointing, stage 4 plants with the same growth status were retained. Then, at booting stage, representing the rice entering into reproductive stage, each barrel was treated with 10 L of 0.5% NaCl (85.5 mmol/L). Distilled water was added every day to keep the whole volume. In rice, booting stage could be approximately judged as the pulvinus of flag leaf and penultimate leaf were overlapped (Hoshikawa, 1989; Xu et al., 2020). And so, the date that the pulvinus of flag leaf and penultimate leaf reached together was used to start salt treatment for each accession. Each variety treated by clean water was used as the control.



Measurement of Salt Tolerance Related Traits or Indices at Seedling and Reproductive Stages

At the seedling stage, on the 2nd, 4th, and 6th days after salt treatment, the second leaf from the top of the seedling was selected and the chlorophyll content of the leaf was measured by SPAD 502 Plus Chlorophyll Meter (Konica Minolta Investment Ltd, Japan). At the reproductive stage, the chlorophyll content of rice flag leaf was determined on the 0, 7th, 14th, and 21st days of salt treatment. On the 6th day after salt treatment, at the seedling stage, the plant height, root length, and fresh weight were measured. On the 4th and 6th days after salt treatment, the number of dead seedlings under salt stress was counted, and then the death rate was calculated. Five to 8 seedlings with the same growth status were selected as a replicate, each treatment along with the control was repeated 3 times.

At the reproductive stage, the flag leaves of rice were selected on the 7th, 14th, and 21st day after salt treatment to determine the chlorophyll fluorescence parameters by FMS 2 + field-portable pulse-modulated chlorophyll fluorometer (Hansatech Instruments, England), respectively. After dark adaptation to 30 min, the initial fluorescence (Fo) was measured with weak measuring light, and then the maximum fluorescence (Fm) was measured with a strong flash (5,000 μmol m–2 s–1, pulse time 0.7 s). The variable fluorescence (Fv) was calculated as Fv = Fm-Fo, along with the maximum photochemical efficiency of photosystem II (PSII) (Fv/Fm), and the potential photochemical efficiency of PS II (Fv/Fo). After 14 days of salt treatment, the third leaf from the top of each plant was sampled and dried. The dried sample was crushed by a grinder, and 0.1 g of sample was placed in a test tube with a lid, then 10 ml of 100 mM acetic acid was added and bathed at 90°C for 2 h. After cooling and 5,000 rpm centrifugation for 15 min, the supernatant was transferred to the 10 ml centrifuge tube. After proper dilution, the contents of Na and K were determined by atomic absorption spectrophotometer (Pin AAcle 900F, Perkin Elemer Co., Ltd). Panicle length and the number of grains per panicle were measured at the end of grain filling, and the seed setting rate was calculated. Four plants per bucket were set as a replicate. Each treatment along with the control was repeated 3 times.

According to the method of Qi et al. (2005), the ST grade of rice at seedling stage and reproductive development stages were individually classified. The relative salt damage rate (RSD) was calculated as follows: RSD (%) = (control - salt treatment)/control × 100. Additionally, the relative value (RV) of ST was calculated as follows: RV (%) = salt stress value/control value × 100. Accordingly, six ST related indices at the seedling stage and ten ST-related indices at the reproductive stage were abbreviated as Table 2.


TABLE 2. Details of salt tolerance (ST) related indices at the seedling stage and reproductive stage.
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Excel 2016 and R 3.6.3 were used for data processing and correlation analysis.



Genome-Wide Association Study for Rice Salt Tolerance Indices

The publicly available 700K SNP dataset of RDP1 varieties were downloaded1 for subsequently GWAS analysis (McCouch et al., 2016). SNP filtering was carried out according to the following steps: (1) SNPs with minor allele frequency (MAF) ≥ 2% and missing rate < 25% were selected; (2) based on gene functional annotations of the “Nipponbare” genome IRGSP-1.0.46.chr.gff3 from the Rice Genome Annotation Project2 and The Rice Annotation Project,3 SNPs within annotated genes from 2kb upstream to 2kb downstream were extracted through SnpEff (Cingolani et al., 2012). GWAS was performed with the software “GAPIT” and two kinds of statistical models, CMLM and BLINK, were used (Zhang et al., 2010; Huang et al., 2019). A minimum Bayes factor (mBF) was applied to identify significant markers based on the P value threshold for significance. The P (mBF) was calculated using the following formula: mBF = –e*P*ln(P) (Goodman, 2001). Thus, the significance threshold in this study was –log10(P) = 3.78. Manhattan and Q-Q plots were generated with the “CMplot” package in R environment (Yin et al., 2020).



Principal Component Analysis

Principal component analysis (PCA) was performed using the ST-related indices with the R package ‘‘FactoMineR’’ and visualized with ‘‘factoextra’’.4,5



Differential Gene Expression Analysis

A total of 25 rice salt-tolerant transcriptome datasets from 7 independent studies were collected from the Gene Expression Omnibus (GEO) database.6 R package “limma” was used to mine differential expression genes (Ritchie et al., 2015). Transcripts or genes with P-values < 0.05 and absolute value of |log2(fold change)| > 1 were assigned as DEGs.



Meta-Analysis of Rice Salt Tolerance Quantitative Trait Loci

Information of ST QTLs at seedling and reproductive stages were collected from 18 references published from 2004 to 2020, which included QTL confidence interval, linkage molecular markers, LOD value, phenotypic variation rate (PVE%), and mapping parents (Supplementary Table 24). According to the positions of the molecular markers linked with these ST-responsive QTLs on rice reference genome of Nipponbare, an integrated physical map for all ST responsive QTLs and their linked molecular markers was obtained. Then, based on the ratio of 1 cM per 244 kb (Chen et al., 2002), this integrated physical map was further converted to a virtual genetic map, namely, a consistent genetic map, which included 616 and 134 markers linked with ST QTLs at seedling and reproductive stages, respectively. This conversion is based on the assumption that the ratio of genetic to physical distance is invariant throughout the genome except that in the centromeric regions, which has been used in previous studies for meta-analysis of QTLs related to several traits (Courtois et al., 2009). According to the information of all ST responsive QTLs integrated in this consistent genetic map, the Meta-QTL analysis was performed by using the software BioMercator V4.2 (Veyrieras et al., 2007; Sosnowski et al., 2012). The method relies on a clustering algorithm based on a Gaussian mixture model and enables the determination of the probable number of clusters considered as the “true” QTLs underlying the QTLs observed in a given region. The optimal number of clusters was chosen by means of an information-based criterion, and the position and confidence interval of the meta quantitative ST loci (MqST) was then estimated.



Gene Transcription Analysis Under Salt Stress

The qRT-PCR experiments were performed to examine the transcription levels of 7 genes in 15 accessions after treatment (HAT) with salt. Both favorable and unfavorable alleles in each of these 7 genes were included in the 15 accessions (Supplementary Table 27). The leaves of four-leaf stage seedlings of each accession were harvested at 12 and 24 h after 0.8% NaCl treatment, respectively, and the leaves without NaCl treatments was used as the control. All samples were immediately snap-frozen in liquid nitrogen.

Each RNA sample was isolated using the Mini BEST Plant RNA Extraction Kit (TaKaRa, Dalian, China) in accordance with the protocol of the manufacturer, and then treated with gDNA Eraser (TaKaRa, Dalian, China) following the instructions of the manufacturer to eliminate any contaminant gDNA. The treated RNA solution (10 μl) was subjected to reverse transcriptase reactions with PrimeScript™ Reverse Transcriptase Reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa, Dalian, China) in accordance with the protocol of the manufacturer. Gene-specific primers were designed using Primer 5.0 (Supplementary Table 27). Actin was used as the internal reference gene. Quantitative RT-PCR was performed using a Bio-Rad CFX96™ Real-Time System (Bio-Rad, United States) using the SYBR Premix Ex Taq™ Kit (Perfect Real Time) (TaKaRa, Japan) in accordance with the protocol of the manufacturer. qRT-PCR conditions were as follows: 30 s at 94°C for denaturation, 40 cycles for 5 s at 94 °C, 30 s at 56 °C, and 10 s at 72 °C. The expression levels of target genes were calculated with the 2–ΔΔCt comparative threshold cycle (Ct) method. All reactions were performed in three biological replicates, and the results of Ct values were determined with Bio-Rad CFX Manager V1.6.541.1028 software. Relative expression level of each target genes was calculated as follows: expression levels of salt stress/expression levels of control.
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Supplementary Figure 1 | Trait distribution of the accessions on each salt tolerance (ST)-related index at seedling stage. The boxes with 3 lines represent first quartile, median and third quartile. Plotlines extending from the boxes (whiskers) indicate variability outside the upper and lower quartiles. Each point represents a variety, and the black points represent outliers.

Supplementary Figure 2 | Trait distribution of the accessions on each ST related index at reproductive stage. The boxes with 3 lines represent first quartile, median and third quartile. Plotlines extending from the boxes (whiskers) indicate variability outside the upper and lower quartiles. Each point represents a variety, and the black points represent outliers.

Supplementary Figure 3 | Comparison of mean value of each ST index among 5 subgroups at seedling and reproductive stages. Error bars mean the standard errors. Different lowercase letters represent significant difference at the P value of 0.05, and “NS” means no significant difference (Kruskal-Wallis one-way ANOVA, Bonferroni correction). Aromatic subgroup was not included in this analysis because the samples are too less.

Supplementary Figure 4 | Distribution of gene-based/tightly linked SNP markers in rice genome. Different colors represent the density of SNP markers within 1Mb window size on the chromosome.

Supplementary Figure 5 | Correlation of the accessions accumulated the number of low frequency favorable haplotypes and the ST indices value at the seedling stage. The dotted line and gray region represent the linear regression and 95% CI, respectively.

Supplementary Figure 6 | Correlation of the accessions accumulated the number of low frequency favorable haplotypes and the ST indices value at the reproductive stage. The dotted line and gray region represent the linear regression and 95% CI, respectively.

Supplementary Figure 7 | Transcription levels of 7 genes in 15 accessions at 12 and 24 hours after salt treatment. Error bars mean the standard errors. ** indicate the difference reached statistically significant difference at the P value < 0.01.


FOOTNOTES

1
http://www.ricediversity.org/data/

2
http://rice.plantbiology.msu.edu/

3
https://rapdb.dna.affrc.go.jp

4
https://CRAN.R-project.org/package=FactoMineR

5
https://CRAN.R-project.org/package=factoextra

6
https://www.ncbi.nlm.nih.gov/geo/
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Salt stress threatens plant growth, development and crop yields, and has become a critical global environmental issue. Increasing evidence has suggested that the epigenetic mechanism such as DNA methylation can mediate plant response to salt stress through transcriptional regulation and transposable element (TE) silencing. However, studies exploring genome-wide methylation dynamics under salt stress remain limited, in particular, for studies on multiple genotypes. Here, we adopted four natural accessions of the model species Arabidopsis thaliana and investigated the phenotypic and genome-wide methylation responses to salt stress through whole-genome bisulfite sequencing (WGBS). We found that salt stress significantly changed plant phenotypes, including plant height, rosette diameter, fruit number, and aboveground biomass, and the change in biomass tended to depend on accessions. Methylation analysis revealed that genome-wide methylation patterns depended primarily on accessions, and salt stress caused significant methylation changes in ∼ 0.1% cytosines over the genomes. About 33.5% of these salt-induced differential methylated cytosines (DMCs) were located to transposable elements (TEs). These salt-induced DMCs were mainly hypermethylated and accession-specific. TEs annotated to have DMCs (DMC-TEs) across accessions were found mostly belonged to the superfamily of Gypsy, a type II transposon, indicating a convergent DMC dynamic on TEs across different genetic backgrounds. Moreover, 8.0% of salt-induced DMCs were located in gene bodies and their proximal regulatory regions. These DMCs were also accession-specific, and genes annotated to have DMCs (DMC-genes) appeared to be more accession-specific than DMC-TEs. Intriguingly, both accession-specific DMC-genes and DMC-genes shared by multiple accessions were enriched in similar functions, including methylation, gene silencing, chemical homeostasis, polysaccharide catabolic process, and pathways relating to shifts between vegetative growth and reproduction. These results indicate that, across different genetic backgrounds, methylation changes may have convergent functions in post-transcriptional, physiological, and phenotypic modulation under salt stress. These convergent methylation dynamics across accession may be autonomous from genetic variation or due to convergent genetic changes, which requires further exploration. Our study provides a more comprehensive picture of genome-wide methylation dynamics under salt stress, and highlights the importance of exploring stress response mechanisms from diverse genetic backgrounds.

Keywords: accession-specific, Arabidopsis thaliana, genome-wide DNA methylation, salt stress, whole-genome bisulfite sequencing (WGBS)


INTRODUCTION

Excessive accumulation of water-soluble salts in the soil causes salinization, which negatively impacts plant growth and induces land degradation (van Zelm et al., 2020). Soil salinization is intensified in the era of climate change due to global warming, low precipitation, and sea-level rise (Munns and Gilliham, 2015). Increasing studies have investigated the morphological, physiological, transcriptional, and genetically based changes to understand plant response and adaptation to salt stress (Yin et al., 2010; Duan et al., 2013; Kim et al., 2013; Julkowska et al., 2016; Rahman et al., 2016; Miryeganeh et al., 2021). These studies have adopted non-model species, crops, and model species, including Bruguiera gymnorhiza, Oryza sativa, and Arabidopsis thaliana, and identified phenology and root architecture changes, physiological regulatory compounds of osmolytes and antioxidants, and genes and signal transduction pathways for the salt response. Furthermore, epigenetic modifications, such as DNA and histone modifications, have been considered to regulate gene expression and silence transposable elements (TEs), and are thus anticipated to play an essential role in the plant response and genome stability under salt stress (Yolcu et al., 2016; Yang and Guo, 2018; Chang et al., 2020; Wang et al., 2021). Exploring epigenetic changes under salt stress will provide critical insights into understanding the molecular mechanisms of salt response and adaptation.

Epigenetic mechanisms are generally considered to include DNA modifications, histone modifications, small interfering RNAs (siRNAs) and microRNAs, which affect chromatin structure, transcriptional accessibility, and genome stability (Cavalli and Heard, 2019). DNA methylation is a fundamental form of epigenetic modification and interacts with other epigenetic mechanisms. DNA methylation changes contribute to the regulation of plant growth, development, fruit maturation, and acclimation to biotic or abiotic stress (Candaele et al., 2014; Yamamuro et al., 2014; Zhang H. et al., 2018). In plants, DNA methylation mainly occurs in three sequence contexts: CG, CHG, and CHH contexts (H = A, T, or G). The methylation level in these sequence contexts varies among genomic regions (Zhong et al., 2013; Du et al., 2015; Zhang H. et al., 2018). For instance, constitutively expressed genes often present high levels of CG methylation on the gene bodies, but low levels of methylation close to transcriptional start and termination sites (Bewick et al., 2016; Bewick and Schmitz, 2017). In TEs regions, high methylation levels are usually observed for all three sequence contexts (Zhang et al., 2006).

Methylation changes in gene regions and TEs under stressful environments regulate gene expression and transposon activity, and potentially modulate plants’ stress response. Studies on Arabidopsis thaliana mutants rdm16ros1 have found that decreased transcript levels of DNA polymerase V (PolV) cause loss of DNA methylation, which may relate to increased sensitivity to salt stress (Huang et al., 2013). In tetraploid rice (Oryza sativa), salt stress causes genome-wide CHH hypermethylation in the flanking regions of protein-coding genes and TEs (Wang et al., 2021). Similarly, global hypermethylation on TEs under salt conditions has also been revealed for mangrove species Bruguiera gymnorhiza (Miryeganeh et al., 2021). Furthermore, in Triticum aestivum L., hypermethylation of HKT genes in the coding regions associated with transcriptional downregulation appears to contribute to higher salt tolerance (Kumar et al., 2017). Nevertheless, these studies adopt only one or two specific genetic backgrounds, and the methylation dynamics of multiple genotypes, particularly natural accessions, remain unexplored. Investigating the DNA methylation dynamics of multiple natural accessions under salt stress will improve our knowledge of the response from natural populations composed of diverse genotypes.

The capacity to cope with stressful environments has been observed to vary across genotypes, often reported as genotype-by-environment (G × E) interactions (Sultan, 2000; Groot et al., 2017). Significant G × E interactions demonstrate that genotypes vary in response to environmental changes (Marais et al., 2013; Josephs, 2018). Genotypic variation in stress response has been traditionally observed in phenotypic and physiological responses, but is recently found in genome-wide transcriptional responses. In Batrachochytrium dendrobatidis, nine genotypes grown in three different temperatures show significant genotypic variations of temperature responses in zoospore and zoosporangium sizes and growth rate (Muletz-Wolz et al., 2019). Across three genotypes of Andropogon gerardii, researchers found strong evidence for genotypic variation in drought response of physiological traits, including maximum PSII efficiency, stomatal conductance, and instantaneous water use efficiency (Marais et al., 2013; Hoffman and Smith, 2021). Recently, transcriptional responses under different environmental perturbations have been reported to significantly vary across different genotypes in Daphnia magna (Orsini et al., 2018). These studies indicate that stress responses and the underlying molecular mechanisms could vary between different genetic backgrounds. Although previous large-scale studies have suggested that DNA methylation variation is controlled mainly by genetic variation (Dubin et al., 2015; Kawakatsu et al., 2016; Meng et al., 2016), studies under the framework of G × E interactions to explore DNA methylation changes in response to current environmental stress are still rare (but see Wang et al., 2016; Saban et al., 2020). Hence, it is emergent to explore DNA methylation changes from various genetic backgrounds to give a more comprehensive picture of epigenetic regulation under salt stress.

Here, we adopted four natural accessions of Arabidopsis thaliana origin from different geographic locations, and explored the phenotypic and methylome response under salt stress. We planted these accessions under the control and salt stress conditions, and measured the phenotypes for each plant. Leaf samples were collected from these plants and subjected to whole-genome bisulfite sequencing (WGBS) analysis. We asked the following specific questions: (1) do salt stress, accession and their interaction significantly affect plant phenotypes? (2) what is the general pattern of genome-wide methylation shaped by different environmental conditions and accessions? And (3) what are the divergent and convergent methylation changes across accessions relating to the epigenetic regulation under salt stress?



MATERIALS AND METHODS


Plant Materials

Arabidopsis thaliana is a predominantly self-pollinating annual plant species. It originated from Africa, broadly distributed across Eurasia, and was introduced to North America around AD 1600 (Durvasula et al., 2017; Exposito-Alonso et al., 2018). Seeds collected from different geographic locations globally are preserved in the stock center and are commercially available (ABRC1). Due to historical evolutionary forces, seeds from different geographic locations, termed natural accessions, are genetically divergent (Alonso-Blanco et al., 2016). These features make A. thaliana an ideal plant to investigate the genetic variation underlying ecological responses, and A. thaliana is increasingly adopted in ecological and evolutionary studies (Pigliucci, 2002).

In this study, A. thaliana seeds were obtained from ABRC. We employed four natural accessions, Abd-0, Dja-1, Tol-0, and TRE-1, originally collected from geographical locations in the United Kingdom, Kyrgyzstan, United States, and France (Supplementary Table 1). Seeds were bulked in our growth room for two generations to eliminate parental or grandparental environmental effects induced by different origins or during seed storage.



The Experimental Design

To explore the phenotypic response to salt stress with different genetic backgrounds, we planted the four accessions of A. thaliana in the growth room following a block design (Figure 1). Each block contained one plant per accession, and control and salt treatment were put into two separate blocks. The two blocks were replicated six times and distributed on the six layers of the shelf. Thus, this study contained six replicates per treatment per accession, amounting to 48 plants (=6 replicates × 2 treatments × 4 accessions). Accessions were randomly assigned among locations in a block, and the blocks were randomly assigned to the control or salt stress treatment.


[image: image]

FIGURE 1. The experimental design. This experiment contains four natural accessions of Arabidopsis thaliana and two treatments of control and salt stress. The experiment follows a block design, and each block contains one plant from each natural accession. Two blocks compose a layer in the growth room and are assigned randomly to control and salt stress treatments. Six layers contain six replicated plants for each treatment and accession, and three replicated plants were sampled for whole-genome bisulfite sequencing (WGBS).


Before germination, we put seeds in tubes with water and kept them at 4°C for a week. Less than ten seeds were grown on a pot (5.5 × 5.5 × 6 cm) containing a 1:1 mixture of soil and vermiculite. Within 10 days after sowing, we randomly thinned the seedlings to one plant per pot. For the control condition, we watered the plant every 4 days and added 50% Hoagland solution every 16 days. For the salt stress treatment, we watered the plants with 50 mmol / L salt solution every 4 days and 50% Hoagland solution every 16 days. About 55∼75 mL pure water or solution was given to a pot every time. We set the growth room condition to 16h:8h light/dark photoperiod, temperature between 22 and 24°C, and humidity between 60 and 70%. We considered the senescence of the plants as the sign to terminate the treatment and measure phenotypes, including plant height, rosette leaf diameter, fruit number, and aboveground biomass.

We measured the following phenotypes for each plant. Flowering time was observed daily and recorded as the days between germination and first blossom. We measured plant height as the length of the most extended stem/inflorescence. Rosette leaf diameter was measured as the longest diameter of rosette leaves. Fruit number was the total number of siliques counted on the harvested plants. Aboveground biomass was the dry weight after drying in an 80°C oven for 2 days. The reproductive allocation was calculated as the ratio of the fruit number to the aboveground biomass.



Analysis of Phenotypic Data

To explore factors contributing to the significant phenotypic variation, we fitted the linear mixed effect model (LMM) to each trait. The model contained fixed effects of the layer, accession, treatment, accession-by-treatment interaction, and a random effect of the block. The model was formulated as Y∼layer + accessions×treatment + (1|block) with R version 4.1.02, and analyzed with the function lmer in the package “lme4” (Bates et al., 2015). The significance of fixed effects was tested with F-test and Type II errors with the function Anova in the package “car” (Fox and Weisberg, 2019). The significance of the random effect was estimated with Chi-squared tests with the function ranova in the package “lmerTest” (Kuznetsova et al., 2017). To test whether the salt treatment significantly affect each accession, we fitted LMM formulated as Y∼layer + accessions + accessions:treatment + (1|block) to each phenotype, and adopted the function summary in the package “lmer4.”



Genomic Variants Calling and Accession-Specific Reference Genomes

The TAIR10 reference genome of A. thaliana3 was assembled from the accession of Col-0, and there are genomic variants, including single nucleotide polymorphism (SNPs) and insertions and deletions (indels) between Col-0 and the accessions used in this study. Previous studies have suggested that these genomic variants would reduce the efficiency of data utilization and accuracy of mapping, especially when including samples with several different genetic backgrounds (Wulfridge et al., 2019). Furthermore, SNPs between samples and the reference, such as C-to-T and G-to-A SNPs, would cause false methylation estimation at related sites (Lea et al., 2017). To overcome these problems, we conducted whole-genome sequencing (WGS) for each accession and obtained accession-specific genomic variants. Through integrating the accession-specific genomic variants with the reference genome, we established four accession-specific reference genomes and used them as mapping references. In the accession-specific reference genomes, sites with C-to-T/G-to-A SNPs were updated to T/A, and were excluded from the subsequent methylation call.

We collected rosette leaves from one plant per accession and extracted DNA with the CTAB method. The sequence library was prepared with the Illumina TruSeq DNA library kit by Novogene (Beijing, China). Sequencing was conducted using Illumina NovaSeq 6000 System as 150 bp paired-end reads. We obtained an average of 39.2 million reads over samples (range: 28.3∼66.3 million), corresponding to 39–83 median depth after mapping (Supplementary Table 2). The sequencing quality of raw reads was assessed with FastQC v0.11.74, and clean reads were obtained using Trimmomatic v0.36 (Bolger et al., 2014) with the parameters: LEADING:20 TRAILING:20 SLIDINGWINDOW: 4:20 MINLEN:50. Clean reads were aligned to Arabidopsis TAIR10 reference genome employing bwa v0.7.12 with default parameters (-T 30) (Li and Durbin, 2009). The generated alignment files were input to Picard v2.18.105 to (1) create sequence dictionary (CreateSequenceDictionary); (2) order and sort bam files (ReorderSam, SortSam); (3) mark duplicates (MarkDuplicates); and (4) assign read group information including library, lane, and sample identity (AddOrReplaceReadGroups). Prior to calling genomic variants, we employed The Genome Analysis Toolkit (GATK, v4.0.8.1) to enhance alignment accuracy and correct base quality by implementing the following steps (McKenna et al., 2010). First, we used RealignerTargetCreator and IndelRealigner to detect and realign potentially erroneous indel sequences during alignments. Second, we used BaseRecalibrator to recalibrate the deviant base quality estimated by the sequencing machine.

After pre-processing of data, we implemented three steps to obtain accession-specific reference genomes. First, we adopted the GATK pipeline (v4.0.8.1) (McKenna et al., 2010) to identify accession-specific SNPs and indels. HaplotypeCaller parameters were set to –minimum-mapping-quality 40 -mbp 20 –filter-too-short 40 –max-fragment-length 600 -ERC GVCF -stand-call-conf 30. In the second step, we filtered the high-quality genomic variants with customized R scripts. The filtering criteria were set as follows: (1) the homozygous SNPs and indels were retained if the alternative allele supported by over 70% depth; (2) the depth of SNPs and indels should be between 3 and twice the median depth; and (3) following filter settings were applied separately: for SNPs, Quality by depth (QD) ≥ 20, RMS Mapping Quality (MQ) > 50, Fisher Strand (FS) ≤ 20, and Strand Odds Ratio (SOR) ≤ 3; for indels, Quality by depth (QD) ≥ 20, RMS Mapping Quality (MQ) > 50, Fisher Strand (FS) ≤ 60, and Strand Odds Ratio (SOR) ≤ 3. In the third step, we integrated the filtered genomic variants with the TAIR10 reference genome using BCFtools (Li, 2011) to obtain accession-specific reference genomes. In this step, only the homozygous SNPs and indels were included. As it changed ordinations in the genome, a chain file was generated to label these changes.



Bisulfite Sequencing and Data Analysis

To investigate the methylome response under salt stress, we sampled three plants per treatment and accession, and 24 samples were analyzed. Two or three rosette leaves were collected from a plant before flowering and dried with silica gel at room temperature. We extracted DNA from dry leave materials with the CTAB method. We adopted the Whole-Genome Bisulfite Sequencing (WGBS) approach, which gives methylation level at single cytosine resolution. Sequencing library preparation was prepared with the Accel-NGS kit (Swift Biosciences), as it has a relatively low limit of DNA input (Luo et al., 2017) and unbiased coverage (Zhou et al., 2019). Libraries were sequenced with Illumina NovaSeq 6000 System to give 150 bp paired-end reads. Library preparation and sequencing were carried out by Novogene (Beijing, China). An average of 31.8 million reads were retained among samples (range:25.9∼37.5 million), corresponding to a median coverage of 34 × (range: 28∼43 ×) after quality control (Supplementary Table 2).

Sequencing quality was checked with FastQC v0.11.7 (see text footnote 4), and clean reads were obtained using Trimmomatic v0.36 (Bolger et al., 2014) with the parameters: LEADING:20 TRAILING:20 SLIDINGWINDOW: 4:20 MINLEN:50. We mapped the reads to the accession-specific reference genome using Bwa-meth v.0.2.2 (Pedersen et al., 2014) and default parameters. The mapping results were filtered by Samtools v.1.7 (Li et al., 2009) to remove reads below mapping quality 30. The mapped bam was deduplicated with Picard v2.25.2 (see text footnote 5). We extracted the methylation level for each cytosine using MethylDackel v.0.5.26 with parameters -p 20 -q 40 --OT 0,0,0,135 --OB 0,0,5,0, and the methylation file was extracted for CG- CHG- and CHH-contexts. To correct ordination changes in accession-specific reference genomes, we adopted Liftover7 to covert accession-specific ordinations of methylation files to original TAIR10 ordinations.

The methylation level for a given cytosine was quantified as reads of unconverted C over total reads for this cytosine. To provide an overview of methylation differentiation between samples, we conducted PCA analysis for each context using the function PCASamples in R package “methylKit” (Akalin et al., 2012). We visualized the results using GGPlot2 (Wilkinson, 2011). To estimate the average methylation level of genes or TEs, we annotated the methylation file with TAIR10 annotations8 using function findOverlaps in the R package “GenomicRanges” v.1.42.0 (Lawrence et al., 2013) and plotted the results using the function plot in R basics.

For each genotype, we compared methylation profiles from the salt condition against those from the control condition, to explore the methylation dynamics under salt stress. In each condition, three methylation profiles were collected from three different biological replicates. We employed the R package “DSS” v.2.38.0 (Feng et al., 2014) to analyze differential methylated cytosines (DMCs) and regions (DMRs). The software implemented a general linear model with beta-binomial distribution to reveal DMCs, and clustered significant DMCs into DMRs (Feng et al., 2014). The test was performed on cytosines between coverage between 10 and twice the median depth, using the function DMLtest without smoothing. CG-DMCs were further filtered using function callDML with methylation difference ≥ 0.4, p.threshold = 0.05, and CHG and CHH-DMCs were filtered with methylation difference ≥ 0.2, p.threshold = 0.05. The filtration by depth and parameters was conducted following previous suggestions (Bewick et al., 2016; Bewick and Schmitz, 2017). The DMR analysis was performed based on DMC outputs using function callDMR with parameters p.threshold = 0.05.

We annotated salt-induced DMCs and non-DMCs to different genomic sites to explore the distribution of methylation changes. Non-DMCs were defined as the cytosines meeting the coverage standards (between 10 and twice the median depth) but were not tested to be DMCs. As the output of the DMC file did not contain “+/− strand” information, DMC and non-DMC profiles were merged with “strand” information from methylation calls produced by MethylDackel using the function left_join in the R package “dplyr.” We annotated DMC/non-DMC to TEs, exon, intron, 1 kb upstream of genes, 1 kb downstream of genes, and intergenic regions. To avoid assigning sites to overlapping genomic features, we annotated sites followed the order: TE > exon > intron > 1 kb upstream of genes > 1 kb downstream of genes > intergenic regions, where a site annotated to a former feature would be excluded from subsequent annotation. In this order, if a site was annotated to “1 kb downstream of genes,” it would not be annotated to the “intergenic region.” This annotation was conducted for different accessions, using customized scripts with R package GenomicRanges v.1.42.0 (Lawrence et al., 2013). We merged salt-induced DMCs across four accessions, and performed hierarchical clustering analysis with all CG- and CHG-DMCs, and 20,000 randomly selected CHH-DMCs, using the R package ‘‘pheatmap9.”

To explore the methylation dynamics on TEs, we extracted DMCs annotated to TEs. We used the DMC files with strand information to overlap with the “transposon_fragment” feature in TAIR 10. This annotation was conducted using customized scripts with R package GenomicRanges v.1.42.0 (Lawrence et al., 2013). If a TE was annotated with one or more DMCs, we referred to it as a DMC-TE in this study. With the annotation result for each accession, we adopted Venn diagrams to illustrate to what extent DMCs and DMC-TEs were exclusively found in one accession (accession-specific) or shared by multiple accessions, using the function ggvenn in the R package ‘‘ggvenn10.” Accession-specific and accession-shared DMC-TEs were classified into superfamilies and families with TAIR10 annotation.

To explore the methylation dynamics on genes, we also extracted DMCs and annotated them to genes and their proximal regulatory regions. The proximal regulatory region of a gene was defined as 1 kb upstream of transcription start site (TSS), using the function flank in GenomicRanges. This annotation was conducted using customized scripts with R package GenomicRanges v.1.42.0 (Lawrence et al., 2013). If one gene or its proximal regulatory region was annotated with one or more DMCs, we referred to it as a DMC-gene in this study. With annotation results for each accession, we adopted Venn diagrams to illustrate to what extent DMCs and DMC-genes were exclusively found in one accession (accession-specific) or shared by multiple accessions, using the function ggvenn in the R package “ggvenn.” We conducted Gene Ontology (GO) enrichment analysis on DMC-genes that were accession specific and shared by accessions, using the function enrichGO in the R package “clusterProfiler” v.3.18.1 (Yu et al., 2012). To reduce redundant enriched terms, significant enriched GO terms (P < 0.05) were input into REVIGO (Supek et al., 2011) and clustered according to semantic similarity with SimRel > 0.7. The output result list was filtered with dispensability < 0.20 to retain indispensable terms. The GO terms after reducing redundancy were visualized with the R package “GGPlot2” (Wilkinson, 2011).

Furthermore, we also investigated the methylation dynamics of DMRs on genes and TEs. The annotation and analysis procedure was similar to DMC and performed by customized scripts. A DMR was considered annotating to a genomic feature (a TE or a gene and its proximal regulatory region) if the DMR and genomic feature overlapped by one cytosine.




RESULTS


Phenotypic Response to Salt Stress

The phenotypic results showed that salt stress significantly decreased plant height, rosette diameter, biomass, and fruit number of A. thaliana plants (Table 1 and Figure 2). Plants under salts tended to flower earlier than the control. Different accessions varied significantly for all phenotypes except fruit number (Table 1 and Figure 2). TRE-1 flowered earlier than other accessions, and Dja-1 was smaller in plant height, diameter, and biomass than others (Figure 2). Furthermore, we observed a marginally significant accession-by-treatment interaction for biomass, suggesting different accessions tended to have different responses to the salt stress. The response of Dja-1 in biomass appeared to be smaller in magnitude than other accessions (Table 1 and Figure 2).


TABLE 1. Summary statistics of linear mixed effect models.

[image: Table 1]

[image: image]

FIGURE 2. Treatment and accession effects on (A) flowering time, (B) rosette diameter, (C) plant height, (D) fruit number, (E) above-ground biomass, and (F) reproductive allocation. Asterisks indicate salt stress significantly changes the trait of an accession (“*” P < 0.05, “**” P < 0.01 and “.” P < 0.1). Black, control; blue, salt treatment.




An Overview of Methylation Variation

To explore the salt response at the molecular level, we conducted whole-genome bisulfite sequencing (WGBS). After quality control of raw reads, an average of 31.8 million reads were retained (range:25.9∼37.5 million), with an average of 89.1% uniquely mapped to the accession-specific reference genomes (87.2∼90.3%). The double-strand median depth ranged from 28 to 43 with an average of 34 across samples, and single-strand median depth ranged from 13 to 21, with an average of 16 (Supplementary Table 2). As this depth reached the recommended standards (Ziller et al., 2015), our results would provide a robust analysis of methylome response to salt stress at single cytosine resolution.

PCA analysis of genome-wide single cytosine methylation showed that such methylation pattern was primarily clustered according to accessions, particularly in the CG and CHG contexts (Figure 3A). The average level of CG methylation on gene bodies and TEs also varied among accessions, with Dja-1 being slightly higher on gene bodies and Abd-0 slightly higher on TEs than other accessions. In general, salt stress appeared to have little effect on the average methylation level on gene bodies and TEs, but increased CHH methylation levels on TEs minorly (Figure 3B). These results suggest that, compared to the genetically based accession effect, the environmental effect of salt stress appeared to explain a minor part of the overall global methylation changes. This is possibly because hypermethylation and hypomethylation sites counteract, and the average methylation level remained unchanged under salt stress. Therefore, a detailed investigation of methylation dynamics at single-cytosine resolution is necessary.
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FIGURE 3. Primary component analysis results of genome-wide single cytosine methylation levels for each sequence context (CG, CHG, and CHH) (A). Different filled colors indicate different accessions, and different edge colors indicate the control and salt stress conditions. (B) The averaged methylation levels over gene regions and transposable elements (TEs) under control and salt stress conditions.


Then, we analyzed salt-induced methylation change at single cytosine resolution for each accession, using differential methylated cytosine (DMC) analysis. The results revealed a total of 29,909, 23,834, 28,319, and 7,734 DMCs for accessions of Abd-0, Dja-1, Tol-0, and TRE-1, representing 0.11, 0.08, 0.10, and 0.04% of cytosines over the genomes (Figure 4A). The DMCs for each accession were not equally distributed among contexts, and CHG- and CHH-DMCs composed a higher proportion to total DMCs than CG-DMCs (Figure 4A). When annotating these DMCs to different genomic regions, a substantial proportion of DMCs was located in intergenic regions. Besides intergenic regions, CG-DMCs were primarily found to occur on gene bodies, particularly exons, but CHG- and CHH-DMCs were more frequent to observe on TEs (Figure 4B; Supplementary Figure 1; Supplementary Table 3). Furthermore, CG- and CHG-DMCs were primarily clustered according to accessions, whereas CHH-DMCs tended to be clustered by different environmental treatments (Supplementary Figure 2). These results suggest that salt-induced CG- and CHG-DMCs are mostly accession-specific, but a substantial proportion of CHH-DMCs are potentially shared by different accessions. Besides DMCs, the analysis revealed 127, 109, 167, and 77 DMRs with an average length of 93.6, 132, 104, and 81.7 bp for Abd-0, Dja-1, Tol-0, and TRE-1 (Supplementary Figures 3A–B; Supplementary Table 4). These DMRs were annotated to 182 TEs and 196 genes and their proximate regulatory regions (1 kb upstream, Supplementary Figures 3C,D). However, the DMRs only included 3.95, 6.15, 8.29, and 12.9% of DMCs for different accessions, and represented a limited faction of methylation dynamics under salt stress. Therefore, we focused on the following DMCs analysis to give a more comprehensive picture of methylation dynamics over genomes.
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FIGURE 4. The percentage of differentially methylated cytosines (DMCs) caused by salt stress and non-differentially methylated cytosines (N-DMCs) across the genome for each accession (A). The number of DMCs annotated to different genomic regions, including the TE, exon, intron, upstream and downstream of genes, and intergenic region (B). The areas of the rectangles represent the number of (CG-, CHG-, or CHH-) DMCs annotated to the specific genomic region.




Salt Stress-Induced Differential Methylated Cytosines on Transposable Elements

A total of 29,629 (33.5%) of total DMCs were annotated to TEs, including 141 CG-, 4,947 CHG-, 24,541 CHH-DMCs. Among these DMCs, an average of 89.2% were hypermethylated (increasing methylation level under salt stress), and 10.8% were hypomethylated (decreasing methylation level). The number of DMCs for different contexts is shown in Figure 5A for each accession. In general, these DMCs were accession specific, with 141 (100.0%), 4,913 (99.3%), and 24,091 (98.1%) of CG-, CHG-, and CHH-DMCs found exclusively in one accession (Figure 5A).
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FIGURE 5. Methylation dynamics on transposable elements (TEs). The Venn diagrams of DMCs on TEs among accessions (A) and the Venn diagrams of TEs annotated with a DMC (DMC-TEs) among accessions (B). DMCs in different sequence contexts (CG, CHG, and CHH) are annotated separately. (C) The number and proportion of all TEs in the reference genome, and all, accession-specific (Acc.sp), accession-shared (Acc.sh) and four-accession-shared (4 Acc.sh) DMC-TEs for different superfamilies. Acc. sp. refers to DMC-TEs found only in one specific accession, Acc.sh refers to DMC-TEs shared by at least two accessions, and 4 Acc.sh refers to DMC-TEs shared by all four analyzed accessions.


A total of 9,187 TEs were annotated to carry at least a CG or CHG or CHH-DMC (DMC-TEs), counting 26.4% of TEs in the reference genome. Compared to DMCs annotated to TEs that were primarily accession-specific (Figure 5A), a greater proportion of DMC-TEs were found in multiple accessions, with 1 (0.7%), 746 (27.9%), and 2,749 (43.2 %) TEs carrying CG-, CHG-, and CHH- DMCs found in at least two accessions (Figure 5B). For individual accessions, TEs carrying hypermethylated and hypomethylated DMCs were both overrepresented in the superfamily of Gypsy, a Type II transposon (Supplementary Figure 4). Intriguingly, the accession-specific DMC-TEs were relatively evenly distributed among families, but DMC-TEs found for multiple accessions were enriched in the Gypsy superfamily (Figure 5C). The Gypsy superfamily includes 32 families in the A. thaliana reference genome, and 29 of these families were found to have DMC-TEs in multiple accessions (Supplementary Figure 5). These results indicate that salt-induced DMCs repeatedly occur on a subset of TEs (mostly likely Gypsy) across natural accessions. Thus our study reveals relatively convergent salt-induced TE methylation dynamics across different genetic backgrounds.



Salt Stress-Induced Differential Methylated Cytosines on Genes

There were 7,055 (8.0%) of total DMCs annotated to gene bodies (the regions between the transcriptional start and termination sites) and their proximal regulatory regions (1 kb upstream of the genes). Among these DMCs, an average of 73.8% were hypermethylated, and 26.2% were hypomethylated. Most of these DMCs were also accession-specific, with 969 (99.6%) CG-, 1287 (98.5%) CHG-, and 4,694 (98.3%) CHH-DMCs exclusively found in one accession (Figure 6A).
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FIGURE 6. Methylation dynamics on genes and their approximate regulatory regions. Venn diagrams of DMCs on genes and the approximate regulatory regions among accessions (A) and DMC-genes among accessions (B). (C) GO enrichment results of DMC-genes after reducing redundant terms. The GO enrichment analysis was conducted for accession-specific DMC-genes, DMC-genes shared by at least two accessions, and DMC-genes shared by all four analyzed accessions. The sizes of circles indicate the frequency of the significantly enriched GO terms (P values < 0.05) in the GO term database, where bubbles of more general terms are larger. The color of circles indicates the log10 transformed P values.


A total of 3,090 genes or their regulatory regions were annotated to having one or more CG-, CHG, or CHH-DMCs. We referred these genes as DMC-genes, which accounted for 10.7% of genes in the reference genome. Compared to DMCs annotated to genes that were accession-specific (Figure 6A), a greater proportion of DMC-genes were found in multiple accessions, with 25 (2.8%), 123 (12.7%), and 561 (30.5%) genes carrying CG-, CHG-, and CHH-DMCs found in at least two accessions (Figure 6B). However, the proportion of DMC-genes found in multiple accessions was lower than DMC-TEs in the CHG and CHH contexts.

To explore the functions of DMCs on genes and regulatory regions, we conducted a Gene Ontology (GO) enrichment analysis of DMC-genes that were accession specific and shared by multiple accessions. The enrichment results reveal a rather convergence of pattern between accession-specific and accession-shared DMC-genes (Figure 6C). The convergent enrichment pathways were related to epigenetic and post-transcriptional regulations, including methylation and gene silencing (Figure 6C and Supplementary Figure 6). Furthermore, the convergent enrichment pathways were also associated with physiological and morphological salt responses, such as chemical homeostasis, polysaccharide catabolic process, and pathways relating to shifts between vegetative growth and reproduction. Given such dynamics reflecting their function in epigenetic regulation, our study indicates that, across different genetic backgrounds, methylation changes may have convergent functions in post-transgenerational, physiological, and phenotypic modulation under salt stress.




DISCUSSION

Taking advantage of different natural accessions of A. thaliana, this study investigated the effects of salt stress and different genetic backgrounds on plant phenotypes and genome-wide DNA methylation patterns. We found that genetic variations determined plant phenotypes, and salt stress also caused significant phenotypic changes. Whole-genome bisulfite sequencing (WGBS) revealed that gross methylation patterns were primarily determined by genetics, but salt stress caused significant methylation changes on about 0.1% cytosines over the genomes. Across different genetic backgrounds, these DMCs were repeatedly observed on the Gypsy superfamily of TEs and genes involving similar molecular functions. Our study thus provides a more comprehensive picture of DNA methylation dynamics under salt stress at a single cytosine resolution, and will provide insights into exploring the molecular mechanisms of salt response.


Plant Phenotypes Were Determined by Genetic Background and Salt Stress

All measured phenotypes of A. thaliana significantly varied across natural accessions. Such genetically based variation between traits has been broadly observed for A. thaliana accession, and other ecologically relevant traits included morphology, physiology, and life-history traits (Atwell et al., 2010; Bergelson and Roux, 2010; Kover and Mott, 2012). The salt stress significantly reduced plant growth, and three of the four accessions were found to flower earlier under salt stress. Such phenotypic plasticity may be adaptive responses to buffer plants from environmental stresses, as these responses appear to increase the resource allocation to reproduction and ensure reproductive outputs (Kover and Mott, 2012; Freschet et al., 2018).

Furthermore, we also found a marginally significant accession-by-environment interaction, suggesting that salt stress-induced phenotypic plasticity tends to vary across accessions (Sultan, 2000; Uller, 2008). Consistent with previous work, phenotypic plasticity and resistance to salt stress of A. thaliana varied among accessions, albeit adopting different sets of accessions in the analysis (DeRose-Wilson and Gaut, 2011). Such accession-specific responses have also been reported in A. thaliana for various kinds of stresses, including heat (Groot et al., 2017), drought (Verslues and Juenger, 2011; El-Soda et al., 2015), light, and temperature (He et al., 2014), indicating divergent adaptive responses to stresses among natural accessions.



The Overview of Genome-Wide Methylation Patterns

The genome-wide methylation patterns depended primarily on accessions, indicating genetic background is the primary determinant of methylation variation, which has been observed among the one thousand A. thaliana accessions (Kawakatsu et al., 2016), and the non-model species of Plantago lanceolata (Gaspar et al., 2019). Furthermore, methylation variation also occurs among recombinant inbred lines of A. thaliana (Zhang Y. Y. et al., 2018), Glycine max L. merr. (Schmitz et al., 2013a), and Zea mays (Eichten et al., 2013). Together these results show that methylation variation is frequently observed among different species and recombinant inbred lines, and a substantial proportion of DNA methylation variation depends on genetic variation.

Compared to genetic variation, we found that salt stress had a weak effect on the global methylation level on gene bodies and TEs. The minor changes in methylation level are consistent with the work of Annacondia et al. (2021), who found that aphid feeding induces no significant differences in global methylation levels across gene bodies and TEs. However, previous studies have revealed that nematode parasitism decreases methylation levels of susceptible lines of soybeans (Rambani et al., 2020). Heat stress has also been demonstrated to cause hypomethylation of the heat-sensitive line of cotton (Min et al., 2014). Different results between studies are possibly due to the various environmental stresses and genetic backgrounds. Therefore, it is critical to integrate diverse genetic backgrounds and environments and systematically analyze general changes of DNA methylation levels over the genomes.

Although there were slight changes in the gross methylation levels, we found pervasive methylation and demethylation dynamics at single cytosine resolution. To understand the methylation dynamics on TEs and genes, we employed the differential methylated cytosines (DMCs) and annotated DMCs to genomic regions. The importance of DMRs in regulating gene expression and phenotypes have been acknowledged by several previous studies (Dowen et al., 2012; Schmitz et al., 2013b; Ryu et al., 2018). Compared with these studies, our analysis identified a limited number (77–127) of salt-induced DMRs, covering (3.95–12.9%) DMCs across accessions. These results indicated that a large fraction of salt-induced methylation changes might be scattered across genomes, and focusing on the analysis of DMRs could ignore such part of methylation dynamics. Meanwhile, the sequencing depth of our study (28∼43×, Supplementary Table 2) appeared to give robust statistics of DMCs. Therefore, we put results of DMRs Supplementary and focus on DMCs in the main text, which will give a more comprehensive picture of DNA methylation dynamics under salt stress.

When annotating salt-induced DMCs to different genomic regions, the results showed that besides intergenic regions, CG-DMCs mainly occurred on exons, whereas CHG- and CHH-DMCs primarily occurred on TEs. This result is consistent with previous studies (Schmid et al., 2018; Annacondia et al., 2021), suggesting CGs are mainly responsibly regulating gene expression and CHG and CHH are involved in TE silencing. Clustering analysis of DMCs showed that CG- and CHG-DMCs were primarily clustered by accessions, and CHH-DMCs were firstly clustered by different environments (Supplementary Figure 2). A similar result was obtained in the populations of Plantago lanceolata L. (Saban et al., 2020). They found that while CG-, CHG- and CHH-DMCs all clustered according to the site of origins, only CHH-DMCs showed a clear separation between ambient and elevated CO2 conditions. These results indicated that CHH methylation changes might be more autonomous from genetic variation than other contexts, and under the regulation of environmental conditions. Testing the relationship between methylation and DNA sequence variation will elucidate the autonomy of methylation changes. Together, these findings suggest that methylation changes on gene bodies and TEs are associated with genetic backgrounds and environments. More details of methylome dynamics on genes and TEs are discussed in the following texts.



Salt Stress Induced Methylome Dynamics on Transposable Elements

For methylome dynamics on TEs, most TEs annotated with one or more DMCs were hypermethylated, suggesting a potential suppression of TE activities in response to salt stress. Although most salt-stress induced DMCs were exclusive to one accession, these DMCs were found to occur repetitively on a subset of TEs across accessions. This subset of TEs mainly belongs to the superfamily of Gypsy. Gypsy is a superfamily of LTR retrotransposons, which composes 13.4% of TE copy numbers in the A. thaliana genome (Ahmed et al., 2011). Historically, plants’ genome size and organization during evolution have been proved to be closely associated with Gypsy (Vitte and Bennetzen, 2006). Furthermore, Gypsy is more prone to be activated than other superfamilies under stressful environments, including high salinity (Wang et al., 2015, 2018; Miryeganeh et al., 2021). Previous work observes that the heat stress activating TEs are significantly enriched in superfamilies of Gypsy and Copia in A. thaliana (Liu et al., 2021). Liu et al. (2021) also revealed that the methylation levels of Gypsy are increased under heat stress for H1 mutants. Consistent with the previous study, we found that the DMC dynamics are mostly the hypermethylation on Gypsy, suggesting that methylation changes in TEs under salt stress may involve inactivating TEs and stabilizing genome structures across different genetic backgrounds.

However, different DMCs responses in TEs were reported under alternative stresses. It was reported that aphid-induced methylation changes in TEs show significant enrichment in the Rath of A. thaliana genome (Annacondia et al., 2021). Rath is the most abundant superfamily of SINE, whose transpositions are highly dependent on the mechanisms of other retrotransposons (Quesneville, 2020). These differences between studies in TE methylation dynamics indicate that different stresses (i.e., biotic or abiotic) tend to affect TEs of different superfamilies. Joint analysis of TE activity and methylation dynamics will reveal the function of DNA methylation on TEs under stressful conditions.



Salt Stress Induced Methylome Dynamics on Genes

We found that a greater proportion of DMC-genes were accession-specific than DMC-TEs, indicating that salt-induced methylation dynamics on genes depend on genetic backgrounds. This specificity of genetic backgrounds has been rarely explored among natural accessions, but was reported for lines used in breeding. In the study of nematode-infected soybeans, Rambani et al. (2021) found that resistant and susceptible lines have different sets of DMC-genes and our findings are generally consistent with this study.

Intriguingly, we found that accession-specific DMC-genes and DMC-genes shared by accessions were both enriched in similar GO terms of methylation and cellular chemical homeostasis. The epigenetic modification of methylation has been proposed to associate with plant response to various stressful conditions (Zhang H. et al., 2018). Furthermore, DMC-genes enriched in the function of methylation are also observed in the study of susceptible lines under nematode infections, which reported several differential methylated genes functioning in the process of DNA methylation (Rambani et al., 2020). Plants may activate the epigenetic regulation pathways, which cascadingly activates subsequent stress response pathways. Ionic stress is one of the major challenges for plants under high salinity (Zhao et al., 2020). The methylation changes in cellular chemical homeostasis pathways may alleviate the burden of the intracellular influx of high sodium ions. Together, the findings that accession-specific and accession-shared DMC-genes enriched in similar molecular functions indicate these molecular functions may be achieved through the epigenetic regulation of the same genes and of different genes with similar functions across accessions.

We also found that the DMC-genes shared by accessions were enriched in GO terms of the jasmonic acid (JA) biosynthetic process, polysaccharide catabolic process, floral organ formation, and vegetative phase change. JA plays critical roles in abiotic and biotic stress responses, including cold, drought, salinity, heavy metals, and light (Valenzuela et al., 2016; Yang et al., 2019; Wang et al., 2021). These DMC-genes may facilitate the biosynthesis of this plant hormone and activate the JA-signaling pathways. DMCs on genes involved in the polysaccharide catabolic process may mediate abscisic acid biosynthesis to cope with osmotic stress induced by high salinity (Zhao et al., 2021). Besides molecular and physiological responses, DMC-genes were also enriched in phenotypic responses, notably transition from vegetative growth to reproduction. This observation is consistent with the phenotypic changes we found in flowering time, which shows that plants tend to flower earlier under salt stress and increase reproductive allocation. As A. thaliana is an annual plant, earlier flowering is the adaptive life-history strategy to avoid stress conditions (Austen et al., 2017). These methylation dynamics on genes suggest that DNA methylation may be a critical molecular mechanism underlying the adaptive response to salt stress for A. thaliana natural accessions.

In summary, our studies provide a more comprehensive picture of phenotypic plasticity and DNA methylation dynamics under salt stress for different accessions in A. thaliana. Our study demonstrates that the phenotypic and methylome response are primarily determined by different genetic backgrounds. This finding is consistent with several largescale studies on the macro- and micro-evolutionary patterns (Schmitz et al., 2013b; Kawakatsu et al., 2016; Vidalis et al., 2016), suggesting that DNA methylation variation largely depends on genetic variation. Furthermore, our study focuses on the within-generational stress response and provides a detailed picture of methylome dynamics, suggesting that DNA methylation changes may stabilize the genome architecture and involve the epigenetic regulation of adaptive plasticity. Further investigation could survey the TE and gene expression to bridge epigenetic regulation and gene functions.
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Saline-alkali stress seriously restricts rice growth, development, and production in northern China. The damage of alkaline stress on rice is much greater than that of salt due to ion toxicity, osmotic stress, and especially high pH. As a signal molecule, melatonin (N-acetyl-5-methoxytryptamine, MT) mediates many physiological processes in rice and participates in protecting rice from abiotic stress. The potential mechanism of exogenous melatonin-mediated alkaline stress tolerance is still largely unknown. In this study, the effects of melatonin on the morphological change, physiological property, and corresponding genes expression in rice seedlings were analyzed under alkaline stress (20 mmol L−1, pH 9.55). The results showed that the expression levels of MT synthesis genes (TDC2, T5H, SNAT, ASMT1, and ASMT2) were induced by both exogenous MT and alkaline stress treatment. The cell membrane was protected by MT, and the MT furtherly play role in scavenging reactive oxygen species (ROS), reducing lipoxygenase (LOX) activity, and malondialdehyde (MDA) content. The scavenging of ROS by melatonin is attributed to the coupling of the improvement of redox homeostasis and the enhancement of antioxidant enzyme activity and antioxidant content by upregulating the transcriptional levels of antioxidase genes. In the meantime, MT pretreatment promoted the accumulation of free proline, sucrose, and fructose by regulating the OsP5CS, OsSUS7, and OsSPS1 gene expression level and increased chlorophyll content upregulating the expression of chlorophyll synthesis-related genes. Ultimately, the alleviating effect of exogenous melatonin on alkaline stress was reflected in increasing the leaf relative water content (RWC) and root-shoot ratio and reducing the leaf tip wilt index (TWI) through a series of physiological and biochemical changes. Melatonin pretreatment changed the expression level of MT synthesis genes which might contribute to MT synthesis in rice, consequently, activated the ROS scavenging system and alleviating the damage of alkaline stress on rice seedlings. Our study comprehensively understands the alleviating effect of exogenous melatonin on rice under alkaline stress.

Keywords: rice, alkaline stress, melatonin, reactive oxygen species, antioxidant system


INTRODUCTION

Soil salinization is one of the important limiting factors affecting the sustainable development of agriculture (Shabala, 2013; Shahbaz and Ashraf, 2013). Approximately 7.6% of the world’s land (1 billion km2) is polluted by salinity and alkalinity. However, there are no effective methods to inhibit its expansion (Correa-Ferreira et al., 2019). The main harmful salts in saline-alkali soil include NaCl, Na2SO4, NaHCO3, and Na2CO3 (Yang et al., 2007). Usually, the stress induced by neutral salts NaCl and Na2SO4 and alkaline salt Na2CO3 and NaHCO3 is called salt stress and alkaline stress. In contrast, mixed saline-alkaline stress is caused by both neutral and alkaline salt (Lu et al., 2021). Although research on these topics has been conducted, most of them employed neutral salts to simulate saline-alkaline stress, and few studies have been carried out on alkaline salt stress. Osmotic stress and ion toxicity are the main damages of salt stress on plants (Flowers and Colmer, 2008). Alkaline stress causes osmotic stress and ion toxicity in the same way as salt stress does. More importantly, alkaline stress is caused mainly due to the solidification of nutrient elements in soil at a high pH value, which seriously interferes with the absorption of mineral nutrition by plant roots, leading to nutrient imbalance in plants, disorder of metabolism, and destruction of ion balance (Guo et al., 2017; Zhang et al., 2017a).

Rice (Oryza sativa L.) is the major food crop in many countries or regions, and its growth and development are hampered by abiotic stress (Zhang et al., 2013). As a salt-alkali sensitive crop, rice mortality gradually increases, with salt concentration, especially seedlings (Chunthaburee et al., 2016).

The plants’ growth, physiological, and biochemical metabolism are seriously disturbed by alkaline stress. The accumulation of inorganic ions in the soil raises the osmotic pressure causing osmotic stress and physiological drought in plants. Hence to maintain intracellular water potential stability, usually, plant cells synthesize and accumulate a variety of small molecular organic compounds such as proline, soluble protein, betaine, sugar, polyols, and polyamines (Sun et al., 2019). The high pH stress accompanied by alkaline stress leads to the solidification of organic elements such as carbon, nitrogen, phosphorus, and sulfur, thereby reducing the nutrient absorption and circulation in plants, damaging the roots of plants, and resulting in the loss of normal physiological functions of root cells (Robin et al., 2016; Neina, 2019). Under normal conditions, reactive oxygen species (ROS) produced by plants are important signaling molecules involved in plant growth and development, stress response, and other physiological activities (Baxter et al., 2014). However, under stress, a considerable amount of ROS is induced in plants, including hydrogen peroxide (H2O2), hydroxyl radical (OH−), superoxide radical (O2·–), and monolinear oxygen (1O2), causing oxidative damage of different cell components such as nucleic acid, protein, membrane, and carbohydrate (Ye et al., 2021). Simultaneously stress increases of lipoxygenase (LOX) activity, which accelerated the oxidation of polyunsaturated fatty acids (PUFAs) on the membrane catalyzed by LOX, increasing malondialdehyde (MDA) content (Kang et al., 2021). Plants have evolved enzymatic and non-enzymatic antioxidant systems to protect themselves from oxidative damage and maintained low-level ROS signals to maintain the steady state of ROS in organisms. These enzymatic antioxidant systems mainly include superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), glutathione peroxidase (GPX), and glutathione reductase (GR; Wang et al., 2017a). SOD is the first line of defense in the plant antioxidant system, converting accumulated O2·– into oxygen and H2O2, and then converting H2O2 into water and oxygen via CAT, APX, and POD (Luo et al., 2021). However, reduced ascorbic acid (ASA), reduced glutathione (GSH), carotenoids (Car), mannitol, and anthocyanins are non-enzymatic antioxidant systems which regulate intracellular ROS homeostasis (He et al., 2019).

Melatonin (N-acetyl-5-methoxytryptamine, MT) is a naturally occurring molecule and was first discovered in plants in 1995 (Dubbels et al., 1995). MT, as a plant growth regulator, not only regulates plant development but also alleviates the damage of abiotic and biotic stresses such as salt (Yan et al., 2021a), drought (Fleta-Soriano et al., 2017; Wang et al., 2017b), cold (Bajwa et al., 2014), light and high temperature (Tiryaki and Keles, 2012), heavy metals (Li et al., 2021a), dark- and heat-induced leaf senescence (Zhang et al., 2016, 2017b), nutrient deficiency (Kobylinska et al., 2018), and diseases (Byeon et al., 2016) on plants. MT is not only an efficient ROS scavenger but also interacts with ROS directly. Studies have shown that one molecule of MT can scavenge up to eight or more ROS through free radical scavenging reactions, allowing cell membrane to be stabilize and cellular oxidative stress to be reduce (Garcia et al., 2014; Yan et al., 2021a). On the other hand, by modulating the activity of antioxidant enzymes, MT can boost its antioxidant efficacy. Under abiotic stress, MT controls ROS accumulation by regulating antioxidant enzyme gene expression, activating antioxidant enzyme (including CAT, APX, POD, and SOD) activities (Nawaz et al., 2018; Al-Huqail et al., 2020).

So far, research on the effect of exogenous MT on rice stress tolerance has been focus on abiotic stressors such as low temperature (Li et al., 2021b), salt (Yan et al., 2020), and drought (Silalert and Pattanagul, 2021). However, there is relatively little data on exogenous MT’s ability to reduce alkaline stress. As per the previous studies, alkaline stress has a different effect on plants than salt stress. So, does exogenous MT have a comparable effect on rice physiological and biochemical processes under alkali stress as it does under other abiotic stresses? Furthermore, the underlying mechanisms of exogenous MT regulating rice response to alkaline stress are still unclear. Therefore, we investigated the effects of MT on ROS metabolism, osmotic adjustment substance accumulation, photosynthetic pigments, and antioxidant system, as well as gene expression changes related to MT synthesis and physiological metabolism of abiotic stress resistance in rice seedlings under alkaline stress. The purpose of this study is to help us better understand the molecular mechanism of exogenous MT in alleviating alkaline stress.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Rice variety Zhonghua 11 (Oryza sativa L. cv. “Zhonghua No. 11”) was selected as the experimental material. The seeds were disinfected with 15% sodium hypochlorite for 5 min before rinsing with distilled water five times. The washed rice seeds were then placed in a 96-well hydroponic box containing rice nutrient solution. The plantlets were nurtured in the greenhouse after seed germination. The following were growth conditions in the greenhouse: natural sunlight, temperature 28°C/25°C (day/night), and photoperiod 14/10 h (day/night). Seedlings were incubated in rice nutrient solution throughout the culturing process, and the solution was periodically replaced every 3 days as per the method of Yan et al. (2020). Seedlings were utilized as experimental materials after reaching the three-leaf stage (about 21 days).



Chemical and Alkaline Stress Treatments

Seedlings of the same size were selected for alkaline stress trials. Four different treatments were established for alkali stress experiments. Among these treatments, WC representatives double distilled water (ddH2O) pretreatment; WM representatives Melatonin (200 μmol L−1 MT pretreatment); AC representatives ddH2O pretreatment + alkali stress (20 mmol L−1, pH9.55 [NaHCO3:Na2CO3 = 1:1molar ratio)]; AM representatives MT pretreatment + alkali stress.

For WC and WM treatments, the seedling was sprayed separately with ddH2O and 200 μmol L−1 MT (20 ml per plate) on the leaf surface and then incubated in rice nutrient solution without stress. For AC and AM treatments, the seedlings were sprayed with either ddH2O or 200 μmol L−1 MT, and then grown in the rice nutrient solution containing 20 mmol L−1 NaHCO3/Na2CO3. The foliar spraying was done every day at 6:00 p.m. for 3 days before the alkaline stress treatment. The dose of MT was screened via preliminary testing with MT concentrations (100, 200, and 300 μmol L−1) and 200 μmol L−1 MT was found to be the most effective dose on the phenotype of rice seedlings under alkaline stress. After 5 days of varied treatments, leaf samples were collected, frozen in liquid nitrogen, and stored at −80°C until use. In the current study, four treatments (WC, WM, AC, and AM) were completely randomized block designs, repeated four times.



Measurement of Growth and Physiological Parameters


Measurement of Leaf Tip Wilt Index, Relative Water Content, and Root-Shoot Ratio

The leaf tip wilt index (TWI) of rice seedlings was measured after 5 days of alkaline stress treatment using the following formula: TWI = L1/L2, where L1 and L2 are the length of leaf wilting part and total length of leaf, respectively.

The isolated leaves of the two strains of seedling were selected, the fresh weight (FW) of the isolated leaves was measured immediately and then immersed in deionized water in test tubes for 24 h. The water on the leaf surface was dried after the swelled leaf was withdrawn from the test tubes, and the turgid weight (TW) was calculated. Later, these leaves were dried at 70°C for 72 h, and their dry weight (DW) was recorded. RWC was calculated according to the following formula (Smart, 1974):
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The 15 strains of seedling in each treatment were randomly selected, the isolated roots and shoots of seedling were collected and dried at 70°C for 72 h, respectively, and then, theirs dry weight (DW) were recorded, respectively. Root-shoot ratio was calculated as the ratio of root DW to shoot DW (Xu et al., 2015).



Measurement of O2·– and H2O2 Levels

Approach of Schneider and Schlegel (1981) was used to calculate the rate of O2·− generation (Xu et al., 2015). Rice leaves (0.2 g) were ground in 4 ml, 65 mmol L−1 phosphate buffer (PBS, pH 7.8), and centrifuged at 5,000 g for 15 min at 4°C. Then, to 0.5 ml supernatant, 1 ml hydroxylamine hydrochloride, and 0.5 ml 65 mmol L−1 phosphate buffer were added, thoroughly mixed, and set aside for 1 h. One milliliter p-aminobenzenesulfonamide (17 mmol L−1) and 1 ml α-theanine (7 mmol L−1) were added to above mixture and incubated at 25°C for 20 min. The supernatant was measured spectrophotometrically at 530 nm after adding an equal volume of ether and centrifuging at 3,000 g for 3 min.

The methodology for measurement of H2O2 content was reported by Liu et al. (2010). Rice leaves (0.2 g) were chilled for 10 min before being homogenized in 4 ml 0.1% (w/v) trichloroacetic acid (TCA) and centrifuged at 12,000 g. Then, 0.2 ml ammonia and 0.1 ml 95% (v/v) hydrochloric acid solution containing 20% (v/v) TiC14 were thoroughly mixed to 1 ml supernatant and again centrifuged at 10,000 g for 10 min at 4°C. After removing the supernatant, the deposit was washed continually with precooled acetone (−20°C) and dissolved in 3 ml of 1 mmol L−1 H2SO4. The absorbance of the resulting solution was recorded on a spectrophotometer at 410 nm.



Measurement of LOX and MDA Levels

Lipoxygenase activity was determined according to the method of Doderer et al. (1992). The absorbance value was taken using linoleic acid as a substrate at 234 nm. MDA content was determined using the Niu et al. (2017) approach. Rice leaves (0.2 g) were homogenated with 5 ml of 5% TCA solution and then was centrifuged at 3,000 g for 20 min. Further, a mixture formed by adding 2 ml 0.67% TBA (thiobarbituric acid) to 2 ml supernatant was incubated at 100°C for 30 min and then cooled immediately on ice before centrifugation at 3,000 g for 10 min. Absorbance was taken at 532, 600, and 450 nm, respectively.



Chlorophyll Extraction and Identification

Rice leaves (0.1 g) were crushed in liquid nitrogen, then soaked in 5 ml extracting solution (acetone: ethanol = 1:1, v/v) at 25°C for 24 h by shaking 2–3 times thoroughly. The reaction mixture was centrifuged at 5,000 rpm for 10 min. The absorbance was measured by a spectrophotometer at 663 and 645 nm. The chlorophyll content was counted as per the following formula: Chl a = 12.21 × OD663–2.81 × OD645, Chl b = 20.13 × OD645–5.03 × OD663, Chl = Chl a + Chl b (Lichtenthaler and Wellburn, 1983).



Antioxidant Enzyme Extraction and Activity Assays

Rice leaves (0.4 g) were ground into powder in liquid nitrogen. A mixture formed by adding 4 ml precooled 50 mmol L−1 phosphate buffer containing 0.1 mmol L−1 Na2EDTA and 1% (w/v) PVP to powder was homogenized and centrifuged at 4°C and 12,000 g for 20 min. The resulting supernatant was used to determine the activities of SOD, POD, CAT, and APX (Doderer et al., 1992).

For SOD activity, 100 μl supernatant was added to 50 mmol L−1 PBS (pH 7.8) containing 0.1 mmol L−1 EDTA, 13 mmol L−1 methionine, and 75 μmol L−1 NBT, and 100 μl 2 μmol L−1 riboflavin solution was additionally added to the reaction mixture to detect SOD activity at 560 nm (Beyer and Fridovich, 1987).

Peroxidase activity was determined by the maehly method (Maehly and Chance, 1954). 100 μl enzyme extract was added into the reaction solution containing 100 mmol L−1 PBS (pH 6.0), 20 mmol L−1 guaiacol, and 40 mmol L−1 H2O2 to generate a resulting solution. The absorbance in unit time was measured at 460 nm.

For CAT activity, 3 ml 0.15 mol L−1 PBS (pH 7.8) and 5 μl 30% H2O2 were added to 100 μl enzyme extract to form the resulting solution. The decrease of absorbance in unit time was recorded at 240 nm (Havir and McHale, 1987).

For APX activity, the reaction mixture contained 50 mM PBS (pH 7.0), 0.5 mM AsA, 0.1 mM EDTA, 0.1 mM H2O2, and 30 μl of enzyme extract in a final volume of 3 ml. The reaction was started by adding H2O2. The activity was calculated from the recorded decrease in absorbance at 290 nm for 1 min (Niu et al., 2017).



Estimation of AsA and DHA

The contents of AsA and DHA were determined according to Murshed et al. (2013). Rice leaves (0.5 g) were homogenized with 4 ml of 6% trichloroacetic acid (TCA, w/v) on the ice and centrifuged at 4°C, 16,000 g for 10 min. The obtained supernatant was used to measure AsA and total ascorbic acid composed of AsA and DHA.

For AsA, 200 μl supernatant was mixed with 3.8 ml reaction solution including 0.8 ml 200 mmol L−1 PBS (pH 7.4), 1 ml 10% TCA, 0.8 ml 42% phosphoric acid (H3PO4), 0.8 ml 4% (w/v) 2,2′-bipyridine, and 0.4 ml 3% (w/v) ferric chloride. After that, the resulting reaction solution was incubated at 42°C for 60 min; the absorbance was measured at 525 nm.

The method for determination of total ascorbic acid was as follows: 200 μl 6 mmol L−1 dithiothreitol (DTT) was added to 200 μl supernatant, and the resulting mixture was homogenized and incubated immediately at 42°C for 15 min. 200 μl 0.4% (w/v) N-ethylmaleimide (NEM) was added to the reaction mixture formed and placed at 25°C for 2 min. Subsequently, 0.8 ml 200 mmol L−1 PBS (pH 7.4), 1 ml 10% TCA, 0.8 ml 42% phosphoric acid (H3PO4), 0.8 ml 4% (w/v) 2,2′-bipyridine, and 0.4 ml 3% (w/v) ferric chloride were added to above prepared mixture and were thoroughly mixed and immovably placed at 42°C for 60 min. The absorbance of the resulting solution was measured at 525 nm. The contents of total ascorbic acid and AsA were calculated via a standard curve. However, DHA content was measured by calculating the difference in the mean value of total ascorbic acid and AsA. The reduced to oxidized ascorbic acid (AsA/DHA) ratio was equal to the value obtained via dividing AsA concentration by DHA concentration.



Measurement of Proline, Sucrose, and Fructose Levels

The proline content was determined using the method described by Benitez et al. (2016). 0.5 g rice leaves were leached in 5 ml 3% (w/v) sulfosalicylic acid solution for 10 min and centrifuged at 4,000 g for 20 min after the above crude extract (100°C) was cooled. The obtained supernatant (2 ml) was mixed with 2 ml acetic acid and 2 ml 2.5% (w/v) acidic ninhydrin reagent and incubated at 100°C for 30 min. After cooling, 4 ml toluene was added to the reaction mixture, then stirred, and immovably placed for a moment before being centrifuged at 3,000 g for 5 min. The absorbance of the supernatant was taken at 520 nm. Proline content was calculated via a standard curve.

Rice leaves (0.2 g) were homogenized in 2 ml 80% ethanol, rockily incubated at 80°C for 10 min. The sample was then centrifuged at 4,000 g for 10 min after cooling the above reaction mixture. The supernatant was used to determine sucrose and fructose content (Rosa et al., 2009). Sucrose was determined according to the method of Cardini et al. (1955); Fructose was determined by the method of Roe and Papadopoulos (1954).



RNA Extraction, cDNA Synthesis, and RT-qPCR Analysis

The MiniBEST Plant RNA Extraction Kit (TaKaRa, Dalian, China) was used to extract total RNA from rice seedling leaves in three biological replicates using four treatments (WC, WM, AC, and AM). NanoDrop 2000/2000c (Gene Company Limited, Hong Kong, China) spectrophotometer was used to detect the purity and concentration of total RNA. Samples with A260/A280 ratio of 1.8–2.2 and A260/A230 ratio of about 2.0 were selected for subsequent analysis. PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) was used to remove genomic DNA contamination and synthesis of first-strand cDNA. The detailed experimental procedure was carried out according to the manufacturer’s instruction.

Real-time quantitative RT-PCR (qRT-PCR) was performed in a qTOWER3G Real-Time PCR System (Analytikjena, Germany) using TB Green® Premix Ex Taq™ II reagent (TaKaRa). The 20 μl reaction system consisted of 10 μl TB Green Premix Ex Taq II, 1.6 μl PCR Primer (10 μmol L−1), 2.0 μl template (cDNA), and 6.4 μl ddH2O. Reaction conditions: 95°C, 3 min, 40 cycles including 95°C, 10 s, 60°C, and 30 s, the melting curve was generated by changing the amplification temperature from 60°C to 95°C. Rice OsActin was used as the internal reference gene. The experiment was done in triplicates. The relative expression levels of target genes were determined using the 2−ΔΔCT method (Livak and Schmittgen, 2001). All of the above experiments were carried out using the corresponding manufacturer’s instructions.

Based on the Rice Genome Annotation Project (http://rice.uga.edu/), all of RT-qPCR primers were designed using Primer Premier 5 (version5.0, PREMIER Biosoft International, United States). The gene-specific primer information is shown in Table 1.



TABLE 1. Genes examined and RT-qPCR primer sequences.
[image: Table1]




Statistical Analysis

Statistical analysis of all data were performed by SPSS 24.0 (IBM, Armonk, NY, United States) software with single factor variance (ANOVA). The least significant difference method (LSD) was used for multiple comparisons. Statistical significance was defined as p < 0.05. The error bars in all graphs represent the standard error of the mean.




RESULTS


Changes in Phenotype, Leaf Tip Wilt Index, Relative Water Content, and Root-Shoot Ratio

Compared to the control (Figure 1Aa), exogenous MT did not alter the phenotype of rice seedlings in the WM treatment under normal growth conditions (Figure 1Ab). Under alkaline stress, the leaves of rice seedlings showed a large area of wilt and fewer green leaves (Figure 1Ac). However, MT pretreatment effectively alleviated the damage of alkaline stress on rice seedlings and maintained more green leaf area (Figure 1Ad).

[image: Figure 1]

FIGURE 1. Melatonin alleviated alkaline stress to rice seedlings. (A) Growth performance of rice seedlings under different treatments; (B) leaf tip wilt index; (C) leaf water content; and (D) root-shoot ratio. Data represent means ± SEs of three replicate samples. Different letters denote significant differences (n = 3, and p < 0.05). WC, control; WM, control pretreated with MT; AC, alkaline stress; and AM, alkaline-stressed plants pretreated with MT.


Alkaline stress significantly influenced rice seedlings’ leaf tip wilt index (TWI). As shown in Figure 1B, the value of TWI was up to 68.18% in the AC treatment, whereas MT pretreatment remarkably decreased TWI (only 34.25%) in the AM treatment (p < 0.05). However, TWI decreased by 49.76% compared with that of AC treatment. In addition, MT pretreatment could also increase relative water content (RWC) and root-shoot ratio under alkaline stress. As shown in Figures 1C,D, RWC and the root-shoot ratio of AM treatment are significantly higher than that of AC treatment. Its RWC and root-shoot ratio are elevated by 28.32 and 40.02% relative to AC treatment.



Changes in Chlorophyll Content and Chlorophyll Synthesis Gene Expression Levels

Under normal growth conditions, only spraying MT increased the content of chlorophyll a (p < 0.05). The increased rate of chlorophyll a content was 7.71% compared with WC. In contrast, the chlorophyll a content of AC treatment decreased by 33.20% of WC treatment (p < 0.05) simultaneously. Interestingly, MT pretreatment significantly increases the chlorophyll a content by 30.58% in rice seedlings under alkaline stress compared with AC treatment (Figure 2A). For chlorophyll b and total chlorophyll content, there was no significant difference between WM and WC under normal growth conditions. However, both were significantly increased in AM treatment (p < 0.05) relative to AC treatment under alkaline stress, and their rate of increase reached 19.36 and 26.86%, respectively (Figures 2B,C).

[image: Figure 2]

FIGURE 2. Effects of exogenous MT on chlorophyll content and chlorophyll synthesis-related genes. (A) Chlorophyll a; (B) Chlorophyll b; (C) Chlorophyll; and (D–I) Chlorophyll synthesis genes. Data represent means ± SEs of three replicate samples. Different letters denote significant differences (n = 3, and p < 0.05). WC, control; WM, control pretreated with MT; AC, alkaline stress; and AM, alkaline-stressed plants pretreated with MT.


ChlP and CS are mainly involved in synthesizing chlorophyll a. Exogenous MT significantly upregulated ChlP and CS expression levels under normal growth conditions (p < 0.05). The expression level of the ChlP gene displayed no obvious change in rice seedlings of AM than that of AC, whereas the relative expression level of CS in AM is markedly higher than that of AC under alkaline stress (Figures 2D,G).

OsCAO1 and OsCAO2 mainly participated in the synthesis of chlorophyll b. Exogenous MT has no significant effect on the transcriptional level of OsCAO1 and OsCAO2 under normal growth conditions (Figures 2E,H). However, under alkaline stress, MT pretreatment induced the expression of OsCAO1 (Figure 2E), but it did not affect the expression of OsCAO2 gene expression level (Figure 2H).

OsFd1 and OsFdC2 played an important role in photosynthetic electron transport and chlorophyll synthesis. MT pretreatment upregulated the relative expression levels of OsFd1 and OsFdC2 under normal growth conditions and alkaline stress. Under alkaline stress, exogenous MT significantly induced OsFd1 gene expression level (Figures 2F,I).



Changes in Reactive Oxygen Species Content

Under normal growth conditions, only spraying MT decreased the content of H2O2 (p < 0.05; Figure 3B) but did not distinctly change the O2·– production rate (Figure 3A). However, MT pretreatment reduces H2O2 content and O2·– production rate under alkaline stress (Figures 3A,B). The reduction rate in AM treatment, respectively, accounted for 56.77 and 43.36% compared with AC. The results indicated that exogenous melatonin could effectively slow down the accumulation of ROS in rice under alkali stress.
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FIGURE 3. Effects of exogenous MT on O2·– production rate and H2O2 content. (A) O2·– production rate; (B) H2O2 content. Data represent means ± SEs of three replicate samples. Different letters denote significant differences (n = 3, and p < 0.05). WC, control; WM, control pretreated with MT; AC, alkaline stress; and AM, alkaline-stressed plants pretreated with MT.




Changes of Lipoxygenase Activity, MDA Content, and OsLOX5 Gene Expression Level

Spraying MT had no obvious effect on LOX activity, the transcriptional level of OsLOX5, and MDA content under normal growth conditions (Figure 4). However, MT pretreatment significantly reduced LOX activity and MDA content under alkaline stress (Figures 4A,B). The reduction rate of AM treatment was 40.96 and 33.64% relative to AC treatment. Although exogenous melatonin downregulated OsLOX5 gene expression under alkaline stress, its expression level did not change significantly between AM and AC (Figure 4C), suggesting that the OsLOX5 gene may not be the key gene affecting lipoxygenase activity under alkali stress.

[image: Figure 4]

FIGURE 4. Effects of exogenous MT on lipoxygenase (LOX) activity, malondialdehyde (MDA) content, and OsLOX5 expression. (A) LOX activity; (B) MDA content; and (C) Relative expression level of OsLOX5 gene. Data represent means ± SEs of three replicate samples. Different letters denote significant differences (n = 3, and p < 0.05). WC, control; WM, control pretreated with MT; AC, alkaline stress; and AM, alkaline-stressed plants pretreated with MT.




Changes of Antioxidant Enzyme Activity and Antioxidase Gene Expression Levels

Alkaline stress can increase the activities of antioxidant enzymes (SOD, POD, and CAT) in rice seedlings. Furthermore, MT pretreatment also significantly increases these three antioxidant enzymes activities under normal growth condition and alkaline stress (Figures 5A–C). ALM1, OsPOX1, and OsCATC are antioxidant genes selected, and we detected their expression levels. The results showed that exogenous MT could significantly upregulated three genes’ transcriptional levels under normal growth conditions and alkaline stress. The fold change of relative expression level under alkali stress was more obvious than normal (Figures 5D,E).

[image: Figure 5]

FIGURE 5. Effects of exogenous MT on antioxidase activity and antioxidant enzyme synthesis-related gene expression. (A) SOD activity; (B) POD activity; (C) CAT activity; and (D–F) ALM1, OsPOX1, and OsCATC relative expression level. Data represent means ± SEs of three replicate samples. Different letters denote significant differences (n = 3, and p < 0.05). WC, control; WM, control pretreated with MT; AC, alkaline stress; and AM, alkaline-stressed plants pretreated with MT.




Changes of APX Activity, ASA, DHA Content, and Their Encoding Gene Expression Level

Under normal growth conditions, spraying MT had no considerable influence on APX activity and the expression level of ascorbate peroxidases OsAPX2 compared to the control (WC). In contrast, MT pretreatment significantly increased APX activity and upregulated OsAPX2 gene expression level under alkaline stress (Figures 6A,E). Exogenous MT significantly increased ASA content and decreased DHA content inversely under both normal growth condition and alkaline stress (Figures 6B,C). For ASA/DHA ratio, there was no significant change between WM and WC treatment; however, under alkaline stress, exogenous MT affected its increase in AM treatment relative to AC treatment (Figure 6D). OsMPG1 encodes GDP-D-mannan pyrophosphorylase (GMPase), which catalyzed GDP-D-mannan synthesis. GDP-D-mannan is a precursor to ascorbic acid (AsA) synthesis. As is shown in Figure 6F, exogenous MT significantly upregulated the transcriptional level of OsMPG1 under both normal growth condition and alkaline stress. Exogenous MT strongly induced its expression level, especially under alkali stress.
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FIGURE 6. Effects of exogenous MT on APX activity, ASA, DHA content, and antioxidant-related genes. (A) APX activity; (B) ASA content; (C) DHA content; (D) ASA/DHA; and (E,F) OsAPX2 and OsMPG1 relative expression. Data represent means ± SEs of three replicate samples. Different letters denote significant differences (n = 3, and p < 0.05). WC, control; WM, control pretreated with MT; AC, alkaline stress; and AM, alkaline-stressed plants pretreated with MT.




Changes in Free Proline, Sucrose, Fructose Content, and Their Related Gene Expression Levels

Free proline, sucrose, and fructose are important osmotic substances that could maintain cell turgor pressure and keep the cell growing continuously. Compared to the control (WC), spraying MT had no remarkable change on proline, sucrose, and fructose contents under normal growth conditions (WM). However, under alkaline stress, MT pretreatment significantly increased proline content and decreased sucrose and fructose contents (Figures 7A–C). Under alkali stress, it was also possible that even when melatonin was sprayed, sucrose and fructose may be further converted into monosaccharides for rice seedling growth.
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FIGURE 7. Effects of exogenous MT on proline, sucrose, fructose content, and their related gene expression. (A) Proline content; (B) Sucrose content; (C) Fructose content; and (D–F) OsP5CS, OsSUS7, and OsSPS1 relative expression level. Data represent means ± SEs of three replicate samples. Different letters denote significant differences (n = 3, and p < 0.05). WC, control; WM, control pretreated with MT; AC, alkaline stress; and AM, alkaline-stressed plants pretreated with MT.


To reveal the regulatory mechanism of osmotic adjustment substances in rice seedlings, response to alkali stresses with MT pretreatment and the transcript levels of three osmotic adjustment-related genes, OsP5CS, OsSUS7, and OsSPS1, were checked in rice seedlings under different treatments. The results indicated no difference between WM and WC seedlings in three osmotic adjustment-related gene expression levels. In contrast, the gene expression levels of AM treatment were significantly higher than that of AC treatment in rice seedlings (Figures 7D–F), suggesting exogenous MT mainly increased the expression of OsP5CS, which was conducive to the accumulation of more proline, thus alleviating the damages of alkali stress.



Changes of MT Synthetase Gene Expression Levels

The results mentioned above showed that exogenous MT could enhance the ability of rice seedlings to resist alkali stress. To further understand whether exogenous MT affected the expression levels of MT synthetase genes in rice seedlings, TDC2, T5H, SNAT, ASMT1, and ASMT2 were selected. Then, their expression levels were determined in different treatments. The results showed that exogenous MT remarkably induced the expression levels of MT synthetase genes in varying degrees under both normal growth conditions and alkaline stress (Figure 8). Among these five genes, the fold change of SNAT gene expression levels was the most significant under alkali stress, which adequately verified that SNAT acted as one of the important rate-limiting enzyme genes in melatonin synthesis.

[image: Figure 8]

FIGURE 8. Effect of exogenous MT on expression of melatonin synthesis genes. Data represent means ± SEs of three replicate samples. Different letters denote significant differences (n = 3, and p < 0.05). WC, control; WM, control pretreated with MT; AC, alkaline stress; and AM, alkaline-stressed plants pretreated with MT.




Linear Relationship Analysis of MT Synthetase Genes and Antioxidase Genes

Studies have proven that MT could increase plant tolerance to abiotic stresses by regulating antioxidase gene expression levels and activating antioxidant enzyme activities. To explore whether there is a linear relationship between the expression levels of MT synthetase genes (TDC2, T5H, SNAT, ASMT1, and ASMT2) and that of antioxidase genes (ALM1, OsPOX1, OsCATC, and OsAPX2) in rice seedlings, the linear relationship analysis between five MT synthetase genes and four antioxidase genes was conducted based on gene’ relative expression levels. The results showed that F values between TDC2 and antioxidase genes (ALM1, OsPOX1, OsCATC, and OsAPX2) were 18.56, 37.88, 16.04, and 13.26 (Data were not shown in Figure 9A), and R2 value was displayed as 0.650, 0.791, 0.616, and 0.570, respectively (Figure 9A). A similar result occurred between each of the other four melatonin synthetase genes (T5H, SNAT, ASMT1, and ASMT2) and four antioxidase genes (ALM1, OsPOX1, OsCATC, and OsAPX2; Figures 9B–E), suggesting that the expression level of MT synthetase genes and antioxidase genes exist in a linear relationship.
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FIGURE 9. Colinearity analysis of melatonin synthesis genes and antioxidase genes. (A) Colinearity analysis of TDC2 and antioxidase genes. (B) Colinearity analysis of T5H and antioxidase genes. (C) Colinearity analysis of SNAT and antioxidase genes. (D) Colinearity analysis of ASMT1 and antioxidase genes. (E) Colinearity analysis of ASMT2 and antioxidase genes.




Establishment of Cell Metabolism Model for the Alleviating Effect of Exogenous MT on Rice Seedlings Effected Alkaline Stress

A theoretical model was drawn based on the key traits of morphology, physiology, and biochemistry to better understand the alleviating effect of exogenous MT on rice seedlings affected by alkaline stress. The transcription level of some genes related to physiological and biochemical metabolism in rice seedlings under four treatments (WC, WM, AC, and AM; Figure 10) was also studied. Under normal conditions, exogenous MT increased the chlorophyll content and activated the activities of SOD, POD, CAT, and ASA. However, it decreased the contents of H2O2 and DHA simultaneously. Furthermore, the expression levels of chlorophyll synthesis-related genes (Chlp, CS, and OsFd1), antioxidant synthesis genes (ALM1, OsPOX1, OsCATC, and OsMPG1), and MT synthetase genes (TDC2, T5H, SNAT, ASMT1, and ASMT2) were upregulated in rice seedlings. However, in the case of alkali stress, there is a decrease in chlorophyll content (Chla, Chlb, and Chl) and the downregulation of chlorophyll synthesis-related genes (CS, CAO1, and OsFdC2) expression levels, and yet increase of ROS (O2·– production rate and H2O2 content) in rice seedlings. A series of defense signaling cascades must be activated to resist alkaline stress.
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FIGURE 10. Cell metabolism model of exogenous MT on alleviating effects of rice seedlings under alkaline stress. The solid (dotted) black arrows and the solid (dotted) terminated lines represent direct (indirect) positive influence and direct (indirect) negative influence, respectively. The red and green boxes represent a significant increase and decrease in the measured indicator content in a certain MT treatment, respectively. The gray boxes indicate no significant changes in the measured indicator content between non-stressed and stressed conditions.


Further, some gene expression, protein, and energy metabolism need to be adjusted in rice seedlings. For instance, the expression of OsP5CS, OsSUS7, and OsSPS1 was upregulated, which contributed to the accumulation of osmotic adjustment substances such as sucrose, fructose, and free proline. It is well known that ROS production is an early defense signal of rice and participates in the transmission of oxidative signals. However, ROS overproduction triggered oxidative damage and changed LOX activity and increased MDA content. The occurrence of oxidative signal transduction or oxidative damage mainly depends on the balance between ROS generation and scavenging. The expression levels of several antioxidase genes (ALM1, OsPOX1, OsCATC, OsAPX2, and OsMPG1) were significantly upregulated, and the activities of SOD, POD, CAT, and APX were significantly increased and inversely decreased ASA/DHA ratio in rice seedlings to balance oxidative damage. In the meantime, alkaline stress induced the expression levels of melatonin synthetase genes, including TDC2, T5H, ASMT1, and ASMT2.

Further, exogenous MT pretreatment was beneficial to upregulate the transcriptional levels of all melatonin synthetase genes, which might affect the synthesis of melatonin precursor and melatonin in rice seedlings under alkaline stress. The accumulation of melatonin contributed to the removal of ROS and balancing oxidative damage. In this study, MT effectively alleviated the damage caused by alkaline stress, specifically embodied in increasing the chlorophyll content (Chla, Chlb, and Chl) and regulating the expression levels of chlorophyll synthesis-related genes (CS, CAO1, OsFd1, and OsFdC2). It also activates and regulates SOD, POD, CAT, and APX activity and increases the ASA/DHA ratio by upregulating the expression levels of antioxidase genes such as ALM1, OsPOX1, OsCATC, OsAPX2, and OsMPG1. However, it decreases MDA content and LOX activity by changing OsLOX5 gene expression level and adjusting energy metabolism and Osmolytes content (sucrose, fructose, and free proline) by regulating the expression levels of OsP5CS, OsSUS7, and OsSPS1. Ultimately, it was reflected phenotypically that exogenous MT could effectively alleviate the damage of alkaline stress on rice by decreasing leaf tip wilt index (TWI) and maintaining higher leaf RWC and increasing root-shoot ratio.




DISCUSSION

When the plants under saline-alkali stress, the root first perceives the stress signaling and gradually transmits it to the aboveground part, which ultimately affects plant growth (An et al., 2021). Salinity and alkaline stress led to the preferential decomposition of chlorophyll and chloroplast, resulting in leaf yellowing, premature senescence, and decreased photosynthesis (Zhu et al., 2019). Exogenous MT could slow down rice senescence under salt stress (Liang et al., 2015). In the results of this study, the application of exogenous MT effectively alleviated the premature senescence of rice leaves under alkaline stress. This alleviation of the premature senescence of rice leaves was manifested as the increase in the number of green leaves in rice seedlings (Figure 1A), the decrease in TWI, the increase in leaf water content, and lastly, the root-shoot ratio (Figure 1). Chlorophyll is necessary for photosynthesis, and high chlorophyll content is conducive to utilizing light energy. However, salt and alkaline stress degrades chlorophyll in plant leaves. Yan et al. (2021b) proved that exogenous MT alleviated salt stress by improving leaf photosynthesis and chlorophyll content. In the results of this study, under normal conditions, exogenous MT upregulated the expression levels of ChlP, CS, OsFd1, and OsFdC2 and increased the content of chlorophyll a. Under alkaline stress, MT pretreatment increased the contents of chlorophyll a, chlorophyll b, and total chlorophyll in rice leaves. The expression levels of chlorophyll synthesis-related genes (CS, CAO1, OsFd1, and OsFdC2) were also upregulated (Figure 2). Wang et al. (2022) also found that MT pretreatment induced upregulation of several chlorophyll synthesis genes to alleviate NO2 stress. In addition, melatonin may reduce chlorophyll degradation by inhibiting the expression of chlorophyll degradation key enzyme gene PAO (Weeda et al., 2014). Therefore, MT pretreatment may increase the chlorophyll content of rice seedlings under alkaline stress by upregulating chlorophyll synthesis genes and downregulating chlorophyll degradation genes, thereby delaying senescence and increasing photosynthetic rate.

Salinity-alkalinity stress leads to the imbalance between photosynthetic electron transport and the Calvin cycle. Hence, there is a decrease in electron carriers in chloroplasts and mitochondria, leading to the transfer of electrons from cytochrome to oxygen molecules and the production of excessive ROS. The excessive production of ROS leads to oxidative stress, which damages the cytoplasmic membrane and leads to cell damage and death (Mittler et al., 2004). LOX is an oxidation and lipid degradation enzyme that catalyzes lipid peroxidation (Doderer et al., 1992). MDA is a lipid peroxidation product and is associated with ROS accumulation (Puyang et al., 2015). Hence, LOX and MDA reflect the damage of cell membrane. In this study, after alkaline stress, ROS (O2·– and H2O2) content in rice was over-accumulated (Figure 3), LOX activity and MDA content were significantly increased (Figure 4). However, the application of exogenous MT pretreatment reduced LOX activity, ROS, and MDA content under alkaline stress (Figures 3, 4). Similar results were also found in already published studies of cucumber (Wang et al., 2016) tomato (Jahan et al., 2020), and rice (Chen et al., 2021). Exogenous MT pretreatment reduced the contents of H2O2, O2·–, and MDA in cucumber, tomato, and rice under salt stress. In addition to regulating plant development, MT is known as an antioxidant. As reported in this study, MT may be directly involved in ROS scavenging and inhibiting lipid peroxidation under alkaline stress (Figures 3, 4), thereby maintaining ROS balance in rice seedlings affected by alkaline stress.

Antioxidant enzymes and non-enzymatic antioxidants are the most direct and effective ways to scavenge ROS in plants (Apel and Hirt, 2004). In this study, antioxidant enzymes (SOD, POD, CAT, and APX) and DHA were accumulated in large quantities under alkaline stress; however, antioxidant (ASA) had no significant change. Similarly, the expression level of antioxidase genes (ALM1, OsPOX1, OsCATC, and OsAPX2) and antioxidant-related genes (OsMPG1) were induced under alkaline stress (Figures 5, 6). Under abiotic stress, MT reduces ROS accumulation by activating antioxidant enzymes and increasing the expression of related genes (Al-Huqail et al., 2020). Similar to the results found in this study. For example, MT pretreatment significantly enhanced SOD, POD, and CAT activities under normal conditions, increased ASA content, and decreased DHA content. Meanwhile, the expression levels of ALM1, OsPOX1, OsCATC, and OsMPG1 were significantly increased, indicating that MT can improve its efficiency as an antioxidant by regulating the activity of antioxidant enzymes (Nawaz et al., 2018). Under alkaline stress, MT pretreatment increased the activities of SOD, POD, CAT, and APX. It also increased ASA content and decreased DHA accumulation; upregulated the expression of ALM1, OsPOX1, OsCATC, OsAPX2, and OsMPG1, thereby enhancing the tolerance of rice to alkaline stress. Similar results were also observed in rice (Yan et al., 2021a) and maize (Chen et al., 2018). Therefore, MT may increase the activity of antioxidant enzymes (SOD, POD, CAT, and APX) and antioxidant (ASA) content, and reduce DHA content by upregulating antioxidase genes and antioxidant-related genes and then reducing excessive ROS accumulation. However, Zhang et al. (2016) found that exogenous MT inhibited dark-induced leaf senescence mainly by activating SOD-CAT antioxidant pathway and slowing down chlorophyll degradation, but did not change the APX activity of perennial ryegrass under dark induction, and reduced the content of non-enzymatic antioxidants such as ASA. This is contrary to the results of this study, indicating that MT has different physiological mechanisms in alleviating alkali stress in rice seedlings.

Proline, sucrose, and fructose play important roles in plant growth, development, and resistance to abiotic stresses (Kishor et al., 2015; Sharma et al., 2020). Jahan et al. (2019) confirmed that MT pretreatment could improve proline content and P5CS expression level of tomato under high-temperature stress. Similarly, in this study, proline, sucrose, and fructose content increased significantly under alkaline stress. Exogenous MT could further improve the proline content and the relative expression level of OsP5CS under alkaline stress (Figures 7A,D). Yan et al. (2021a) found that exogenous MT treatment increased the sucrose content of rice under salt stress. However, in our study, exogenous MT treatment reduced sucrose and fructose contents in rice seedlings under alkaline stress (Figures 7B,C). Still, it upregulated the expression of sucrose synthesis-related genes OsSUS7 and OsSPS1 (Figures 7E,F). It may be because MT pretreatment accelerated the transformation of sucrose and fructose in plants (Zhao et al., 2016), resulting in the decrease of sucrose and fructose content compared with that under alkaline stress. Therefore, exogenous MT may maintain the alkaline tolerance of rice by increasing the Pro content in plants and accelerating the transformation of sucrose and fructose in vivo.

It is well known that SNAT and ASMT are recognized as melatonin biosynthesis rate-limiting enzymes in melatonin synthase. Overexpression of SNAT and ASMT synthesis genes can significantly enhance plant tolerance to stress. The overexpression of SlSNAT gene in tomatoes significantly increased the endogenous melatonin level, reduces the accumulation of ROS and Fv/Fm level, and improved tomato’s heat tolerance (Wang et al., 2020). In Arabidopsis, overexpression of MzASMT increased endogenous melatonin levels, decreased ROS, and enhanced tolerance to drought stress (Zuo et al., 2014). TDC and T5H have high catalytic efficiency, while SNAT and ASMT are rate-limiting enzymes in melatonin synthesis. Therefore, melatonin synthesis precursors such as serotonin are higher under stress conditions than melatonin (Tan and Reiter, 2020). Because of plant cells may absorb exogenous MT to increase intracellular MT content, and the increase of endogenous MT content can activate the feedback effect of plant cells, thereby weakening the synthesis rate of endogenous MT, further research is needed to distinguish the source of MT content in rice seedlings. In this study, exogenous MT pretreatment significantly increased the expression levels of TDC2, T5H, SNAT, ASMT1, and ASMT2 under normal conditions. Under alkaline stress, TDC2, T5H, ASMT1, and ASMT2 were upregulated, while SNAT expression did not change, which may be due to SNAT as a rate-limiting enzyme in melatonin synthesis. Exogenous MT pretreatment further improved the expression levels of TDC2, T5H, SNAT, ASMT1, and ASMT2 under alkaline stress (Figure 8). It is suggested that exogenous MT can induce the upregulation of melatonin synthesis genes, which may enhance the synthesis rate of endogenous MT and improve rice’s alkaline tolerance.

Melatonin enhances plant tolerance to various stresses by indirectly activating antioxidant enzymes (Li et al., 2017; Nawaz et al., 2018; Al-Huqail et al., 2020). Therefore, we conducted a linear relationship analysis of MT synthetase and antioxidase genes. The results showed that MT synthesis genes (TDC2, T5H, SNAT, ASMT1, and ASMT2) had an aboriginal linear relationship with antioxidase genes (ALM1, OsPOX1, OsCATC, and OsAPX2), suggesting that exogenous MT induces the expression of MT synthesis genes, thereby increasing the content of endogenous melatonin. Further, MT was involved in regulating the expression of antioxidase genes, affecting the activity of antioxidant enzymes, and ultimately improving the alkaline tolerance of rice.

Previous studies indicated that there existed crosstalk between MT and NO, as well as between MT and AM fungus in plants (Liu et al., 2015; Yang et al., 2020). This study only proved that exogenous MT alleviated alkaline stress by removing ROS and improving antioxidant capacity in rice seedlings. However, whether other signal molecules such as NO, ABA, and GA has a functional role in regulating rice to alkaline stress response? Whether there are interactive effects of exogenous MT and other signal molecules such as NO, ABA, and GA on alkaline stress tolerance in rice? The underlying mechanism of exogenous MT or combination of MT and ABA (hypothetically) in regulating rice tolerance to alkaline stress requires further research by characterizing MT and/or ABA biosynthesis rate-limiting enzyme genes in transgenic and CRISPR-Cas9-edited rice.

In summary, our results first demonstrated that exogenous MT upregulated the transcriptional level of MT synthesis genes and proved a line relationship between MT synthesis genes and antioxidant enzyme synthesis genes (Figure 9). This study provides a new insight that exogenous MT alleviated rice alkaline stress by mainly regulating endogenous MT metabolism-controlled ROS metabolism.
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Salt tolerance is an important mechanism by which plants can adapt to a saline environment. To understand the process of salt tolerance, we performed global analyses of mRNA alternative polyadenylation (APA), an important regulatory mechanism during eukaryotic gene expression, in Arabidopsis thaliana and its halophytic relative Eutrema salsugineum with regard to their responses to salt stress. Analyses showed that while APA occurs commonly in both Arabidopsis and Eutrema, Eutrema possesses fewer APA genes than Arabidopsis (47% vs. 54%). However, the proportion of APA genes was significantly increased in Arabidopsis under salt stress but not in Eutrema. This indicated that Arabidopsis is more sensitive to salt stress and that Eutrema exhibits an innate response to such conditions. Both species utilized distal poly(A) sites under salt stress; however, only eight genes were found to overlap when their 3′ untranslated region (UTR) lengthen genes were compared, thus revealing their distinct responses to salt stress. In Arabidopsis, genes that use distal poly(A) sites were enriched in response to salt stress. However, in Eutrema, the use of poly(A) sites was less affected and fewer genes were enriched. The transcripts with upregulated poly(A) sites in Arabidopsis showed enriched pathways in plant hormone signal transduction, starch and sucrose metabolism, and fatty acid elongation; in Eutrema, biosynthetic pathways (stilbenoid, diarylheptanoid, and gingerol) and metabolic pathways (arginine and proline) showed enrichment. APA was associated with 42% and 29% of the differentially expressed genes (DE genes) in Arabidopsis and Eutrema experiencing salt stress, respectively. Salt specific poly(A) sites and salt-inducible APA events were identified in both species; notably, some salt tolerance-related genes and transcription factor genes exhibited differential APA patterns, such as CIPK21 and LEA4-5. Our results suggest that adapted species exhibit more orderly response at the RNA maturation step under salt stress, while more salt-specific poly(A) sites were activated in Arabidopsis to cope with salinity conditions. Collectively, our findings not only highlight the importance of APA in the regulation of gene expression in response to salt stress, but also provide a new perspective on how salt-sensitive and salt-tolerant species perform differently under stress conditions through transcriptome diversity.
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INTRODUCTION

Salt stress is a major global issue for agricultural production. More than 800 million hectares of cultivated land is affected by high salinity (Munns and Tester, 2008). Rising salt concentration in soil or water can have a significant detrimental effect on crop yields. Excess salt represents a major threat to germination, growth, and the production of plants in saline soil. Understanding how plants respond to salt conditions and the molecular mechanisms of salt tolerance is important for stress biology research and also meaningful for genetic improvements of salt resistance in crops.

Eutrema salsugineum is closely related to Arabidopsis thaliana but it can grow in natural harsh environments. Eutrema is widely used as a model system to investigate how plants cope with high salinity, extreme cold, and water shortage (Khanal et al., 2015; Li et al., 2021a). Although the divergence time between Eutrema and Arabidopsis is approximately 43.2 MYA, these plants share over 80% of genes and exhibit highly homologous orthologs (Yang et al., 2013). How they respond to salt stress differently has been intriguing, and the underlying mechanisms that control salt acclimation at transcriptional level are not well understood.

Messenger RNA polyadenylation is a pre-mRNA processing event that affects gene expression. It involves two main steps: cleavage of the 3′ end of pre-mRNAs by polyadenylation factors and the addition of a poly(A) tail, which bridges other transcriptional and post-transcriptional processes, such as splicing (Deng and Cao, 2017), and transcriptional termination (Antosz et al., 2017). It has been reported that plant genes possess multiple polyadenylation sites, and over 70% of genes in Arabidopsis and rice are alternatively polyadenylated (Wu et al., 2011; Berkovits and Mayr, 2015; Fu et al., 2016; Kim et al., 2016). Alternative polyadenylation (APA) can enhance the diversity of the transcriptome, affect mRNA stability, export, localization, and influence translation processes (Xing and Li, 2011). Genome-wide APA dynamics in development and stress responses have been reported in several species of plants, including A. thaliana (Yu et al., 2019), Oryza sativa (Fu et al., 2016), Medicago truncatula (Wu et al., 2014), Sorghum bicolor (Abdel-Ghany et al., 2016), bamboo (Wang et al., 2017), and algae like Chlamydomonas reinhardtii (Zhao et al., 2014) and diatom (Fu et al., 2019).

Alternative polyadenylation is tightly associated with many environmental responses in plants, including oxidative stress (Zhang et al., 2008), hypoxia (de Lorenzo et al., 2017), drought (Ye et al., 2019), heat (Chakrabarti et al., 2020), and heavy metal stresses (Cao et al., 2019). Several studies on polyadenylation factors, including CPSF30, FIP1, and FY, suggested that polyadenylation factors-mediated APA is important for stress responses (Chakrabarti and Hunt, 2015; Tellez-Robledo et al., 2019; Yu et al., 2019). Previous research has indicated that APA is involved in the expression of genes related to salt tolerance. For example, AtSOT12 exhibits salt-inducible expression and the manner in which the poly(A) site is used has been shown to change under conditions of salt stress, thus identifying novel mechanisms of salt-responsive gene regulation (Chen et al., 2015). It was demonstrated that transcripts of AtARK2 and a zinc ion binding protein generated by APA play roles in salt and oxidative stress responses (Yu et al., 2019). Besides, Sorghum showed APA-mediated transcriptome remodeling in response to salt stress (Chakrabarti et al., 2020).

Here, we performed high-throughput poly(A) tag sequencing (PAT-seq) with a salt-sensitive species A. thaliana and a salt-tolerant species E. salsugineum when treated with 200 mM of NaCl. We provided a comprehensive map of poly(A) profiles of the two species under salt conditions, identified differential gene expression patterns and distinct poly(A) profiles, and revealed a new perspective on the potential role of APA in plant response to salt stress.



MATERIALS AND METHODS


Plant Materials and Salt Stress Treatments

Arabidopsis thaliana (ecotype: Col-0; CS60000) and Eutrema salsugineum (ecotype: Shandong; formerly known as Thellungiella halophila; thus, the gene names were still in prefix Thhalv according to its genome annotation files) were used for root growth phenotyping. Seeds were sterilized with sodium hypochlorite for 3 min and rinsed with distilled water for five times. Then, seeds were synchronized at 4°C in the dark for 3 days (Arabidopsis) or for 7 days (Eutrema). Eutrema seeds were sterilized 4 days ahead of Arabidopsis seeds so that they could be sowed at the same time. Seeds were sowed on 1/2 Murashige and Skoog (MS) medium (with 2% sucrose) and placed vertically in a growth chamber with 16 h-light and 8 h-dark cycles at 21 ± 1°C for seedling growth. Five-day-old seedlings were transferred onto 1/2 MS medium containing 0, 50, 150, 200, or 300 mM NaCl, and the positions of the root tips were marked. Photographs were taken 8 days later and tap root elongation was determined by Image J. Three biological replicates were performed for each concentration, and each replicate contained five seedlings.

For short-term treatment, Arabidopsis and Eutrema seeds were sterilized and synchronized as described above and then sowed on 1/2 MS medium and kept for 13 days to allow vertical growth. Then, the seedlings were transferred to 1/2 MS medium containing 0 or 200 mM NaCl and treated for 3 h. Next, whole seedlings were immediately frozen in liquid nitrogen and stored at −80°C until RNA extraction. Three biological replicates were performed, and six seedlings were pooled into each replicate.



PAT-seq Library Preparation

Total RNA was extracted with a TaKaRa MiniBEST Plant RNA Extraction Kit and genomic DNA was removed by DNaseI (New England Biolabs). PAT-seq libraries were prepared as previously described with modifications (Lin et al., 2020). Two micrograms of total RNA were fragmented by 5× first strand buffer (TaKaRa) at 94°C for 4 min. Poly(A) RNAs were then enriched by oligo(dT)25 beads (New England Biolabs). Reverse transcription was performed with oligo d(T)18 primers by SMARTScribe™ Reverse Transcriptase (TaKaRa) for 2 h at 42°C. Then, a modified 5′ adaptor and SMARTScribe Reverse Transcriptase were added for another 2 h at 42°C. The cDNA generated was then purified with AMPure beads and amplified with Phire II (Thermo Fisher Scientific). The amplification products were then separated on a 2% agarose gel and 300–500 bp fragments were purified with a Zymoclean Gel DNA Recovery Kit. The concentration and quality of libraries were tested by a Qubit 2.0 and an Agilent Bioanalyzer 2100, and then sequenced on an Illumina HiSeq 2500 platform with 100-bp rapid sequencing mode.



Identification of Poly(A) Sites

Raw reads were filtered by the FASTX-Toolkit with a threshold of q = 10 and low-quality reads were discarded. The remaining reads were mapped to the A. thaliana TAIR10 genome and the E. salsugineum genome (Yang et al., 2013) by Bowtie 2 (Langmead and Salzberg, 2012). Poly(A) site analysis was performed as previously described (Lin et al., 2020). Internal priming events were filtered out by custom perl script and poly(A) tags (PATs) within 24 nucleotides (nt) were clustered into one poly(A) cluster (PAC), which represented a poly(A) site. As 70% of the Eutrema poly(A) sites were located within 200 nt downstream of the annotated genes (Supplementary Figure S1), we extended the 3′ untranslated region (UTR) by 200 nt to recover the PACs that fell within this region (Wu et al., 2014). In the case of genes that did not have a 3′ UTR annotation, we extended by an extra 218 nt (the average length of 3′ UTRs in Eutrema). PACs with less than 10 PATs were filtered out and DEseq2 (Love et al., 2014) was used to normalize PAT counts and analyze differential expression among the samples, an adjusted value of p < 0.05 was set as the threshold for significance. PAT-seq coverage of genes was visualized by Integrative Genomics Viewer (IGV) v2.8.3 (Robinson et al., 2011).



3′ UTR Length Analysis

The weighted length of the 3′ UTRs in genes was analyzed as described previously (Lin et al., 2020). Genes with at least two PACs in their 3′ UTRs were used to identify shortening and lengthening events in the 3′ UTR. Pearson’s correlation coefficient was used to indicate the strength of 3′ UTR shortening (<0) or 3′ UTR lengthening (>0). Adjusted p values from Chi-square tests were used to indicate the significance of changes in the length of the 3′ UTR.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analysis

Gene ontology (GO) enrichment analysis was performed with agriGO (Tian et al., 2017; http://systemsbiology.cau.edu.cn/agriGOv2/). GO annotation of Eutrema was downloaded from http://plantregmap.gao-lab.org/index-chinese.php (Jin et al., 2017). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment was performed using KOBAS (Xie et al., 2011; http://kobas.cbi.pku.edu.cn/kobas3/). Gene IDs were converted to Entrez IDs by the Gene ID conversion tool in DAVID (Huang da et al., 2009; https://david.ncifcrf.gov/). An adjusted value of p < 0.05 was set as the threshold for significance.



RT-qPCR Analysis

Two micrograms of DNA-free total RNA were used for reverse transcription. RT-qPCR was performed on a CFX96™ Real-Time PCR Detection System (Bio-Rad) with SYBR green PCR master mix. Primers are shown in Supplementary Table S3. AtACTIN2 was used as the reference gene for Arabidopsis while EsTUB6 was used as the reference gene for Eutrema.



Statistical Analysis

SPSS R.23.0.0 was used for data analysis; one-way ANOVA and the Least Significant Difference test were used to determine statistical significance. Wilcoxon matched-pairs signed rank test was used to test the significance in boxplot. The mean values and SDs were calculated from three biological replicates. Significant differences were indicated as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 10e−04.



Data Availability

The PAT-seq data generated by this study are available in the NCBI BioProject database1 under accession number PRJNA782687.




RESULTS


The Growth of Arabidopsis and Eutrema Roots Under Salt Stress

Root elongation under salt conditions was measured to evaluate the salt tolerance of Arabidopsis and Eutrema. Five-day-old seedlings were transferred to 1/2 MS medium containing different concentrations of NaCl (0, 50, 150, 200, and 300 mM) and primary root elongation was measured after 8 days. Under normal condition or a relatively low concentration of NaCl (50 mM), Arabidopsis grew longer roots than Eutrema (0 mM, p < 0.001, 50 mM, p < 0.01, Figure 1A). However, under conditions with higher concentrations of NaCl (>150 mM), the root growth of Arabidopsis was significantly restricted (p < 0.001, Figure 1A). At a NaCl concentration of 200 mM, the elongation of Arabidopsis roots was reduced to 2.5% of that at 0 mM NaCl (p < 0.001); in comparison, 66% of root growth was maintained in Eutrema (Figures 1A,B). These results suggest that Eutrema performed significantly better than Arabidopsis under salt stress; these findings are consistent with previous studies which showed that Eutrema is highly tolerant to salt (Kazachkova et al., 2013). On the basis of these results, we selected 200 mM NaCl for the construction of PAT-seq libraries as most significant differences were seen at this concentration between the two species.
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FIGURE 1. Primary root growth under salt stress in Arabidopsis and Eutrema. (A) Measurements of primary root length after 8 days under salt stress. Statistical significance was determined by one-way ANOVA, **p < 0.01, ***p < 0.001. (B) Phenotypes of primary root growth under 0 and 200 mM NaCl conditions. The white short lines mark the positions of root tips at Day 0 of the treatment.




Profiles of the Poly(A) Sites of Arabidopsis and Eutrema Under Salt Stress

To determine poly(A) site profiles (hence APA events) in Arabidopsis and Eutrema under salt stress, we collected seedlings of the two species under control (CK, 0 mM NaCl) and salt stress (ST, 200 mM NaCl) conditions for PAT-seq. After raw data processing, 44,395 PACs were identified in Arabidopsis; these were dispersed amongst 20,208 genes. Of these genes, 54% possessed more than one poly(A) site; these were defined as APA genes (Figure 2A). In contrast, 30,226 PACs were identified in Eutrema; these were dispersed in 17,939 genes; 47% of these were classified as APA genes (Figure 2B). These results suggest that APA occurs commonly in Arabidopsis and Eutrema.
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FIGURE 2. Profiles of the poly(A) sites of Arabidopsis and Eutrema under control and salt stress conditions. (A) Genes and poly(A) sites (per gene) identified in Arabidopsis. The X-axis shows the number of poly(A) sites per gene. Percentages represent gene fractions. (B) Genes and poly(A) sites (per gene) identified in Eutrema. (C) The ratio of alternatively polyadenylated genes (APA genes) in Arabidopsis and Eutrema under control (CK) and salt stress (ST) conditions. Statistical significance was determined by one-way ANOVA, *p < 0.05. (D) Poly(A) cluster (PAC) distribution among different genomic regions in Arabidopsis and Eutrema under CK and ST conditions. AMB: ambiguous PACs assigned to more than one genomic region.


Notably, salt stress induced more than 400 APA genes in Arabidopsis while no significant changes were observed in Eutrema (Figure 2C), thus indicating that Arabidopsis is more sensitive to salt stress. Furthermore, salt stress reduced the proportion of PACs in the 3′ UTRs of Arabidopsis but increased those in intergenic regions; however, no such changes were evident in Eutrema (Figure 2D), thus suggesting that salt stress induced lower levels of interference in the Eutrema transcriptome.



Arabidopsis and Eutrema Showed Distinct Poly(A) Profiles and Gene Expression Patterns Under Salt Stress

As Arabidopsis and Eutrema are known to respond differently to salt stress, we applied principal component analyses to determine specific response patterns. Data reflected the experimental design in that CK samples were clustered together but away from the ST samples in both Arabidopsis and Eutrema (Supplementary Figure S2), thus indicating that both species exhibit a distinct expression pattern of poly(A) sites under salt stress. Differently expressed PAC (DE-PAC) analysis showed that Arabidopsis possessed 3,037 DE-PACs (padj < 0.05; Supplementary Table S1) while Eutrema had 998 DE-PACs (padj < 0.05; Supplementary Table S2). These DE-PACs were located in 2,566 and 849 genes, respectively, and were designated as DE-PAC genes.

Next, we investigated the potential functions of these DE-PAC genes by performing GO enrichment and KEGG pathway analyses. In both species, DE-PAC genes were enriched in a range of biological processes, including hyperosmotic salinity response, hormone-mediated signal pathways, response to wounding, response to heat and cold; and a range of cellular components, including plasmodesma, apoplast, and cell wall (Figure 3). However, several terms of biological processes were identified to be different in the two species, including negative regulation of programmed cell death, positive regulation of transcription, flavonoid biosynthetic process that only showed in Arabidopsis; whereas response to oxidative stress, biosynthetic process of wax and lignin only showed in Eutrema (Figure 3). Besides, for both Arabidopsis and Eutrema, DE-PAC genes were enriched in a range of different molecular functions. In Arabidopsis, we identified DE-PAC genes that were associated with transcription factors; however, in Eutrema, the DE-PAC genes were related to protein heterodimerization activity (Figure 3). Upregulated DE-PAC genes in Arabidopsis were significantly enriched in several KEGG pathways, including plant hormone signal transduction, starch and sucrose metabolism, and fatty acid elongation (Table 1). For downregulated DE-PAC genes, no pathways were significantly enriched. However, in Eutrema, upregulated DE-PAC genes were significantly enriched in biosynthetic pathways (stilbenoid, diarylheptanoid, and gingerol) and metabolic pathways (arginine and proline). Downregulated DE-PAC genes were enriched in protein processing in the endoplasmic reticulum. Collectively, these results revealed that Arabidopsis and Eutrema respond to salt stress differently with distinct gene expression profiles; it is likely that they also possess different molecular mechanisms.
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FIGURE 3. Gene ontology (GO) analysis of differentially expressed PAC genes (DE-PAC genes) in Arabidopsis (A) and Eutrema (B). Rich factor indicates the gene number annotated in the term divide by the gene number in reference annotation. FDR, false discovery rate. The size of the dot indicates the number of genes; the color indicates significance.




TABLE 1. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of DE-PAC genes under salt stress in Arabidopsis and Eutrema.
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Gene expression levels were determined by adding total counts of PATs located in the gene. Compared to CK, 3,681 genes in Arabidopsis and 1,544 genes in Eutrema were differentially expressed (DE) under ST. Venn analysis showed that 68% and 54% of the DE genes in Arabidopsis and Eutrema, respectively, had DE-PACs (Figures 4A,B). DE-PAC genes with more than one poly(A) site were defined as DE-APA genes. We found that a significant proportion of DE genes overlapped with DE-APA genes [42% in Arabidopsis (Figure 4C) and 29% in Eutrema (Figure 4D)], thus highlighting the importance of APA in the regulation of gene expression in response to salt stress.
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FIGURE 4. Venn diagrams for DE-PAC genes, differentially expressed APA genes (DE-APA genes), and differentially expressed genes (DE genes). (A,B) The overlap of DE-PAC genes and DE genes under salt stress in Arabidopsis and Eutrema. Numbers indicate gene numbers. Percentages indicate the fraction of DE genes overlapping with DE-PAC genes. (C,D) The overlap of DE-APA genes and DE genes under salt stress in Arabidopsis and Eutrema. Percentages indicate the fraction of DE genes overlapping with DE-APA genes.




Genes Tended to Use Distal Poly(A) Sites in 3′ UTRs Under Salt Stress

The 3′ UTR contains cis-elements that may affect mRNA metabolism, thus leading to the fine-tuning of mRNA stability, translation, nuclear export, and cellular localization (Xing and Li, 2011). Over 70% of PACs were located in 3′ UTRs of Arabidopsis and Eutrema (Figure 2D); therefore, we investigated APA events in this region and determined the length of 3′ UTRs in genes. These analyses suggested that there were a higher number of genes with longer 3′ UTRs than those with shorter 3′ UTRs in both Arabidopsis and Eutrema under salt stress. Compared to Arabidopsis, Eutrema possessed fewer genes that exhibited a change in the length of 3′ UTR (Figure 5A), thus indicating that 3′ UTR poly(A) sites were less affected in Eutrema under conditions of salt stress. Furthermore, we measured the 3′ UTR length of 3′ UTR lengthen and shorten genes in Arabidopsis and Eutrema. We found that salt stress caused significant changes in the length of 3′ UTR in both species (Figure 5B). Of the genes with longer 3′ UTRs, we found that more of these genes are upregulated than downregulated in Arabidopsis (267 vs. 190, with padj < 0.05, Figure 5C) and Eutrema (60 vs. 53, with padj < 0.05, Figure 5D). Of the genes with a shorter 3′ UTR, the numbers of upregulated genes and downregulated genes were very similar in both Arabidopsis (26 vs. 24) and Eutrema (8 vs. 9). The analysis of homologous genes with significantly longer 3′ UTRs in the two species showed that only eight genes overlapped (Supplementary Figure S3), thus revealing their distinct gene sets that responded to salt stress via APA in 3′ UTRs.
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FIGURE 5. 3′ UTR length analysis in Arabidopsis and Eutrema. (A) The number of genes showing changes in the length of 3′ UTR under salt stress. (B) 3′ UTR length of 3′ UTR changing genes under control (CK) and salt stress (ST) conditions. Statistical significance was determined by the Wilcoxon matched-pairs signed rank test, ****p < 10e−04. (C,D) Relationships between 3′ UTR length and gene expression level in Arabidopsis and Eutrema, respectively. Numbers indicate the number of genes. The X-axis indicates the strength of the change in the length of 3′ UTR; Pearson correlation coefficient > 0 indicates a longer 3′ UTR, Pearson correlation coefficient < 0 indicates a shorter 3′ UTR. The Y-axis indicates gene expression level; log2 fold change > 0 indicates upregulation, log2 fold change < 0 indicates down-regulation.


Next, we used GO analysis to investigate the functionality of genes undergoing significant changes in the length of their 3′ UTRs. No terms were enriched for the genes that exhibited shorter 3′ UTRs; this was most likely due to the limited number of genes; data related to the genes with longer 3′ UTRs are shown in Supplementary Figure S4. We found that the genes with a longer 3′ UTR in Arabidopsis were significantly enriched in GO terms related to salt stress, including response to salt stress and cation transport; such enrichment was not detected in Eutrema. These findings suggest that the regulation of APA in response to salt stress was more significant in Arabidopsis in terms of the poly(A) site choice in 3′ UTRs.



Differential APA of Genes Related to Salt Tolerance in Arabidopsis and Eutrema

Interestingly, we found that some genes related to salt tolerance exhibited differential APA patterns in Arabidopsis and Eutrema. For example, MAP3Kδ4 plays an important role in ABA signaling and plant responses to various environmental stimuli, including high salt concentrations. The over-expression of MAP3Kδ4 was previously shown to enhance tolerance to salt stress in Arabidopsis (Shitamichi et al., 2013). Our data further revealed that AtMAP3Kδ4 (AT4G23050) exhibited a longer 3′ UTR under salt stress (from 280 nt in CK to 373 nt in ST). PAT-seq coverage of the gene was visualized by IGV and validated by RT-qPCR (Figures 6A,B). Four poly(A) sites were expressed under control conditions and the gene mostly used the proximal site (PA1). However, salt stress significantly increased the utilization of the distal poly(A) site (PA4, Figure 6A). The homolog of AtMAP3Kδ4 in Eutrema (Thhalv10024532m) only showed increased gene expression level without APA regulation (Figures 6C,D).
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FIGURE 6. Differential APA in genes related to salt tolerance in Arabidopsis and Eutrema. (A) Integrative Genomics Viewer (IGV) showing the poly(A) sites of AtMAP3Kδ4 (AT4G23050). CK, control; ST, salt stress. PA represents poly(A) site. Arrows beside gene names indicate gene orientation. (B) RT-qPCR was used to determine the expressive levels of distal poly(A) sites in AtMAP3Kδ4. (C) IGV showing the poly(A) site of EsMAP3Kδ4 (Thhalv10024532m). (D) RT-qPCR was used to determine the expressive level of EsMAP3Kδ4. (E) IGV showing the poly(A) sites of AtERF109 (AT4G34410). (F) IGV showing the poly(A) sites of AtMYB96 (AT5G62470). (G) IGV showing the poly(A) sites of EsNAC019 (Thhalv10011676m). (H) IGV showing the poly(A) sites of EsLEA4-5 (Thhalv10014897m). (I) Venn plot showing the overlap of salt-specific PAC genes in Arabidopsis and Eutrema. Numbers indicate gene numbers. Statistical significance was determined by one-way ANOVA, *p < 0.05, **p < 0.01, and ***p < 0.001.


When a gene exhibited alternative usage of two or more poly(A) sites (e.g., one PAC was upregulated while another was downregulated), then the gene was designated an APA switching gene. This type of APA switching under salt stress was detected in 70 and 23 genes in Arabidopsis and Eutrema, respectively. Table 2 shows APA switching genes for which a functional role has been described previously. In Arabidopsis, these genes are related to response to salt stress, mRNA processing, and growth by gravitropism. In Eutrema, these genes are related to dehydration stress, low temperature, and ABA response. It was previously reported that ERD14 and ERD10 were alternatively spliced following salt treatment (Ding et al., 2014) and that erd10 mutants exhibited a reduced tolerance to dehydration (Kim and Nam, 2010). The homologous gene of Thhalv10008280m in Arabidopsis encodes AtU2AF35a, a small subunit of splicing factor U2. Interestingly, the gene that encodes the conserved subunit AtU2AF35b (AT5G42820) also underwent APA switching under salt stress in Arabidopsis (Table 2).



TABLE 2. APA switching genes and their functions from previous studies.
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In addition, considering stress conditions can induce the specific expression of genes, we investigated salt-specific PACs (i.e., PACs that were only expressed in ST samples) and salt-inducible APA (i.e., APA events that were only found in ST samples) in Arabidopsis and Eutrema. In total, 1,021 salt-specific PACs were identified in Arabidopsis, these were dispersed among 569 genes; 86 of these genes were enriched in GO terms related to transcription factors and 46 genes were enriched in GO terms related to response to salt stress. Notably, 50 genes showed salt-inducible APA; furthermore, some transcription factors that positively regulate drought and salt stress only underwent APA under conditions of salt stress. For example, AT4G34410 only used one poly(A) site under normal conditions, whereas four PACs were induced by salt stress (Figure 6E). This indicated that salt stress changed the poly(A) tailing position of AT4G34410 transcripts. This gene encodes the transcription factor ERF109, which improves the resistance of Arabidopsis to salt. Compared with knockout mutants, mutants that overexpressed ERF109 were shown to possess a longer root length, more leaves, and larger rosette leaf areas under salt conditions (Bahieldin et al., 2016). Another gene, AT5G62470 is known to encode the MYB96 transcription factor; in this gene, only one poly(A) site was used in the absence of salt stress, while two PACs were produced under salt stress (Figure 6F). MYB96 transcription factor has been shown to improve tolerance to drought in Arabidopsis by regulating the biosynthesis of cuticular wax (Seo et al., 2011).

In Eutrema, we identified 190 salt-specific PACs from 169 genes. Of these genes, 18 were significantly enriched in GO terms related to transcription factor activity and sequence-specific DNA binding; 14 were enriched in response to water deprivation. Sixteen genes showed salt-inducible APA; likewise, some transcription factors that positively regulate drought and salt stress only exhibited APA under salt stress. These included Thhalv10011676m, which encodes a homolog of Arabidopsis NAC019 transcription factor; this gene did not undergo expression under normal conditions but produced two PACs following salt treatment (Figure 6G). Thhalv10014897m encodes a homolog of AtLEA4-5 that typically accumulates in response to conditions of low water availability (Li et al., 2021b). This gene exhibited only one PAC in the absence of salt but exhibits three PACs under salt stress (Figure 6H). Moreover, we used salt-specific PAC genes in Eutrema to identify homologous genes in Arabidopsis for comparative purposes. Venn analysis showed that only 28 genes overlapped (Figure 6I); these genes were significantly enriched in GO terms related to water deprivation, response to abscisic acid, and transcription factor activity. However, more salt-specific PAC genes in Arabidopsis are distinct from that in Eutrema, thus suggesting that APA plays an important role in both species during salt stress response but with different patterns of gene regulation; a higher number of salt-specific PACs were activated in Arabidopsis to cope with salt conditions.



Polyadenylation Factors Exhibited Different Expression Levels Under Salt Stress

The differential use of APA sites is normally related to the different functions of poly(A) factors. Changes in the expression of core polyadenylation factors will also lead to global APA events in 3′ UTRs (Thomas et al., 2012). To explore the mechanisms responsible for the modulation of 3′ UTR length, we determined the expression levels of 26 genes that encode polyadenylation factors and compared these data between CK and ST samples. In Arabidopsis, three polyadenylation factor genes (FIPS5, PCFS1, and PCFS5) were significantly upregulated under salt stress (Figure 7A). The homologous genes of PCFS5 in Eutrema also showed upregulation under salt stress (Figure 7B); these data were consistent with previous studies that reported AtPCFS1 and AtPCFS5 to exhibit increased expression levels under salt stress (Hunt et al., 2008). In contrast, CstF50 and PABN3 were significantly downregulated in Arabidopsis under salt stress (Figure 7A); while CstF50 was downregulated in Eutrema (Figure 7B). PCFS factors are homologs of Pcf11p in yeast and CF II in mammals and are essential for pre-mRNA 3′-end processing. Yeast Pcf11p binds to the C-terminal domain of the largest subunit of RNA polymerase II and is involved in transcription termination, and its C-terminal part interacts with polyadenylation factor Clp1p, Rna14p, and Rna15p (Haddad et al., 2012). In mammals, CstF50 is a subunit of the cleavage stimulation factor complex and interacts with BRCA1-associated RING domain protein to inhibit polyadenylation in vitro (Kleiman and Manley, 1999). In Arabidopsis, CstF50 interacts with CstF64, PAPS, and CPSF factors (Hunt et al., 2008). Therefore, polyadenylation factors may play important roles in salt-induced APA by interacting with other polyadenylation factors and by modulating the expression of genes that are responsive to salt stress.
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FIGURE 7. Gene expression levels of polyadenylation factors in Arabidopsis (A) and Eutrema (B). CK, control; ST, salt stress. Statistical significance was determined by one-way ANOVA, *p < 0.05, ***p < 0.001.


The abundance of transcripts of PCFS factor genes were visualized by IGV and the gene expression levels were validated by RT-qPCR. Under control conditions, AtPCFS1 (AT1G66500) mainly used the poly(A) site located in the CDS region; however, under conditions of salt stress, the use of the distal poly(A) site in the 3′ UTR increased dramatically (Figure 8A). A similar phenomenon was also evident for AtPCFS5 (AT5G43620, Figure 8B). Interestingly, the homologous gene of AtPCFS1 and AtPCFS5 in Eutrema, EsPCFS5 (Thhalv10018488m), also showed increased expression level of the distal poly(A) site under salt stress (Figure 8C). These results suggest that Arabidopsis and Eutrema might use APA to increase the expression levels of functional transcripts of polyadenylation factors in response to salt stress.
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FIGURE 8. The poly(A) tag sequencing (PAT-seq) coverage of PCFS factor genes by IGV and RT-qPCR results. (A) The PAT-seq coverage of AtPCFS1 (AT1G66500) and RT-qPCR result. (B) The PAT-seq coverage of AtPCFS5 (AT5G43620) and RT-qPCR result. (C) The PAT-seq coverage of EsPCFS5 (Thhalv10018488m) and RT-qPCR result. CK, control; ST, salt stress. PA represents poly(A) site. Arrows beside gene names indicate gene orientation. Statistical significance was determined by one-way ANOVA, **p < 0.01, ***p < 0.001, and ****p < 10e−04.





DISCUSSION

In this study, we provide a comprehensive map of poly(A) profiles of a salt-sensitive species (A. thaliana) and a salt-tolerant species (E. salsugineum), and compare their APA patterns under salt stress. Although APA occurs commonly in Arabidopsis and Eutrema, Arabidopsis possesses a higher number of APA genes than Eutrema (54% vs. 47%). Furthermore, the proportion of APA genes increased significantly in Arabidopsis under salt stress, but not in Eutrema. Both species tend to use distal poly(A) sites under salt stress, while their 3′ UTR lengthen genes showed different enrichments in GO terms and KEGG pathways. Salt stress affected the use of poly(A) sites within 3′ UTRs in a larger number of genes in Arabidopsis than in Eutrema (507 vs. 130). Eutrema exhibits an innate response to salt stress; therefore, gene expression was less affected in this species. APA was found to be associated with 42% and 29% of DE genes in Arabidopsis and Eutrema under salt stress, respectively, thus suggesting the potential role of APA in the regulation of gene expression in response to salt stress. Salt-specific PACs and salt-inducible APA events were identified in both species; interestingly, some genes related to salt tolerance and transcription factor genes showed differential APA patterns. Our results suggest that the more adaptive species showed less alteration at the transcriptional level under stress while more salt-specific PACs were activated in Arabidopsis to cope with salt conditions.


Polyadenylation Factors and Wide-Ranging APA Under Stress Conditions

A large group of protein factors are required for pre-mRNA polyadenylation process in plants. These factors recognize polyadenylation signals and form complexes that control mRNA 3′-end formation. The polyadenylation factor subunits not only show extensive protein–protein interactions, but also coordinate with other RNA processing events in the course of gene expression (Hunt et al., 2008). Previous studies on AtCPSF30, AtCPSF100 and FY suggested that changes in the activity of polyadenylation factors may lead to wide-ranging APA (Thomas et al., 2012; Lin et al., 2017; Yu et al., 2019). In addition, abiotic stress treatments can incite changes in poly(A) site choice in a large number of genes. Some APA patterns have been shown to change extensively under abiotic stresses, including drought, heat, and salt stress in Sorghum (Chakrabarti et al., 2020); oxidative stress (Liu et al., 2014), and hypoxia in Arabidopsis (de Lorenzo et al., 2017); drought, heat shock, and cadmium stress in rice (Ye et al., 2019). Interestingly, abiotic stresses tend to increase the usage of non-canonical poly(A) sites in plants (de Lorenzo et al., 2017; Chakrabarti et al., 2020). In our study, by comparing the expression levels of polyadenylation factors under control and salt stress conditions in Arabidopsis and Eutrema, we found that five polyadenylation factors in Arabidopsis changed significantly in their expression levels when responded to salt stress, whereas only two polyadenylation factors in Eutrema showed significant changes (Figure 7). Notably, AtPCFS1 and AtPCFS5 showed highly significant changes. Moreover, the expression levels of many polyadenylation factors of Eutrema were lower than that of Arabidopsis in both stressed and unstressed conditions. Thus, the changes in the expression levels of core polyadenylation factors in Arabidopsis may widely affect the selection and usage of poly(A) sites during the salt stress response. Meanwhile, most polyadenylation-related genes in Eutrema responded modestly. This may explain the result that more APA events were identified in Arabidopsis in response to salt stress than that in Eutrema.



Consequences of APA in Different Regions of Genes Under Stress

Alternative polyadenylation that happened in different regions of genes would lead to various stabilities of mRNAs. Those mRNAs generated by polyadenylation in CDS regions, which lack stop codons, are likely to be degraded through non-stop mRNA decay pathways; and the mRNAs end in introns may be targeted by nonsense-mediated decay pathway (Frischmeyer et al., 2002). Interestingly, the process of mRNA degradation could be downregulated under stress conditions (Shaul, 2015), thereby promoting the accumulation of non-canonical mRNAs. This brings a possible explanation to the increase in non-canonical isoforms in response to stresses. Within the APA events in 3′ UTRs, we identified more genes possess longer 3′ UTRs rather than shorter 3′ UTRs, and a larger proportion of the 3′ UTR lengthen genes showed significantly upregulation under salt stress. This is consistent with the findings reported previously. UV light caused DNA damage in the Saccharomyces cerevisiae gene and led to changes in poly(A) sites along with the extension of transcripts (Graber et al., 2013). Another study reported that osmotic stress caused by KCl in human fibroma cells, along with dehydration stress in Arabidopsis; both resulted in 3′ UTR extension to nuclear chromatin combination areas and long non-coding regions (Vilborg et al., 2015; Proudfoot, 2016). These findings indicate that repression of the proximal poly(A) sites and utilization of the distal poly(A) sites in 3′ UTRs might be a general mechanism for stress responses. Although 3′ UTR-APA does not change the coding sequence or total expression levels of mRNA, this process may affect post-transcriptional gene regulation in various ways, including mRNA stability, the modulation of mRNA translation, nuclear export, cellular localization, and the localization of encoded proteins (Berkovits and Mayr, 2015; Tian and Manley, 2017). We did observe gene expression level changes in some translation elongation factors such as TFIIS; this may have had an impact on mRNA translation efficiency by altering the use of polyadenylated transcripts (Cui and Denis, 2003).



APA As a Part of Response to Stresses or Disorder?

In the current study, the poly(A) profiles of Arabidopsis were widely affected by abiotic stress. This phenomenon also exists in several prior observations of different plant species upon exposure to abiotic stresses (Zhang et al., 2008; de Lorenzo et al., 2017; Ye et al., 2019; Chakrabarti et al., 2020). Whether APA is a part of the regulatory network in response to stresses or it is a disorder of RNA processing induced by stresses becomes an interesting question. Firstly, there are indeed examples to show that APA plays a role in plant stress responses. It was demonstrated in vivo that the transcripts of AtARK2 and a transcriptional regulator gene generated by APA play roles in salt stress and oxidative stress responses (Yu et al., 2019). Secondly, multiple polyadenylation factors have been reported to be associated with abiotic or biotic stress responses, including CPSF30, FIP1, FY, and CPSF100 (Liu et al., 2014; Lin et al., 2017; Tellez-Robledo et al., 2019; Yu et al., 2019), suggesting the potential role of APA mediated by polyadenylation factors. Besides, many APA switching events we identified in this study and previous studies are related to stress response genes. For example, many APA switching genes were found in rice samples of different tissues and developmental stages, and these genes have functions related to salt and drought stress responses (Fu et al., 2016). This indicates that APA not only regulates the developmental process of plants, but also regulates the adaptation process of plants to abiotic stresses. Furthermore, it is well studied that stresses incite the expression of many stress-related genes (Chen et al., 2015). Similarly, we herein observed a large group of stress-responsive poly(A) sites and APA events. That said APA under salt stress could provide extensive plasticity for the plants to adapt to stress conditions.

On the other hand, stresses may reduce the fraction of 3′ UTR poly(A) sites and lead to an increase of non-canonical poly(A) sites, as we observed in Arabidopsis when exposed to salt conditions. This is consistent with prior observations showing that the usage of poly(A) sites in CDS, intron and 5′ UTR regions were promoted by salt, drought, heat treatment, and hypoxia (de Lorenzo et al., 2017; Tellez-Robledo et al., 2019; Chakrabarti et al., 2020). Notably, the isoforms end in CDSs and introns were less stable and underrepresented in polysomes; conversely, transcripts generated by 5′ UTR poly(A) sites were as stable as canonical isoforms (de Lorenzo et al., 2017). Nevertheless, the re-directing of transcriptional output may represent a form of negative regulation under stresses. Some researchers believed that the stress-inducible remodeling of transcripts mediated by APA represents an important part of the regulatory network in plant stress responses (Chakrabarti et al., 2020).

Collectively, we believe that APA plays a functional role in the regulatory response to stresses. Although the contribution of genome-wide changes mediated by APA requires further exploration, they may need to be considered carefully on a case-by-case basis.




CONCLUSION

Eutrema has adapted to salty environments throughout its evolutionary history while Arabidopsis has not. In the present study, comparison of their poly(A) site usage (reflecting RNA processing) under salt stress revealed that their responses are distinct in that Eutrema are relatively stable while Arabidopsis shows significant changes in gene expression via APA. These results are suggestive that innate responses to environmental insults in plants relate to inherited ability. Such ability could be written into the genetic circuits for gene expression in a particular species. Further elucidation of these circuits would be of significant benefit to the genetic engineering of crops.
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Physiological studies have confirmed that export of Na+ to improve salt tolerance in plants is regulated by the combined activities of a complex transport system. In the Na+ transport system, the Na+/H+ antiporter salt overly sensitive 1 (SOS1) is the main protein that functions to excrete Na+ out of plant cells. In this paper, we review the structure and function of the Na+/H+ antiporter and the physiological process of Na+ transport in SOS signaling pathway, and discuss the regulation of SOS1 during phosphorylation activation by protein kinase and the balance mechanism of inhibiting SOS1 antiporter at molecular and protein levels. In addition, we carried out phylogenetic tree analysis of SOS1 proteins reported so far in plants, which implied the specificity of salt tolerance mechanism from model plants to higher crops under salt stress. Finally, the high complexity of the regulatory network of adaptation to salt tolerance, and the feasibility of coping strategies in the process of genetic improvement of salt tolerance quality of higher crops were reviewed.
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INTRODUCTION

Soil salinization (mainly NaCl in soil) is one of the main factors restricting global agricultural production, and it seriously threatens the sustainable development of global food production (Dinneny, 2014). If excessive Na+ in the soil is absorbed by plant roots, it can seriously damage various physiological metabolic processes, and inhibit plant growth. Compared with halophytes, glycophytes, including most plants and crops, are highly sensitive to salt stress, which further aggravates the harm of salt stress on agricultural production (Ismail and Horie, 2017). Due to the long-term evolutionary processes, higher plants have gradually developed a series of physiological and biochemical response and molecular regulation mechanisms to resist salt stress, in addition to evolving a variety of signal transduction pathways to quickly respond to high salt stress. Some key genes and proteins are involved in a series of regulatory pathways, including signal transduction factors and downstream metabolites (Munns and Tester, 2008; Kurusu et al., 2015; Zhu, 2016). These regulatory factors play key roles in controlling the absorption of salt ions, ion transport, and the growth and development of cells and tissues.

Generally, salt stress in plants is manifested as ionic stress caused by early osmotic stress and Na+ accumulation (Munns and Tester, 2008), which further induces secondary stress involving the accumulation of toxic compounds and disruption of nutrient balance. In particular, reactive oxygen species (ROS), such as hydroxyl free radicals, hydrogen peroxide, and superoxide anions will accumulate in plant cells in large quantities (Zhu et al., 2007; Li et al., 2015), seriously damaging the size of plant cell structures and molecular compounds, such as enzymes, DNA, and lipids (Golldack et al., 2014; Singhal et al., 2021). Since plants need to maintain water potential lower than that of the soil to ensure that the cells can absorb enough water to maintain growth, plants under salt stress usually reduce water loss or increase water absorption to alleviate damage caused by osmotic stress. At the same time, plants have evolved mechanisms to avoid high salt stress and maintain the concentration of Na+ in cells below the toxic level (Zhu, 2002; Munns and Tester, 2008). To respond to the harm caused by salt stress, plants can transport Na+ out of the cytosol through Na+ efflux by the plasma membrane Na+/H+ antiporter salt overly sensitive 1 (SOS1; Parida and Das, 2005; Roy et al., 2014) and Na+ compartmentalization by the tonoplast Na+/H+ antiporter Na+/H+ exchanger (NHX; Apse, 1999; Yokoi et al., 2002; Apse et al., 2003), increase intracellular osmotic adjustment substances (Munns and Tester, 2008; Munns and Gilliham, 2015) and restrict long-distance transportation of Na+ (Shi et al., 2002). Recently, the tonoplast NHX1 and NHX2 proteins were proved to function in K+ and pH homeostasis, other than in salt tolerance (Bassil et al., 2011; Barragan et al., 2012; van Zelm et al., 2020). So SOS1 protein excreting Na+ may be the most important determinant in improving plant salt tolerance.

Salt overly sensitive 1 is the only known plasma membrane Na+ efflux protein so far, and its role in controlling ion homeostasis has been identified through genetic, biochemical, and physiological analyses (Qiu et al., 2002; Shi et al., 2002; Quintero et al., 2011) in both monocots and dicots (Martínez-Atienza et al., 2007; Xu et al., 2008; Quintero et al., 2011). The SOS signaling transduction pathway, consisting of SOS1, Salt Overly Sensitive 2 (SOS2)/CIPK24 or CIPK8 and Salt Overly Sensitive 3 (SOS3) or calcineurin B-like protein 10 (CBL10)/SOS3-like calcium binding protein 8 (SCABP8), has been characterized in glycophytes, such as Arabidopsis (Quintero et al., 2011; Yin et al., 2020), poplar (Tang et al., 2010), rice (Martínez-Atienza et al., 2007), and halophytes such as Thellungiella salsuginea (Oh et al., 2009). Besides, SOS1 was regulated by radical-induced cell death regulator (RCD1; Katiyar-Agarwal et al., 2006) and phospholipase D (PLD) signaling pathway under salt stress (Yu et al., 2010). Therefore, the regulatory mechanism of Na+ efflux by SOS1 protein is more sophisticated than our understanding.

The function and application of single SOS1 protein or other SOS pathway components in response to salt tolerance have been investigated in many plant species. However, it is becoming increasingly difficult to significantly improve plant salt tolerance only relying on single gene. In this study, we reviewed the structure, function of SOS1 protein, especially its regulatory mechanism, and gave some suggestions for breeding salt tolerant crops in the future.



KINETICS AND ENERGETICS OF NA+ ABSORPTION AND DISCHARGE

When plants are exposed to an environment with high concentrations of NaCl, root tissues accumulate a higher concentration of Na+ within first 2 min, and 10 min later, Na+ is detected to flow out of the root tissues (Bose et al., 2015). This indicates that plants are rapidly able to sense high external concentrations of Na+ and trigger the downstream salt stress responses. Under conditions of high soil salinity, Na+ enters plant cells primarily through passive transportation due to the high concentration of external Na+. The electrophysiological characteristics of Na+ flowing into root epidermis and cortex cells and the characteristics of Na+ flowing into intact root cells indicate that Na+ inflow in plants is likely to be passively mediated through non-selective cation channels (NSCC; Tester and Davenport, 2003; Demidchik and Maathuis, 2007); however, this non-selective transport (including monovalent cations and divalent cations, such as Ca2+ and Mg2+) is actually beneficial to nutrient absorption by plants. Na+ enters the plant cell and crosses the endothelial layer, enters the central vascular cylinder (stele), loads from the pillar cells to the ducts and tracheids responsible for long-distance transport in the xylem, and is then transported to above-ground tissues via transpiration flow (Munns and Tester, 2008). The accumulation of Na+ in above-ground tissues is due to the Na+ transport process in different organs and cell types (Dinneny, 2014). In some plants, ion channels in the high-affinity K+ channel (HKT) family may be involved in the Na+ influx process, but in Arabidopsis, HKT is not the main contributor to Na+ entering the cell (Demidchik and Tester, 2002). In addition, many NSCCs are permeable to Ca2+. Therefore, during periods of salt stress, NSCC may be related to Ca2+ nutrition and signal transduction, in addition to the absorption of Na+ by plants. At the same time, Ca2+ shows a strong blocking effect on Na+ currents mediated by NSCC (Demidchik and Maathuis, 2007). This potentially explains, in part, why the salt tolerance of plants can be improved by external application of Ca2+.

Based on existing research, the specific transporter responsible for Na+ absorption has not been clearly identified, and the entry of Na+ into the cell through the cell membrane involves not only weak voltage-dependent NSCCs, but also HKTs, low-affinity K+ channels (AKT1), non-selective outward ion channels, and non-voltage-gated ion channels (VICs), among others (Blumwald et al., 2000; Tuteja, 2007). All of these ion channels and transporters can regulate the influx of Na+ and K+ from outside the cell into the cytoplasm, and their activity can affect cytoplasmic levels of Na+ and K+, ultimately affecting the degree of cell damage and the absorption of nutrients. Through evolution, higher plants have established a series of regulatory mechanisms to maintain a suitable dynamic ion balance under stress and regulate normal growth.

Exhausting excess cytoplasmic Na+ through the cytoplasmic membrane is one way plant cells can relieve Na+, representing an important method of toxicity excretion (Deinlein et al., 2014). Through genetic screening of mutants sensitive to salt stress, a Ca2+-dependent Na+ efflux mechanism has been discovered and characterized. This regulatory mechanism was named the Salt Overly Sensitive (SOS) pathway. SOS1 is the main transporter involved in this process (Zhu et al., 1998; Hasegawa et al., 2000; Jiang et al., 2013). From a thermodynamic point of view, SOS1-mediated Na+ excretion from the cytoplasm under salt stress is an active transport process. In plants, this energy-consuming Na+ transport process is accompanied by the activity of H+-ATPase, which forms a H+ electrochemical potential gradient across the plasma membrane to drive for Na+ excretion (Blumwald et al., 2000; Zhou et al., 2015; Fan et al., 2019). Under normal conditions, the plasma membrane H+-ATPase is in an inhibited state and requires minimal activity to maintain cellular pH at steady levels (Yang et al., 2019). At the same time, the proton pump can cause plasma membrane hyperpolarization, reduce the polarity of the plasma membrane under salt stress, inhibit Na+/K+ channel protein activity, and reduce K+ efflux. Studies have shown that the free unsaturated fatty acids in Arabidopsis root cells bind directly to the C-terminus of the plasma membrane H+-ATPase AHA2 under salt stress to activate plasma membrane H+-ATPase activity (Han et al., 2017). The fatty acids accumulated in plants are also necessary for the salt resistance process (Zhang et al., 2012).



PLASMA MEMBRANE NA+/H+ ANTIPORTER


Structure and Phylogeny

Na+/H+ antiporter is an inner membrane protein that can exchange Na+ and H+ through the cell membrane or cytoplasmic inner membrane. They are essential for transporting Na+, adjusting pH, and maintaining cytoplasmic homeostasis. They are targeted by human drugs and also represent the basis of salt tolerance in plants (Hunte et al., 2005). The plant Na+/H+ antiporter SOS1 and other NHX proteins belong to the Cation Proton Antiporter (CPA) protein family (Shi et al., 2000; Brett et al., 2005). They exhibit high homology to the Na+/H+ antiporters of bacteria and some eukaryotes. According to the SOS1 sequences of reported plant species, homology comparison and phylogenetic tree analysis were conducted (Figure 1). More distant homology with Arabidopsis, Oryza sativa is closely related to Triticum aestivum and belongs to the cluster 4, which also includes Solanum lycopersicum and Lycium ruthenicum, Zea mays, and Sorghum bicolor. The Glycine max, Fagopyrum esculenturn, and Chenopodium quinoa belong to the third cluster, but the homology among the three is not very closely. The Sesuvium portulacastrum and Mesembryanthemum crystallinum have 99% homology, and the G. max has high homology with Vigna radiate as expected. In group number 2, there are Populus euphratica, Gossypium hirsutum, Bruguiera gymnorhiza, Chrysanthemum crassum, etc., and the halophytes are distributed in each cluster. In short, the homology between each cluster indicates that the differentiation may occurred early during evolutionary, therefore the evolution of salt tolerance mechanism from model plants to higher plants is specific to some extent.
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FIGURE 1. Phylogenetic relationship analysis of salt overly sensitive 1 (SOS1) reported in plants. The amino acid sequences were aligned and the tree of sequence relationships generated using MEGA7. Classification was based on protein homology analysis, and groups of classifications were partitioned by different colors, each color representing the affinity of the plasma membrane Na+/H+ antiporter SOS1 between different species. The plant sequences are known by their GenBank accession numbers and the accession numbers of these plant sequences as follow: Glycine max (AFD64746), Karelinia caspia (QOS02253), Fagopyrum esculentum (AVZ44366), Lolium perenne (AAY42598), Arabidopsis thaliana (OAP11543), Nitraria tangutorum (AGW30210), Reaumuria trigyna (AGW30208), Bruguiera gymnorhiza (ADK91080), Physcomitrium patens (CAM96566), Solanum lycopersicum (NP_001234698), Trifolium repens (AWS33581), Bassia scoparia (BAX01505), Halogeton glomeratus (AMK51995), Chrysanthemum crassum (BAR88076), Artemisia japonica (ALH21662), Spinacia oleracea (CDL70805), Salicornia dolichostachya (CDL70804), Triticum aestivum (AIA08676), Aeluropus littoralis (AEV89922), Limonium gmelinii (ACF05808), Chenopodium quinoa (ABS72166), Gossypium hirsutum (AKN19929), Vitis vinifera (NP_001268140), Oryza sativa (ATU90113), Cucumis sativus (NP_001292661), Lycium ruthenicum (QBF58650), Brassica napus (ACA50526), Populus pruinosa (AQN76710), Betula platyphylla (ALV66191), Populus euphratica (AQN76692), Ricinus communis (APR62626), Helianthus tuberosus (AGI04331), Suaeda salsa (AHJ14584), Boechera stricta (AHB86984), Vigna radiata (AGR34307), Indosasa sinica (AGB06353), Sesuvium portulacastrum (AFX68848), Cochlearia hollandica (AFF57539), Aegilops tauschii (CAX83737), Mesembryanthemum crystallinum (ABN04858), Cymodocea nodosa (CAD20320), Salix suchowensis (KAG5240570), Kosteletzkya pentacarpos (AIS92905), Zea mays (QOI16623), Schrenkiella parvula (ADQ43186), Zygophyllum xanthoxylon (ACZ57357), Brachypodium sylvaticum (ACO87666), Phragmites australis (BAF41923), Populus trichocarpa (AVA17745), Puccinellia tenuiflora (ABO32636), and Sorghum bicolor (XP_002443674).


Structural results show that SOS1 is similar in structure to the Na+/H+ antiporter NhaA of Escherichia coli and NhaP1 from Methanogens. Both exist as dimers on the plasma membrane and consist of 12–13 transmembrane helices (Figure 2; Baumeister and Steven, 2000). The structure of the crystalline NhaA monomer is natural. Many helices do not change their conformation as pH changes. The monomer is the functional unit of NhaA, and the dimer plays a vital role in antiporter stability under extreme stress conditions. Na+/H+ antiporters are usually strictly regulated by pH, and their activation is caused by changes in pH. Studies have shown that subtle rearrangement of the two transmembrane helical structures in response to PH may be related to Na+ transport (Appel et al., 2009). In contrast to the structures of other ion transporters, NhaA exhibits a folding structure in the middle of the membrane that creates a delicately balanced electrostatic environment. This structure is likely to be a necessary condition for the binding and transport of Na+ and H+ ions (Hunte et al., 2005). Bioinformatics analysis based on secondary structure, globular prediction, and sequence conservation indicates that the carboxy-terminal part of the cytoplasmic portion of SOS1 is composed of three domains (Cole et al., 2008). The first one spans residues 526–740 and is almost identical to the cytoplasmic domain of AtNHX8, which is a homolog of the Arabidopsis Na+/H+ antiporter involved in lithium transport (An et al., 2007). The second domain is shown as a cyclic nucleotide binding domain (CNBD), and the third domain, which is connected to the second domain by a disordered region, is expected to include residue 998 through the C-terminus (Figure 2; Núñez-Ramírez et al., 2012). The carboxy-terminal cytoplasmic region of SOS1 forms two different regions with higher density thresholds. These domains will be rearranged and activated. Therefore, the regulatory region should be flexible and may be partially disordered. The difference between these transporters is mainly reflected in the modes of interaction at the dimerization interface (Goswami et al., 2011). The above studies provide a structural framework for the SOS1 protein, and molecular genetic studies have demonstrated that the cytoplasmic portion of SOS1 can be functionally divided into an activation region and an inhibitory region. With additional research, a model of SOS1 regulation has been proposed. The interaction between these two parts can allosterically regulate the activity of the Na+/H+ antiporter SOS1 (Quintero et al., 2011). In fact, because SOS1 connects spatially remote regulatory and functional domains, it serves the biological function of the neutral Na+/H+ antiporter (Shi et al., 2002). Transmission of information from the plasmin domain to the transmembrane domain (TMD) through the dimer structure of the antiporter provides a stable, large spherical docking platform that integrates signals from different pathways and regulates Na+ transport. The detailed mechanisms of such processes remain to be further studied or corroborated by higher resolution structural biology techniques.
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FIGURE 2. The model structure of SOS1 in salt stress. Based on an analysis of Arabidopsis, the assignment of the 12 transmembrane domains (TMDs; 1–440) was assumed evenly distributed. The region 742–925 is functional activation area and enclosed by the C-terminus (998 –1,146) in the absence of salt stress, and the folded region is the disordered non-conservative region from 925 to 997. The boundaries of these regions should not be considered as consistent for all species. The red mark at the end of C-terminus represents DSPS, a conservative phosphorylation site recognized by the calcineurin B-like protein (CBL)-CIPK protein kinase complexes. Other three serine conservative phosphorylation sites at the C-terminus are also highlighted in red color. Glycosyl inositol phosphorylceramide sphingolipids (GIPCs) function as a Na+ receptor and Ca2+ channel under salt stress. OSCA1 functions as a Ca2+ channel under osmotic stress. This is still a reference model that needs experimental verification.




Function

Although the molecular mechanism by which plants limit the rate of Na+ absorption under salt stress is still unclear, researchers have explored the mechanism by which plant cells rapidly expel Na+ in response to salt stress. In recent years, the SOS1 gene has been discovered in many plants, such as halophytes (Oh et al., 2009), O. sativa (Martínez-Atienza et al., 2007), T. aestivum (Xu et al., 2008), S. lycopersicum (Olias et al., 2009), Physcomitrium patens (Fraile-Escanciano et al., 2010), Chrysanthemum crassum (Song et al., 2012), and the woody plant Populus tomentosa (Tang et al., 2010), Spinacia oleracea (Zhao et al., 2021a), among others (Brindha et al., 2021; Figure 1). Among known SOS1 proteins in plants, the Arabidopsis thaliana SOS1 protein is the first plasma membrane protein to have been comprehensively characterized as a Na+/H+ antiporter from physiological, biochemical, and molecular perspectives (Wu et al., 1996; Quintero et al., 2011). Based on DNA sequence analysis of the Arabidopsis SOS1 gene, AtSOS1 encodes 1,146 amino acids, containing 23 exons and 22 introns. It is currently the longest known Na+/H+ antiporter. SOS1 is located on the plasma membrane and is a highly conserved part of the plant salt tolerance pathway. Under salt stress, expression of SOS1 is increased in rice and A. thaliana; transcript levels are increased in wheat plants exposed to high-salt environments (Shi et al., 2000; Martínez-Atienza et al., 2007; Xu et al., 2008); Thellungiella salsuginea, a halo-relative of A. thaliana, exhibits higher SOS1 mRNA levels than A. thaliana under salt stress (Oh et al., 2009), and Arabidopsis SOS1 knockout plants are highly sensitive to salt stress (Wu et al., 1996; Zhu et al., 1998). The above results indicate that SOS1 is a crucial protein involved in plant response to salt stress. Furthermore, expression of endogenous SOS1 or homologous SOS1 from other plants can rescue the salt-sensitive phenotype of sos1 Arabidopsis mutants (Shi et al., 2000; Martínez-Atienza et al., 2007). Under NaCl treatment, A. thaliana with SOS1 overexpression exhibited better growth ability than wild-type plants (Shi et al., 2003). The expression of wheat SOS1 promoted growth of transgenic tobacco (Nicotiana tabacum) under NaCl treatment (Zhou et al., 2016). These findings suggest that SOS1 plays an important role in maintaining cytoplasmic Na+ levels, enabling plants to become salt tolerant.

In addition, SOS1 is also involved in the long-distance transport of Na+ from roots to shoots, oxidative stress, and intracellular pH balance (Qiu et al., 2002; Shi et al., 2002; Katiyar-Agarwal et al., 2006; Oh et al., 2010; Quintero et al., 2011; Feki et al., 2014). The salt phenotype of the sos1 mutant is the most sensitive, indicating that SOS1 is located in the most downstream portion of the SOS pathway and is involved in regulating plant salt stress response (Halfter et al., 2000; Shi et al., 2000; Qiu et al., 2002; Lin et al., 2009; Yin et al., 2020). Biochemical analysis showed that SOS1 was mainly expressed in the epidermal cells of the root tip and the parenchyma cells at the xylem/symbiont boundary of roots, stems, and leaves. Under mild stress conditions (25 mM NaCl), the aerial portion of the sos1 mutant accumulated fewer sodium ions than the wild type, while under severe stress conditions (100 mM NaCl), the aerial portion of the sos1 mutant accumulated significantly more sodium ions than the wild type (Shi et al., 2002). These results indicate that SOS1 plays an important role in the long-distance transport of sodium ions.



Regulation


Na+ Induction and Calcium Transients

When faced with salt stress, plants first need to sense a salt stress signal, and then activate a signal transduction pathway to respond to the stress environment. In order to effectively cope with salt stress, plants have evolved components that sense osmotic stress and Na+ stress. Although both of these stresses can induce an increase in the concentration of free cytoplasmic calcium ions, plants respond to inchoate osmotic stress (rapid) and later poisonousness of Na+ (slow) in significantly different ways (Munns and Tester, 2008). Through analysis of the Arabidopsis transcriptome, it has been shown that both salt stress and osmotic stress can regulate expression of many stress response genes in plants. Among 932 upregulated genes and 367 downregulated genes induced by salt stress, 435 and 154 genes, respectively, overlapped with 1,118 upregulated and 364 downregulated by osmotic stress (Sewelam et al., 2014). Transcriptome analysis of bread wheat leaves also showed that salt stress activated the expression of other stress response genes in plants (Amirbakhtiar et al., 2021). These indicate that salt stress may be sensed by osmotic stress and Na+ receptors, triggering permeation and ion signal transduction. It has been reported that OSCA1 is a newly discovered osmotic receptor in plants. The osca1 mutant exhibits lower cytosolic Ca2+ as well as weak transpiration and root development in response to external osmotic stress than the wild type (Yuan et al., 2014). Therefore, OSCA1 was identified as a membrane protein that can form a highly osmotically regulated Ca2+ channel. Glucuronosyltransferase for glycosyl inositol phosphorylceramide sphingolipids (GIPCs) in plasma membrane can sense ionic stress signaling via binding with Na+ and gate Ca2+ influx channels under salt stress, such that Ca2+ concentration increases in cytosol, so DIPCs may act as a receptor of Na+ stress (Jiang et al., 2019). Another study found that AtANN4 can act as a new type of Ca2+ sensor that participates in the osmotic transporter (Ma et al., 2019). Heterologous expression of AtANN4 can promote Ca2+ influx and is regulated by SCABP8 and CIPK24. AtANN4 mediates the increase of cytosolic Ca2+ level under multiple pressures, indicating that AtANN4 may act as a Ca2+ permeable transporter or a cofactor for Ca2+ channels, but does not produce specific calcium signals (Liao et al., 2017). It can be inferred that AtANN4 may play a role in the early stages of plant salt stress by generating a calcium signal response mechanism.

Salt stress leads to an increase in the concentration of Ca2+ in plant cells. The calcium binding proteins SOS3 (Quan et al., 2007; Zhu, 2016) and SCaBP8/CBL10 can recognize and decode elevated Ca2+ signals (Liu and Zhu, 1998; Ishitani et al., 2000; Quan et al., 2007; Zhu, 2016), Ca2+-bound SOS3 and SCABP8 bind and activate the serine/threonine protein kinase SOS2 and recruit it to the plasma membrane (Halfter et al., 2000; Quintero et al., 2002; Quan et al., 2007; Lin et al., 2009). SOS2 activates activity of the plasma membrane Na+/H+ antiporter SOS1 through phosphorylation (Qiu et al., 2002; Lin et al., 2009). Every member of the SOS signaling pathway plays an important role in resisting salt stress. Studies performed in a heterologous yeast expression system demonstrate that expression of SOS1 can endow salt-sensitive yeast with a certain salt tolerance. When SOS signal pathway members SOS2 and SOS3/SCaBP8 are expressed simultaneously, the tolerance of yeast to salt stress is significantly improved (Quintero et al., 2002; Quan et al., 2007), indicating that members of the SOS signaling pathway are necessary for the process of salt stress response. As calcium signal sensing and decoding proteins, SOS3 and SCaBP8 are essential for activation of the SOS signal pathway. The SOS3 gene deletion mutant has an obvious salt-sensitive phenotype, and the addition of external Ca2+ can restore the salt-sensitive phenotype to a certain extent (Liu and Zhu, 1998). The amino-terminus of SOS3 protein contains a sequence characteristic of myristoylation. Genetic phenotype analysis revealed that SOS3 with the myristoylation modification can restore the salt-sensitive phenotype of sos3, while non-myristoylated SOS3 cannot restore this salt-sensitive phenotype. Subsequent research found that myristoylation of the amino terminus of SOS3 can help SOS3 efficiently localize to the plasma membrane (Ishitani et al., 2000). SCaBP8 and SOS3 have similar functions, and both can interact with SOS2 and recruit it to the plasma membrane to perform functions. Both have a certain degree of functional redundancy in addition to their own independent functions. Activity of SCaBP8 is essential for vegetative growth under salt stress; it can act independently of the SOS pathway and can regulate the reproductive growth of plants under salt stress (Monihan et al., 2016). Salt stress can induce increased expression of SCaBP8, but the expression level of SOS3 is not obviously changed, potentially due to differences in expression position between the two genes. Genetic phenotype analysis shows that the salt-sensitive phenotype of sos3 is mainly apparent in the roots, while the salt-sensitive phenotype of scabp8 manifests as an obvious inhibition of shoot growth (Quan et al., 2007; Zhu, 2016).



Auto-Inhibition and Phosphorylation Regulation

In response to adversity, plants typically convert stress signals into specific protein interactions that can activate the biological functions of a series of effecter proteins. The regulation process is complex and precise, and regulated proteins or kinases exhibit a corresponding inhibitory state to maintain cell homeostasis. Protein phosphorylation is the main way by which activity of the plasma membrane Na+/H+ antiporter SOS1 is regulated. Molecular structure analysis determined that the downstream region of the amino-terminal TMD of SOS1 contains a functional domain and the carboxyl end of the self-inhibitory domain, and the portion is connected by a connecting region. The self-inhibitory domain and the connecting domain are essential for the regulation of SOS1 activity (Quintero et al., 2002). Under normal conditions in Arabidopsis, both SOS1 and SOS2 are in a state of self-inhibition. The SOS1 self-inhibitory region inhibits its own activity by interacting with the functional domains, maintaining a low level of SOS1 activity (Schachtman and Liu, 1999; Shi et al., 2000; Quintero et al., 2002; Núñez-Ramírez et al., 2012). When a salt stress signal is sensed, the SOS2 protein kinase and its complex proteins bind to conserved serine phosphorylation sites at positions 1,136 and 1,138 of the SOS1 self-inhibitory domain, releasing the inhibition of the SOS1 self-inhibitory domain on functional domain activity. This process releases self-inhibitory effects and activates SOS1 (Quintero et al., 2011; Jarvis et al., 2014). Mutation of the serine site phosphorylated by SOS2 in the SOS1 sequence to an alanine residue, which mimics the non-phosphorylation state of SOS1, demonstrated that mutations in the conservative phosphorylation site Ser1136/Ser1138 also reduce tolerance to salt stress (Quintero et al., 2011; Yin et al., 2020). The mutation of serine residues at positions 1,136 and 1,138 into aspartic acid residues, mimicking phosphorylation, can enhance binding to SOS2 (Quintero et al., 2002). Upon deletion of the carboxyl terminus downstream of the functional domain of SOS1, the Na+/H+ antiporter activity of SOS1 is constitutively activated (Guo et al., 2001; Gong et al., 2002; Zhou et al., 2016). In addition, there may also be an important serine residue in the SOS1 linking domain that plays a key role in activity modulation (Figure 2). The absence of the SOS1 linking domain will affect regulation by protein kinases, leading to the partial loss of SOS1 activity (Quintero et al., 2002; Zhou et al., 2016). SOS2 also exists in a self-inhibitory form under normal conditions. When salt stress is sensed, the interaction between FISL motif and activation loop is relieved, and the kinase activity of SOS2 is released. Analysis of the structure of the SOS2 protein revealed that the FISL domain is found in the region where SOS3 binds to SOS2, and this region is also very conserved (Guo et al., 2001; Chaves-Sanjuan et al., 2014).



Regulation of Salt Overly Sensitive Pathway

During the process of individual signal transduction, phosphatase and protein kinase are typically required to repeatedly phosphorylate the target protein in order to transmit information (Liu et al., 2000), so the phosphorylated protein plays a core role in stress signal transduction in plants. Similar to the changes in protein conformation and charge caused by binding of Ca2+, phosphorylation provides a negative charge to the protein, while simultaneously changing the protein conformation and interactions with downstream target proteins (Hunter, 1995; Soderling, 1999; Clapham, 2007). A Ca2+ signal is converted into phosphorylation according to a step-by-step regulation response (Harmon et al., 2000; Batistic and Kudla, 2004). Salt stress causes changes in intracellular Ca2+ concentration. CBLs act as Ca2+ receptors, CIPKs act as Ca2+ effectors, and CBLs target proteins. Protein kinases form a precise regulatory network under the control of Ca2+. The SOS pathway is one of the important targets of CBL/CIPK regulation (Shi et al., 2000; Qiu et al., 2002; Ma et al., 2020; Tang et al., 2020). Other target proteins regulated by CBLs/CIPKs on the plasma membrane include the nitrate ion transporter NRT1.1 (CHL1; Ho et al., 2009), potassium transporter 1 (AKT1; Xu et al., 2006; Lee et al., 2007; Cheong et al., 2010), and potassium transporter 2 (AKT2; Held et al., 2011). The SOS3-SOS2 complex can interact with the low-affinity Na+ transporter HKT1 and affect transport of Na+ into the cell. Meanwhile, SOS2 can also interact with vacuolar Na+/H+ transporters (Na+/H+ exchangers, NHXs) to affect the balance of Na+ in plant cells. However, SOS2 does not necessarily have to be activated by SOS3 to form a CBL-CIPK complex and regulate the salt tolerance of plant cells. In other transport systems, such as tonoplast vesicles, SOS2 itself has kinase activity. In the SOS3 non-mutated sos2 Arabidopsis mutant, Na+/H+ transport activity was significantly lower than that of the wild type, and the Na+/H+ transport activity of the sos2 Arabidopsis restored line was reactivated under salt stress (Qiu et al., 2004), demonstrating that SOS2 itself is capable of activating the Na+/H+ transporter NHX and compartmentalizing Na+ into the vacuole. SOS2 serves as an intermediate hub in the SOS signaling pathway. The results of biochemical experiments showed that kinase activity was activated by NaCl induction, but treatment with KCl or mannitol had no significant effect, indirectly suggesting certain specificity in the regulation of SOS1 activity under salt stress (Lin et al., 2009). At the same time, NHX is driven by H+-ATPase, and its activity is also directly regulated by SOS2. In addition, the H+/Ca2+ antiporter CAX also serves as a target protein for SOS2 and does not depend on SOS3, supporting maintained balance of intracellular Ca2+.



Negative Regulatory Mechanism of SOS Signaling Pathway

Under normal conditions, the 14-3-3 and GIGANTEA (GI) proteins interact with SOS2 to inhibit their kinase activity and inactive the SOS pathway (Kim et al., 2013; Zhou et al., 2014), and their overexpressing plants therefore exhibit a salt-sensitive phenotype (Zhou et al., 2014). Activity of the plasma membrane H+-ATPase is negatively affected by SOS3-like calcium-binding protein 1 (SCaBP1)/calcineurin B-like protein 2 (CBL2) and SOS2-like protein kinase 5 (PKS5)/SOS2-like protein kinase 24 (PKS24) regulation. Recent studies have reported that CBL10/SCaBP8 has a similar inhibitory effect on activity of the plasma membrane H+-ATPase (Xie et al., 2021). ABA-INSENSITIVE2 (ABI2), a member of the protein phosphatase 2C family, interacts with SOS2 and has the potential to inhibit SOS2 protein kinase activity (Ohta et al., 2003). When the salt stress signal is sensed, both 14-3-3 and GI are degraded by the 26S proteasome pathway, and SOS2 kinase activity is rapidly restored (Kim et al., 2013; Tan et al., 2016). At the same time, the heat shock protein J3 inhibits the protein kinase activity of SCaBP1/PKS5 by binding to PKS5, releasing the plasma membrane H+-ATPase (Fuglsang et al., 2007; Yang et al., 2010), which provides a proton potential energy gradient for SOS1’s antiport function. In addition, SCaBP8 can directly interact with the C-terminus of the low-affinity K+ channel AKT1 to inhibit K+ transport into the cell (Ren et al., 2013). Under salt stress, SOS2 mediates the separation of SCaBP8 from AKT1 through phosphorylation, relieves the inhibitory effect of K+ uptake by plants (Lin et al., 2009; Du et al., 2011), and stabilizes the SOS2-SCaBP8 protein complex in the plasma membrane. As a result, SOS2 activates protein activity of AKT1 and SOS1 through phosphorylation regulation with SCaBP8, thereby regulating the dynamic cytoplasmic balance of Na+/K+ and improving plant salt tolerance.





CROSSTALK IN SIGNALING PATHWAYS

The excretion of Na+ in aerial regions is the preferred strategy by which many glycophytes obtain resistance to high-salt environments (Hauser and Horie, 2010). When the SOS signal pathway is activated, the Na+/H+ antiport activity of SOS1 is enhanced, and accumulated Na+ is transported out of the cell. At the same time, the Na+/H+ antiporter NHX1, found on the vacuole or vesicle membrane, compartmentalizes Na+ to the vacuole or vesicles to reduce accumulation of cytosolic Na+. Plants accelerate this endocytosis by inducing the accumulation of cytoplasmic vesicles and reducing fusion of the vacuole membrane, which can be caused by increasing cytosolic salt and which represents an excessively sensitive mechanism by which the prevalence of the Na+/H+ antiporter SOS1 adapts to salt stress (Hamaji et al., 2009; Zhao et al., 2021b). In salt-acclimated tobacco (Nicotiana tabacum), vacuolar Na+ compartmentalization may be mediated by vesicular transport (Garma et al., 2015). The vesicle transport regulator AtRab7 (AtRabG3e) participates in the regulation of vesicle transport in A. thaliana and accelerates the endocytosis of protoplasts, roots, and leaves. Therefore, transgenic plants accumulate vacuolar Na+ and exhibit enhanced salt tolerance (Mazel et al., 2004). Arabidopsis vesicle-associated membrane protein 711C (VAMP711C) is involved in the docking of vacuolar vesicles under salt stress (Silverstone et al., 2007). Inhibiting the expression of VAMP711C improves salt tolerance (Leshem et al., 2006). PtdIns and its phosphorylated derivatives are involved in intracellular membrane transport and endocytosis (Dong et al., 2011), and the modified protein At5PTase9 is involved in regulating vesicle transport in response to salt stress (Golani et al., 2013).

Salt stress causes a rapid increase in the concentration of free Ca2+ in the plant cytoplasm, activating multiple signal pathways to regulate this dynamic balance of ions (Ma et al., 2020). HKT1 is considered to be one of the key factors involved in plant salinity tolerance in response to salt stress (Platten et al., 2006). Tissue-specific expression of the HKT1 gene, including specific expression of HKT1 in the pericylindrical sheath or microtubule bundle, can enhance plant salt tolerance on the whole plant level (Moller et al., 2009). Mutation of HKT1 in the background of salt-sensitive mutants sos2 and sos3 can partially restore the salt-sensitive phenotype, indicating that HKT1 may work with the SOS pathway to regulate intracellular Na+/K+ homeostasis (Rus et al., 2001, 2004). Studies have shown that HKT1 likely unloads Na+ from the root to the xylem cytosol of above-ground tissues (Rus et al., 2004; Davoaport et al., 2007), reducing accumulation of Na+ in above-ground plant tissues (Ren et al., 2005; Sunarpi et al., 2005; Horie et al., 2009; Moller et al., 2009), maintaining the balance of K+/Na+, and alleviating the blockage of K+ absorption caused by excessive intracellular Na+ concentration, ultimately reducing cell damage and growth inhibition (Niu et al., 1995; Tester and Davenport, 2003). In addition, studies have found that mitogen-activated protein kinase (MAPK6/MPK6) can release its activity through phosphorylation of SOS1. This modification process is dependent on the salt stress response mediated by phosphatidic acid (PA; Yu et al., 2010).

In addition, SOS1 responds to salt stress and oxidative stress by interacting with the regulator of oxidative stress response RCD1. It has been found that RCD1 likely exhibits two distinct functions related to salt tolerance, consistent with changes in its subcellular localization pattern (Katiyar-Agarwal et al., 2006). Under normal conditions, the RCD1 protein exists in a reduced mode in which is localized in the nucleus, interacting with transcription factors such as STO and DREB2A, independent of SOS1 (Belles-Boix et al., 2000). Under conditions of salt stress or oxidative stress, the subcellular localization of RCD1 is altered. Some genes related to oxidative stress tolerance were found to be regulated by both RCD1 and SOS1, and RCD1 and SOS1 mutants exhibit additive effects on the salt-tolerant phenotype (Mou et al., 2003; Foyer and Noctor, 2005). Although the regulatory process of RCD1-SOS1 interaction is not fully understood, another function of RCD1, performed near the cytoplasm and at the nuclear periphery, is closely related to the SOS1 interaction. Transport of RCD1 across plasma membrane, mediated by the end of the Na+/H+ antiporter cytoplasmic domain, likely affects transduction of oxidative stress signaling (Katiyar-Agarwal et al., 2006). The expression of genes involved in scavenging ROS is regulated by RCD1 and SOS1. Altered expression of ENH1 and SOD genes in rcd1 and sos1 mutants may, at least in part, explain the mutants’ enhanced tolerance to MV and enhanced sensitivity to H2O2 (Katiyar-Agarwal et al., 2006). Intracellular oxidative conditions may lead to changes in the formation of intermolecular disulfide bonds or the phosphorylation state of RCD1, enabling export of the RCD1 protein to the cytoplasm or preventing entry of new RCD1 proteins into the nucleus such that RCD1 is allowed to exist not only in the nucleus, but also in the cytoplasm. These studies inform the biochemical mechanisms of SOS1 and RCD1 in oxidative stress tolerance and provide a new reference for the interplay between ion homeostasis and oxidative stress tolerance pathways during plant salt tolerance.

At present, the signal receptor of most upstream of the SOS signal pathway remains uncertain. By screening the salt-stressed phenotypes of receptor-like kinase mutants, the salt-sensitive mutant gso1 was identified. GSO1 regulates the SOS pathway mediated by SOS2, which is different from the SOS pathway and may be a far upstream regulator in response to salt stress (Chen, 2018). After plants quickly perceive changes in the external environment, they will produce secondary messengers, such as Ca2+, inositol phosphate, ROS, and plant hormones in the cytoplasm, and salt stress signal are further decoded and amplified in a stepwise fashion (Xiong et al., 2002; Xiong and Zhu, 2002; Zhu, 2016). This signal cascade involves perception and binding of Ca2+ by calmodulin, protein phosphorylation and dephosphorylation, and phospholipid metabolism (Hashimoto and Kudla, 2011; Chele et al., 2021). Furthermore, the final targets of these cascades may be specific transcription factors that further activate the expression of genes related to salt stress. Relevant studies have shown that SOS2 can phosphorylate ethylene-insensitive 3 (EIN3) to enhance expression of its target genes, indicating that SOS2 may be linked to ethylene signaling and response to salt stress (Quan et al., 2017). The SOS pathway is also regulated by ROS signaling (Zhou et al., 2012). Firstly, the stability of SOS1 mRNA is regulated by ROS stress (Tripathy and Oelmuller, 2012). In addition, SOS2 can interact with CAT2 (catalase 2) and CAT3, suggesting that SOS2 may be a crucial link between the ROS signaling pathway and response to salt stress (Verslues et al., 2007).



CONCLUDING REMARKS

The SOS pathway is ubiquitous in higher plants. Related research reports have compared salt tolerance-related genes in the dicot model plant Arabidopsis, the monocot model crop O. sativa and wheat (Pardo et al., 2006; Mullan et al., 2007), including genes that control the entry (HKT1) and exit (SOS1) of Na+ and the sequestration of Na+ in vacuoles (NHX1, NHX5, AVP1, and AVP2), and found that Arabidopsis contains genes homologous to NHX1, NHX5, and SOS1 in O. sativa and wheat. Except for the amino and carboxyl termini, most exons are conserved. However, compared with Arabidopsis, the NHX1 and SOS1 genes of O. sativa and wheat contain extra exons, indicating that the gene sequence of the regulatory region has undergone rearrangement during plant evolution. Studies on the SOS pathway in O. sativa and Arabidopsis have shown that the regulatory proteins making up the SOS pathway are functionally complementary in these two distant plants. In addition to the interaction of OsCBL4 with OsCIPK24 to regulate the Na+/H+ exchange activity of OsSOS1, OsSOS1 can be regulated by the AtSOS2 protein kinase alone, while Arabidopsis SOS1 cannot be activated by AtSOS2 alone (Martínez-Atienza et al., 2007). Current molecular breeding programs often combine different genes and mutant functional genes that regulate plant salt tolerance, leveraging genetic variation in known salt tolerant mechanisms to improve crop yield (Zhao et al., 2006; Liu et al., 2010; Wu et al., 2015). Based on current broad consensus on the theory of salt tolerance, the CBL10/SOS3-SOS2/CIPK8-SOS1 signaling pathway is the basis for salt tolerance in plants (Quan et al., 2007; Quintero et al., 2011; Yin et al., 2020). This salt-tolerance pathway system was reconstructed in salt-sensitive yeast cells by expressing exogenous SOS pathway regulatory genes. The results showed that transgenic yeasts expressing AtSOS1-Δ998 or SOS2T168D/Δ308 exhibited salt-tolerance advantages (Quintero et al., 2011). Wheat TaSOS1-Δ974 and Arabidopsis AtSOS-Δ998 not only performed similarly in enhancing salt tolerance in transgenic yeast cells, but also endowed transgenic plants with obvious salt tolerance (Feki et al., 2014; Zhou et al., 2016). Genetic studies using model plant overexpression lines and knockout mutants have shown that mutations in CBL10, SOS3, SOS2, or SOS1 render Arabidopsis sensitive to salt stress (Wu et al., 1996; Zhu et al., 1998; Quan et al., 2007). Therefore, effective means of genetic engineering can be emphasized to express hyperactive mutant gene, such as AtSOS1-Δ998, AtSOS2T168D/Δ308, and TaSOS1-Δ974 (Feki et al., 2014; Zhou et al., 2016), or co-express the SOS pathway genes to aggregate crop varieties with salinity tolerance (Ma et al., 2014; Zhou et al., 2015; Nutan et al., 2018; Cheng et al., 2019; Fan et al., 2019).

With the deepening of research on the SOS signaling pathway, the Na+/H+ antiport activity of SOS1 is no longer considered to be single-line signaling pathway, but rather a network of signaling elements, allowing the participation of multiple effecter proteins and regulation of multiple elements in parallel (Ji et al., 2013; Zhao et al., 2020). Therefore, the final output of SOS signaling is likely to be the cumulative effect of multi-dimensional and multi-pathway regulation. The regulatory flexibility of this signaling network is high, allowing plants to respond to specific conditions at the cell, tissue, and organ levels and during different developmental stages, therefore shows a different degree of complexity. However, flexible signaling must involve physical protein molecules and, because SOS1 function is a prerequisite for salt tolerance, these new components must be linked to SOS1 in some way, In the process of studying regulation of the plant stress network, plants are often unexpectedly found to have acquired a certain salt tolerance through deletion of certain genes, potentially exceeding the expected tolerance of the SOS1 overexpression phenotype in terms of salt capacity improvement. Through the continuous in-depth study of the SOS signaling pathway in specific species, we can more comprehensively understand the role of SOS1 in the regulatory network to avoid signaling pathway crosstalk. In systematic studies, these findings are expected to initiate new exploration and understanding in salt stress research, in addition to providing additional references for improving crop tolerance.
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Secondary metabolites, such as phenolic compounds, play an important role in alleviating salinity-induced negative effects in plants. The present study focused on seed priming and foliar application of a potent phenolic compound, coumarin, to induce salinity tolerance in Sorghum bicolor var. SS-77. Based on pilot experiment, 100 mg L−1 concentration of coumarin was applied to mitigate the negative effects of salinity on Sorghum, grown at 0, 100, and 200 mM NaCl under netted greenhouse conditions. Coumarin was applied to each salinity treatment in four different ways (i) non-primed control (NP), (ii) seed priming (COP), (iii) foliar application (COF), and (iv) a combination of seed priming and foliar application (COPF). Salinity stress significantly reduced the plant growth, biochemical attributes, and photosynthetic efficiency of Sorghum, whereas coumarin treatments (COP, COF, and COPF) showed a significant increase (P< 0.01) in above-mentioned parameters at all salinities. Among all, the combined treatment (COPF) showed maximum increase in growth, biochemicals, photosynthetic pigments, antioxidant enzymes, and photosynthetic efficiency parameters. Therefore, it is suggested that a combination of seed priming and foliar spray of 10 mg L−1 coumarin is more suitable than their individual applications. It is an environment friendly and economically feasible approach that will be used to improve salinity tolerance of Sorghum and helpful to get considerable biomass from saline degraded lands to fulfill food, fodder, and energy demands of the ever-growing population.

Keywords: seed priming, foliar application, growth regulation, oxidative stress, chlorophyll fluorescence


INTRODUCTION

Sorghum bicolor is a moderately salt tolerant, multipurpose C4 plant, widely cultivated in arid and semi-arid areas for food, fodder, and biofuel purposes (Hassan et al., 2019). It is a fifth most important food crop, which covers approximately 46 million hectares of land in more than 100 countries with an average annual production of 60 million tons (Iqbal et al., 2010; Appiah-Nkansah et al., 2019). Sorghum has a potential to grow under stress conditions like salinity and drought; however, it requires detailed information at morphological, physiological, and biochemical level (Sun et al., 2012). Salinity stress is one of the major abiotic constraints that threaten plant growth, development, and productivity. Salinization is escalating with an alarming pace, which already affected about 20% of agriculture land around the globe resulting in almost 12 billion USD losses annually (Zulfiqar et al., 2021). It is estimated that approximately 50% arable land will be lost by salinization till 2050 (Ahanger et al., 2017; Machado and Serralheiro, 2017). Most crops are salt sensitive (Ruiz-Lozano et al., 2012). Salinity stress impairs crop growth mainly due to hyper-accumulation of toxic ions (Na+ and Cl−) resulting specific ion toxicity, osmotic stress, and oxidative damages, which in turn leading to nutritional, hormonal, and enzymatic imbalances. Additionally, salinity stress reduced photosynthetic performance by altering enzyme activities, destroying photosynthetic pigments, reducing leaf area, and inhibiting photosystem efficiency (Hussain et al., 2020a). Higher Na+ accumulation antagonizes the K+ uptake and causes ionic and metabolic imbalances and triggers oxidative stress by overproduction of reactive oxygen species (ROS) responsible to damage various cellular components such as plasma membranes, proteins, lipids, and nucleic acids (Alamri et al., 2020; Zhang et al., 2020).

In contrast, salinity-tolerant plants display various responses including osmoregulation, ion homeostasis, mineral balance, protection of photosynthetic apparatus, production of secondary metabolites, and activation of antioxidant defense system (El-Esawi et al., 2020; Afsar et al., 2021).

Various approaches have been adopted to mitigate the salinity-induced damages in crop plants, in which exogenous applications through seed priming and foliar spray of phytohormones, osmo-protectants, osmolytes, and antioxidants are considered cost-effective and eco-friendly (Al-Huqail et al., 2020; Azeem et al., 2020). Exogenous application of these compounds such as salicylic acid (Azeem et al., 2019; Ahmad et al., 2020), ascorbic acid, putrescine (Seleem et al., 2021), polyamines (Sagor et al., 2021), proline (Ghafoor et al., 2019), glycine betaine (Hamani et al., 2021), melatonin (Ali et al., 2021), strigolactone (Zulfiqar et al., 2021), and coumarin (Sultana et al., 2020; Parvin et al., 2021) have found effective in improving plants salinity tolerance and biomass production.

Phenolic compounds play important roles during stressful conditions. Phenolic acids, flavonoids, tannins, phenylpropanoids, coumarin, benzoic acid derivatives, lignin, and lignin precursors help in stress resistance by involving in growth and developmental processes of plants (Lattanzio, 2013). Various phenolic compounds including coumarin, ferulic acid, and allagic acid have been reported to increase stress tolerance (Singh et al., 2017). Coumarin (2H-chromen-2-one; COU) is a hydroxycinnamic acid and amongst the common phenolic compounds in plants. It works as a free radical scavenger, membrane stabilizer, and inhibitor of lipid peroxidation that promote plant growth and development (Siwinska et al., 2018). Strong antioxidant, antimicrobial, and cytotoxic properties of this compound have been reported (Saleh et al., 2015). Studies indicated that exogenous application of COU enhanced the antioxidant performance, levels of phenolic compounds, activities of major metabolic enzymes, and ions homeostasis of different crop plants under stressful conditions (Parvin et al., 2020). In our pervious study, we reported that priming of Sorghum seeds with 50 and 100 mg L−1 COU effectively mitigate the negative effects of salinity by improving antioxidant enzyme activities at seed germination and early seedling establishment phases (Sultana et al., 2020). Based on the previous findings, present study focused on different modes of coumarin application including (1) seed priming, (2) foliar spray, and (3) a combination of seed priming and foliar spray to analyze the most effective mode of treatment to alleviate the negative effects of salinity on Sorghum. The COU-mediated stimulation in physio-biochemical, antioxidant, and photosynthetic responses as well as their relationship with overall plant growth performance were also assessed.



MATERIALS AND METHODS


Experimental Setup

In our previous experiment, we used 50 and 100 mg L−1 COU for seed priming of Sorghum bicolor; however, the 100 mg L−1 COU showed promising results (Sultana et al., 2020), hence selected for this study. Ten seeds of Sorghum were sown in each plastic pot (14.5 cm diameter and 12 cm height) containing 2 kg of acid-washed quartz sand and half-strength Hoagland’s nutrient solution was provided through sub-irrigation. After the two-leaf stage (15th day of emergence), seedlings were thinned to three seedlings per pot of equal size and vigor. After thinning, plants were treated with 0, 100, and 200 mM NaCl solutions in a netted greenhouse under ambient conditions high temperature (34–38°C), low temperature (24–28°C), RH at 12 noon (55–60%), photoperiod (13–13.5 h), and PPFD at 12 noon (1,400–1,600 μmol m−2 s−1). To avoid the osmotic shock, NaCl concentration was increased gradually (50 mM NaCl per day) until the final concentration reached. The COU application in each salinity treatment was applied in four different ways, i.e., (1) non-primed control (NP), (2) seed priming (COP), (3) foliar spray (COF), and (4) a combination of seed priming + foliar spray (COPF) with six replicates each. The COP and COPF seeds were primed with 100 mg L−1 coumarin, whereas the NP and COF treatments remained unprimed. COF and COPF were sprayed with 100 mg L−1 coumarin three times during the experiment. First foliar spray was done at 20th day of seedling emergence and rests were done after 1-week interval of first spray. After 40 days of growth, plants were harvested and growth and biochemical parameters were measured.



Estimation of Photosynthetic Pigments

Fresh sample (0.25 g) of Sorghum leaves was ground with liquid nitrogen, homogenized in 5 ml of 80% acetone and centrifuged at least three times at 3,000 rpm for 10 min each. Supernatant then separated and absorbance was measured at 645, 663, and 480 nm to calculate the chlorophyll a, chlorophyll b, total chlorophylls, and carotenoids (Kirk and Allen, 1965).

Total anthocyanin content was estimated using fresh leaves (0.25 g) from each treatment, homogenized with 5 ml of 0.1 N methanol-HCl reagents, and centrifuged at 4,000 rpm for 10 min (Ganjewala et al., 2010). Supernatant was then collected and absorbance was recorded at 537 and 657 nm.



Estimation of Chlorophyll Fluorescence

A pulse-modulated chlorophyll fluorescence meter (PAM 2500, Walz, Germany) was used to evaluate the photosynthetic performance of plants. Healthy fully expanded leaves from the third and fourth nodes were selected and adapted in dark for 30 min before measuring the lower range of the fluorescence (Fo; Baker and Rosenqvist, 2004) in which light of a specific wavelength and specific intensity of photons (<0.1 μmol photon m−2 s−1) was measured. Afterward, leaves were subjected to 10,000 photons (μmol m−2 s−1) light for 0.8 s to analyze the maximum fluorescence (Fm; Kitajima and Butler, 1975). Furthermore, the leaves were continuously subjected to the light to calculate the steady state (Fs) and maximum florescence (Fm). The effective photochemical quantum yield of PSII as Fm′-Fs/Fm′ (Genty et al., 1989), quantum yield of regulated non-photochemical energy loss in PSII [Y (NPQ) = (Fs/Fm′) – (Fs/Fm)], and quantum yield of non-regulated non-photochemical energy loss in PSII [Y(NO) = Fs/Fm] were calculated (Kramer et al., 2004). Non-photochemical quenching of fluorescence (NPQ), which is proportional to the rate of constant heat dissipation (Bilger and Björkman, 1990), was calculated (as NPQ = Fm/Fm′−1). Coefficient of photochemical quenching (qP) was calculated as (Fm′-Fs)/(Fm′-Fo′; Schreiber et al., 1986). PSII is used to calculate the linear electron transport rate (ETR; Krall and Edwards, 1992), ETR = PSII * PPFD * 0.5 * 0.84, where the photosynthetic photon flux density (PPFD) is incident on the leaf, 0.5 is a factor that adopts an equal distribution of energy between the two photosystems and 0.84 is assumed to be the leaf absorbance.



Estimation of Total Phenolic Content and Total Soluble Carbohydrates

Total phenolic content (TPC) was measured in dry plant material (Singleton and Rossi, 1965). Plant dry material (0.1 g) was homogenized in 10 ml of 80% methanol and centrifuged at 3,000 rpm for 10 min. Extracted supernatant was diluted and 100 μl of the extract was mixed with 500 μl of 0.2 N Folin–Ciocalteu reagents and incubated for 5 min. Saturated sodium carbonate (75 g L−1, 400 μl) solution was added, and the mixture was further incubated for 1.5 h at room temperature. Absorbance was recorded at 765 nm against the standard curve of gallic acid. Total soluble carbohydrates were estimated according to the method of Yemm and Willis (1954). Water extract (10 ml) of dried leaves (0.1 g) was boiled for 1 h. The extract was cooled and filtered and 1 ml hot water extract mixed with 5 ml of anthrone reagent, boiled in a water bath for 30 min. After cooling, the absorbance was measured at 620 nm against the standard curve of glucose.



Estimation of H2O2 and Malondialdehyde Contents

Fresh sample (0.5 g) of Sorghum leaves was ground in liquid nitrogen, homogenized in 3% ice-cold trichloro-acetic acid (TCA), and centrifuged at 15,000 rpm for 15 min at 4°C (Velikova et al., 2000). Supernatant (hereafter TCA extract) was stored at −20°C. For estimation of H2O2, 0.5 ml TCA extract was mixed with 0.5 ml potassium phosphate buffer (pH 7.0, 0.5 ml) and 1 ml potassium iodide (1 M) and incubated in dark. After 10 min, the absorbance was recorded at 390 nm.

For estimation of MDA, 0.5 ml TCA extract was mixed with 0.5 ml 20% (w/v) trichloro-acetic acid containing 2-thiobarbituric acid (0.5%) in a capped glass test tube and placed in a water bath at 95°C for 30 min (Heath and Packer, 1968). The reaction was terminated by placing the sample in ice bath and further centrifuged at 12,000 × g for 10 min at 4°C. Absorbance was recorded at 532 nm, 600 nm, and 450 nm.



Estimation of Proteins and Antioxidant Enzyme Activities

Fresh samples (0.5 g) of Sorghum leaves were ground in mortar and pestle using liquid nitrogen and homogenized in 5 ml of potassium phosphate buffer (100 mM, pH 7.5). The solutions were centrifuged at 20,000 rpm at 4°C for 20 min. The supernatants were carefully transferred into Eppendorf tubes and stored at −40°C.

Total soluble proteins were estimated according to the method described by Bradford (1976), against the standard curve of bovine serum albumin.

Catalase (CAT) activity (extinction coefficient = 39.4 M−1 cm−1) was measured according to Aebi (1984). Reaction mixture (3 ml) containing potassium phosphate buffer (50 mM, pH = 7.0), 25 mM H2O2 and 100 μl of enzyme extract was placed in a quartz cuvette in a spectrophotometer, and decrease in absorbance was recorded at 240 nm for 1 min.

Ascorbate peroxidase (APX) activity (extinction coefficient = 2.8 mM−1 Cm−1) was estimated according to the method of Nakano and Asada (1981). Reaction mixture (3 ml) containing potassium phosphate buffer (100 mM, pH 7.0), 0.5 mM ascorbic acid, 0.1 mM H2O2, and 100 μl of enzyme extract was placed in a quartz cuvette in a spectrophotometer and linear decrease in absorbance was recorded at 290 nm for 1 min.

Guaiacol peroxidase (GPX) activity (extinction coefficient = 26.6 mM−1 Cm−1) was estimated according to the method of Polle et al. (1994). Reaction mixture (3 ml) containing potassium phosphate buffer (100 mM, pH 7.0), 20 mM guaiacol, 10 mM H2O2, and 50 μl of enzyme extract was placed in a quartz cuvette in a spectrophotometer and increase in absorbance was recorded at 470 nm for 1 min. The specific enzyme activities were determined by dividing the enzyme activity (unit mL−1 enzyme) of protein concentration (mg mL−1) of the respective plant samples, and presented as the unit mg−1 protein.



Statistical Analysis

The data are presented as the mean ± S.E. Statistical analyses were carried out using SPSS Ver. 20.0 for Windows (SPSS Inc., Chicago, IL, United States; IBM SPSS 2012). Two-way ANOVA and Tukey’s HSD test were performed to analyze the differences (p < 0.05) among treatments, and the ANOVA was performed by the least significant difference (LSD) test to compare the significance of priming and salinity treatments.




RESULTS


Growth Responses

Plant growth parameters in terms of lengths and fresh and dry weights of shoot and root of Sorghum were decreased significantly (p < 0.01) with increasing salinity. However, all COU applications (COP, COF, and COPF) significantly increased (p < 0.01) the lengths and fresh and dry weights of shoot and root at all salinities as compared to the non-primed control. The highest increase in length and biomass were observed in the COPF treatment under both non-saline and saline conditions (Figures 1A–F).
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FIGURE 1. Effect of salinity stress and coumarin applications on growth parameters [Shoot length (A), Root length (B), Shoot fresh weight (C), Root fresh weight (D) Shoot dry weight (E) and Root dry weight (F)]. Plants were treated with 0 mg L−1 coumarin (NP), 100 mg L−1 coumarin as seed priming (COP), 100 mg L−1 coumarin as foliar application (COF) and combined treatment (COPF), under 0, 100 and 200 mM NaCl. Values are represented as means ±SE (n = 3). Different letters represent significant differences (p < 0.05) by Tukey’s HSD test.




Photosynthetic Pigments and Chlorophyll Fluorescence

The chlorophylls (chl a, chl b, and total chlorophylls) significantly decreased (p < 0.01) with increasing salinity. However, COU application showed an increasing trend under saline conditions compared to their respective counterparts. Furthermore, carotenoids and anthocyanins were directly proportional to increasing salinity. However, anthocyanins and carotenoids increased to a greater extent in all coumarin treatments than the control. Anthocyanins and carotenoids were higher in the COPF treatment than the non-primed and other COU treatments at 200 mM NaCl (Figures 2A–E).
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FIGURE 2. Effect of salinity and coumarin applications on Photosynthetic Pigments. Chlorophyll a (A), Chlorophyll b (B), Total chlorophylls (C), Carotenoids (D) and Anthocyanins (E). Plants were treated with 0 mg L−1 coumarin (NP), 100 mg L−1 coumarin as seed priming (COP), 100 mg L−1 coumarin as foliar application (COF) and combined treatment (COPF), under 0, 100 and 200 mM NaCl. Values are represented as means ±SE (n = 3). Different letters represent significant differences (p < 0.05) by Tukey’s HSD test.


The Fv/Fm ratio was significantly decreased with increasing salinity, and COU treatments were unable to halt the declining Fv/Fm. Maximum decrease in Fv/Fm was observed in 200 mM NaCl at COF and COPF treatments. On the other hand, NPQ, qN, and qP values were increased with increasing salinity in both COU treated and untreated plants. The ql and ETR values were significantly decreased with increasing salinity in both COU treated and untreated plants (Figures 3A–F).

[image: Figure 3]

FIGURE 3. Effect of salinity and coumarin applications on Chlorophyll Fluorescence in Sorghum bicolor plants. Fv/Fm (A), NPQ (B), qn (C), qp (D), ql (E), ETR (F). Plants were treated with 0 mg L−1 coumarin (NP), 100 mg L−1 coumarin as seed priming (COP), 100 mg L−1 coumarin as foliar application (COF) and combined treatment (COPF), under 0, 100 and 200 mM NaCl. Values are represented as means ±SE (n = 3). Different letters represent significant differences (p < 0.05) by Tukey’s HSD test.


The Y(II) significantly decreased with increasing salinity and COU application did not help plants in improving Y(II), except COPF at 100 mM NaCl. The Y(NPQ) increased with increasing salinity, in both COU treated and untreated plants. The Y(NO) values were unchanged throughout the experiment (Table 1).



TABLE 1. Effect of salinity and coumarin applications on chlorophyll fluorescence in Sorghum bicolor plants.
[image: Table1]



Osmolytes and Stress Markers

Salinity had an increasing effect on total soluble carbohydrates and phenols of Sorghum, that was further enhanced by COU applications. The maximum concentrations of carbohydrates and phenolic contents were observed in the COPF treatment, particularly at 200 mM NaCl (Figures 4A,B).
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FIGURE 4. Effect of salinity and coumarin applications on Phenolic contents (A), Carbohydrate contents (B). Plants were treated with 0 mg L−1 coumarin (NP), 100 mg L−1 coumarin as seed priming (COP), 100 mg L−1 coumarin as foliar application (COF) and combined treatment (COPF), under 0, 100 and 200 mM NaCl. Values are represented as means ±SE (n = 3). Different letters represent significant differences (p < 0.05) by Tukey’s HSD test.


Damage markers in terms of malondialdehyde (MDA) and H2O2 contents were significantly (p < 0.01) increased with increasing salinity. The highest amount of both markers was observed at highest salinity of non-prime control plants. All COU treatments significantly (p < 0.01) reduced the MDA and H2O2 contents under both saline and non-saline conditions. The maximum decline was observed in COPF treatment as compared to non-prime control (Figures 5A,B).
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FIGURE 5. Effect of salinity and coumarin applications on stress markers MDA (A) and H2O2 (B). Plants were treated with 0 mg L−1 coumarin (NP), 100 mg L−1 coumarin as seed priming (COP), 100 mg L−1 coumarin as foliar application (COF) and combined treatment (COPF), under 0, 100 and 200 mM NaCl. Values are represented as means ±SE (n = 3). Different letters represent significant differences (p < 0.05) by Tukey’s HSD test.




Antioxidant Enzyme Activities

An inverse relation of protein contents was observed with increasing salinity treatments. Maximum decrease in protein content was found at highest salinity (200 mM NaCl). However, coumarin-treated plants showed significant (p < 0.001) increase in protein contents under saline conditions as compared to control plants. The maximum increase in protein content was recorded in both COP and COF treatments.

Antioxidant enzymes activities including CAT, APX, and GPX were significantly increased (p < 0.001) with increasing salinity treatments throughout the experiment. However, all COU treatments (COP, COF, and COPF) further aided the antioxidant enzyme activities. The maximum enzymatic activities of CAT, APX, and GPX were observed at highest salinity in the COPF treatment as compared to control and other COU treatments (Figures 6A–D).
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FIGURE 6. Effect of salinity and coumarin applications on protein contents and antioxidant enzymes activities. Protein (A), Catalase (B), Ascorbate Peroxidase (C) and Guaicol peroxidase (D). Plants were treated with 0 mg L−1 coumarin (NP), 100 mg L−1 coumarin as seed priming (COP), 100 mg L−1 coumarin as foliar application (COF) and combined treatment (COPF), under 0, 100 and 200 mM NaCl. Values are represented as means ±SE (n = 3). Different letters represent significant differences (p < 0.05) by Tukey’s HSD test.





DISCUSSION

A two-way ANOVA indicated that the salinity stress and COU treatments had significant effects on plant growth, biochemical parameters, photosynthetic efficiency, and antioxidant enzymes activities of Sorghum. The growth reduction (shoot and root lengths, fresh, and dry weights) could be due to increase in osmotic, ionic, and oxidative stresses, which are reported to inhibit various physiological, morphological, and anatomical processes of plants (Siddiqui et al., 2022). On the other hand, COU application sharply stimulated the overall growth performance under salinity and the combined treatment (COPF) found to be most effective in alleviating salinity-induced toxic effects. Previously, it was reported that COU pretreatment improved shoot height, biomass production, moisture content, and net assimilation rate in many crops including Vicia faba (Saleh et al., 2015), rice (Rahman et al., 2016), cucumber (Mohsin et al., 2019), and in tomato (Parvin et al., 2020). These effects are mainly due to effective osmoregulation (by osmolytes and osmoprotectants), ionic balance, and antioxidant defense system. It is also reported that endogenous COU level is positively correlated with plants growth regulators (Gurmani et al., 2011). COU reported to interfere with the biosynthesis of auxin to promote shoot and root growth and branching to attain efficient light and water (Lupini et al., 2014). In present study, improvement in shoot and root growth by COPF indicated toward the enhanced endogenous level of COU (Cheynier et al., 2013). COU has a strong antioxidant nature, which may regulate plant growth by showing effective antioxidant capacity (Parvin et al., 2021). COU also possess gibberellin-like activity and can stimulate amylase biosynthesis in germinating seeds (of wheat) and increase stem length in pea seedlings by inhibiting paclobutrazol (a GA inhibitor) activity (Saleh et al., 2015; Saleh and El-Soud, 2015).

Salinity stress also reduces photosynthetic efficiency by triggering hyperosmotic and oxidative damages to the photosynthetic apparatus, interrupting stomatal regulation, and reducing CO2 fixation (Siddiqui et al., 2020). The salt-induced reduction in chlorophylls might be due to enhanced chlorophyllase activity (Rahman et al., 2016). Present study showed that the COU application intensified the leaf pigments in Sorghum, of which COPF-treated plants had more pronounced effects under both non-saline and saline conditions. Increase in chlorophylls and other pigments ultimately enhance the food manufacturing process and in turn plant growth and biomass (Yan et al., 2016). Higher levels of leaf pigments by exogenous application of coumarin were also reported in tomato (Parvin et al., 2021) and in wheat (Saleh and Madany, 2015). Carotenoids and anthocyanins are involved in mitigating the deleterious effects of ROS in plants; therefore, higher contents of carotenoids and anthocyanins in COPF treatment indicating better heat dissipating and free radical quenching ability at chloroplast level (Winkel-Shirley, 2002). Conversely, plants with reduced carotenoid content did not have such protections, hence fragile photosynthetic activity with oxidative burst lead to growth reduction under salinity.

The exaggerated operational system of photosystem II has been reported under salinity stress (Tavakkoli et al., 2010). The analysis of chlorophyll fluorescence of the COU-treated and non-treated plants revealed that enhanced NPQ, especially at 100 mM NaCl, helped plants to dissipate excessive energy that cannot be used in photochemical reactions (Guidi et al., 2007) and may help Sorghum prevent photoinhibition of PSII (Jajoo et al., 2014). In contrast, lower NPQ values in COU-treated plants demonstrate less requirement of heat dissipation as most of the energy was channeled to photochemical quenching (qP), ETR, and Y(II) under all salinities. This was also evident by lower oxidative damage (MDA and H2O2 content) in Sorghum leaves. Similarly, a greater increase in Fv/Fm in COU-treated plants suggest more energy assimilation and conversion into ATP and NADPH, which are ultimately used for biomass production and defense systems of Sorghum under saline conditions (Hussain et al., 2020b). Excessive accumulation of toxic ions such as Na+ and Cl− within the cytosol generally reduces photosynthetic efficiency by damaging the reaction center of PSII (Netondo et al., 2004). In our study, this phenomenon is evident in non-COU-treated plants, in which salinity-induced inhibition of ETR indicates possible disruption of PSII (Allahverdiyev et al., 2011). Therefore, it is suggested that COPF application is found beneficial for ameliorating the hazardous effects of salinity on PSII system, resulting in improved photosynthetic efficacy, enhanced ETR activity, and photochemical quenching of Sorghum plants.

Accumulation of phenolic compounds helps plants to overcome adverse effects of abiotic stresses, e.g., salinity (Pereira, 2016). Our results showed a significant increase in total phenolic content of COU-treated plants, especially in COPF treatment. The logical consequences regarding higher accumulation of phenols indicate the possible involvement of COU in phenyl-propanoid pathway. COU can activate PAL activity, thereby boosting the synthesis of phenolic compounds that scavenge harmful free radicals, as reported in Sunflower leaves (Al-Wakeel et al., 2013). In addition, COU itself is an antioxidant that directly acts to neutralize ROS and also produce other substrates that can be utilized for various physiological processes (Michalak, 2006). The salinity-induced modification in phenolic content is also reported by Bourgou et al. (2010) in black cumin which indicates its beneficial role to alleviate the negative effects of salinity. A synergistic interaction of phenolic compounds along with soluble sugars involved in integrated redox system to alleviate the oxidative damages produced by ROS by providing effective quenching system particularly in the organelles or tissues with higher soluble carbohydrates (Bolouri-Moghaddam et al., 2010).

Present investigation revealed that with the intensification of salinity the accumulation of total soluble carbohydrates increased in both COU-treated and untreated plants. However maximum increase was observed in COU application under saline conditions. Similar results were also reported in wheat seedling in which COU application significantly increases the carbohydrates accumulation, may be due to the increased amylolytic activity under stressed conditions (Saleh and Madany, 2015). Additionally, GA3 like activity of COU was also reported by which its exogenous application is positively correlated with sugar-enhancing ability in leaf tissues (Iqbal et al., 2012). An increase in photosynthetic activity was also observed in COU-treated plants, which may be a reason for the higher accumulation of soluble carbohydrates under saline conditions (Parvin et al., 2021). The carbohydrates accumulation in cytosol has a vital role in osmotic adjustments, carbon storage, metabolite precursors, and source of energy and played a pleiotropic role in plant growth, development, and metabolism (Rolland et al., 2002). Soluble carbohydrates such as sucrose, raffinose, and trehalose are also considered as compatible solutes and actively involved in osmoregulation during stressful condition (Ende and Peshev, 2013). Small sugars like glucose, fructose, and sucrose also involved as secondary messengers in signal transduction pathways during stress resistance (Bolouri-Moghaddam et al., 2010). Additionally fructans may act as cytosolic antioxidant processes to strengthen the antioxidant defense during stressed conditions (Afzal et al., 2021). The higher accumulation of carbohydrates by COU pretreatment was also reported in sunflower and faba bean (Al-Wakeel et al., 2013; Saleh et al., 2015). Some other phenolic substance such as ferulic acid was also reported to enhance carbohydrates in leaves under stressful conditions (Li et al., 2013).

Increased contents of stress markers like MDA and H2O2 are indicative of salinity-induced oxidative stress in Sorghum (Siddiqui et al., 2022). However, COU application significantly decreases MDA and H2O2 contents under saline conditions. Phenolic compounds (e.g., coumarin) have generally strong antioxidant nature that can protect ROS-medicated injuries of cellular components and membranes, especially under stress (Yan et al., 2017). It can be assumed that COU application seems to help in maintaining the integrity of plasma membrane by reducing MDA content which indicates reduction in membrane injuries of sorghum under salinity. The role of phenolic compounds in membrane integrity is also reported by Arora et al. (2000). COU have the ability to bind and accumulate the polar ends of phospholipids that stabilize and strengthen the integrity of the plasma membrane and cell wall (Arora et al., 2000). It also helps plant to increase endogenous cell wall-bound phenolic contents that enhance the activities of peroxidases to maintain extensibility and strength of cell wall under stress (Haghighi et al., 2014).

The variation in soluble protein content with increasing salinity has a considerable role in maintaining the plants cellular activities and nitrogen storage. In this study, decrease in protein content indicates toward the reduction in protein synthesis and/or increased proteolysis under salinity stress (Dubey, 1999; Alamri et al., 2021). However, COU treatment significantly slowdowns the declining levels of total proteins suggesting a role of COU priming-mediated protease activity in Sorghum seeds, which has been reported in Arabidopsis thaliana (Araniti et al., 2017). To alleviate the oxidative damages caused by ROS, activation of antioxidant defense system provides an efficient strategy to withstand under stressful conditions. Both enzymatic and non-enzymatic antioxidant system played an important role to induce salinity tolerance in plants. The enzymatic antioxidant system of sorghum was activated under both COU-treated and untreated plants to cope with salinity-induced oxidative stress. However, activities of CAT, APX, and GPX were enhanced many folds in COU-treated plants. Therefore, it can be speculated that COU play an important role to strengthen the antioxidant defense system against oxidative damages (Saleh et al., 2015). Various phenolic substances such as Coumarin, ferulic, ellagic, and cinnamic acids have been reported to involved in antioxidant defense system by increasing antioxidant enzymes (CAT, APX, and GPX) under normal and stressed conditions (Li et al., 2013; Singh et al., 2017).

The higher levels of antioxidant enzymes by COU pretreatment in seedlings of Sorghum bicolor were also reported in our previous study (Sultana et al., 2020). Similar results were also reported in wheat seedlings by COU application (Saleh and Madany, 2015). The involvement of phenolic compounds (Vanillic acid and Quercetin) in antioxidant defense mechanism was also reported in tomato plant under saline conditions (Parvin et al., 2020). The involvement of phenolic compound in detoxification of ROS by activating antioxidant defense system was also reported by Singh et al. (2019). Such enhancements could be considered a better strategy to resist salinity-induced negative effects on metabolic processes and plant growth.



CONCLUSION

Our results indicated that exogenous application of COU significantly enhanced salinity resistance and increased the growth of Sorghum bicolor under saline conditions. It modulates concentrations of osmolytes, leaf pigments, and photosynthetic efficiency. COU applications prevent PSII reaction centers by inducing carotenoids and anthocyanins and dissipating excessive energy. Salinity-induced oxidative damages to cellular components and membranes (as indicated by damage makers) were also minimized by activating enzymatic and non-enzymatic antioxidant defense system. The combined application of primed and foliar spray (COPF) displayed better results than their individual ones. Therefore, COPF represents an efficient mode of COU application, which can be utilized for growth improvement and biomass production of a multipurpose crop Sorghum bicolor from saline degraded lands. However, the effect of COU on endogenous hormones and accurate estimation of their level of induction as well as the molecular modifications underlying COU biosynthesis needs to be evaluated in future studies.
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Salt stress is an important environmental factor limiting plant growth and crop production. Plant adaptation to salt stress can be improved by chemical pretreatment. This study aims to identify whether hydrogen peroxide (H2O2) pretreatment of seedlings affects the stress tolerance of Arabidopsis thaliana seedlings. The results show that pretreatment with H2O2 at appropriate concentrations enhances the salt tolerance ability of Arabidopsis seedlings, as revealed by lower Na+ levels, greater K+ levels, and improved K+/Na+ ratios in leaves. Furthermore, H2O2 pretreatment improves the membrane properties by reducing the relative membrane permeability (RMP) and malonaldehyde (MDA) content in addition to improving the activities of antioxidant enzymes, including superoxide dismutase, and glutathione peroxidase. Our transcription data show that exogenous H2O2 pretreatment leads to the induced expression of cell cycle, redox regulation, and cell wall organization-related genes in Arabidopsis, which may accelerate cell proliferation, enhance tolerance to osmotic stress, maintain the redox balance, and remodel the cell walls of plants in subsequent high-salt environments.
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INTRODUCTION

Salt stress seriously influences plant growth, development, and crop yield (Deinlein et al., 2014; Gong et al., 2020; Zhao et al., 2020). High salinity can cause hyperosmotic stress, ion toxicity, nutrient deficiency, and subsequent oxidative damage due to the overproduction of reactive oxygen species (ROS) in plants, ultimately leading to plant cell dysfunction, growth inhibition, leaf senescence, and even plant death (Munns and Tester, 2008; Van Zelm et al., 2020). In order to adapt to salt stress, plants have developed a series of sophisticated physiological mechanisms, such as the adjustment of membrane systems, reconstruction of ionic and osmotic homeostasis, modification of cell wall structure, and maintenance of redox balance (Cramer et al., 2011; Van Zelm et al., 2020). In addition to these physiological mechanisms, there exist measures in production practice to increase salt tolerance, such as gene engineering, chemical pretreatment, and abiotic stress acclimation (Shen et al., 2014; Tian et al., 2018). Among the various strategies, chemical pretreatment, especially hydrogen peroxide (H2O2) pretreatment, is a very simple, low-cost, and effective approach to enhance plant tolerance to environmental stresses (Ashraf and Foolad, 2005; Beckers et al., 2009; Wahid and Shabbir, 2015).

H2O2 is the most stable component of ROS and has generally been considered to be a toxic cellular metabolite (Anjum et al., 2015). On the other hand, it can function as a signaling molecule in both animal and plant cells, adjusting their tolerance to adverse environments (Cerny et al., 2018). Several previous studies have reported that H2O2 may play a dual role in plants (Neill et al., 2002). At high concentrations, H2O2 can cause lipid peroxidation, protein disfunction, and programmed cell death. By contrast, at low concentrations, H2O2 acts as a messenger molecule that may directly regulate the expression of numerous genes and trigger the responses of plants to abiotic stresses (Vandenabeele et al., 2003; Petrov and Van Breusegem, 2012). Hence, H2O2 signaling is of potential significance in improving crop tolerance to environmental stresses.

Several studies have shown that the pretreatment of plants with exogenous H2O2 can significantly increase abiotic stress tolerance. For example, pretreatment of H2O2 protected Arabidopsis thaliana leaves against excess light damage (Karpinski et al., 1999), induced the adaptation of rice seedlings to salt stress and high temperature (Uchida et al., 2002), improved the salt resistances of barley (Fedina et al., 2009), maize (Gondim et al., 2012) and sunflower (Silva et al., 2020), enhanced the chilling tolerance of the two Zoysia cultivars Manila grass (Zoysia matrella) and Mascarene grass (Zoysia tenuifolia) (Wang et al., 2010), induced salt stress acclimation in maize plants (De Azevedo Neto et al., 2005), and alleviates drought stress in soybean plants (Ishibashi et al., 2011). The pretreatment of wheat seeds with H2O2 also enhanced the subsequent drought (He et al., 2009) and salt (Wahid et al., 2007) resistances of the seedlings. Additionally, H2O2 pretreatment protected tobacco from oxidative stresses generated by high light intensities or the catalase inhibitor aminotriazole through induction of a set of antioxidant enzymes (Gechev et al., 2002). Therefore, the accumulation of H2O2 in specific tissues and at appropriate levels could enhance the activities of antioxidant enzymes and, therefore, aid plants in adaptation to different unfavorable environmental cues (Bowler and Fluhr, 2000).

Although H2O2 pretreatment is important for improving plant salt tolerance, little is known about the mechanism of salt tolerance improvement by H2O2 pretreatment during the growth and development of plants.

In this study, 4-week-old Arabidopsis leaves were sprayed with H2O2 before being subjected to NaCl stress. We found that H2O2 pretreatment resulted in improvements to some physiological and biochemical responses of the Arabidopsis seedling to salt stress. To obtain insights into the molecular mechanisms of H2O2-induced salt tolerance, we then performed transcriptome profiling of the Arabidopsis seedlings under H2O2 pretreatment followed by salt stress. This work aims to understand the mechanisms of salt stress acclimation in Arabidopsis induced by H2O2.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used in this study. Arabidopsis seeds were sterilized with 75% (v/v) ethanol and then washed with sterile distilled water. The seeds were then sown on half-strength Murashige and Skoog (MS) medium. After stratification for 3 days in a 4°C refrigerator, the plates were transferred to growth chambers. Eight days after seed germination, Arabidopsis seedlings were transferred into 9 cm diameter pots containing soil, perlite, and vermiculite (2:1:1), with irrigation of half-strength Hoagland’s nutrient solution. The growth condition in the growth chambers was a 16 h light/8 h dark photoperiod with a day/night thermoperiod of 22°C/18°C, a relative humidity of 70%, and irradiance of 110 μmol m–2 s–1.



H2O2 Foliar Spraying of Arabidopsis Seedling Followed by NaCl Stress

Four-week-old seedlings were randomly divided into four groups, and the seedlings in each group were subjected to treatment as follows: pretreatment–stressed (pretreated with H2O2 and salt-stressed, HN); non-pretreatment–stressed (pretreated with water and salt-stressed, WN); pretreatment–non-stressed (pretreated with H2O2 and not salt-stressed, HW); and non-pretreatment–non-stressed (i.e., control; pretreated with water and not salt-stressed, WW). For pretreatment–stressed and pretreatment–non-stressed plants, leaves were sprayed with 20 μM of H2O2 solution four times at 4-h intervals, while non-pretreatment–stressed and non-pretreatment–non-stressed plants were sprayed with water. Twenty-four hours after foliar spraying, Arabidopsis seedlings from pretreatment–stressed and non-pretreatment–stressed groups were subsequently watered with 150 mM NaCl every day, whereas pretreatment–non-stressed and control plants were treated with water. Twelve hours after treatment with 150 mM NaCl, Arabidopsis seedlings were collected for transcriptome profiling analysis. Four days after treatment with 150 mM NaCl, Arabidopsis seedlings were collected for the determination of various physiological parameters.



Measurement of Dry and Fresh Weight of Seedlings

The fresh weight of the shoots from each treatment was determined immediately after harvesting, and samples were dried in an oven at 70°C for 24 h to obtain dry weights. Twenty individual plants were collected for each replicate and triplicates were analyzed in parallel.



Determination of Relative Membrane Permeability

The relative membrane permeability (RMP) of the seedlings was determined following the method of Yang et al. (1996). Excised fresh leaves (0.5 g) were immediately put into test tubes containing 10 mL of deionized distilled water and briefly vortexed. The solution was used to measure initial electrical conductivity (EC0). The test tubes containing leaves in distilled water were kept at 4°C for 24 h and EC1 was determined. The test tubes were then placed in a boiling water bath for 10 min, cooled to room temperature, and the boiled leachate was filtered and measured for EC2. RMP was computed using the following formula: RMP (%) = [(EC1 − EC0)/(EC2 − EC0)] × 100.



Measurement of Malonaldehyde

The level of lipid peroxidation in the leaf tissue was measured in terms of MDA (a product of lipid peroxidation) content, detected by the thiobarbituric acid reaction using the method of Dhindsa et al. (1981). Fresh leaf samples (0.4 g) were homogenized in 5 mL of 0.1% trichloroacetic acid, vortexed, and then 4 mL of 0.5% thiobarbituric acid was added. The mixture was heated to 95°C for 30 min and was quickly cooled in an ice bath. Afterward, the mixture was centrifuged at 3000 rpm for 10 min. The supernatant fraction was collected, and the absorbance of the supernatant at 532 and 600 nm was read. The value for the non-specific absorption at 600 nm was subtracted from that at 532 nm (Zhang and Kirkham, 1996). The concentration of MDA was calculated using the extinction coefficient of MDA (155 mM–1 cm–1) (Heath and Packer, 1968) and expressed as nmol MDA g–1 fresh weight. Each treatment was carried out in triplicate.



Determination of Na+ and K+ Content

Fifteen dry plants were pooled together and ground into fine powder; 0.02 g of dry powder was ashed in a muffle furnace at 300°C for 2 h, then 550°C for 10 h. The ash was resolved into small amounts of concentrated nitric acid and adjusted to a final volume of 10 mL. The ion content of samples was determined with a flame photometer (2655-00 Digital Flame Analyzer, Cole-Parmer Instrument Company, Chicago, IL, United States). Three independent determinations were performed for each treatment (Song et al., 2005).



Transcriptome Profiling Analysis

Twelve hours after treatment with 150 mM NaCl, Arabidopsis seedlings from the four experimental groups (WW, WN, HW, and HN) were collected to extract total RNA using Biozol reagent (Bio Flux, Beijing, China) according to the manufacturer’s instructions. The integrity and quality of the isolated RNA were monitored by agarose gel electrophoresis. RNA concentration was quantified by a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Massachusetts, United States). The qualified RNA samples were sent to the Annoroad Gene Technology Corporation (Beijing, China), and the libraries were sequenced on an Illumina platform and 150 bp paired-end reads were generated. RNA-Seq data of the four experimental samples were obtained from three biological replicates, respectively. RNA-Seq data were deposited into the NCBI’s Sequence Read Archive (the accession number is PRJNA612654).



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis

Low-quality reads were trimmed using Trimmomatic (Bolger et al., 2014) (v 0.36) with the settings “LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36”. Clean reads were mapped to the Arabidopsis TAIR10 release obtained from TAIR1 using TopHat (v 2.1.1) with settings “-N 1 –num-threads 6”. Count data were generated by Cufflinks (v 2.2.1) and FPKM (fragments per kilobase per million mapped reads) was used to estimate the expression levels of individual genes.

Differentially expressed genes (DEGs) were identified by DESeq2 Moderated estimation of fold change and dispersion (Love et al., 2014) using the Bioconductor software2, based on a comparison across all samples under control or different experimental conditions with false discovery rate (FDR) less than 0.05. The Goatools (v 0.8.9) python package was used for GO term enrichment (Klopfenstein et al., 2018) with the Arabidopsis association files downloaded from TAIR10. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of genes was performed using clusterProfiler package (v 4.2.2, Wu et al., 2021).



Reverse Transcription and Quantitative Real-Time PCR Analysis

Transcriptome profiling results were validated and verified by quantitative real-time PCR experiments, in which 2 μg of total RNA was used for reverse transcription to obtain the cDNA using FastQuant RT Kit (with gDNase, TIANGEN, Beijing, China). The SuperReal PreMix Plus Kit (SYBR Green, TIANGEN) was used along with the cDNA for quantitative real-time PCR experiments using a real-time fluorescence quantitative PCR instrument (LightCycler® 96, Roche, Basel, Switzerland). All reactions were assayed using three replicates. Actin2 was used as an endogenous control. The relative expression levels are presented as values relative to that of the corresponding control sample at the indicated time after normalization to actin transcript levels. Primer sequences are shown in the Supplementary Table 1.



Measurement of Enzyme Activity


Extract Preparation

Frozen leaves (0.2 g) were crushed into a fine powder with a mortar and pestle in liquid N2. Soluble proteins were extracted by homogenizing the powder in 1 mL of 100 mM potassium phosphate buffer (pH 7.5) containing 2 mM EDTA, 1% (w/v) PVP-40, 10 mM DTT, and 1 mM PMSF. The homogenate was centrifuged at 12,000 rpm for 15 min and the supernatant fraction was used as a crude extract for enzyme activity. All operations were carried out at 4°C. The protein concentration was determined using the Bradford method (Bradford, 1976).




Enzyme Activity Assays


Superoxide Dismutase

Total superoxide dismutase (SOD) activity was determined by measuring its ability to inhibit the photochemical reduction of nitro blue tetrazolium chloride (NBT), as described by Giannopolitis and Ries (1977). The reaction mixture (3 mL) contained 50 mM phosphate buffer (pH 7.8), 0.1 mM EDTA, 13 mM methionine, 75 μM NBT, 2 μM riboflavin, 0.05 M sodium carbonate (pH 10.2), and 100 μL enzyme extract. Riboflavin was added last and the tubes were shaken under fluorescent lamps at 110 μmol m–2 s–1. This reaction was allowed to proceed for 15 min, after which the lights were switched off and the tubes were covered with a black cloth. The absorbance of the reaction mixture was read at 560 nm. One unit of SOD activity (U) was defined as the amount of enzyme required to cause 50% inhibition of the NBT photoreduction rate. Results are expressed as units mg–1 protein per minute.



Glutathione Peroxidase

Total glutathione peroxidase (GPX) activity was determined as described by Drotar et al. (1985), with a reaction mixture (4 mL) containing 50 mM phosphate buffer (pH 7.0), 2.0 mM EDTA, 2.0 mM GSH, 0.1 mM NADPH, 2.5 units of glutathione reductase, and 100 μL enzyme extract; 0.09 mM H2O2 was added last to mark the beginning of the reaction. The reaction rate was measured by following the loss of NADPH spectrophotometrically at 340 nm. One unit of GPX activity was defined as the amount of enzyme that would cause the oxidation of 1.0 nmol of NADPH to NADP+ per minute at 25°C.




Statistical Analysis

All the above experiments involved three biological replicates, and each experiment (except RNA-Seq) was carried out twice at different times. All data are expressed as means ± standard deviation and the significance of differences between datasets was evaluated by one-way ANOVA following SPSS. P-values of <0.05 were considered to be significantly different.




RESULTS


Effect of H2O2 Foliar Spraying on Physiological Indices of Arabidopsis Seedlings

In order to evaluate the effects of H2O2 pretreatment on Arabidopsis growth under salinity, we sprayed the leaves of Arabidopsis seedling with 20 μM H2O2 and subsequently exposed them to 150 mM NaCl. We then determined some physiological indices as shown below.


Dry and Fresh Weight

Data of shoot fresh weight and dry mass are shown in Figures 1A,B, respectively. Compared with controls, the pretreatment of seedlings with H2O2 significantly increased the aerial dry and fresh weight, regardless of the stress conditions. Although the salt-stressed plants had reduced shoot dry mass and fresh weight compared to unstressed plants, the growth inhibition caused by the salt stress decreased when the seedlings were sprayed with H2O2. Compared with WN plants, the HN plants increased shoot fresh weight and dry weight by 48.4 and 181.25%, respectively.


[image: image]

FIGURE 1. Physiological response of Arabidopsis seedlings to salt stress after H2O2 pretreatment. The influence of H2O2 pretreatment on the aerial fresh weight (A) and dry weight (B) of Arabidopsis seedlings under different treatments; the impact of H2O2 pretreatment on MDA content (C) and RMP (D) of Arabidopsis leaves under different treatments; and the impact of H2O2 pretreatment on K+ (E) and Na+ (F) content and K+/Na+ (G) in leaves of Arabidopsis seedlings under different treatments. Data are represented as means ± SD. Three biological replicates per experiment. Means for each treatment that do not share a common letter are significantly different at P < 0.05, estimated with one-way ANOVA following SPSS. WW, pretreated with water and not salt-stressed; WN, pretreated with water and salt-stressed; HW, pretreated with H2O2 and not salt-stressed; HN, pretreated with H2O2 and salt-stressed.




Effect of H2O2 Pretreatment on Malonaldehyde Content and the Relative Membrane Permeability of the Leaves

There were multiple significant differences in MDA content between the HN and WN groups under salt stress conditions. Compared to the WW group (control), the HW group had a slightly lower MDA content, however, the difference was not significant (Figure 1C). These results indicate that H2O2 pretreatment can reduce membrane lipid peroxidation of plant cells and, therefore, maintain the stability of the membrane.

Relative membrane permeability was greatly increased due to salinity, while the pretreatment of seedlings with 20 μM H2O2 reduced the RMP of corresponding seedlings under salt stress. Thus, the RMP of the WN group was higher than that of the HN group (Figure 1D).



Impact of H2O2 Pretreatment on Na+, K+ Content and K+/Na+ Ratio of Arabidopsis Shoots

Compared with the WN group, the seedlings in the HN group contained higher K+ (Figure 1E) and lower Na+ (Figure 1F) levels under the same salinity, which indicates that H2O2 pretreatment improved K+ uptake and K+/Na+ (Figure 1G) of Arabidopsis under salt stress conditions, thereby reducing the harm caused by Na+ to the plant.




Transcriptome Profiling Analysis

In order to analyze the molecular mechanisms of salt tolerance improvement induced by H2O2 pretreatment, we collected the leaves of 4-week-old Arabidopsis seedlings treated with HN, WN, HW, and WW (with WW being the control) and the total RNA was extracted for genome-wide transcriptome analysis. RNA-Seq data were analyzed from a total of twelve samples comprising three biological replicates for each treatment.

In total, 19,391 genes were detected in the leaves of Arabidopsis. We further obtained 1493 DEGs in HW, compared to WW, with at least twofold change of gene expression at P-value < 0.05. Among these, 993 genes were up-regulated and 500 genes were down-regulated (Figure 2A and Supplementary Table 2). Similarly, of the 2467 DEGs specifically responding to HN treatment in comparison to WW, 1212 genes were up-regulated whereas 1255 genes were down-regulated (Figure 2A and Supplementary Table 3). Among the 1533 DEGs in WN compared to WW, 922 genes were up-regulated while 604 genes were down-regulated (Figure 2A and Supplementary Table 4). We performed a preliminary analysis of up-regulated (Figure 2B) and down-regulated (Figure 2C) genes through Venn diagrams of HN vs. WW, HW vs. WW, and WN vs. WW. We found 602 unique DEGs in HW vs. WW (Supplementary Table 5), 455 unique DEGs in HN vs. WW (Supplementary Table 6), and 364 unique DEGs in WN vs. WW (Supplementary Table 7). There were an additional 361 DEGs that were common to both HW vs. WW and HN vs. WW (Supplementary Table 8), 169 DEGs common to both HW vs. WW and WN vs. WW (Supplementary Table 9), and 535 DEGs common to both HN vs. WW and WN vs. WW (Supplementary Table 10). Relevant data on down-regulated genes are also presented (Figure 2C and Supplementary Tables S11–16).
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FIGURE 2. Transcriptome analysis of Arabidopsis leaves under WW, WN, HW, and HN treatments. (A) In HW vs. WW, 993 DEGs were up-regulated, whereas 500 DEGs were down-regulated. In HN vs. WW, 1212 DEGs were up-regulated, whereas 1255 DEGs were down-regulated. In WN vs. WW, 922 DEGs were up-regulated, whereas 604 DEGs were down-regulated. (B) Venn diagram of DEGs up-regulated in WN vs. WW, HW vs. WW, and HN vs. WW. There were 602 unique DEGs in HW vs. WW, 455 unique DEGs in HN vs. WW, and 364 unique DEGs in WN vs. WW. There were 361 DEGs common to both HW and HN, 169 DEGs common to both HW and WN, and 535 DEGs common to both HN and WN. (C) Venn diagram of DEGs down-regulated in WN vs. WW, HW vs. WW, and HN vs. WW. (D) Biological process in HW vs. WW; (E) biological process in HN vs. WW. DEGs were identified by DESeq2 using Bioconductor (http://www.bioconductor. org/) based on a comparison across all samples under control or HW and control or HN conditions with FDR less than 0.05. The Goatools (v0.8.9) python package was used for GO terms enrichment with the Arabidopsis association files downloaded from TAIR10. (F) 1493 DEGs in HW vs. WW and 1766 DEGs in HN vs. WW clustered by heat-mapping under WW, WN, HW, and HN treatments (p ≤ 0.05). (G) Nine groups of genes were identified based on the heatmap dendrogram. Averaged values for each condition in every group were used to generate the line chart, which represents the comprehensive expression patterns of each group. WW, pretreated with water and not salt-stressed; WN, pretreated with water and salt-stressed; HW, pretreated with H2O2 and not salt-stressed; HN, pretreated with H2O2 and salt-stressed.


In order to rule out that some DEGs may have only been influenced by salt stress in HN vs. WW, we removed the DEGs from HN vs. WW that did not have a large difference in abundance with WN vs. WW; that is, those genes whose ratio of log2FC (HN vs. WW)/log2FC (WN vs. WW) was between 0.67–1.5. Thus, there were still 1766 DEGs mainly affected by both H2O2 and NaCl in HN vs. WW at this time, where 780 DEGs were up-regulated and 986 DEGs were down-regulated. All subsequent data analysis on HN vs. WW was mainly carried out for these 1766 DEGs (Supplementary Table 17).

Gene ontology (GO) enrichment analysis was performed on 1493 and 1766 DEGs according to the biological processes in HW vs. WW (Figure 2D) and HN vs. WW (Figure 2E), respectively. GO terms both in HW vs. WW and HN vs. WW mainly included “regulation of biological processes” (HW vs. WW, P = 1.67 × 10–5; HN vs. WW, P = 7.54 × 10–8), “response to chemicals” (HW vs. WW, P = 2.64 × 10–20; HN vs. WW, P = 5.98 × 10–25), “response to abiotic stresses” (HW vs. WW, P = 9.72 × 10–19; HN vs. WW, P = 1.39 × 10–18), and “regulation of transcription” (HW vs. WW, P = 1.56 × 10–4; HN vs. WW, P = 8.3 × 10–8). This implies that many genes up-regulated by individual H2O2 pretreatment alone or HN, or both, may be related to the enhanced salt tolerance of plants through their function in the abovementioned process. More interestingly, we found that the GO terms related to “cell cycle process” (P = 1.38 × 10–19) and “cell division” (P = 1.21 × 10–9) were specially enriched in HW vs. WW; therefore, we speculate that the up-regulation of these genes may affect plant growth to cope with the subsequent stresses.

To assess the major transcriptional dynamics associated with the responses to H2O2 pretreatment and/or both H2O2 and NaCl, we further clustered these DEGs from HW vs. WW and HN vs. WW into nine groups according to their expression trends under the four different combinations of treatments (Figures 2F,G). Of these clusters, we mainly focus on five clusters on the basis of their functional annotations and the expression profiles which were up-regulated either in HW vs. WW, HN vs. WW, or both. The K1 group clusters those genes which may be primed by H2O2 pretreatment and have up-regulated expression with subsequent salt stress. These genes are enriched in response to abiotic stimuli, illustrating their positive regulatory roles in increased plant salt tolerance. The genes in K2 were significantly up-regulated in HN vs. WW without obviously different expression in HW vs. WW and, so, they are enriched in oxidation–reduction processes, response to abiotic stimuli, and cell wall organization or biogenesis, which may mean that the expression of these genes is initiated during H2O2 pretreatment and mainly functions in subsequent salt stress. The K5 group comprises genes which mitigated the degree of up-regulation due to H2O2 pretreatment followed by NaCl, as compared with NaCl alone, which is characterized by an abundance of genes related to stress responses, especially osmotic stress and ABA, response to chemicals, and response to abiotic stimuli. The K7 group clusters those genes that were successively up-regulated by individual H2O2 and H2O2 plus NaCl, but the magnitude of the increase in the latter was less than in NaCl alone. Based on K5 and K7, we speculate that pretreatment with H2O2 can alleviate the oscillation of plant intracellular environment caused by subsequent NaCl exposure. The K8 group includes genes which were mainly up-regulated by H2O2 pretreatment, while only a few of these were up-regulated by combined H2O2 and NaCl treatment. Moreover, these genes are concentrated in cell cycle processes and cell division, implicating that after H2O2-induced expression, these genes may promote cell proliferation, resulting in plant growth under subsequent high-salt stress.

To identify the metabolic pathways in which the DEGs were involved and enriched, KEGG analysis was also performed. The results revealed that in HW vs. WW, 993 up-regulated genes were enriched in six pathways, including ribosome biogenesis in eukaryotes (ath03008, P = 3.46 × 10–10), DNA replication (ath03030, P = 0.00011), flavonoid biosynthesis (ath00941, P = 0.00030), homologous recombination (ath03440, P = 0.00082), cutin, suberine and wax biosynthesis (ath00073, P = 0.00275), and mismatch repair (ath03430, P = 0.00019); 500 down-regulated genes were assigned to plant hormone signal transduction (ath04075, P = 0.01571) and alpha-linolenic acid metabolism (ath00592, P = 0.000588). Likewise, in HN vs. WW, 780 up-regulated genes were enriched in starch and sucrose metabolism (ath00500, P = 0.00496), glucosinolate biosynthesis (ath00966, P = 0.00496), and cutin, suberine and wax biosynthesis (ath00073, P = 0.02513); while 986 down-regulated genes mainly participated in plant hormone signal transduction pathway (ath04075, P = 2.68 × 10–18) (Figure 3).


[image: image]

FIGURE 3. The kyoto encyclopedia of genes and genomes (KEGG) pathway of DEGs. The pathway names are provided on the vertical axis. The color of the dot represents p value and the size of dot represents gene ratio in each functional category. The rich level in the horizontal axis is the size of the point, which represents the number of DEGs, and the color of the dot represents the q value. HW-up (993), 993 up-regulated DEGs in HW vs. WW; HW-down (500), 500 down-regulated DEGs in HW vs. WW; HN-up (780), 780 up-regulated DEGs in HN vs. WW; HN-down (980), 980 down-regulated DEGs in HN vs. WW.




H2O2-Pretreatment Activates Cell Cycle Process and Cell Division

Further mining the transcriptome data, we found that after low-concentration H2O2 pretreatment of seedlings, a large proportion of genes related to the cell cycle and cell division were up-regulated, and most were significantly induced only under HW vs. WW (Figure 4A, Table 1, and Supplementary Table 18). Even though the expression levels of a few genes were increased under HW vs. WW and HN vs. WW, the extent of increase in the former was higher than in the latter (Figure 4A, Tables 1, 2, and Supplementary Tables 18, 20). Among these are sixteen core cell cycle genes, including two A-type cyclins (CYCA1;1, CYCA2;4), seven B-type cyclins (CYCB1;1, CYCB1;2, CYCB1;3, CYCB1;4, CYCB2;2, CYCB2;3, CYCB2;4), two plant-specific B-type CDKs (CDKB1;2; CDKB2;1) and upstream regulator DEL1 and its target CDT1A, and minichromosome maintenance genes (MCM2, MCM3, MCM6). B-type CDKs are plant-specific and are divided into two subtypes: CDKB1 and CDKB2. CDKB1 is activated by A2-type and all B-type cyclins and functions in the late S-to-M phase, while B2-type CDKs exclusively associate with B1-type cyclins and have transcript levels peaking late in the M phase (Van Leene et al., 2010). In our data, the increased transcript levels of both CDKB1;2, CDKB2;1 and their corresponding partners CYCB2;4, CYCB1;1 implied that the CDKB1;2/CYCB2;4 and CDKB2;1/CYCB1;1 complex may promote cell cycle progression through late S-to-M or M phases (Van Leene et al., 2010).
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FIGURE 4. The expression patterns of selected differentially expressed genes (DEGs) represented as a heatmap. (A) Up-regulated DEGs related to the cell cycle and cell division only in HW vs. WW, or both in HW vs. WW and HN vs. WW. (B) Up-regulated DEGs related to salt stress only or both in HW vs. WW and HN vs. WW. Among osmotic stress responsive genes, HB33 was up-regulated in HW vs. WW; P5CS1, RD29A, and RD29B were up-regulated in HN vs. WW. BGLU6 and GRDP2 were significantly up-regulated in HW vs. WW and HN vs. WW; Of DEGs involved in oxidation–reduction processes, ACS6 and TT4 were significantly up-regulated in HW vs. WW and HN vs. WW; CRWN2, CRWN3, CRWN4, RBOHD, and SOS6 were up-regulated in HW vs. WW; FSD3, GSTU24, and VTC2 were up-regulated in HN vs. WW; Among genes related to cell wall organization, GH9C3 and GRP14 were significantly up-regulated in HW vs. WW and HN vs. WW; GRP19, FUT4, GH9B1, and GH9B13 were up-regulated in HW vs. WW; and GH9B8 and UGP1 were up-regulated in HN vs. WW; Of genes related to the transcription factors, BHLH100, ERF5, ERF15, and WRKY38 were significantly up-regulated in HW vs. WW and HN vs. WW; BHLH101, ERF104, ERF6, HSFA4A, and WRKY33 were up-regulated in HW vs. WW; and ERF4 and MYB29 were up-regulated in HN vs. WW. WW, pretreated with water and not salt-stressed; WN, pretreated with water and salt-stressed; HW, pretreated with H2O2 and not salt-stressed; HN, pretreated with H2O2 and salt-stressed. Heat map diagram of the log2FC, the red and blue colors specify up-and down-regulated expressions.



TABLE 1. Expression levels of DEGs from different biological processes in HW vs. WW.
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TABLE 2. Expression levels of DEGs from different biological processes in HN vs. WW.
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Besides CDKs and their cyclin partners, E2F transcription factors also belong to the core cell cycle machinery. Upon H2O2 pretreatment, the atypical E2F DP-E2F-like 1 (DEL1) was up-regulated, indicating that DEL1 may enhance cell proliferation by repressing the transcription of CCS52A2, which is required for endocycle onset (Lammens et al., 2008). DEL1 can also restrain the stress-induced switch from mitosis to the endocycle in dividing cells exposed to osmotic stress (Cookson et al., 2006). Contradictory with DEL1 inhibiting CCS52A2, CCS52A2 was also markedly up-regulated only under HW; this inconsistency may have been due to using transcriptomic data from whole shoots of Arabidopsis instead of defined cells. Besides CCS52A2, other anaphase-promoting complex/cyclosome (APC/C) coactivators such as CCS52B and CDC20 (CDC20.1, CDC20.2) were significantly elevated in transcripts under HW compared to WW, and this may be responsible for facilitating the switch from mitosis to endoreduplication through targeting of mitotic cyclins for destruction, thus inactivating cyclin-dependent kinase (CDK) (Kevei et al., 2011; Yang et al., 2017). CDKs/cyclins and their regulators DEL1, CCS52A2, CCS52B, CDC20.1, and CDC20.2 coordinate to balance cell proliferation and cell differentiation/expansion and, thus, balance plant growth and development.

Furthermore, H2O2 pretreatment also induced the expression of CDT1A and minichromosome maintenance genes (MCM2, MCM3, MCM6), where only CDT1A and MCM6 were differentially expressed under HW and HN, while only MCM2 and MCM3 were differentially expressed under HW (Figure 4A). CDT1A, as a DNA replication licensing factor, can recruit the MCM complex to form the components of the pre-replicative complex at the G1 phase (Nishitani et al., 2001). Therefore, high transcript levels of these genes facilitate activation of the replication origin, which can ensure that genomic DNA is replicated completely and accurately only once during the S phase in a single cell cycle (Tuteja et al., 2011). Meanwhile, according to previous research results, the high H2O2-induced expression of MCM6 can presumably confer plant salt tolerance by preserving normal DNA replication under salinity stress conditions (Dang et al., 2011).

Except for the abovementioned cell cycle components, low levels of H2O2 also increased transcription of a large number of genes encoding spindle assembly factors. These include genes for mitosis kinases (AUR2, AUR3, and AtHaspin); microtubule-associated proteins (MAPs), including TPX2, MAP65-3, and members of the kinesin superfamily (Kin4/chromokinesin, Kin5, Kin7, Kin12 and Kin14 families); chromosome organization proteins (SMC1, SMC2, SMC3, SMC4, RAD21.2, and TOPII); kinetochore complex (Ndc80 and Nuf2); and spindle assembly checkpoint complex (Mad2, Mad3.1, and Mad3.2). Among these, AtHaspin can activate AUR3 and promote its centromeric localization on chromosomes by phosphorylating histone H3 at Thr3. Then, AtHaspin and AUR3 together regulate proper chromosome alignment in the spindle during prometaphase/metaphase and chromosome segregation (Kozgunova et al., 2016). In this process, the cohesin complex, containing SMC1, SMC3, and RAD21, can contribute to chromosome alignment, while TOPII can release these cohesins from chromosomes to allow for chromosome segregation (Higgins, 2010; Kamenz and Hauf, 2017). In addition, the condensin complex, comprising SMC2 and SMC4, also ensures chromosome condensation and proper segregation (Wang H. et al., 2019). Ndc80 and Nuf2, as components of the kinetochore complex, are localized at the outer kinetochore, connecting spindle fibers to the kinetochore as well as mediating chromosome segregation during cell division (Shin et al., 2018). In mitosis, the SAC core proteins Mad2 and Mad3.2 are recruited to the kinetochore that is unattached to the spindle; then, Mad2 and Mad3.2 together with Mad3.1 may bind CDC20 to form the mitotic checkpoint complex (MCC) to inhibit the activity of APC/C (Komaki and Schnittger, 2017). Until the kinetochore is correctly attached to the spindle, CDC20 is released, which then activates APC/C for the removal of cohesin, thus promoting entry into anaphase (Singh et al., 2014). Moreover, AUR3 is present at kinetochores and is involved in kinetochore assembly during mitosis (Lermontova et al., 2015). Therefore, during exposure to H2O2 or combined H2O2 and NaCl treatment, all these up-regulated genes may coordinate to control proper condensation and segregation of chromosomes for successful cell division.

AUR2 is another member of the Arabidopsis Aurora kinase family, which is associated with spindle assembly, phragmoplast organization, and cell plate orientation during mitotic division (Demidov et al., 2014). In this process, AUR2 activity may be controlled by its upstream regulators AtHaspin (Kozgunova et al., 2016) and TPX2 (Petrovska et al., 2012). TPX2 is a MAP with multiple functions in microtubule organization, and can activate and phosphorylate AUR2. The TPX2–AUR2 complex can colocalize on spindle microtubules during mitosis and thereby control cell division (Petrovska et al., 2012).

Besides TPX2, many other MAPs regulate microtubule dynamics for the proper formation of different MT arrays during the cell cycle. AtMAP65-3 begins to accumulate at the narrow midline of the spindle at metaphase and is involved in antiparallel MT bundling at the phragmoplast midline at telophase. Similar to AtMAP65-3, kinesin-5 interdigitates microtubules at both spindle and phragmoplast midline (Bannigan et al., 2007). The kinesin-7 family member NACK1 participates in phragmoplast organization by recruiting MAPKKK (ANP) to the phragmoplast midline and activating the MAP kinase cascade during the late mitosis phase, which is critical for cell plate formation (Sasabe et al., 2015). The kinesin-12 family members POK1 and POK2 are important for PPB function (Rasmussen et al., 2011), and PAKRP1 and PAKRP1L are involved in MT interdigitation at the phragmoplast midline (Lee et al., 2007). ATK1 and ATK5 are two minus-end-directed kinesin-14s which are essential in spindle assembly and function (Ambrose and Cyr, 2007). Therefore, the H2O2-induced expression of all these MAP genes contributes to the assembly of microtubule arrays and the progression of cell division.

The abovementioned cell cycle genes are associated with mitotic cell cycle, chromatin dynamics, and microtubule-related processes in promoting cell proliferation and maintaining the normal structure of chromosomes. As cell proliferation and cell expansion are the main driving forces in leaf growth, the up-regulation of these genes may maintain plant growth in cope with subsequent stresses; however, the mechanisms by which low levels of H2O2 promote plant cell cycle progression and growth remain unclear.



Differentially Expressed Genes Associated With Osmotic Stress

Plants first adopt a series of molecular mechanisms in response to osmotic stress when exposed to high salinity, such as regulating the expression of many genes involved in stomatal closure and synthesizing osmotically protective substances (Feng et al., 2016).

In HW vs. WW, some of the identified DEGs were osmotic stress-responsive (Table 1 and Supplementary Tables 18, 19), but relatively few of these types of genes were up-regulated. Of these, HB33 was induced mainly by H2O2, while the transcript increases under HN and WN were not distinctly different from WW (Figure 4B). Some studies have shown that HB33 is a positive regulator in ABA, mediating plant growth and development as well as response to different abiotic stresses, such as osmotic stress (Wang et al., 2011). In HN vs. WW, more osmotic stress-responsive DEGs were up-regulated (Table 2 and Supplementary Tables 20, 21). RD29A, RD29B, and P5CS1 are typical representatives, but the magnitude of their expression increases were less than in WN vs. WW (Figure 4B). We speculate that pretreatment with H2O2 perhaps mitigates the osmotic stress caused by subsequent salt stress. RD29A and RD29B are osmotic stress-related marker genes, and their encoding proteins RD29A and RD29B act as protective molecules in response to osmotic stress. P5CS1 encodes a key enzyme in proline biosynthesis and promotes proline accumulation to confer plant osmotic stress resistance (Feng et al., 2016). Comparing the DEGs in HW vs. WW with those in HN vs. WW, we found that OSM34 and GRDP2 were significantly up-regulated under both conditions (Tables 1, 2); however, their expression patterns were different. The expression level of the former in HN was higher than that in HW, while for the latter, the converse was observed (Figure 4B). Osmotin34 (OSM34) encodes osmotin to combat osmotic stress (Sharma et al., 2013), and AtGRDP2 encodes a short glycine-rich domain protein which may improve the growth of plants under osmotic stress (Ortega-Amaro et al., 2014).



Differentially Expressed Genes Associated With Oxidation-Reduction Process

To investigate which genes or biological processes are involved in the H2O2-primed oxidative stress tolerance of plants, we performed GO analysis on all DEGs in HW vs. WW and HN vs. WW, and found that some DEGs which may protect plants from damage during subsequent salt stress that were activated by H2O2 (Supplementary Tables 18–21).

Comparing the DEGs in HW vs. WW with those in HN vs. WW, we found that ACS6 and TT4 were jointly up-regulated under both conditions (Tables 1, 2); however, their expression patterns were distinct, with ACS6 expression higher in HW than in HN, whereas TT4 expression increased progressively with HW and HN (Figure 4B). ACS6 is one of the most important genes in ethylene biosynthesis, controlling the level of ethylene. Datta et al. (2015) reported that ACS6 was significantly up-regulated during the glutathione–ethylene interaction in response to salt stress. Our transcriptomic data implies that H2O2 pretreatment may elevate ethylene production by ACS6 transcription increase to activate the ROS-detoxifying system in defending against subsequent salt stress. The expression pattern of ACS6 further confirmed that ethylene may participate in H2O2-primed redox balance reconstruction under salt stress. TT4 encodes chalcone synthase (CHS), a key enzyme involved in the biosynthesis of flavonoids. It has been reported that the up-regulation of TT4 led to an increase in anthocyanin synthesis. Anthocyanins can function as antioxidants, helping plants to scavenge ROS and maintaining redox homeostasis during salt stress. The DEGs only up-regulated in HW vs. WW, such as CRWN2, CRWN3, CRWN4, SOS6, and RBOHD, were all clustered to K8 (Figures 2F, 4B and Table 1). CRWNs constitute a small gene family containing only CRWN1–4 members, three of which were detected in our transcription data. CRWN proteins have been reported to maintain the size and morphology of the nucleus in order to promote the normal growth of plants (Wang et al., 2013). We speculate that H2O2 induces the expression of CRWN2, CRWN3, and CRWN4, which may be positive regulators of oxidative stress tolerance, inhibiting ROS production and DNA damage during subsequent salt stress (Wang Q. et al., 2019). RBOHD is a key member of the RBOHs family, where RBOH-mediated spatiotemporal control of ROS production is required for appropriate cell elongation. We consider that H2O2 pretreatment promoted moderate expression of RBOHD, thereby promoting the growth and development of plants and improving salt tolerance (Marino et al., 2012; Suzuki et al., 2012). SOS6 has an important role in osmotic stress tolerance and may be involved in the regulation of ROS levels under oxidative stress (Yang et al., 2016). The DEGs only in HN vs. WW include VTC2, FSD3, GPX7, and GSTUs, all of which were up-regulated (Figure 4B and Table 2). VTC2 encodes GDP-L-galactose phosphorylase, catalyzing the conversion of GDP-L-Gal into L-Gal, which is considered to be a committed step in ascorbate biosynthesis (Koffler et al., 2014). Ascorbate, as a relatively abundant small-molecule antioxidant in plants, can detoxify ROS throughout the cell. FeSOD is one of the three major classes of SOD. Overexpression of FSD3 results in great tolerance to oxidative stress through scavenging of ROS (Myouga et al., 2008). GPXs are important ROS scavengers due to their broad substrate specificity and high affinity for H2O2. The up-regulated expression of GPX7 has been shown to be important for maintenance of redox balance in the cell (Chang et al., 2009). Glutathione S-transferases (GSTs) protect plants from oxidative damage and enhance the antioxidant capacity of plants. We also found that several GSTUs were up-regulated, such as GSTU24.



Differentially Expressed Genes Associated With Cell Wall Organizations

The plant cell wall is the first defense against external environmental stresses. To check whether H2O2 pretreatment invoked the expression of genes encoding for cell wall components, we further analyzed the transcription data and found that, based on GO analysis, some genes could be primed by H2O2 pretreatment (Supplementary Tables 18, 19), whereas some genes were regulated by subsequent salt stress (Supplementary Tables 20, 21). These genes are involved in the regulation of the synthesis of various components of the cell wall, causing the cell wall to harden. The formation of a physical barrier protects plant cells from further dehydration and death under salt stress, thereby resisting salt stress.

The identical DEGs in HW vs. WW and HN vs. WW, such as AtGH9C2 and GRP14, were up-regulated (Figure 4B and Tables 1, 2). AtGH9C2 is a class C endo-1, 4-β-glucanase (cellulase). Some studies have found that such endoglucanases affect cell wall development by promoting cell wall crystallization processes (Glass et al., 2015). GRP14 is an important structural protein which is widely found in plant cell walls, and the expression of GRP14 helps in cell wall remodeling when plants are exposed to salt stress (Le Gall et al., 2015). The DEGs up-regulated only in HW vs. WW, such as AtGH9B1, AtGH9B13, GRP19, and FUT4, were clustered to K7 (Figures 2F, 4B and Table 1). AtGH9B1 and AtGH9B13 are both class B endoglucanases that play an important role in cell wall relaxation during cell growth and expansion (Tsabary et al., 2003; Urbanowicz et al., 2007). GRP19 is a glycine-rich protein with similar function to GRP14 (Le Gall et al., 2015). FUT4 is an arabinogalactan (AG)-specific fructosyltransferase (FUT), which is responsible for the fructosylation of proteins glycosylated with arabinogalactan (AGPs) in leaves, which maintains proper cell expansion and root growth under salt stress conditions (Tryfona et al., 2014).

The DEGs up-regulated only in HN vs. WW, such as AtGH9B8 and UGP, were the representatives of cluster K2 (Figures 2F, 4B and Table 2). Like AtGH9B1 and AtGH9B13, AtGH9B8 also belongs to class B endoglucanases and is involved in cell wall relaxation during cell growth and expansion (Mele et al., 2003; Urbanowicz et al., 2007; Tryfona et al., 2014). The up-regulated expression of UGP1 can promote the biosynthesis of the cell wall, maintaining plant growth under salt stress and, therefore, increasing the salt tolerance of plants, after H2O2 pretreatment.



Differentially Expressed Genes Associated With Transcription Factors

Following H2O2 pretreatment, some transcription factors were accumulated in plants to defend against subsequent high-salt stress. After GO analysis, we identified some transcription factors encoding genes in HW vs. WW (Supplementary Tables 18, 19) and HN vs. WW (Supplementary Tables 20, 21), respectively. The gene number in the former accounts for a large proportion of the DEGs, with significantly more than the latter. These transcription factors can be divided into five categories, belonging to the ERF, MYB, WRKY, HSFA, and bHLH families.

The identical DEGs up-regulated in HW vs. WW and HN vs. WW included MYB112, ERF5, ERF15, and bHLH100 (Tables 1, 2); however, the expression levels of bHLH100 and ERF5 were higher in HW than in HN, while the converse was the case for ERF15 and MYB112 (Figure 4B). MYB112 is a member of the R2R3 MYBs. The up-regulated expression of MYB112 promotes the accumulation of anthocyanins, which can respond to different abiotic stresses, including oxidative stress, osmotic stress, and high-salt stress (Lotkowska et al., 2015). The DEGs up-regulated only in HW vs. WW, including WRKY33, ERF6, ERF104, bHLH101, and HSFA4A, clustered to K8 (Figures 2F, 4B and Table 1). Some studies have shown that WRKY33, ERF6, and ERF104 can regulate the expression of salt-tolerant genes in different signaling pathways, and that the overexpression of these genes can increase salt tolerance in plants (Jiang and Deyholos, 2009; Vogel et al., 2014; Van den Broeck et al., 2017). bHLH101 can increase the oxidative stress tolerance of plants (Noshi et al., 2018). HSFA4A encodes a member of heat stress transcription factors (Hsfs), certain members of which have been shown to function as ROS-dependent redox sensors, controlling gene expression during oxidative stress. Although we do not know whether HSFA4A is such a redox sensor, there has been evidence showing that it plays key roles in a variety of stress signaling pathways, and its overexpression enhances a variety of stress tolerances, including salt stress, osmotic stress, oxidative stress, and heavy metal stress (Perez-Salamo et al., 2014; Lin et al., 2018).

The DEGs up-regulated only in HN vs. WW include ERF4 and MYB29 (Figure 4B and Table 2). ERF4 are important molecules in the signaling pathways of ethylene and jasmonic acid, regulating the expression of a large number of genes involved in many plant defense mechanisms. Overexpression of ERF4 has been shown to increase salt and drought stress tolerance in plants (Seo et al., 2010).



Confirmation of RNA-Seq Data by RT-qPCR

To further validate whether the expression of DEGs was induced by only H2O2 pretreatment or both H2O2 pretreatment and subsequent salt stress, we selected 15 genes involved in signal transduction (Figure 5A), response to osmotic stress (Figure 5B), response to oxidation–reduction process (Figure 5C), cell wall organization (Figure 5D), and transcription factors (Figure 5E) for RT-qPCR. It was verified that the expression trends of these genes tested by RT-qPCR were highly consistent with the transcriptome data; therefore, the conclusions obtained from the transcriptome analysis are reliable. Primer information is presented in Supplementary Table 1.
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FIGURE 5. Confirmation of transcriptional changes by RT-qPCR. We selected 15 genes from the transcriptome to detect their expression trends: (A) genes involved in signal transduction, (B) genes involved in responding to osmotic stress, (C) genes involved in response to oxidation–reduction process, (D) genes involved in cell wall organization, and (E) genes related to transcription factors. The expression trends of these genes in the transcriptome are given in Tables 1, 2. RT-qPCR results are presented in the form of 2–△△CT. Three biological replicates per experiment. Data are represented as means ± SD. * and ** represented significantly and very significantly different at P < 0.05 and P < 0.01, respectively, estimated with one-way ANOVA following SPSS. WW, pretreated with water and not salt-stressed; WN, pretreated with water and salt-stressed; HW, pretreated with H2O2 and not salt-stressed; HN, pretreated with H2O2 and salt-stressed.




Influence of H2O2 Pretreatment on Antioxidative Enzyme Activities of Seedlings

Salinity-induced oxidative stress in plants is associated with ROS overproduction. Through transcriptome analysis, we found some genes involved in the scavenging of ROS, such as FSD3 and GPX7.

The total SOD, and GPX activities in leaves are shown in Figure 6. The results show that the SOD activities in the HN and WN groups were greatly higher than those in the HW and control (WW) groups, which exhibit consistency between SOD activity and FSD3 expression. Under stress treatment, SOD activity in the HN group increased greatly compared with that in the WN group (Figure 6A). GPX activities in the HN group were significantly higher than in the WN group and, similarly, markedly higher in the HW group than in the WW group (Figure 6B). These results for GPX activity coincided with GPX7 expression.
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FIGURE 6. Influence of H2O2 pretreatment on SOD (A), and GPX (B) activities in Arabidopsis leaves under different treatments. Three biological replicates per experiment. Data are represented as means ± SD. Means for each treatment that do not share a common letter are significantly different at P < 0.05, estimated with one-way ANOVA following SPSS. WW, pretreated with water and not salt-stressed; WN, pretreated with water and salt-stressed; HW, pretreated with H2O2 and not salt-stressed; HN, pretreated with H2O2 and salt-stressed.





DISCUSSION

Salt stress results in osmotic stress and oxidative stress, which limit plant growth and development and subsequently reduce crop yields. Plants can adapt to stressful environments through many physiological and molecular mechanisms, and plant resistance can be improved by many methods.

Seedling treatment with inorganic and organic agents greatly reduces the detrimental effects of stress and enhances essential nutrient content (Qiu et al., 2014; Cantabella et al., 2017; Ghassemi-Golezani and Farhangi-Abriz, 2018; Silva et al., 2020; Zahedi et al., 2021). In our present work, the pretreatment of seedlings with H2O2 increased the fresh and dry weights of salinity-treated seedlings.

H2O2 pretreatment helped seedlings to reduce the accumulation of Na+ and improve the K+ content and K+/Na+ ratio. Increased tissue K+ content and K+/Na+ ratio are important for retaining metabolic activities and, therefore, have been taken as valid physiological criteria for salt tolerance.

The stability of biological membranes has also been used as a screening tool to assess salt stress effects (Farooq and Azam, 2006). Seedling pretreatment with H2O2 reduced RMP in this study, although the change was not much different between the HW group and control. Lipid peroxidation of the plasma membrane is an important indicator of oxidative membrane damage induced by salt (Guo et al., 2017; Ma et al., 2017). Lipid peroxidation will eventually engender MDA, which can cause serious damage to cells. MDA has strong crosslinking properties and can bind with phosphatidyl ethanolamine, nucleic acid, and some amino acids, thereby producing lipofuscin-like pigments. Previous studies have found that the accumulation of MDA exhibited a positive correlation with an increase in plasma membrane permeability. Our experimental data showed that under salt stress conditions, the MDA content in H2O2-pretreated Arabidopsis seedlings was obviously lower than that in water-pretreated seedlings, indicating that H2O2 pretreatment can effectively alleviate the salt stress damage to the integrity and stability of the plant cell membrane. Therefore, the protective role of H2O2 involves improved tolerance of Arabidopsis seedlings to salt stress and maintenance of their growth during salt stress (De Azevedo Neto et al., 2005; Fedina et al., 2009; Wang et al., 2010; Gondim et al., 2012). Our research not only contributes to a better understanding of stress tolerance mechanisms in plants but is also of considerable value in developing effective methods for crop protection against environmental stresses during agricultural practice (Wahid et al., 2007).

To clarify the mechanisms implied in the physiological changes, we subsequently performed transcriptomic work to mine the gene expression patterns under different treatments (WW, WN, HW, and HN). Interestingly, a large number of genes involved in cell cycle control were up-regulated only or mainly in HW, including the core cell cycle genes (CYCs, CDKB1;2, CDKB2;1, their upstream regulator DEL1 and its target CDT1A, as well as MCM2, MCM3, and MCM6) and spindle assembly factor-encoding genes (mitosis kinases, MAPs, kinesin superfamily, chromosome organization proteins, and kinetochore complex). These cell cycle genes can promote cell proliferation and maintain the normal structure of chromosomes. Due to cell proliferation and cell expansion being the main driving forces for plant growth, we speculate that the up-regulation of these genes may enable maintenance of plant growth in coping with the subsequent stresses, which has been exemplified in many studies; for example, CYCB1;1 and CYCB2;2 overexpression in rice plants led to the accelerated growth of plants (Lee et al., 2003) and the potential contribution of the overexpression of MCM6 to the normal progression of DNA replication under salinity stress conditions and, thus, conferring salt tolerance in transgenic tobacco (Dang et al., 2011). Therefore, these findings provide strong supports for our conclusion based on our data: that H2O2 pretreatment enhanced Arabidopsis plant growth and salt tolerance. However, the mechanisms by which low levels of H2O2 promote plant cell cycle progression and growth remain unclear.

In various types of animal cells, it is already well-accepted that low levels of H2O2 can accelerate cell proliferation, perhaps by controlling the redox-dependent expression of D- and B-type cyclins (mainly D1 and B1 cyclins) and, thus, promoting G0/G1-to-S or S-to-G2 and -M cell cycle phase transitions (Burch and Heintz, 2005). In plants, D-type cyclins are also important regulators of G0/G1-to-S cell cycle phase transition, and ROS together with auxin may also play a role in the cell cycle activation of differentiated leaf cells by CDKA1 activation and acceleration of cell cycle re-entry (G0-to-G1) (Feher et al., 2008). Yu et al. (2016) reported that 25 μM H2O2 treatment increased the rate of cell division in the quiescent center of wild-type Arabidopsis root. In our work, H2O2 pretreatment enhanced the expression of many genes encoding B- rather than D-type cyclins. As a result, we propose that H2O2 can also expedite Arabidopsis cell proliferation mainly through promoting the S-to-M cell cycle phase transition. These cell cycle genes might contribute to the good performance of Arabidopsis plants under salt stress after H2O2 pretreatment. However, this speculation needs more in-depth research for confirmation.

Once a low concentration of H2O2 is applied to the blade surface, it can act as a signaling molecule, being sensed and delivered by certain proteins, including HSFA4A of the HSFA family (Miller and Mittler, 2006). The communication between cells and the extracellular environment is largely controlled by RLKs in plants (He and Wu, 2016). Our transcription data show that HSFA4A and RLK902 were significantly up-regulated in HW, which implies that HSFA4A and RLK902 may act as H2O2 sensors and transmit the H2O2 signal to activate transcription factors, including those in the WRKY, ERF, MYB, HSFA, and bHLH families. Then, these transcription factors regulate a series of downstream stress-responsive genes, ultimately improving plant growth and salt tolerance (Miller and Mittler, 2006; He and Wu, 2016).

As a key signaling molecule, H2O2 also connects the signaling pathways of multiple phytohormones; this connection was first found between H2O2 and ethylene. Besides ethylene, other key phytohormones such as abscisic acid, jasmonates (JAs), ethylene and salicylic acid are also closely related to H2O2. All of these phytohormones employ H2O2 in their signaling cascades, either upstream or downstream, to orchestrate plant growth, development, and stress responses (Saxena et al., 2016). In our work, we detected several up-regulated genes involved in hormone synthesis or related signaling pathways. Among them, ABA1 and ACS6 play a role in the first steps of ABA and ET biosynthesis, whereas ABA3, ABI2, ERF1, ERF4, ERF6, ERF106, MYB51, WRKY70, and VSP1 are involved in ABA, ET, or JA signal transduction. In addition, RBOHD, an important member of the RBOH family, was induced by H2O2 pretreatment. RBOHs have been recognized as important targets in the response of phytohormones and H2O2 to various environmental cues (Yao et al., 2017). Recently, H2O2 generated by RBOHs was found to be essential for the maintenance of acquired thermotolerance during recovery after acclimation (Sun et al., 2018). Accordingly, plants primed with H2O2 or with a higher basal level of H2O2 formation will exhibit enhanced resistance to stressors (Ellouzi et al., 2017).

Base on KEGG pathway analysis, more down-regulated genes were enriched in phytohormone signal transduction. Of them, many JA biosynthesis related genes, such as LOXs (LOX3 and LOX4), AOCs (AOC1 and AOC3), OPR3, ACX1; JA metabolism conversion related genes, including ILL6, JAOs (JAO2, JAO3, JAO4), CYP94B1, CYP94B3, ST2A, JMT; and JA signal transduction involved genes, like JAZs (JAZ2, JAZ3, JAZ5, JAZ7, JAZ8, JAZ9, JAZ10, JAZ13), were detected only or both in HW vs. WW and in HN vs. WW (Supplementary Figure 1 and Supplementary Tables 22, 23). These results implied that H2O2 pretreatment may decrease the levels of JA and its derivatives, but the JA signaling was still induced due to the decreased expression of many JAZs transcriptional repressors. Therefore, JA signaling plays an important role in the response of H2O2-pretreated Arabidopsis plants to subsequent salt stress. However, the action mechanisms of JA in plant salt stress tolerance remains largely elusive. Previous studies on different plants have given controversial conclusions (Qiu et al., 2014; Song et al., 2021), which means the roles of JA in plant salt stress tolerance are sophisticated. In this process, the combined action of JA with other plant hormones, such as ABA, ethylene, auxin, and salicylic acid, plus the regulation of hormonal homeostasis may jointly contribute to plant growth under salt stress (Raza et al., 2021; Zahedi et al., 2021; Zhao et al., 2021; Zhu et al., 2021).

Besides the abovementioned genes, many DEGs involved in the redox balance were induced separately in HW, HN, or in both conditions. These genes include TT4, CRWN2, CRWN3, CRWN4, ACS6, SOS6, RBOHD, VTC2, FSD3, GPX7, and GSTU24, which are able to scavenge ROS to maintain the redox balance; moreover, their up-regulated expression enhances oxidative stress tolerance in plants. Then, we examined the enzyme activity of the antioxidative enzymes responsible for the scavenging of ROS. SOD is an important protective enzyme in the enzymatic defense system, which can eliminate superoxide radicals in the cell through a dismutation reaction, generating H2O2 and O2 (Noctor and Foyer, 1998). Our experiments showed that SOD activity increased in the leaves of both HN and HW seedlings, suggesting that H2O2 pretreatment might enhance the superoxide radical scavenging ability of plants. It has been shown that salt tolerance is directly related to an increase in SOD activity (Hernandez et al., 2000). It is also noteworthy that the enhancement of SOD activity in HN plant leaves was accompanied by increases in GPX activity. These results indicate that under stressed conditions, the ROS scavenging mechanism was more effective in acclimated than in unacclimated plants. Thus, our results suggest that SOD and GPX may play central protective roles in the O2– and H2O2 scavenging processes (Badawi et al., 2004; Gill and Tuteja, 2010), and that the active involvement of these enzymes is related, at least in part, to salt-induced oxidative stress tolerance in plants. In addition, we found that among the differentially up-regulated genes, the osmotic stress-responsive genes were mainly concentrated under HN conditions, while relatively few were associated with HW. RD29A and RD29B encode hydrophilic proteins which act as protective molecules in response to osmotic stress, and P5CS1 encodes a key enzyme in proline biosynthesis to promote the accumulation of proline (Feng et al., 2016).

Besides keeping osmotic balance, ion homeostasis maintenance is also an important mechanism for salinity tolerance in plants. From our RNA-Seq data, we also found some genes, such as NHX2, CAX3, and CIPK5 were upregulated under the condition of H2O2 pretreatment followed NaCl stress (Supplementary Table 23). NHX2, as a tonoplast-localized NHX isoform, contributes to both vacuolar pH and the uptake of K+ and Na+, therefore regulating intracellular ion homeostasis (Bassil et al., 2019). CAX3 is a vacuolar H+/Ca2+ antiporter, participating in vacuolar H+/Ca2+ transport during salt stress. Unlike CAX1, CAX3 expression is strongly induced by salt stress (Cheng et al., 2003) and therefore has a specific role in response to salt stress (Zhao et al., 2008). Ion homeostasis, especially K+ homeostasis, is critical for metabolism, cell expansion, plant growth and plant stress acclimation. In this work, many up-regulated DEGs in HN are enriched in starch and sucrose metabolism, may partly benefiting from this K+ homeostasis. Through these pathways plants can improve source/sink of carbon, and therefore maintain their growth and development under salt stress.

The plant cell wall is mainly composed of cellulose, hemicellulose, and pectin. In addition, it contains enzymes and structural proteins. Plant cell walls are essential for the normal growth and development of plants, having many functions such as determining cell shape, maintaining normal water balance and expansion pressure, regulating the spread of macromolecules, and resisting a variety of abiotic stresses. Under high-salt stress, the cell wall is destroyed and the cells lose water and die which, in turn, affects the normal growth and development of plants. Therefore, cell wall integrity is critical for plants growth and stress response (Zhao et al., 2021). Similar to our previous research results, a low level of H2O2 pretreatment and subsequent high salinity, individually or jointly, induced the expression of cell wall remodeling genes. AtGH9B1, AtGH9B8, and AtGH9B13 are class B endoglucanases, and AtGH9C2 is a class C endoglucanase, all of which regulate the synthesis of cellulose. FUT4 is responsible for the fucosylation of AGPs in leaves, and its up-regulation has been shown to thicken plant cell walls and enhance plant salt tolerance (Tryfona et al., 2014).

Based on our work, we suppose that H2O2 pretreatment activates multiple stress-responsive signal pathways which are integrated into a signal network that initiates the expression of many genes encoding transcription factors and protein kinases, hence transitioning plants into a primed state for combatting future salt stress (Hossain et al., 2015).



CONCLUSION

To summarize, under salt stress conditions, H2O2-pretreated plants displayed high-salt tolerance when compared to non-pretreated plants, as manifested in higher plant biomass, increased K+/Na+ ratio, declined MDA content and RMP decline, and elevated activities of antioxidative enzymes (including SOD, and GPX). These results were integrated with transcription data, and we propose a working model for H2O2 pretreatment-induced salt tolerance improvement of Arabidopsis plants. In brief, exogenous H2O2 may be perceived by certain sensors which transmit the H2O2 signal to transcription factors that, in turn, regulate the expression of downstream genes, thereby accelerating cell cycle progression and cell proliferation, enhancing osmotic stress tolerance, maintaining the redox balance, and remodeling the cell walls in plants under subsequent high-salt exposure. In accordance, pretreatment with H2O2 at an appropriate concentration can improve the growth and salt tolerance of Arabidopsis seedlings (Figure 7).
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FIGURE 7. A working model of the mechanism underlying H2O2 pretreatment to improve salt tolerance in Arabidopsis. After H2O2 pretreatment, plants respond to salt stress via complex signal transduction pathways. We speculate that HSFA4A and RLK902 act as sensors in the H2O2 pretreatment process, transmitting the H2O2 signal to activate transcription factors, including those in WRKY, ERF, MYB, HSFA, bHLH, and E2F families. These transcription factors activate a series of genes with responses in cell cycle progress, osmotic stress, redox processes, and cell wall tissue, ultimately improving plant salt tolerance.
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Plant growth regulators are known to exert strong influences on plant performance under abiotic stress, including exposure to high nitrate, as occurs commonly in intensive vegetable production. However, direct comparative evaluations of growth regulators under otherwise identical conditions in major crop species are scarce. In this study, tomato (Solanum lycopersicum L.) was used as a model crop, and the roles of four common exogenously applied plant growth regulators (MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside) in regulating crop growth were studied under high-nitrate stress. We provide a particular focus on root system architecture and root physiological responses. Our data show that all four growth regulators improve tomato tolerance under high nitrate, but that this occurs to differing extents and via differing mechanisms. Optimal concentrations of MT, SA, HA, and SNP were 50 μmol L–1, 25 μmol L–1, 25 mg L–1, and 50 μmol L–1, respectively. MT and SNP produced the strongest effects. MT enhanced root growth while SNP enhanced above-ground growth. Growth of coarse and thin lateral roots was significantly improved. Furthermore, an enhancement of root vitality and metabolism, improved integrity of root cell membranes, and an increase in antioxidant enzyme activities were found, but regulatory mechanisms were different for each growth regulator. Our results show that in particular the application of MT and SNP can improve growth of tomato in intensive vegetable production under high-nitrate stress and that root growth stimulation is of special importance in procuring these beneficial effects.

Keywords: tomato, high-nitrate stress, plant growth regulator, tolerance, root system architecture


INTRODUCTION

A high application rate of fertilizer, especially of nitrogen (N) fertilizer is common practice in crop production systems to obtain maximum yield (Ju et al., 2007; Coskun et al., 2017; Min et al., 2021b), including in greenhouse-based vegetable production systems (Shi et al., 2009; Li et al., 2017; Min et al., 2021a). However, N fertilizer use both in field and greenhouse settings is highly inefficient, and often only 10–20% of the N applied in the field can be absorbed by the crop, and consequently, a substantial amount of N remains in soil, is leached, or is lost to the atmosphere (Coskun et al., 2017). Due to the lack of leaching associated with natural rainfall in the greenhouse, and high surface transpiration in long-term intensive planting systems, often leads to serious secondary salinization of the vegetable soil (Darwish et al., 2005; Shi et al., 2009; Min et al., 2011; Wang et al., 2019). Under such conditions, soil NO3– content can exceed 1,300 kg ha–1 and can account for 67–76% of all anions in the vegetable soil (Zhang et al., 2017; Min and Shi, 2018). Increases in soil NO3– ion contents foster the exchange of Ca2+ and K+ ions from the solid soil phases to form various nitrates, which can result in oxidative damage and metabolic disorders in plants, reduce crop yield, and negatively affect nitrogen metabolism (Wilson and Skeffington, 1994; Du et al., 2017).

Tomato (Solanum lycopersicum L.) as a globally utilized fruit vegetable and is mainly cultivated in greenhouses (Jo and Shin, 2021). In 2019, the total production of tomato in the world was 181 million tons, with China accounting for 35% of the total, followed by India and Turkey (FAO, 2020). High nitrate levels in greenhouse soil can, however, produce considerable toxicity conditions for tomato, manifesting both above- and belowground (Cao and Tibbtts, 1998; Wang et al., 2007; Xu et al., 2012). Liang Y. L. et al. (2018) have reported reductions of the fresh weight of shoot and root by 39.02 and 35.42%, respectively (Liang Y. L. et al., 2018). Furthermore, Guo et al. (2018) found that root length was decreased by 15.0, 34.7, and 58.2% following high-nitrate stress for 1, 3, and 5 days, respectively (Guo et al., 2018). Root system architecture, including root length, branching, diameter, and surface area, is critical to soil stability, water and nutrient uptake, and stresses tolerance more generally (González-Hernández et al., 2020). The root morphological changes under high-nitrate stress, however, have not been studied in detail in tomato or other vegetable crops.

Exogenous application of growth regulators can stimulate plant growth, enhance antioxidant capacity, and improve plant tolerance to various abiotic stresses, and selective application of such plant growth regulators can be an effective measure to overcome high-nitrate stress (Liang W. J. et al., 2018; Khan et al., 2021; Xu et al., 2022). Du et al. (2017) showed in cucumber that the exogenous application of growth regulators can lead to growth recovery under high-nitrate stress, and that this is associated with stimulated activities of enzymes involved in N metabolism and with improved carbon assimilation (Du et al., 2017). Several studies have shown that, under high nitrate, the exogenous application of melatonin, salicylic acid, sodium nitroprusside, humic acid, γ-aminobutyric acid, nitradine, 2,4-epibrassinolide, and several other substances can promote plant growth and improve stress tolerance (Wilson et al., 2008; Wani et al., 2017; Hatami et al., 2018; Chen et al., 2021). Among these plant regulators, melatonin (MT), salicylic acid (SA), sodium nitroprusside (SNP), and humic acid (HA) were the most commonly used, with excellent potential for improving abiotic stress tolerance in practice. However, direct comparative studies on the relative efficacies and on plant performance of different exogenously applied growth regulators in tomato under high-nitrate stress under otherwise identical conditions have, thus far, been lacking. It has also remained unclear whether the regulatory mechanisms of various kinds of growth regulators are different from one another.

The objectives of this study were: (i) to compare nitrate stress tolerance in tomato under the influence of four common growth regulators (MT, SA, HA, SNP); (ii) to characterize the root morphology changes of tomato following growth regulator application under high-nitrate stress; (iii) to clarify whether the regulatory mechanisms of the growth regulators are shared or differ from one another. It is hoped that our study will provide new insight into the mechanisms of growth regulator action in tomato and provide some novel guidance for the improvement of vegetable cultivation systems.



MATERIALS AND METHODS


Plant Material, Culture Conditions, and Stress Treatment

Seeds of tomato (Solanum lycopersicum L. cv. Hezuo 903) were surface-sterilized with 6% H2O2 (30 min) and germinated on moistened filter in the dark (3 days, 28°C), and then transferred and grown hydroponically, using modified Hoagland solution [KNO3, 1.0 mmol L–1; Ca(NO3)2, 2.0 mmol L–1; KH2PO4, 200 μmol L–1; MgSO4, 0.4 mmol L–1; Fe-EDTA, 0.1 mmol L–1; H3BO3, 3.0 μmol L–1; MnCl2, 3.0 μmol L–1; CuSO4, 0.5 μmol L–1; ZnSO4, 1.0 μmol L–1; (NH4)2MoO4, 0.1 μmol L–1; pH 5.8] for 7 days. The experiment was carried out in a growth camber with a 14-h daily light period (200 μmol m–2 s–1, 28°C) and a 10-h dark period (25°C) (Zhang et al., 2018). Subsequently, 7-day old seedlings were transferred into the high-nitrate solution (NO3– concentration, 100 mmol L–1) with equal addition of KNO3 and Ca(NO3)2 for excess nitrate stress treatment (Xu et al., 2012; Du et al., 2017; Chen et al., 2021). A NO3– ion concentration of 4.5 mmol L–1 was used as a control. After 1-, 4-, and 10-day treatments, plants were separated into leaves, stems, and roots, and then fresh weight (FW) and dry weight (DW) were determined.

Four common regulators (MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside) were selected in this experiment. The 7-day old seedlings were divided into three groups, namely control (SC), high-nitrate stress (SN), high-nitrate stress + regulators (namely by regulator name + each concentration level). Four general concentrations of each regulator were used (Table 1), and the nitrate stress concentrations treatments were conducted as mentioned above. The nutrient media was changed every 48 h, and the treated seedlings were harvested for analysis after exposure to nitrate treatments for 10 days. All treatments were repeated at least three times.


TABLE 1. Concentrations of four exogenous growth regulators (MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside) used in the experiment.
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Analysis of Plant Vegetative Growth and Root Characteristics

The harvested seedlings were used to determine aboveground growth indicators, fresh samples of plants were used to measure plant height, leaf length, leaf width and other indicators with a ruler, and stem thickness was determined with the vernier caliper. Then, root scanning was performed to determine morphological parameters of root growth, including total root length, root surface area, root volume, root tips, and root diameter, using a WinRhizo-LA1600 (Regent Instruments Inc., Quebec, QC, Canada) root analysis instrument (Ji et al., 2017).



Measurement of Root Vitality, Electrolyte Leakage, Lipid Peroxidation, and Antioxidant Enzymes

Determination of root vitality (Chang et al., 2012): Fresh terminal roots were incubated for 2 h at 37°C in darkness with a solution mixture of 0.4% 2,3,5-triphenyltetrazolium chloride and 0.1 mol L–1 phosphate buffer, and then 2 mL, 1 mol L–1 sulfuric acid was added to stop the reaction. Equal amounts of fresh roots from the same plants were mixed with 2 mL, 1 mol L–1 sulfuric acid, which was the comparison treatment. Then, the treated roots were macerated with ethyl acetate and quartz sand for extracting the red-colored formazan (80°C, 15 min) that was then quantified spectrophotometrically at 485 nm.

Determination of electrolyte leakage (EL) (Endeshaw et al., 2015): Fresh roots were incubated at 32°C for 2 h in test tubes, which contained 10 mL of double-distilled water for determining initial electrical conductivity (EC1). After heating treatment in boiling water for 20 min, a second electrical conductivity (EC2) measurement was taken. Simultaneously, the electrical conductivity of background distilled water was determined as the third electrical conductivity (EC3). Then, EL was calculated as (EC1-EC3)/(EC2-EC3) × 100%.

Determination of total soluble protein (Song et al., 2015): Fresh roots were mixed with ice-chilled phosphate buffer (pH 7.8) that contained 0.1 mmol L–1 EDTA. Then, the resulting homogenate was centrifuged at 4,000 rpm for 20 min, and the supernatant was collected for determination of protein at 595 nm (using BSA solution as standard).

Determination of malondialdehyde (MDA) (Aziz et al., 2018): Fresh roots were ground with 0.1% trichloroacetic acid, and the mixture was centrifuged at 10,000 rpm for 5 min. 1 mL of protein-free supernatant was mixed with 0.25 mL 0.5% thiobarbituric acid, heated with boiling water for 20 min, placed on ice to stop the reaction, and then absorbance at 450, 532, and 600 nm was determined.

Determination of antioxidant enzymes (Aziz et al., 2018): Fresh roots were homogenized with phosphate buffer (pH 7.8) that contained 0.2 mmol L–1 EDTA and 2% insoluble polyvinylpyrrolidone, with a chilled pestle and mortar. The homogenate was centrifuged at 12,000 rpm for 20 min, and the supernatant was used for determining enzyme activities. SOD activity was assayed by measuring 50% inhibition of the photochemical reduction per unit time of nitro-blue tetrazolium. CAT activity was measured by UV spectrophotometer, and then calculated as micromoles of H2O2 oxidized per minute per milligram of total soluble protein.



Statistical Analysis

The results were statistically analyzed by analysis of variance (ANOVA) and a Duncan multiple-range comparison test with SPSS (SPSS Inc., Chicago, IL, United States). Difference alphabets among treatments indicate statistical significance at the P < 0.05 level, and the data are represented as the means ± SE. All graphs were generated using Origin 8.5 (OriginLab Corporation, Northampton, MA, United States). Principal component analysis (PCA) was conducted to analyze and visualize the effect of regulators types and concentration levels on related growth characteristics using CANOCO (Version 4.5, Plant research international, Wageningen, Netherlands).




RESULTS


Root Biomass of Tomato Responds Strongly Under High-Nitrate Stress

Under high-nitrate stress, the growth of tomato plants was significantly inhibited in terms of roots, stems, and leaves after varying periods of exposure (Figure 1). After 1-day treatment, a 16.00% reduction of root weight was observed compared to the control treatment, and the inhibition rate of leaf growth was observed at 12.35%, while stem growth was not inhibited. After 4 days, the biomass of root, stem, and leaf was decreased by 18.75, 35.15, and 37.84%, respectively. After 10 days, more significant differences were observed: biomass of root, stem, and leaf were 67.44, 65.99, and 68.83% lower for plants under nitrate stress treatment, respectively. These data show that the root is the most sensitive tissue and is inhibited first under high-nitrate stress. Clearly, maintaining proper root growth and function is essential for sustainable growth of tomato plants under high-nitrate stress.
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FIGURE 1. Effects of high-nitrate stress on tomato biomass of roots, stems, and leaves after 1-day (A), 4-day (B), and 10-day (C) treatment. SC, control; SN, high-nitrate stress treatment. Asterisks indicate significant differences between SC and SN treatments at the P < 0.05 level.


Furthermore, the root morphology characteristics were analyzed under both control and high-nitrate treatment. As shown in Figure 2, the total root length, root surface area, root diameter, root volume, and root tip number were changed by 108.52, 93.56, 86.41, 80.00, and 65.00% after 1 day under high-nitrate treatment, respectively. After 4 days, considerable growth inhibition was found for tomato roots. A 20.02, 11.73, 38.82, 24.91, and 63.64% reduction was observed for total root length, root surface area, root diameter, root volume, and root tip number, respectively. After 10 days, total root length, root surface area, root diameter, root volume, and root tip number were reduced to 63.44, 57.59, 61.18, 35.40, and 10.00% compared to the control treatment, respectively. Among these indicators, the root tips were most inhibited under nitrate-stress conditions, while total root length was less inhibited, and the order of the degree of inhibition for root indicators was: root tips number > root volume > root diameter > root surface area > total root length.


[image: image]

FIGURE 2. Effects of high-nitrate stress on relative root architecture change of tomato after 1-day, 4-day, and 10-day treatment. (A) Total root length; (B) Root surface area; (C) Root diameter; (D) Root volume; (E) Root tips. SC, control; SN, high-nitrate stress treatment. Asterisks indicate significant differences between SC and SN treatment at the P < 0.05 level.




Morphological Parameters Show Different Performances After Exposure to Different Plant Growth Regulators

After adding plant growth regulators, the degree to which plant growth was alleviated was different for each regulator, and there existed a certain dose effect (Figure 3). After applying MT, root, stem, and leaf biomass were changed by −20.71–114.5, −48.00–43.49, −30.99–85.18%, respectively, compared to stressed seedlings in the absence of growth regulators. It was particularly noteworthy that the MT2 (50 μmol L–1) treatment had a significant effect on offsetting the decline in plant growth. When adding SA, the growth inhibition was not considerably alleviated. On the contrary, a high concentration of SA (≥50 μmol L–1) even had a partial inhibitory effect on plant growth: the growth of root, stem, and leaf of tomato plants after adding SA was changed by −57.62–23.81, −58.29–5.78, −53.52–33.67%, respectively. The application of HA promoted root, stem, and leaf biomass by −44.29–1.19, −45.75–7.69, −39.96–22.69%, respectively. The treatment with HA1 (25 mg L–1) had a significant positive, protective effect on plant growth, and the effect of HA on aboveground tissues was stronger than on the root system. The biomass of root, stem, and leaf was enhanced by 44.05–178.6, 80.11–167.27, 73.50–187.5%, respectively, after application of SNP; especially SNP2 (50 μmol L–1) had a strong effect on protecting plant growth (Figure 4). In conclusion, various plant growth regulators showed different effects on alleviating high-nitrate stress, and MT and SNP possessed the strongest alleviatory effects among the four regulators.
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FIGURE 3. Effects of different concentrations of (A) MT, (B) SA, (C) HA, and (D) SNP on tomato growth under high-nitrate stress. SC, control; SN, high-nitrate stress treatment; MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside; MT1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 MT; SA1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 SA; HA1–4 represented SN + 25 mg L–1, 50 mg L–1, 100 mg L–1, 200 mg L–1 HA; SNP1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 SNP. To allow for direct comparison, the same plants for SC and SN were used in the four panels.
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FIGURE 4. Effects of different concentrations of (A) MT, (B) SA, (C) HA, and (D) SNP on root, stem, and leaf biomass of tomato under high-nitrate stress. SC, control; SN, high-nitrate stress treatment; MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside; MT1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 MT; SA1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 SA; HA1–4 represented SN + 25 mg L–1, 50 mg L–1, 100 mg L–1, 200 mg L–1 HA; SNP1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 SNP. Different letters indicate significant statistical differences at the P < 0.05 level as determined by Duncan’s multiple range test.


To understand the effects of plant growth regulators on plant growth indices, plant height, stem diameter, number of leaves, leaf length, leaf width, and leaf area of tomato were investigated. After using plant growth regulators, the plant height was promoted by 15.67–20.00, 13.50–18.17, 14.67–19.33, and 18.17–25.67% for the application of MT, SA, HA, and SNP, respectively. The stem diameter was less promoted, and the indicator was changed by −13.00–17.00, −31.00–2.00, −14.00–8.00, and 0–22.00% after using MT, SA, HA and SNP, respectively. When considering leaf growth, leaf number, leaf length, leaf width, and leaf area were changed by −36.84–43.86, −18.30–17.65, −15.66–27.71, and −27.90–50.35% after providing plant growth regulators, respectively (Table 2). The promoting effect for the morphological parameters was ordered as follows: SNP > MT > HA > SA. The optimal concentrations of MT, SA, HA, and SNP under high-nitrate stress were 50 μmol L–1, 25 μmol L–1, 25 mg L–1, and 50 μmol L–1, respectively.


TABLE 2. Effects of exogenously applied growth regulators on morphological parameters of tomato under high-nitrate stress.
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Root Morphology Parameters Show Different Performances After Exposure to Different Plant Growth Regulators

Both nitrate stress and plant growth regulators had a significant effect on the root morphology of tomato, and different performance was observed for different plant growth regulators (Table 3). Total root length was changed by −27.79–79.54, −46.03–18.97, −38.24–15.91, and −4.40–65.70% after application of MT, SA, HA, and SNP, respectively. In particular, application of MT significantly relieved growth suppression brought about by nitrate stress, and root growth under MT2 recovered to pre-stress levels. Root surface area was enlarged by −49.25–137.61%, while the application of SA made no significant difference to this value. The regulators also significantly increased root volume, by −18.59–59.98, −124.26–16.42, −59.51–7.55, and 31.16–68.28%, after application of MT, SA, HA, and SNP, respectively. Moreover, root tip number distinctly recovered after growth regulator treatment, and this number, which indicates the growth of lateral roots, was enhanced by 76.92–433.33, −43.59–74.36, −28.20–102.56, and 66.67–566.67% for MT, SA, HA, and SNP, respectively. Therefore, compared among all plant growth regulators, MT and SNP offset the decline of root growth, especially lateral roots, under high-nitrate stress most markedly.


TABLE 3. Effects of exogenously applied plant growth regulators on root morphology of tomato under high-nitrate stress.
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Given the routine assessment of root diameter as an indicator of nutrient uptake capacity and of growth status, the effect of growth regulators on root lengths of varying diameters was further examined (Figure 5). Following nitrate stress, root growth, especially for coarse roots, was significantly inhibited. However, when applying MT, the growth of both fine and coarse roots was strengthened. For example, with the MT2 treatment, the diameter of 0–0.1 mm and >0.1 mm root was increased to 220.22 and 223.48 cm, respectively. SA1, by contrast, significantly enhanced in particular fine root growth. Root lengths of roots with a diameter of 0–0.1 mm under SA1 treatment were increased by 5.30% under nitrate stress, while root lengths of roots with a diameter of 0.2–0.5 mm were decreased by 5.04%. HA influenced coarse roots only slightly, while fine roots were enhanced by almost 100 cm under the HA2 treatment. With SNP treatment, coarse roots were promoted more pronouncedly, and root lengths of roots with a diameter of 0.2–0.3 and 0.3–0.4 mm were enhanced by 5.66 and 5.00%, respectively. When applying SNP2, root lengths of roots with diameters of 0.2–0.3 and 0.3–0.4 mm were increased by 79.02 and 56.91 cm, respectively. Therefore, fine and coarse lateral roots were both promoted under MT treatment, while SNP had a more positive effect on the growth of coarse roots, and SA significantly promoted fine roots with no significant changes observed for HA.
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FIGURE 5. Root-length proportions of sections with different diameters in response to high-nitrate stress of (A) MT, (B) SA, (C) HA, and (D) SNP application treatment. SC, control; SN, high-nitrate stress treatment; MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside; MT1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 MT; SA1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 SA; HA1–4 represented SN + 25 mg L–1, 50 mg L–1, 100 mg L–1, 200 mg L–1 HA; SNP1–4 represented SN + 25 μmol L–1, 50 μmol L–1, 100 μmol L–1, 200 μmol L–1 SNP. Different letters indicate significant statistical differences at the P < 0.05 level as determined by Duncan’s multiple range test.




Root Activity, Electrolyte Leakage, Cell-Metabolic Activity, and Antioxidant Enzyme Activity Exhibit Differential Performance With Provision of Different Plant Growth Regulators

Root activity, electrolyte leakage, cell-metabolic activity, and antioxidant enzyme activity are all key indicators of plant performance under stress, and such is also the case under high-nitrate stress (Table 4). Compared with the SN treatment, the application of MT2 strongly supported root vitality; the value obtained in the tetrazolium reduction vitality test increased 3.82 times, while only an infinitesimal decrease was observed for electrolyte leakage. The application of MT2 furthermore decreased the MDA content by 34.24%, while there was no significant difference in SOD and CAT enzyme activity, indicating that these two enzymes do not play a key role in this process. When applying SA1, the root vitality value was increased by 32.37% and electrolyte leakage was decreased by 14.97%. With MDA, significant decrease was observed, and the content was reduced by 29.55%; the activity of SOD was not enhanced but CAT activity was enhanced by 1.10 U/mg prot. Compared with the high-nitrate treatment, exogenous HA1 had no significant effect on root activity, and an 8.37% reduction in electrolyte leakage was observed. In addition, MDA content was significantly decreased by 6.39 nmol/mg prot. CAT enzyme content was increased 1.08 times while SOD was not increased. For SNP, the root vitality in the SNP2 treatment ranked after the MT2 treatment, and the value was 1.65 times that of the SN treatment, while electrolyte leakage was not decreased with SNP2 treatment. MDA content was decreased by 11.04% compared to SN, and a 149.48% increase in CAT activity was observed, while SOD activity was only enhanced by 39.33 U/mg prot.


TABLE 4. Effects of exogenously applied growth regulators on root activity, electrolytic leakage, total soluble protein, malondialdehyde (MDA) content, and antioxidant enzyme activities under high-nitrate stress.
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Principal Component Analysis Confirms the Differential Effect of Plant Growth Regulators

Principal component analysis reveals that the 19 plant growth parameters were divided into PC1 (52.8%) and PC2 (35.5%). Thus, a total of 88.3% of the differences in all indicators could be explained. In addition, these parameters were divided into two categories. For example, root weight, stem weight, leaf weight, plant height, stem diameter, number of leaves, leaf length, leaf width, leaf area, total root length, root surface area, root diameter, root volume, root tips number, and root vitality were distributed in the first and fourth quadrants and showed a positive relationship with nitrate-stress tolerance of tomato. On the other hand, the root, electrolyte leakage, MDA content, SOD and CAT enzyme activity were distributed in the second and third quadrants and showed an opposite relationship with tomato growth parameters (Figure 6). The SNP2 and MT2 treatments had more than 0.50 of the PC1 loadings and were located closer to the SC treatment, suggesting that, under those two treatments, growth of the tomato plant was less stressed and growth indicators could recover to the state prior to the imposition of stress. In addition, a clear separation in PC1 and PC2 loading scores was observed based on the plant growth regulator type and concentration. The SNP treatment was distributed along the PC2 axis, with the PC2 loadings of SNP ranging from 0 to 0.3, while the PC2 loadings of the SA treatment ranged from −0.5 to 0, suggesting a different response and dispersion from the SNP and SA treatments. The PC1 loadings were observed to range from 0 to 0.75 of the MT treatment (except MT4), and the PC1 loadings of HA treatment were located at −0.5–0, suggesting dispersion among the MT and HA treatment. Therefore, the various regulators acted in different ways in the context of tolerance to high-nitrate stress, and the application of SNP2 and MT2 showed the best offset effect of plant growth under the stress condition.
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FIGURE 6. Principal component analysis and factor scores for the selected related growth indicators as the first two principal components. Root, root weight; Stem, stem weight; Leaf, leaf weight; H, plant height; SD, Stem diameter; NL, number of leaves; LL, leaf length; LW, leaf width; LA, leaf area; TRL, total root length; RSA, root surface area; RD, root diameter; RV, root volume; RT, root tips; RVI, root vitality; EL, electrolytic leakage; MDA, MDA content; SOD, SOD enzyme activity; CAT, CAT enzyme activity.





DISCUSSION


The Variable Effects of Plant Growth Regulators on Tomato Growth Under High-Nitrate Stress

Inhibited physiological and biochemical growth indicators is a critical phenomenon to environmental stress (Yuan et al., 2015; Du et al., 2017). In this study, the biomass of tomato was significantly inhibited, by 67.44, 65.99, and 68.83% for roots, stems, and leaves under nitrate stress, which is consistent with previous studies in cucumber, spinach, and other vegetables (Xu et al., 2016; Guo et al., 2018). In past studies, the application of plant growth regulators was shown to constitute an effective measure to overcome stresses such as those presented by high nitrate (Du et al., 2018; Liang W. J. et al., 2018; Khan et al., 2021). To date, however, the performances of different regulators under controlled and otherwise identical nitrate-stress conditions have not been evaluated (Zheng et al., 2016; Zhang et al., 2017). In this study, four common plant growth regulators, MT, SA, HA, and SNP were selected to investigate the impacts on plant growth under excess nitrate. The results show that all plant growth regulators affected plant performance when tomato plants were challenged with high levels of nitrate, and changes were observed in a number of key morphological parameters and in root architecture (Figure 4 and Tables 2, 3). MT, in particular, emerged as a positive modulator of root growth and root biomass was enhanced by as much as 114.5%. SNP alleviated nitrate stress by targeting vegetative growth and promoted biomass of stem and leaf by 80.11–167.27% and by 73.50–187.5%, respectively. HA and SA had midler positive effects, and high concentrations of SA could even inhibit tomato growth (Figure 2). As plant growth regulators are substances similar to phytohormones, they can act potently already at low concentrations, while high concentrations can indeed inhibit plant growth (Ljung, 2014; Laplaze et al., 2015). However, the chemical structures of the regulators employed are quite different from one another, and a structure-activity relationships analysis leads to the expectation of differential influences on the processes of growth and differentiation of cells, tissues, and organs (Rademacher, 2015). For instance, melatonin is an amphiphilic tryptophan-derived indoleamine, while SNP acts as an NO donor and can thus directly interfere with ROS-generating and -perpetuating chain reactions (Gupta et al., 2017; Cipolla-Neto and do Amaral, 2018).



Application of Plant Growth Regulators Accelerates the Development of Coarse and Thin Lateral Roots, Thereby Improving Tomato Tolerance to High-Nitrate Stress

Root architecture is central to the maintenance of nutrient and water acquisition, but is highly sensitive to environmental stresses (Guo et al., 2017). In past studies, high-nitrate stress was linked to severe damage to root growth in tomato, while detailed examinations of root architecture under such conditions have not been undertaken (Guo et al., 2018; Liang Y. L. et al., 2018). In this study, a comprehensive analysis of root morphological changes was carried out. We show that after 10 days of high-nitrate stress, a 67.44% decrease in root biomass (Figure 1) was linked to reductions in total root length, root surface area, root diameter, root volume, and root tip number, which were reduced to 63.44, 57.59, 61.18, 35.40, and 10.00% of control, respectively (Figure 2). Interestingly, root diameters changed considerably under high nitrate as well; a root diameter change by 38.82% was noted overall, in agreement with Zobel et al. (2007), who previously noted changes in fine root diameter in response to increasing nitrate concentrations, with peaks in diameter class observed at 0.17 mm for 1.5 mmol L–1 and 0.13 mm for 12 mmol L–1 nitrate. As the typical response to nitrate levels, the decrease of root diameter may present a loss in the number of cells and in cell size in the cortical cell layer (Zobel et al., 2007; Zhang and Wang, 2015). After supplying plant growth regulators, root diameters significantly increased, with notable differences between regulators for each root diameter class. The length of each root diameter class integrates the chemical and physical processes associated with root development. MT and SNP improved both fine and coarse root growth, showing their potential in targeting root cell types in each cell file, and consequently, enhancing water and nutrient uptake and effecting nitrate tolerance (Werner et al., 2001; Guo et al., 2017; Wang et al., 2021).



The Mitigation Mechanisms of Plant Growth Regulators for Root Growth Under High-Nitrate Stress

The nitrate-stress tolerance of tomato depends on a series of complex processes at the physiological and biochemical levels (Ashraf and Harris, 2004). However, whether the mitigation mechanisms of different growth regulators under nitrate stress are shared or are distinct has remained unclear (Du et al., 2018; Guo et al., 2018). In this study, the different plant growth regulators tested showed clearly differential effects. MT has been shown to act as an antioxidant in some studies (Wei et al., 2015). In our study, the MT2 treatment enhanced nitrate tolerance by improving root vitality and decreasing MDA content, while the activities of SOD and CAT enzymes were not influenced, suggesting these two enzymes were not directly involved in scavenging superoxide radicals induced by high-nitrate stress, and other enzymes localized in different subcellular compartments, such as APX, MDHAR, DHAR, GR, and GPX, may contribute to the process. In salt-stressed maize, activities of POD and APX were increased by MT application, while in salt-stressed bermudagrass leaves increased activities in both SOD and POD were observed following MT application (Shi et al., 2015; Jiang et al., 2016). SNP, as NO donor, by contrast, has been shown to markedly improve root growth by inhibiting ethylene production and by promoting antioxidant activity in carnations (Naing et al., 2017). In our study, root vitality and both SOD and CAT activity under SNP2 were enhanced, while MDA content decreased slightly and electrolyte leakage was not decreased, suggesting the antioxidant system contributes to the tolerance mechanism. However, other pathways, in particular phytohormone pathways, such as those influencing ABA/GA balance, should also be further explored (Antonia et al., 2018). In terms of electrolyte leakage, multiple factors, including the activity of ROS-activated outwardly rectifying K+ channels, oxidative degradation of the lipid bilayer, and mechanical defects may have contributed to the results in electrolyte leakage to some degree (Mckay and White, 1996; Vadim et al., 2014). The applications of SA1 and HA1 decreased electrolyte leakage and MDA content, coupled to significant increases in CAT content, which is partly consistent with the finding, in Arabidopsis, that SA promotes seed germination under high salinity by modulating antioxidant activity and by reducing H2O2 content, and is also consistent with HA application contributing to the enzyme synthesis of CAT and POD in almond rootstocks (Hatami et al., 2018; Lee et al., 2010). Clearly, ROS-detoxification systems operate under high-nitrate stress and play a significant role, while the interplay with other factors, such as the activities of key ion transporters and channels, the SOS pathway, calcium homeostasis, phytohormones, transcription factors, mitogen-activated protein kinases, and osmotica such as glycine betaine and proline, should be explored in the future (Tuteja, 2007).




CONCLUSION

Exogenous application of plant growth regulators can help in the alleviation of high-nitrate stress. In this study, four common plant growth regulators (MT, SA, HA, SNP) were selected to examine, in the tomato crop model system, whether they share a common mechanism of growth rescue or whether these mechanisms are distinct from one another, with a special emphasis on root growth. Optimal concentrations of MT, SA, HA, and SNP for tomato shoots and roots were 50 μmol L–1, 25 μmol L–1, 25 mg L–1, and 50 μmol L–1, respectively. MT and SNP had superior mitigation effects under nitrate stress. After addition of plant growth regulators, the growth suppression of tomato under nitrate challenge was significantly alleviated, especially the growth suppression of lateral roots. In addition, improvements in tomato root vitality and metabolism, the integrity of root cell membranes, and the functioning of the antioxidant system were noted, but these were engaged to differing extents among the regulators examined. Our findings lead to the recommendation to deploy appropriate concentrations of MT and SNP to promote the growth of tomato and other vegetable crops in situations where high-nitrate stress is likely to be encountered, such as in intensive vegetable production systems.
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The ectopic expression of the EsMYB90 transcription factor gene from halophytic Eutrema salsugineum has been reported to enhance the level of anthocyanin and other flavonoid metabolites in transgenic tobacco. In this study, the wheat JW1 overexpressing EsMYB90 showed longer roots and higher fresh weight than that in wild type (WT) under salt stress. In addition, the transgenic wheat plants displayed significantly higher peroxidase (POD) and glutathione S-transferase (GST) activity, as well as markedly lower malondialdehyde (MDA) content than that of the WT during salt stress conditions. The analysis of histochemical staining and H2O2 level indicated that the accumulation of reactive oxygen species (ROS) was significantly lower in the roots of transgenic wheat plants compared to the WT under salt stress. Transcriptome analysis revealed that the EsMYB90 gene affected the expression of considerable amounts of stress-related genes that were involved in phenylpropanoid biosynthesis and antioxidant activity in transgenic plants subjected to NaCl treatment. Importantly, the significantly upregulated expression genes in transgenic wheat under salt stress were mainly associated with the antioxidative enzymes POD and GST encoding genes compared with the WT. Furthermore, EsMYB90 is suggested to bind with the MYB-binding elements of pTaANS2 and pTaDFR1 by dual luciferase assay, to activate the transcription of TaANS2 and TaDFR1 genes that are encoding key enzymes of anthocyanin biosynthesis in transgenic wheat plants. All the results indicated that, under salt stress, the EsMYB90 gene plays a crucial role in preventing wheat seedlings from oxidative stress damage via enhancing the accumulation of non-enzymatic flavonoids and activities of antioxidative enzymes, which suggested that EsMYB90 is an ideal candidate gene for the genetic engineering of crops.

Keywords: EsMYB90 gene, Eutrema salsugineum, ectopic overexpression, salt stress, antioxidant capacity, Triticum aestivum, RNA-seq


INTRODUCTION

Soil salinity is a worldwide problem that adversely affects plant growth and productivity by afflicting virtually every aspect of plant physiology and metabolism (Chinnusamy et al., 2005; Zhao et al., 2020). Wheat (Triticum aestivum L.) is a major cereal grown throughout the world, and its grain yield is significantly restrained by salinity stress (Zhang et al., 2014; Luo et al., 2019). Therefore, further research is needed to understand the molecular mechanisms underlying the response and tolerance of plants to salt stress, and obtain key candidate genes for the genetic engineering of crops, ultimately leading to improving the salt tolerance of wheat.

The exposure of plants to salt stress environments will disrupt many physiological and biochemical functions in plant cells (Sairam and Tyagi, 2004). Soil salinity stress firstly causes osmotic stress including loss of turgidity in plant cells produced by the disruption of the water potential and decreased size of stomatal apertures to balance the water pressure (Munns and Tester, 2008). Subsequently, the plant tissues, especially the above-ground parts, accumulate excessive toxic sodium, which results in an overproduction of reactive oxygen species (ROS) under saline stress (Larcher, 2003; Munns and Tester, 2008). Additionally, the oxidative damage of plant cells caused by excessive ROS accumulation will eventually trigger photosynthesis inhibition and metabolic damage, further impair fertility and growth, and provoke early senescence in plants (Larcher, 2003). Therefore, plants have evolved a series of complex enzymatic and non-enzymatic antioxidant defense mechanisms to maintain cell ROS homeostasis and minimize oxidative damage (De Azevedo Neto et al., 2006; Hernández et al., 2009). The enhanced activity of ROS-scavenging enzymes, such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and glutathione S-transferase (GST) is the most common mechanism for detoxifying ROS generated during stress response (Latef and Chaoxing, 2011; Islam et al., 2018). Meanwhile, flavonoids acting as non-enzymatic scavengers of ROS, can be induced by various biotic and abiotic stresses, and protect plants against damages from environmental stimuli (Dixon and Paiva, 1995; Agati et al., 2013; Qi et al., 2021).

The various types of transcription factors (TFs) are performed as nodes involved in a complicated signaling transduction network, and play central roles in the adaptation of plants to environmental stresses, such as salt and drought stresses (Stracke et al., 2001; Verslues et al., 2006; Dubos et al., 2010; Zhang et al., 2012). MYB (v-myb avian myeloblastosis viral oncogene homolog) TFs in plants are characterized by the presence of a highly conserved MYB DNA-binding domain that typically contains one to four imperfect repeats (Li et al., 2015). It is reported that MYB proteins are involved in the regulation of numerous stress-related genes directly or indirectly in response to abiotic stresses (Valliyodan and Nguyen, 2006; Shinozaki and Yamaguchi-Shinozaki, 2007; Li et al., 2015). The downstream genes of MYB protein have been found to contain RD22, SOSs, PP2Cs, ROS scavenging proteins, abscisic acid (ABA) synthesis proteins, cell expansion, and cuticle metabolism proteins, as well as other stress-induced proteins (Cominelli et al., 2008; Jung et al., 2008; Seo et al., 2009; Dai et al., 2012; Qin et al., 2012; Kim et al., 2013).

The R2R3-MYB subfamily is the largest group in the plant MYB family and is documented by more than 126 members in Arabidopsis and about 109 members in rice (Yanhui et al., 2006). The expansion of R2R3-MYB proteins indicates that they may play essential roles in plant-specific processes including the regulation of primary and secondary metabolism, seed and floral development, cell fate and identity, and defense and stress responses in plants (Dubos et al., 2010). It has been demonstrated that a specific calmodulin isoform mediates salt-induced Ca2+ signaling through the activation of AtMYB2 to regulate salt responsive genes, and conferred tolerance of Arabidopsis plants to salt stress (Abe et al., 2003; Yoo et al., 2005). In rice, the overexpression of the OsMYB2 gene led to a higher accumulation of soluble sugars and proline and less accumulation of H2O2 and malondialdehyde (MDA), as well as the upregulation of genes responsible for proline synthesis under salt stress, indicating effective osmoregulation and lower oxidative damage in plants under salt stress (Yang et al., 2012). AtMYB20 improves the salt resistance of transgenic overexpressing Arabidopsis plants by binding to the promoter of ABA insensitive1 (ABI1) and type 2C serine/threonine protein phosphatase A (PP2CA) encoding genes, which are negative regulators of ABA signaling (Cui et al., 2013). The expression of ABI1, ABI2, and AtPP2CA genes was suppressed in AtMYB20-overexpressing lines but induced in AtMYB20-repression lines when plants were subjected to NaCl treatment (Cui et al., 2013). The Arabidopsis bos1 mutant is hypersensitive to salt, drought, and oxidative stress; thus, BOS1/MYB108 is suggested as a positive regulator of the abiotic stress responses (Mengiste et al., 2003). In wheat, the TaMYB33 gene was induced by NaCl, polyethylene glycol (PEG), and ABA treatments, and the putative ABA-responsive element (ABRE), MYB, and other abiotic stress related cis-elements are present in its promoter sequence (Qin et al., 2012). Ectopic overexpression of TaMYB33 in Arabidopsis remarkably enhanced its tolerance to NaCl and drought stresses. Additionally, the expression of AtP5CS and AtZAT12 genes as well as the proline content and ascorbate peroxidase (ASA-POD) activity were improved in TaMYB33 overexpression lines, illustrating that TaMYB33 enhanced salt and drought tolerance partially through the superior ability of osmotic balance reconstruction and ROS detoxification (Qin et al., 2012). TaMYB73, an R2R3 type MYB protein with some stress-, ABA-, and gibberellins (GA)-responsive cis-elements present in its promoter region, and its overexpression in Arabidopsis enhanced the tolerance of plants to NaCl and had superior germination ability under NaCl and ABA treatments (He et al., 2012). TaMYB73 could bind to the promoter sequences of AtCBF3 and AtABF3 genes and enhanced the expression of many stress-signaling genes, such as AtCBF3 and AtABF3, as well as downstream responsive genes, AtRD29A and AtRD29B, in these overexpression lines, thus suggesting TaMYB73 conferred the salt tolerance of Arabidopsis by regulating the expression of stress related genes (He et al., 2012). However, Arabidopsis AtMYB73 was reported to act as a negative regulator of salt response via suppression of salt overly sensitive (SOS) genes, and the knocking out lines of the AtMYB73 gene exhibited higher survival rates and markedly enhanced tolerance to salinity stress, compared to the wild type (WT) (Kim et al., 2013). Besides, the ectopic expression of an R2R3 MYB gene TaPIMP from wheat in tobacco was found to confer increased resistance to salt and drought stresses (Liu et al., 2011). In saline and drought conditions, TaMYBsdu1 exhibited a stronger expression in salt-tolerant wheat cultivar than that in salt-sensitive cultivar, and it is inferred to be involved in wheat adaptation to salt and drought environments (Rahaie et al., 2010). In addition, OsMPS, an R2R3-type MYB transcription factor of rice, played important role in the response to abiotic stresses by directly modulating the expansin and endoglucanase genes (Schmidt et al., 2013). The expression of OsMPS was induced by salinity stress, but its overexpression reduced plant growth under normal conditions. Expression profiling revealed that OsMPS negatively regulated the expression of EXPANSIN (EXP), cell-wall biosynthesis as well as phytohormone signaling genes (Schmidt et al., 2013). Furthermore, OsMPS was a direct upstream regulator of some expansin genes (OsEXPA4, OsEXPA8, OsEXPB2, OsEXPB3, and OsEXPB6) and endoglucanase genes OsGLU5 and OsGLU14. In addition, brassinolide (BR) biosynthesis and signaling genes were found to be downregulated upon the overexpression of OsMPS; thus, it was suggested that an integrative function in the cross-talk between phytohormones and the environment regulates adaptive growth (Schmidt et al., 2013).

Anthocyanin as a kind of flavonoid pigment can protect plants from abiotic stresses, and the regulation of anthocyanin biosynthesis displays a cross-talk with the diverse abiotic stresses (Dixon and Paiva, 1995; Agati et al., 2013). Among these, MYB proteins play essential roles by modulating the expression of a large number of flavonoid biosynthetic genes (Ali, 2014). It is now clear that the R2R3-MYB proteins, such as Arabidopsis production of anthocyanin pigment 1–4 (PAP1–4) namely AtMYB75, AtMYB90, AtMYB113, and AtMYB114, Arabidopsis TT2 (AtMYB123), as well as grape VvMYBPA2 and VvMYBA2, regulate anthocyanin and proanthocyanidin pathways (Paz-Ares et al., 1987; Borevitz et al., 2000; Nesi et al., 2001; Gonzalez et al., 2008; Heppel et al., 2013). However, AtMYB7 functions as a repressor of flavonol biosynthesis, which is downregulated by AtMYB4. AtMYB4 and AtMYB32, characterized as the closest homologs of AtMYB7 in Arabidopsis, were described as repressors of different branches of phenylpropanoid metabolism (Fornalé et al., 2014). In addition, some flavonoid biosynthetic genes are even the direct targets of MYB proteins in response to abiotic stresses. For example, MYB112, upregulated by salinity, could bind with the promoters of MYB7 and MYB32, and the MYB112 was required for promoting the anthocyanin accumulation upon salt and high light stress (Lotkowska et al., 2015).

Although some MYB family members have been identified for their function in stress tolerance and/or flavonoid biosynthesis, the salt tolerance of the MYBs from halophytes still needs to be explored, which will be significant for the academic and applied studies to improve the stress tolerance of crops. In our previous studies, an R2R3 MYB EsMYB90 gene identified from halophytic Eutrema salsugineum (salt cress) played a critical regulating role in promoting many flavonoid compounds biosynthesis in transgenic tobacco, a dicotyledon model (Qi et al., 2020, 2021). Wheat is a major monocotyledon grain crop grown worldwide, but it is a glycophyte and cannot cope with high salinity (Xue et al., 2004; Munns and Tester, 2008). Given the crucial function of Eutrema EsMYB90 in upregulating many flavonoid compounds content in transgenic tobacco, as well as the notable contribution of flavonoids in the stress tolerance of plants, we explore further its function in the salt tolerance breeding of wheat by genetic manipulation.

In this study, we report on the function of EsMYB90 by its overexpression in wheat (Triticum aestivum L.) and revealed that EsMYB90 overexpression results in longer roots, greater fresh weight, and higher flavonoid content, as well as enhanced activity of antioxidant enzymes, and an alleviated ROS damage when the plants were subjected to 200 mM NaCl stress. Transcriptome and quantitative RT-PCR documented that salinity stress affected the expression of plentiful antioxidant and stress-related genes including PODs and GSTs genes, as well as the encoding genes of anthocyanin synthase (ANS), dihydroflavonol 4-reductase (DFR), and glucan endo-1, 3-β-glucosidase (GEBG) genes. Therefore, the key function of the EsMYB90 gene is suggested in improving antioxidant capacity to detoxify ROS in transgenic wheat plants subjected to salt stress. This research will help to understand the regulating mechanisms of the EsMYB90 gene involved in the salt tolerance of plants, and indicate that EsMYB90 is an ideal candidate gene for the genetic engineering of crops.



MATERIALS AND METHODS


Generation of Transgenic Wheat Plants

EsMYB90 gene sequence was amplified using KOD-Plus-Neo DNA polymerase (Toyobo, Japan) and linked to a 3 × Flag tag. The 3 × Flag-EsMYB90 fragments were cloned into the LGYOE3 vector under the control of a ubiquitin promoter. The constructs of 3 × Flag-EsMYB90-LGYOE3 were introduced into Agrobacterium tumefaciens strain EHA105, and the immature embryos of wheat (JW1) were infected with the EHA105 carrying the overexpression vector according to the method described by Zhang et al. (2018). The grinding leaf of the transgenic wheat lines was checked by Basta test strip, and the positive transgenic lines were further confirmed by PCR amplifying the 3 × Flag-EsMYB90 sequence using the specific primers of EsMYB90-F/R (Supplementary Table 1). Thirty-seven independent T1 transgenic wheat lines overexpressing ectopically EsMYB90 were obtained. Among these, the molecular identification of T1-4, T1-6, T1-7, T1-8, T1-9, and T1-30 transgenic wheat lines is shown in Supplementary Figure 1.



Plant Materials and Salt Treatment

The wild-type (WT) wheat (Triticum aestivum L.) cv JW1 was provided by the Shandong Academy of Agricultural Sciences, and T3 homozygous transgenic lines were used to perform the salt stress treatment.

The seeds of wild type (WT) as well as EsMYB90 transgenic wheats were surfacely sterilized respectively with 70% ethanol and washed with distilled water, and these seeds were further soaked using 1% H2O2. The sterilized seeds were germinated on filter paper moistened with sterile distilled water in the dark for 2 days. The germinated wheat seedlings with coincident growth were selected and transplanted into a rectangle box (1 L) containing 1/2 Hoagland solution of 0 and 200 mM NaCl, respectively. Nine WT and 9 transgenic seedlings planted in 1/2 Hoagland solution for 10 days were the control group, while another 9 WT and 9 transgenic seedlings cultured in 1/2 Hoagland solution containing 200 mM NaCl for 10 days were the salt-treated groups. Subsequently, they were transferred to a growth chamber and grown at 22°C with 16 h light/18°C with 8 h dark. The control and salt-treated groups separately represented by three biological replicates were used to observe and photograph the phenotypes of wheat seedlings and survey the contents of chlorophyll, anthocyanin, and total flavonoid, as well as the root length, plant height, fresh weight, antioxidant enzyme activity, MDA content, and H2O2 accumulation.

The wheat seedlings were germinated on filter paper moistened with sterile distilled water in the dark at 22°C for 2 days; then were transplanted into 1/2 Hoagland solution without (control group) or with 200 mM NaCl (salt-treated group) for 24 h. For each treatment, the leaf sheaths of 9 plants were sampled and pooled to minimize the effect of transcriptomic unevenness among plants. The leaf sheath tissues of the control (CK) and salt-treated groups (NaCl) were respectively collected for RNA-seq and quantitative real-time (qRT)-PCR.



Measurement of Anthocyanin, Total Flavonoid, and Chlorophyll

Anthocyanin and total flavonoid were extracted and quantified using the method described by Neff and Chory with minor modifications (Neff and Chory, 1998; Wang et al., 2016). The absorbance of the samples was determined at 530, 657, and 535 nm respectively using a spectrophotometer (UV-1800, Shimadzu), and the methanol with 1% HCl was used as a blank control. The anthocyanin content (mg/g FW) was calculated according to the formula of (A530 −0.25 × A657)/fresh weight (g), while the total flavonoid content (mg/g FW) was measured based on the equation (1/958 × A535 × 10,000 × V)/fresh weight (g), where the V represents the total volume of the extract (ml).

For the determination of chlorophyll content, the absorbance of samples was detected at 663 nm and 645 nm, where 80% acetone was used as the blank control. The chlorophyll content (mg/g FW) was calculated by the eq. (20.21 × A645 + 8.02 × A663)/fresh weight (g) (Şükran et al., 1998).



Analysis of Growth, Antioxidant Enzymes Activity, Malondialdehyde, and H2O2 Accumulation in Transgenic Wheat Plants

To investigate the antioxidant capacity of transgenic wheat plants over-expressing EsMYB90 and the important regulation role of EsMYB90 gene plays in transgenic wheat, we detected the root length, plant height, and fresh weight to evaluate the salt tolerance of the wheat plants. Furthermore, the activity of glutathione transferase (GST) and POD antioxidant enzymes, the content of MDA, and the accumulation level of H2O2 were examined in the transgenic plants compared with the WT under the control and 200 mM NaCl treatment conditions.

The leaves, leaf sheaths, and roots of wheat plants were rapidly weighed (0.5 g), and ground in an ice-cold mortar supplemented with 8 mL 0.05 M Na2HPO4/NaH2PO4 buffer (pH 7.0). The homogenates were centrifuged at 4°C for 20 min, and the supernatants were collected to determine the POD activity and MDA content according to the method of Zhang and Kirkham (1994).

A glutathione transferase assay kit (Qiyi Biotechnology Co., Ltd., Shanghai) was used to determine GST activity. The 0.2 g wheat tissues to 1 ml reagent 1 (1:5 of weight/volume) were homogenized in an ice-bath, then the homogenate was centrifuged at 4°C for 10 min to take the supernatant. The sample tubes mixed with 100 μl sample supernatant, 900 μl reagent 2, and 100 μl reagent 3 were used to determine the absorbance of A3 (10 s) and A4 (310 s) at 340 nm. The blank tube mixed with 100 μl reagent 1, 900 μl reagent 2, and 100 μl reagent 3 was used to measure the absorbance of A1 (10 s) and A2 (310 s) at 340 nm. The absorbance was checked by using a spectrophotometer (UV-1800, Shimadzu). The GST enzyme activity (U/g FW) was calculated based on the formula as follows: 230 × [(A4−A3)–(A2−A1)] ÷W (fresh weight, g).

The 10-day salt treated wheat seedlings were soaked in a 1 mg/ml solution of 3, 3-diaminobenzidine (DAB)-HCl (PH 3.8), and vacuumed for 30 min to make the plants completely immersed in the DAB dye solution. Subsequently, they were incubated and stained at 25°C in the dark for about 12 h, then decolorized with 95% ethanol in a 60°C water bath for about 30 min, and the H2O2 accumulation level of the wheat seedlings was recorded by taking pictures (Ke et al., 2018).

In addition, an H2O2 content assay kit (Qiyi Biotechnology Co., Ltd., Shanghai) was employed to determine H2O2 content. The 0.1 g wheat root tissues were added to 1 ml reagent 1 (1:10 of weight/volume), and the mixture was homogenized in an ice-bath. Additionally, the homogenate was centrifuged at 4°C for 10 min before taking the supernatant. Subsequently, the total sample supernatant was added with 100 μl reagent 2 and 200 μl reagent 3, as the sample tube. The blank tube contains 1ml reagent 1, 100 μl reagent 2, and 200 μl reagent 3, while the standard tubes contain 100 μl reagent 2, and 200 μl reagent 3 added with 1 ml of 1 mmol/mL H2O2 standard solution. The mixtures of the blank (A0), sample (A1), and standard tubes (A2) were employed to determine the absorbance at 415 nm using the spectrophotometer (UV-1800, Shimadzu). The content of H2O2 was calculated according to the equation of [(A2-A0)/(A1-A0)]/W (fresh weight, g).



Library Construction and Illumina Sequencing

Total RNA was extracted from the wheat leaf sheath tissues using RNAiso Reagent (Tiangen, China) according to the manufacturer’s instruction, and treated with DNase I to eliminate the DNA contamination. Sequencing libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, United States) according to the manufacturer’s instructions and the adaptors were added to attribute sequences to each sample. In the study, six cDNA libraries of wheat including the leaf sheaths from the wild-type (WT_NaCl1, WT_NaCl2, WT_NaCl3) and the transgenic plants (T_NaCl1, T_NaCl2, T_NaCl3) treated with 200 mM NaCl for 24 h were sequenced using the Illumina Novaseq 6,000 platform (Novogene company, Beijing), and 150 bp paired-end reads were generated.



Mapping of RNA Sequencing Reads and Gene Expression Analysis

Raw reads were processed by removing the low-quality reads, adapter contamination, and the reads containing high content of unknown bases (N) to get clean reads using FastP software (Chen et al., 2018). After quality and adapter trimming, the clean reads were mapped to the reference genome of Triticum aestivum1 using the Hisat2 program based on no more than two mismatched bases in the alignment (Kim et al., 2019). The FPKM (Fragments Per Kilobase Million) of each transcript was calculated and normalized using featureCounts software, representing the gene expression level (Liao et al., 2014). DESeq2 software was employed to identify the differentially expressed genes (DEGs) by comparing the gene expression levels between the WT and transgenic lines (Love et al., 2014). The FoldChange ≥ 2 and padj (q-value) ≤ 0.05 were used as thresholds to screen the significant DEGs. The function of DEGs was annotated using the Nr database2.



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

Blast2GO program was used to annotate the Gene Ontology (GO) terms of DEGs against the GO database3. In the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, the DEGs were mapped to specific biochemical pathways against the KEGG database4 (Kanehisa and Goto, 2000).

The GO and KEGG enrichment analysis of DEGs were implemented by the clusterProfiler R package (Yu et al., 2012), and the DEGs significantly enriched in GO terms and KEGG pathways were identified. The enrichment results of GO and KEGG were visualized by the ggplot2 R package.



Quantitative Real-Time PCR

To validate the transcriptome results, qRT-PCR was performed by the LightCycler® 96 system (Roche, Switzerland) to examine the expression of 15 selected genes including 3 TaGST, 4 TaPOD genes, and 8 other genes employing the same RNAs of the RNA-seq extracted from wheat leaf sheaths. Specific primers of the 15 genes were designed by Primer Premier 5.0 software, as shown in Supplementary Table 1, and the Tatub4 (tubulin beta-4, TraesCS5A02G416400) was used as an internal control gene. The amplification program of the qPCR was as follows: 94°C for 10 min, followed by 40 cycles at 95°C for 15 s, 60°C for 10 s, and 72°C for 25 s. The expression of each gene was performed using three technical replicates (with three biological replicates), and the relative expression levels of genes were calculated according to the 2–ΔΔCT method (Livak and Schmittgen, 2001). Transcriptome data was verified by comparing the result of qRT-PCR (−ΔΔCT) with RNA-seq (log2FC), and Pearson’s correlation coefficient (PCC) was calculated using the cor.test function of the R base package.



Dual Luciferase Assay

The online software PlantCARE5 was employed to predict conserved MYB-binding cis-element motifs located in the promoters of TaANS2 and TaDFR1 genes (named pTaANS2 and pTaDFR1, respectively).

The regulation of EsMYB90 transcription factor (TF) on the down target genes was performed by dual luciferase assay. First, the promoters (−2000 to 0) of TaANS2 (TraesCS6D02G004300) and TaDFR1 (TraesCS3B02G257900) genes were cloned and recombined into the multiple cloning sites (MCS) of pGreenII0800-LUC as reporter vectors. The ORF of the EsMYB90 gene was inserted into the pCAMBIA3301H vector to obtain pCAMBIA3301H-p35S:EsMYB90 as the effector vector and the empty pCAMBIA3301H vector was used as a control. Primers for these constructs are listed in Supplementary Table 1. Then, these constructs were separately transferred into Agrobacterium tumefaciens GV3101. Furthermore, the GV3101 containing the reporter gene vector of pGreenII0800-pTaANS2 (or pTaDFR1):LUC was co-transfected with GV3101 of pCAMBIA3301H-p35S:EsMYB90 (or pCAMBIA3301H) effector vector into the leaves of tobacco (Nicotiana benthamiana). After 2 − 3 days of the tobacco leaves being transfected, the enzyme activities of firefly luciferase (pTaANS2:LUC or pTaDFR1:LUC) and renilla luciferase (p35S:REN) were separately determined by the dual-luciferase reporter assay system (Meilunbio), in a highly sensitive plate chemiluminescence instrument (Centro LB960, Berthold Technologies, Wildbad, German). Finally, the relative luciferase activities (LUC/REN) from the experiment groups (EsMYB90) using pCAMBIA3301H-p35S:EsMYB90 as the effector and the control group (CK) using pCAMBIA3301H as the effector, were calculated by the ratio of LUC to REN, respectively. The regulation efficiency of EsMYB90 TF on target genes was analyzed by the ratio of LUC/REN in the EsMYB90 group vs. that in the control group. Each assay was carried out using three independent experiments, and each independent experiment was conducted with three biological replicates. Error bars are the SE of the three biological replicates.



Transcription Factor Analysis

The plant transcription factors were identified and classified according to their consensus sequences that were mainly summarized from plnTFDB and plantTFDB using the iTAK software (Pérez-Rodríguez et al., 2010; Jin et al., 2016; Zheng et al., 2016). The expression and classification of the transcription factor genes were visualized by TBtools software (Chen et al., 2020).



Statistical Analysis

Statistical significance was performed using a Student’s t-test by the R base package, and the significant differences relative to the controls are indicated in *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. The mean values and standard deviations (SDs) were calculated from three biological replicates.




RESULTS


EsMYB90 Gene Enhances the Flavonoid Content in the Leaf Sheath Tissues of Transgenic Wheat

To investigate the important role of the EsMYB90 gene in improving the antioxidant capacity of transgenic wheat under salt stress, we generated the Ubiquitin:3 × Flag-EsMYB90 (Ubi:EsMYB90) construct to ectopically express EsMYB90 in wheat plants, and 37 independent T1 transgenic lines were obtained by Agrobacterium-mediated genetic transformation.

The T3 homozygous transgenic wheat lines were used to determine the expression level of the EsMYB90 gene by qRT-PCR. The result showed that TL9 and TL30 transgenic lines possessed a higher expression level of the EsMYB90 gene. The expression of EsMYB90 in the TL30 lines was increased by 11.5, 48.2, and 17.5 times in the leaves, leaf sheaths, and roots, respectively, compared with the WT (Figure 1C and Supplementary Table 2). Furthermore, we found that in 10-day-old wheat seedlings, the leaf sheaths of EsMYB90 transgenic lines TL9 and TL30 lines produced an obvious purple-red phenotype, whereas the leaf sheath tissues of the wild-type were green (Figure 1B). However, the leaf tissues between the transgenic lines and wild-type plants were shown to be almost consistently green, which is in agreement with the non-obvious changed level of chlorophyll in transgenic wheat compared with the WT (Figures 1A,D).
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FIGURE 1. Expression of EsMYB90 gene enhanced contents of anthocyanin and total flavonoid in leaf sheath tissues of transgenic wheat plants. The color phenotype of leaves (A) and leaf sheaths (B) in TL9 and TL30 transgenic lines compared with wild type (WT), from 10-day-old wheat plants. Bars:0.3 cm. (C) Expression analysis of EsMYB90 in leaf, leaf sheath, and root tissues of transgenic lines compared to WT by quantitative real-time (qRT)-PCR. Y-axis indicates the relative expression of the EsMYB90 gene calculated by 2–ΔΔCT. Tatub4 (tubulin beta-4, TraesCS5A02G416400) was used as an internal control gene. Contents of chlorophyll (D), anthocyanin (E), and total flavonoid (F) in leaf and leaf sheath tissues of transgenic lines compared with WT. Student’s t-test values are indicated as ***P < 0.001 and vertical bars indicate the SEs of three biological replicates.


Our results from examining the anthocyanin and total flavonoid production found that the contents of anthocyanin and total flavonoid, respectively, in two Ubi:EsMYB90 wheat lines were all significantly increased in leaf sheaths compared with the WT. Compared with the WT, the anthocyanin contents in leaves and leaf sheaths of the L30 line were separately elevated by 1.0 and 77 times (Figure 1E and Supplementary Table 3), while the total flavonoid contents in the leaves and leaf sheaths of the L30 line were increased 1.4 and 64.8 times, respectively (Figure 1F and Supplementary Table 3). However, after the salt treatment of 200 mM NaCl for 10 days, the transgenic wheat lines showed almost unaffected contents of chlorophyll, anthocyanin, and total flavonoid in contrast to the normal growth condition (CK) (Figures 1A,B,D–F).

In summary, these results indicate that the leaf sheath tissues exhibited higher anthocyanin accumulation as well as the total flavonoid content, and the expression level of the EsMYB90 gene was consistent with the enhanced contents of anthocyanin and total flavonoid in transgenic wheat plants.



Ectopic Expression of the EsMYB90 Gene Promotes Growth in Transgenic Wheat Subjected to Salt Stress

To investigate the functions of the EsMYB90 gene in the transgenic wheats responding to salt stress, the TL9, TL30 transgenic lines, and WT wheat plants were planted in 1/2 Hoagland solution containing 0 and 200 mM NaCl, respectively, to survey and record their growth phenotype.

The result indicated that under 200 mM NaCl stress, the EsMYB90 transgenic lines (TL9, TL30) were observed to have a significant increase (P ≤ 0.001) in root length and fresh weight when compared with the WT wheat, whereas, there was no obvious difference in the plant height (Figures 2B–E). No other difference in phenotypes between wild-type and ectopic EsMYB90 overexpressing plants except for a deepening purplish-red phenotype in the leaf sheath tissues of transgenic lines were observed when grown under normal, non-salt-stressed conditions (Figures 2A,C–E). The result demonstrated the EsMYB90 gene strikingly increased the root length and fresh weight of transgenic wheat subjected to salt stress, indicating that the gene is possibly involved in the regulation of salt tolerance.
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FIGURE 2. Effect of EsMYB90 overexpression on the salt tolerance of the transgenic wheat. Two-day-old seedlings germinated on wet filter papers were transferred into 1/2 Hoagland solution, as a control group (A), and transferred into 1/2 Hoagland solution containing 200 mM NaCl, as the treatment group (B). The phenotypes of the wheat plants (TL9, TL30, WT) under the control (CK) and NaCl treatment (200 mM) were surveyed and photographed. Bar: 2 cm. Comparative analysis of root length (C), plant height (D), and fresh weight (E) among transgenic TL9, TL30, and WT line under 200 mM NaCl treatment and the normal growth condition. WT, wild type; TL9 and TL30, transgenic wheat lines. Mean values and deviations were calculated from three independent biological experiments. ***indicates p ≤ 0.001.




EsMYB90 Gene Enhances the Antioxidant Capacity of Transgenic Wheat

Previous studies documented that the EsMYB90 gene could significantly increase the flavonoid content of transgenic wheat plants (Qi et al., 2021). In the study, we further detected the activities of GST and POD antioxidant enzymes, and the oxidative damage extent in transgenic wheat lines compared with the WT under salt stress.

The result demonstrated that, after 200 mM NaCl treatment for 10 days, the GST and POD activities were all significantly higher in the leaves, leaf sheaths, and roots of TL9 and TL30 transgenic lines than that in the WT (Figures 3A–F and Supplementary Table 4). In normal growth conditions, the POD activity in the leaves, leaf sheaths, and roots, as well as the GST activities in the sheaths were also markedly higher in the TL9 and TL30 transgenic lines compared with the wild type (Figures 3A–F and Supplementary Table 4). MDA is the product of membrane lipid peroxidation, and its excessive accumulation results in the damage of cells and membrane structure (Dhindsa et al., 1981). Generally, the decrease of MDA content in plant tissues indicates the reduced oxidative damage degree caused by the stress stimuli. Our research found that the MDA contents in leaves, leaf sheaths, and roots of transgenic wheat TL9 and TL30 lines were significantly lower than those in the wild-type plants after 200 mM NaCl treatment for 10 days (Figures 4A–C and Supplementary Table 4).
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FIGURE 3. Antioxidant enzyme activity analysis in the different tissues of transgenic wheat lines and WT plants under salt stress and normal growth conditions. The GST activity in leaves (A), leaf sheaths (B), and roots (C), and the POD activity in leaves (D), leaf sheaths (E), and roots (F) are shown in the Figure. TL9 and TL30, the transgenic wheat lines; WT, wild type. Mean values and deviations were calculated from three independent biological experiments. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 indicate significance in transgenic wheat lines relative to WT.
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FIGURE 4. Analysis of oxidative damage extent in transgenic wheat lines compared to WT plants under salt stress conditions. MDA contents in leaves (A), leaf sheaths (B), and roots (C). Mean values and deviations were calculated from three independent biological experiments. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 indicate significance in transgenic wheat lines relative to WT. (D) H2O2 accumulation level detected by DAB histochemical staining. (E) H2O2 content was determined in the roots of the 10-day-old wheat seedlings using an H2O2 content assay kit. TL9 and TL30, the transgenic wheat lines; WT, wild type.


Additionally, when the plants were treated with 200 mM NaCl for 10 days, the H2O2 accumulation level of wheat tissues was detected by the DAB (3,3′-diaminobenzidine) histochemical staining, and the result exhibited that there existed a deeper brown-dark in almost the entire root tissues and leave tips in the WT wheat plants, while there was barely brown-dark in the upper half of roots in transgenic wheat (Figure 4D), which indicated that there was much more H2O2 accumulation in the WT plants than that in the TL9 or TL30 transgenic lines (Figure 4D). Meanwhile, the H2O2 content in the root tissue of wheat seedlings was determined using an H2O2 content assay kit, and the results documented that, under both the control and 200 mM NaCl treatment conditions, the H2O2 contents were all markedly lower in the EsMYB90 transgenic lines than that in the WT; this result was consistent with the lower H2O2 level in the EsMYB90 transgenic wheat lines by DAB staining method (Figures 4D,E).

Collectively, these results demonstrated that the EsMYB90 gene remarkably enhanced the antioxidant enzyme activities of GST and POD, and reduced the injury extent of salt stress to membrane lipid in transgenic wheat subjected to 200 mM NaCl treatment for 10 days, suggesting a significantly improved antioxidant capacity of transgenic wheat plants under salt stress.



RNA Sequencing Analysis in the Leaf Sheaths of Transgenic Wheat Upon Salt Shock

To clarify the function and possible regulation mechanism of the EsMYB90 gene in the response of transgenic wheat to salt stress, we conducted the RNA-seq analysis of leaf sheaths in the transgenic TL30 line and wild-type wheat upon 200 mM NaCl for 24 h using the Illumina Novaseq6000 platform. First, the clean data, which represented more than 99% of the raw data, were obtained after removing the adapter, poly-N, and low-quality reads. The total number of clean reads from the wild-type (WT_NaCl1, WT_NaCl2, WT_NaCl3) and the transgenic plants (T_NaCl1, T_NaCl2, T_NaCl3) was 473,304,684, with an average of ∼79 million reads per library (Table 1). Approximately 94.85% of clean reads from the leaf sheath tissues could be mapped to the reference genome, among which 90.4% of clean reads were uniquely mapped to the reference genome (Table 1). Furthermore, a total of 2,175 DEGs, including 1,802 upregulated and 373 downregulated genes, according to the criterion of log2FC ≥ 1 (or ≤ −1) and Padj ≤ 0.05, were identified in transgenic wheat compared with the WT under 200 mM NaCl (Figure 5A and Supplementary Table 5).


TABLE 1. Summary of reads mapping to reference genome.

[image: Table 1]

[image: image]

FIGURE 5. Volcano plot and expression patterns of differential transcripts in leaf sheaths of EsMYB90 transgenic tobacco relative to wild type. (A) Volcano plot exhibiting the differential expression level of transcripts detected in the RNA-seq. The abscissa represents the logarithm of fold change (TL/WT) of transcripts (log2FC) under 200 mM NaCl; the ordinate indicates the –log10 (p.adj). Red dots represent the upregulated differential transcripts; Blue dots represent the downregulated differential transcripts; Light gray dots represent the transcripts that were detected with no significant difference. (B) The heat map displays the distinguished expression patterns of the differential expressed genes (DEGs). The transcript’s abundance calculated as FPKM is shown in the color legend, where red indicates the transcripts with a higher level, and blue indicates transcripts with a lower level.


To acquire an overview of the salt-response genes in EsMYB90 transgenic wheat, we illuminate the differential expression patterns of these DEGs by hierarchical clustering analysis using heatmap, and the two major characteristics of cluster I and cluster II were distinguished (Figure 5B and Supplementary Table 5). The result showed that there were more upregulated genes (cluster I) and relatively few downregulated genes (cluster II) in the EsMYB90 transgenic line compared with the WT upon salt stress (Figure 5B and Supplementary Table 5). In comparison with WT wheats, all DEGs such as cytochrome P450 genes F3′5′H (TraesCS6B02G405900, TraesCS6B02G406400) and F3′H (TraesCS7D02G404900, TraesCS5B02G209100) associated with flavonoids biosynthesis in cluster I were significantly up-regulated in EsMYB90 transgenic line after NaCl treatment (Figure 5B and Supplementary Table 5). On the contrary, the DEGs such as the late blight resistance protein coding genes R1B-14 (TraesCS2A02G565800) and R1B-12 (TraesCS2A02G564200) from cluster II were all remarkably downregulated in the transgenic wheat upon NaCl stress (Figure 5B and Supplementary Table 5).

To understand in-depth the function of the Eutrema EsMYB90 gene and its influence on these DEGs in the leaf sheaths of transgenic wheat under salt stress, the GO terms of the DEGs were annotated and analyzed. The result showed that 740 unique DEGs were annotated to 678 GO terms. The top 10 GO terms in the biological process (BP), cellular component (CC), and molecular function (MF) were selected for visualization in a histogram (Figure 6A). The ‘POD activity,’ ‘oxidoreductase activity,’ and ‘antioxidant activity’ were the three main GO terms in the molecular function, and the ‘response to oxidative stress’ was the most markedly enriched GO term in the biological process. In cell component classification, the main terms include ‘cell periphery,’ ‘cell wall,’ and ‘external encapsulating structure’ (Figure 6A and Supplementary Table 6). Furthermore, the enrichment analysis of KEGG pathways was performed, and 72 DEGs were assigned to 53 KEGG pathways. Among the represented top 20 KEGG pathways, the ‘cutin, suberine, and wax biosynthesis’ (ko00073), ‘phenylpropanoid biosynthesis’ (ko00940), and ‘biosynthesis of unsaturated fatty acids’ (ko01040) were the most significantly enriched pathways (Figure 6B and Supplementary Table 7).
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FIGURE 6. Function analysis of DEGs in leaf sheaths of EsMYB90 transgenic wheat compared with wild type subjected to 200 mM NaCl treatment. (A) Histogram analysis of GO terms. MF, molecular function; BP, biological process; CC, cellular component. (B) Analysis of top 20 KEGG pathways. The rich factor is the ratio of the DEGs numbers to the total of annotated genes in a certain pathway. In a specific KEGG pathway, the color of dots represents the significance of DEGs, and the size of dots indicates the number of DEGs. Padj indicates the significance of the enriched DEGs, and the smaller padj value indicates higher significance.


Altogether, the GO and KEGG analysis indicated that the DEGs involved in enhancing antioxidative capacity, and biosynthesis of cutin, wax, and unsaturated fatty acids could play a critical role in the response of EsMYB90 transgenic wheat to salt stress.



EsMYB90 Promotes the Expression of Genes Involved in Antioxidant and Cell Wall Plasticity in Transgenic Wheat Upon Salt Stress

Glutathione S-transferase could scavenge external toxins and endogenous toxic metabolites in plants (Islam et al., 2018). Additionally, GSTs as the ligandins are involved in anthocyanin transport, indicating they could play a key role in increasing the antioxidant capacity of plants (Conn et al., 2008). The POD could scavenge ROS produced in a cell responding to salt stress and plays an important role in reducing the toxicity of ROS to organelles (Hassan and Ali, 2014).

In this study, we first identified the GST and POD encoding genes at the genome level by annotating the DEGs of RNA-seq from the leaf sheaths of transgenic wheat compared with the WT upon salt stress using the Nr database. Furthermore, the heatmap analysis indicated that the transcript level of 23 GST genes and 28 POD genes identified were remarkably enhanced in transgenic wheat upon salt stress. Among which, the expression of GST coding genes (TraesCS3D02G486800, TraesCS7D02G514500, TraesCS2B02G523700, TraesCS1A02G186600, and TraesCS7D02G348500) were strikingly upregulated by 73.6, 54, 27.3, 19.1, and 10 times, respectively (Figure 7A and Supplementary Table 8). The transcript abundance of POD coding genes (TraesCSU02G137300, TraesCS2B02G614100, TraesCS1B02G115800, TraesCS2A02G573500, and TraesCS7D02G370400) were separately elevated by 82.3, 62.5, 16.1, 7.9, and 7.6 times (Figure 7B and Supplementary Table 8).
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FIGURE 7. Expression analysis of antioxidant enzyme encoding genes in the leaf sheath tissue of transgenic wheat upon salt stress in RNA-seq using a heat map. Expression analysis of glutathione transferase coding gene GST (A), peroxidase (POD) coding gene POD (B), cellulose synthase coding genes (C), and glucan synthase coding genes (D). The color legend indicates the expression level of DEGs (FPKM), where the redder the color represents the higher gene expression level, and the darker blue color represents the lower gene expression level.


The plants could alleviate the damage of water stress on cells and improve their tolerance to salt stress via regulating the relaxation and increasing the rigidity of the cell wall (Byrt et al., 2018). In monocots, the (1, 3-1, 4)-β-endoglucanase and β-glucosidases were reported to be associated with the lignin biosynthesis that affects the rigidity of the cell wall (Zhu et al., 2007). The adaptation of plants to high concentrations of NaCl and osmotic stress requires the changes in cell wall extensibility that are involved in the function of endo-β-1, 4-glucanases (Boucaud et al., 1987; Nicol et al., 1998). Our transcriptome analysis illustrated that in transgenic EsMYB90 wheat compared with the WT upon salt shock (200 mM NaCl, 24h) the expression of the cellulose synthase encoding genes CESA (TraesCS2D02G217000 and TraesCS7D02G190000) was significantly upregulated (Figure 7C and Supplementary Table 8). Meanwhile, the expression level of glucan metabolism related genes such as glucan endo-1,3-β-glucosidase coding genes GEBG (TraesCS3A02G480200, TraesCS3A02G482200, TraesCS3D02G477300, and TraesCS3B02G524700) were strikingly enhanced by 47.2, 32.3, 18.9, and 16.9 times, respectively, and the transcripts of endoglucanase coding genes EG (TraesCS6B02G150300, TraesCS7A02G197900, and TraesCS6B02G342600) were also markedly elevated (Figure 7D and Supplementary Table 8).

Taken together, the RNA-seq results demonstrated that EsMYB90 gene strongly increased the expression of antioxidant related genes (GST, POD) as well as the cellulose and glucan metabolism related genes in leaf sheaths of transgenic wheat under salt stress. This suggested that EsMYB90 played a key regulatory role in enhancing the oxidative capacity and cell wall plasticity in the transgenic wheat in response to salt stress via increasing the expression level of the genes associated with antioxidant and cell wall extensibility.



Validation of RNA-Seq Result and Expression Analysis of Stress-Related Genes Using Quantitative Real-Time-PCR

To confirm the reliability of the RNA-seq data and further validate the regulatory effect of the EsMYB90 gene under salt stress, we analyzed the relative expression of 15 DEGs in the leaf sheaths of transgenic wheat compared with WT by qRT-PCR. These DEGs are mainly related to GST and POD enzymes, carbohydrate metabolism, anthocyanin biosynthesis, and LEA proteins (Supplementary Table 9). The quantitative PCR results showed that the expression of glutathione transferase coding genes GSTU6-1 (TraesCS2B02G523700),GSTU6-3 (TraesCS1A02G186700), and GST4 (TraesCS5A02G024100) in transgenic wheat were significantly higher than that in the WT with 54.2, 4.7, and 3.5 times under salt stress, and 364.5, 16, and 6.6 times under normal growth conditions, respectively (Figure 8A and Supplementary Table 9). Under salt stress, the expression levels of POD coding genes POD1 (TraesCS2B02G124300),POD2-2 (TraesCS7D02G461200),POD11 (TraesCS7A02G211200), and POD12 (TraesCS2B02G614100) in transgenic wheat were significantly higher than that in the WT plant with 4.9, 4.6, 3.1, and 25.2 times, respectively (Figure 8B and Supplementary Table 8). Particularly, it can be seen that under salt stress and normal growth conditions, the expression levels of antioxidant enzyme coding genes GSTU6-1 and POD12 in EsMYB90 transgenic wheat were strikingly increased more than 18-fold than that in the WT (Figures 8A,B and Supplementary Table 9). The result indicated that EsMYB90 could strongly improve the antioxidant capacity of transgenic wheat by enhancing the expression of antioxidant and toxins scavenging genes.
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FIGURE 8. Validation of RNA-seq result using qRT-PCR. Expression verification of 15 genes including (A) GST genes, (B) POD genes, (C) Sucrose and glucans metabolism related genes, (D) Anthocyanin biosynthesis related genes, (E) LEA protein encoding genes, in RNA-seq by qRT-PCR. Black bars indicate −ΔΔCT of DEGs in qRT-PCR, and gray bars show log2FC (TL/WT) of DEGs in RNA-seq. The Tatub4 (tubulin beta-4, TraesCS5A02G416400) was used as an internal control gene. Each set of data was obtained from three biological replications, and the vertical bar represents the standard error of 3 biological replications. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 indicate the significance of gene expression in transgenic wheat plants compared with the WT under salt stress. Correlation analysis of results between RNA-seq [X-axis:log2 FC (TL/WT)] and qRT-PCR (Y-axis: –ΔΔCT) in the normal condition (F) and NaCl treatment condition (G).


In addition, the expression levels of β-1,3-glucanase 4 (BG4, TraesCS6B02G064700) and sucrose synthase 2 (SS2, TraesCS2B02G194200) encoding genes in transgenic wheat were significantly higher than that in the wild type both in the NaCl treatment and normal growth conditions (Figure 8C and Supplementary Table 9). The transcript abundance of DFR encoding dihydroflavonol 4-reductase and ANS encoding anthocyanidin synthase, and LEA protein coding genes LEA1 (TraesCS3B02G408500) and LEA2 (TraesCS2D02G561400) were upregulated by 4.2, 8.5, 8.4, and 8.8 times in transgenic wheat compared with the wild type under salt stress, respectively (Figures 8D,E and Supplementary Table 9).

The relative expression levels (log2NaCl/CK) of 15 genes in RNA-seq were validated using RT-PCR (-ΔΔCT), and the results demonstrated that there was good consistency in the expression levels of these genes analyzed in the leaf sheaths of wheat in the salt treatment (R2 = 0.7785) and control (R2 = 0.8301) conditions between using qRT-PCR and RNA-seq, indicating that the results of the RNA-seq were trustworthy (Figures 8F,G).



EsMYB90 Enhanced Flavonoid Content via Activating the Transcription of Flavonoid Biosynthesis Genes

Dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase (ANS) have been considered the key enzymes of anthocyanin biosynthesis (Holton and Cornish, 1995). In order to clarify the regulatory mechanism of EsMYB90 transcription factor (TF) on the biosynthesis of anthocyanin, we first analyzed the MYB-binding motifs in the promoters of TaANS2 (pTaANS2) and TaDFR1 (pTaDFR1) genes in transgenic wheat using PlantCARE and visualized by Tbtools software. The results indicated that seven MYB transcript factor binding elements exist in pTaANS2 and five in pTaDFR1 (Figures 9A,B and Supplementary Table 10).
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FIGURE 9. EsMYB90 activates the transcription of flavonoid biosynthesis genes in transgenic wheat. (A) MYB-binding motifs analysis in TaANS2 promoter region. (B) MYB-binding motifs analysis in TaDFR1 promoter region. (A,B) The triangle indicates the predicted MYB recognized cis-elements. (C) Relative luciferase activity (LUC/REN) of TaANS2 promoter (pTaANS2) by EsMYB90. (D) Relative luciferase activity (LUC/REN) of TaDFR1 promoter (pTaDFR1) by EsMYB90. The values are means ± SD of three biological replicates. Asterisks indicate significant difference: ***p ≤ 0.001.


Furthermore, the GV3101 containing pCAMBIA3301H-p35S:EsMYB90 (or pCAMBIA3301H as control) as an effector, and the GV3101 containing pGreenII0800-pTaANS2:LUC or pGreenII0800-pTaDFR1:LUC as the reporter were co-transfected into tobacco leaves. And the dual luciferase assay revealed that the relative activity ratio of pTaANS2:LUC firefly luciferase to renilla luciferase (p35S:REN) was upregulated about 2.3 times by EsMYB90 TF (Figure 9C and Supplementary Table 11), while the ratio of pTaDFR1:LUC firefly luciferase to renilla luciferase (p35S:REN) was increased 4.9 times by EsMYB90 TF (Figure 9D and Supplementary Table 11).

This study demonstrated that the EsMYB90 transcription factor operating as a positive transcriptional regulator may directly bind to the MYB-binding elements of pTaANS2 and pTaDFR1 to activate the transcription of TaANS2 and TaDFR1 genes in the EsMYB90 transgenic wheat that will lead to the biosynthesis of anthocyanidin and other flavonoids. Additionally, this result is in agreement with the enhanced level of anthocyanin and total flavonoids in leaf sheath tissues of transgenic wheat (Figures 1B,E,F).




DISCUSSION


Function Analysis of EsMYB90 Protein by Phylogenetic Comparison With the Other R2R3-MYB

MYB proteins are a superfamily of transcription factors that play important regulatory roles in various development processes and defense responses in plants (Yanhui et al., 2006). The R2R3-MYB family containing the largest number of MYB genes was reported to be involved in different stress responses (Abe et al., 2003; Nagaoka and Takano, 2003).

To further explore the potential regulatory function of Eutrema EsMYB90 in the stress tolerance of plants, we performed a phylogenetic analysis of EsMYB90 with other 11 MYB proteins possessing various functions. The results showed that Eutrema EsMYB90 protein had a higher phylogenetic relationship with Arabidopsis AtMYB75, AtMYB90, AtMYB113, AtMYB114, and wheat TaPPM1 proteins, functioning mainly in flavonoids biosynthesis (Figure 10). AtMYB12, AtMYB111, and VvMYBF1 proteins cluster in another evolutionary branch (Figure 10), and their function are not only involved in flavonoid biosynthesis but also in abiotic stress tolerance (Li et al., 2019; Wang et al., 2020, 2021). Meanwhile, the functions of AtMYB30, AtMYB60, and TaODORANT1 in cluster III are mainly associated with the regulation of salt tolerance in plants (Wei et al., 2017; Wang et al., 2021; Figure 10). Hence, it is suggested that EsMYB90 TF plays an important role in the enhanced growth and antioxidant capacity of transgenic wheat, which could be partially attributed to the increased flavonoids biosynthesis.
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FIGURE 10. Phylogenetic analysis of EsMYB90 and the other 11 MYB proteins in plants. EsMYB90 is highlighted with a blue box. The MYB protein sequences were downloaded from the GenBank database with accession numbers shown in the diagram.




Identification of Transcription Factor Genes in EsMYB90 Transgenic Wheat Under Salt Shock

Transcription factors (TFs) are crucial regulators of gene expression, and function as molecular switches for the conversion of stress signal perception to stress-responsive gene expression (Zhao et al., 2020). In WRKY, bHLH, MYB, NAC, AP2/ERF-ERF, and bZIP families, some members have been reported to be involved in the enhanced salt stress tolerance of plants (Kiełbowicz-Matuk, 2012; Wang et al., 2016).

To provide insight into the TFs responding to salt stress in EsMYB90 transgenic wheat compared to the wild type, the number, and expression of genes in various TF families annotated were displayed with a bar plot and heatmap. The result showed that 143 significant DEGs were annotated to 26 TF families including WRKY, bHLH, MYB, NAC, AP2/ERF-ERF, and C2H2 in transgenic wheat when compared with WT (Figure 11A and Supplementary Table 12). Among these, the expression of 114 TF genes increased more than two-fold upon salt stress. These upregulated TF genes mainly include WRKY (34), bHLH (20), MYB (14), NAC (12), AP2/ERF-ERF (5), and C2H2 (5) (Figure 11 and Supplementary Table 12).
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FIGURE 11. Analysis of transcription factors in the leaf sheaths of EsMYB90 transgenic wheat compared with wild type upon salt shock. (A) Number distribution of the up/downregulated TF genes in different TF families. The red color bar indicates the upregulated and the blue color bar indicates the downregulated TF genes. (B) Expression analysis of the differential expressed TF genes in top 8 TF families using the heatmap. The differential transcript levels of TF genes calculated as Log2 (TL/WT) are shown in the color legend, where red represents upregulated and blue represents the downregulated genes. The gene ID of the different TF families was shown in different colors.


The R2R3-MYB factors act as heterodimers with bHLH (basic helix-loop-helix) transcription factors and allow a high degree of plasticity in controlling their effect on ectopic expression (Dou et al., 2017). In our study, EsMYB90 significantly upregulated the expressions of 20 TabHLHs (TraesCS1D02G094200, TraesCS1B02G113100, TraesCS3A02G440600, and TraesCS3A02G489400) in transgenic wheat plants (Figure 10 and Supplementary Table 10), which suggested that the formation of a heterodimer between EsMYB90 and different bHLH genes was possibly an important mechanism for enhancing antioxidative capacity under salt stress.



Regulating Mechanism of EsMYB90 in the Response of Salt Stress in Transgenic Wheat

The exposure of plants to salinity is known to induce oxidative stress that produces ROS in plants (Hajiboland and Joudmand, 2009). Plants employ different mechanisms to reduce the oxidative damage caused by ROS and provide necessary protection against innumerable toxic agents in environmental stresses, which is critically important for plants to maintain their proper development and growth (Abdel Latef, 2010). The induction of ROS-scavenging enzymes such as POD, SOD, and APX is the most common mechanism for detoxifying the ROS produced during stress response (Latef and Chaoxing, 2011; Hassan and Ali, 2014). GSTs are a ubiquitous superfamily of multifunctional enzymes involved in the detoxification of xenobiotics and stress metabolism (Mohsenzadeh et al., 2011). For instance, the overexpression of GsGST from Glycine soja enhances salt tolerance in transgenic tobacco (Ji et al., 2010), and the ectopic expression of soybean GmGSTL1 in Arabidopsis alleviates the symptoms of salt stress (Chan and Lam, 2014). Moreover, the function of GSTs is also indelibly involved in anthocyanin transport, such as the characterization of glutathione S-transferases (GSTs) from pigmented Vitis vinifera cell suspension cultures that indicated VvGST1 and VvGST4 could be anthocyanin transport proteins (Conn et al., 2008). Additionally, the extensibility of plant cell walls is an important mechanism for the regulation of salt tolerance (Boucaud et al., 1987; Nicol et al., 1998).

Eutrema salsugineum (salt cress), a halophyte model system, was proposed to exist for various protective mechanisms against the damage caused by salt stress (Inan et al., 2004; Taji et al., 2004; Gong et al., 2005; Zhang et al., 2013; Monihan et al., 2019). However, the Eutrema EsMYB90 gene involved in enhancing growth and antioxidant enzymes activities as well as reducing oxidative injury in transgenic wheat has not been previously reported. Herein, our transcriptome and qRT-PCR analysis documented that many GST and POD family members as well as some flavonoid biosynthesis genes in EsMYB90 transgenic wheat showed remarkably upregulated expression compared with the WT under the treatment of 200 mM NaCl for 24 h. Furthermore, under 200 mM NaCl treatment for 10 days, the EsMYB90 gene significantly induced the antioxidant enzyme activities of GST and POD and markedly reduced the degree of membrane lipid peroxidation and the injury extent of salt stress in transgenic wheat plants. Hence, it is inferred that Eutrema EsMYB90 enhanced the growth and antioxidant capacity of transgenic wheat during salt stress, which is mainly attributed to increased antioxidant enzymes activity and flavonoid biosynthesis via promoting the expression of GST, POD, and flavonoid biosynthesis related genes modulated by EsMYB90 gene, to further detoxify ROS (Figure 12).
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FIGURE 12. A proposed model for the regulation mechanism of EsMYB90 in transgenic wheat. MYB, v-myb avian myeloblastosis viral oncogene homolog; GST, glutathione S-transferase; POD, peroxidase; CESA, cellulose synthase encoding genes; GEBG, glucan endo-1,3-β-glucosidase encoding genes; EG, endoglucanase encoding genes.




Salt Tolerance of Transgenic Wheat Extends the Function of EsMYB90 Beyond the Flavonoid Pathway

Eutrema EsMYB90, an R2R3-MYB gene that encodes a nuclear localized protein and acts as a transcriptional activator of flavonoid biosynthesis, was characterized in our previous study (Qi et al., 2020). EsMYB90 was introduced into dicotyledon species of tobacco, which led to the markedly upregulated production of 46 flavonoid compounds including anthocyanin, proanthocyanidin (PA or condensed tannin), flavonol, flavone, flavonone, and isoflavone (Qi et al., 2020, 2021). However, there have been no studies reported on the ectopic expression of EsMYB90 in wheat, an important monocotyledonous dietary crop that provides food for almost half of the human population. In our study, the EsMYB90 transgenic wheat lines were documented to have a higher antioxidant capacity with stronger antioxidant activities of GST and POD and less H2O2 accumulation compared to wild type plants, both in the control and 200 mM NaCl salt treatment conditions (Figures 3, 4), which indicated an enhanced capacity of scavenging H2O2 radicals in transgenic wheat plants. Meanwhile, the ectopic overexpression of EsMYB90 in wheat not only led to an increased root length and fresh weight but also no other growth stunting, accompanied by an almost unaffected chlorophyll level (Figure 2). Therefore, this research provides a new wheat germplasm candidate resource with a higher antioxidant level, and it is favorable for the growth of wheat in salinity soil.

In summary, the result provided a new insight for understanding the roles of the Eutrema EsMYB90 transcription factor in transgenic wheat’s response to salt stress and the extension of EsMYB90 function beyond the flavonoids pathway (Figure 12).




CONCLUSION

In conclusion, the ectopic overexpression of EsMYB90 revealed that under salt stress the transgenic wheat exhibited higher antioxidant levels and ROS-scavenging capacities, and longer root lengths, as well as higher transcript levels of stress-responsive genes such as GST and POD in the transgenic wheat plants, compared to the WT. Moreover, EsMYB90 protein could operate as a positive transcriptional regulator via binding directly to the MYB-binding elements of pTaANS2 and pTaDFR1 activating the transcription of TaANS2 and TaDFR1 genes, which will enhance the accumulation of flavonoid that functions in non-enzymatic antioxidant in transgenic wheat plants. This research provides a potential wheat germplasm resource that possesses a higher antioxidant capacity under salt stress, which extends our understanding of the roles of the EsMYB90 transcription factor in the responses of transgenic wheat plants to salt stress, offering an ideal candidate gene for crop improvement.
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Grapevines (Vitis vinifera L., Vvi) on their roots are generally sensitive to salt-forming ions, particularly chloride (Cl–) when grown in saline environments. Grafting V. vinifera scions to Cl–-excluding hybrid rootstocks reduces the impact of salinity. Molecular components underlying Cl–-exclusion in Vitis species remain largely unknown, however, various anion channels and transporters represent good candidates for controlling this trait. Here, two nitrate/peptide transporter family (NPF) members VviNPF2.1 and VviNPF2.2 were isolated. Both highly homologous proteins localized to the plasma membrane of Arabidopsis (Arabidopsis thaliana) protoplasts. Both were expressed primarily in grapevine roots and leaves and were more abundant in a Cl–-excluding rootstock compared to a Cl–-includer. Quantitative PCR of grapevine roots revealed that VviNPF2.1 and 2.2 expression was downregulated by high [NO3–] resupply post-starvation, but not affected by 25 mM Cl–. VviNPF2.2 was functionally characterized using an Arabidopsis enhancer trap line as a heterologous host which enabled cell-type-specific expression. Constitutive expression of VviNPF2.2 exclusively in the root epidermis and cortex reduced shoot [Cl–] after a 75 mM NaCl treatment. Higher expression levels of VviNPF2.2 correlated with reduced Arabidopsis xylem sap [NO3–] when not salt stressed. We propose that when expressed in the root epidermis and cortex, VviNPF2.2 could function in passive anion efflux from root cells, which reduces the symplasmic Cl– available for root-to-shoot translocation. VviNPF2.2, through its role in the root epidermis and cortex, could, therefore, be beneficial to plants under salt stress by reducing net shoot Cl– accumulation.

Keywords: salinity, chloride exclusion, grapevine, NPF, nitrate


INTRODUCTION

Salinity is a major challenge for salt-sensitive crops (Walker et al., 2002a; Munns and Gilliham, 2015). Osmotic stress, caused by high dissolved salt concentrations in the root zone, occurs rapidly and reduces tissue growth. Accumulation of sodium (Na+) and Cl– ions within cells affects metabolic processes, which can lead to toxicity and cell death (Munns et al., 2020; Van Zelm et al., 2020). Plants possess two main mechanisms for tolerating salinity. Osmotic stress-tolerant plants are more effective in maintaining stomatal movements and leaf expansion compared to sensitive plants (Munns, 2011). Ionic stress-tolerant plants compartmentalise ions into vacuoles of specific cell types to minimise ionic effects on metabolism and to contribute toward exclusion of Na+ and Cl– from key organs such as laminae (Rajendran et al., 2009; Isayenkov and Maathuis, 2019; Munns et al., 2020).

Grapevines (Vitis vinifera L.) are cultivated for table, dried, and wine grape production. They are moderately sensitive to salinity (Maas and Hoffman, 1977; Zhou-Tsang et al., 2021), which can affect both grape and wine production. Significant uptake of salt-forming ions by grapevine roots, and their transfer to the shoot, may cause leaf burn and affects berry development (Walker, 1994), which can reduce both crop yield and quality (Prior et al., 1992a,b; Walker et al., 2002b,2019; Stevens et al., 2011; Baby et al., 2016). Release of accumulated Na+ and Cl– from fruit during crushing may lead to an adverse effect on fermentation (Berg and Keefer, 1958; Donkin et al., 2010; Li et al., 2013) and potential unfavourable sensory properties within wine (Walker et al., 2003; De Loryn et al., 2014). Exceeding the legal requirements for Na+ and Cl– concentrations within wine (Leske et al., 1997; De Loryn et al., 2014) makes wine unsaleable. Grafting salt-sensitive V. vinifera scions to salt-excluding Vitis spp. rootstocks protects vines and berries from salinity by limiting the amount of Na+ and Cl– translocated from root to shoot (Zhou-Tsang et al., 2021). The Na+ exclusion mechanism is governed by Na+-selective high-affinity potassium (K+) transporters (HKT) expressed in the root vasculature (Henderson et al., 2018; Wu et al., 2020). By contrast, the genes controlling Cl–-exclusion remain largely unknown. Cl–-exclusion could be achieved through several mechanisms including efflux from the root (Abbaspour, 2008; Abbaspour et al., 2013), vacuolar sequestration (Teakle and Tyerman, 2010; Walker et al., 2018), reduced xylem loading in the root stele (Tregeagle et al., 2006; Gong et al., 2011), and increased retrieval from xylem sap to xylem parenchyma (Colmenero-Flores et al., 2007; Teakle and Tyerman, 2010). Few Cl–-permeable membrane proteins contributing to these processes have been discovered in plants (reviewed by Li et al., 2017b; Wege et al., 2017), and they are often selective for both nitrate (NO3–) and Cl–.

The main pathway for Cl– uptake is the secondary active 2H+/Cl– symporter (Sanders, 1980; Felle, 1994), which drives proton-coupled Cl– influx. In maize (Zea mays), the 2H+/Cl– symporter belongs to the NPF6 clade of the Nitrate Transporter 1/Peptide Transporter Family (NPF) and is encoded by ZmNPF6.4, which was permeable to both Cl– and NO3– at acidic pH in Xenopus laevis oocytes (Wen et al., 2017). The Arabidopsis thaliana ortholog, AtNPF6.3, was first characterized as a 2H+/NO3– symporter (Liu et al., 1999), however, it contributed to Cl–-induced salt toxicity when NO3– was absent (replaced with NH4+), suggesting that AtNPF6.3 cotransports Cl– as well as NO3– in plants (Liu et al., 2020). These properties are like MtNPF6.5 from Medicago truncatula, which transported both Cl– and NO3–, but was Cl– selective in oocytes (Xiao et al., 2021). Another class of NPF proteins (NPF2) functions in passive anion efflux from roots. AtNPF2.7 functioned in NO3– (but not Cl–) efflux from root cortical cells under acid load (Segonzac et al., 2007). Its homolog, AtNPF2.3, contributed toward passive NO3– loading to xylem vessels from pericycle cells under salt stress (Taochy et al., 2015). AtNPF2.4 was more permeable to Cl– than NO3– in X. laevis oocytes and was proposed to facilitate root-to-shoot Cl– transfer (Li et al., 2016). Finally, AtNPF2.5 downregulation in the Arabidopsis root cortex correlated with shoot Cl– accumulation, suggesting that it effluxes Cl– to the outer medium (Li et al., 2017a). Collectively, these studies demonstrate that NPF proteins play crucial roles in net plant Cl– uptake and are excellent candidates that might control the shoot Cl–-exclusion trait in grapevines.

Gong et al. (2011) screened the progeny from a cross between the Cl–-excluding grapevine rootstock 140 Ruggeri and the Cl–-includer K51-40. The shoot Cl– concentration of the progeny showed no clear segregation, suggesting that the Cl– exclusion trait was controlled by more than one gene in that population. Comparative microarray analysis of gene expression between the roots of 140 Ruggeri and K51-40 identified two putative anion transporters from the NPF Family, VviNPF2.1 and VviNPF2.2, that were both significantly more abundant in the roots of the Cl–-excluder 140 Ruggeri compared to the Cl–-includer K51-40 when differences in laminae [Cl–] were apparent (Henderson et al., 2014; Supplementary Table 1). VviNPF2.1 and VviNPF2.2 were, therefore, proposed as candidate genes that may contribute to the Cl– exclusion trait, but their functions remained unknown. Here, VviNPF2.1 and VviNPF2.2 were isolated and functionally investigated to determine their involvement in grapevine Cl– exclusion.



MATERIALS AND METHODS


Gene Cloning

The coding sequences (CDS) of VviNPF2.1 (VIT_06s0004g03520) and VviNPF2.2 (VIT_06s0004g03530) and their respective promoters (1.2–1.6 kb upstream of the start codon of CDS) were amplified from V. vinifera (cv. Cabernet Sauvignon) root cDNA with Phusion High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, United States), using the primers in Supplementary Table 2. The cloned promoter region of VviNPF2.1 is named proVviNPF2.1 (−1,206 to −1 bp), and the promoter of VviNPF2.2 is named proVviNPF2.2 (−1,551 to −1 bp) in this study. The PCR products were ligated into the entry vector pCR8 using the pCR8/GW/TOPO TA Cloning Kit (Invitrogen, Waltham, MA, United States) or the vector pENTR using the pENTR/D-TOPO Cloning Kit (Invitrogen, Waltham, MA, United States) as per the manufacturer’s instructions. One Shot TOP10 Escherichia coli (Invitrogen, Waltham, MA, United States) were transformed with the entry vectors as per the manufacturer’s instructions. Plasmids were harvested using the ISOLATE II Plasmid Mini Kit (Bioline, London, United Kingdom), and successful cloning was confirmed by Sanger sequencing.



Subcellular Localization in Arabidopsis Mesophyll Protoplasts

The VviNPF2.1 and VviNPF2.2 CDS in pCR8 vectors were recombined into both pYFP-attR and pattR-YFP using LR Clonase II (Life Technologies, Carlsbad, CA, United States) to generate vectors encoding 35S:EYFP-VviNPF and 35S:VviNPF-EYFP, respectively. The vectors generated by LR recombination were used to transform Escherichia coli DH5α competent cells and plasmids were harvested.

A. thaliana mesophyll protoplasts were harvested by the Tape-Arabidopsis Sandwich method (Wu et al., 2009). The protoplasts were transfected using a modified TEAMP method (Yoo et al., 2007). Approximately 15 μg of each of the recombinant plasmids were added to 0.2 ml of MMg solution (4 mM MES, 0.4 M D-mannitol, 15 mM MgCl2) containing approximately 5 × 104 protoplasts at room temperature. An equal volume of 30% (w/v) polyethylene glycol (PEG, molecular weight 4,000) solution in 0.1 M CaCl2 and 0.2 M D-mannitol was added to the mixture and incubated at room temperature for 5 min. W2 wash solution (1 M MES, 0.4 M D-mannitol, 15 mM KCl, 10 mM CaCl2, and 5 mM MgCl2) was slowly added to the mixture to a total volume of 2 ml after incubation. The mixture was gently mixed and the protoplasts were pelleted by centrifugation at 100 × g for 1 min. The supernatant was discarded and the wash step was repeated twice using a W2 solution. The protoplasts were resuspended with 1 ml of W2 solution and transferred to a 12-well plate pre-coated with 1% BSA for incubation. The protoplasts were incubated under a normal daylight regime for 16 h at room temperature. The transfected protoplasts were imaged after incubation using a Nikon A1R confocal laser-scanning microscope and NIS-Elements C software (Nikon Corporation, Minato, Tokyo, Japan). FM4-64 was added to the protoplast mixture in a 1 in 1,000 ratio as a plasma membrane (PM) marker, and the protoplasts were imaged after a 10–15-min incubation at room temperature. YFP was imaged using a FITC filter (500–550 nm), 488 nm excitation wavelength, 525 nm emission wavelength; FM4-64 was imaged using a TRITC filter (570–620 nm), 561.1 nm excitation wavelength, 595 nm emission wavelength; chlorophyll was imaged using a Cy5 filter (650–720 nm), 640.4 nm excitation wavelength, 700 nm emission wavelength. YFP and FM4-64 signals were detected separately in channel mode.



RT-qPCR

Two sets of grapevine hydroponically grown rooted leaf cDNA or RNA samples were obtained from Henderson et al. (2014). The cDNA samples of stellar-enriched and cortex-enriched 25 mM Cl– treated grapevine roots were obtained for qPCR gene expression analysis. The RNA samples of grapevine whole roots treated with control or 25 mM Cl– solutions were used to make cDNA for qPCR as described by Wu et al. (2020).

The cDNA samples of the Cabernet Sauvignon hardwood cuttings in the study by Wu et al. (2020) were used for qPCR. Hardwood cuttings with 4–6 nodes were collected before winter pruning and propagated. The cDNA series consists of grapevine leaves at the growth stage when 5 leaves are separated (E-L stage 12) (Dry et al., 2004), young inflorescences (E-L stage 12), well-developed inflorescences (E-L stage 17), roots at E-L stage 26, mature leaves and petiole samples (E-L stage 27), pea-sized green berries (E-L stage 31), and berries post-veraison (E-L stage 36–37) as described by Wu et al. (2020).

The root cDNA samples of the grapevine green cuttings after NO3– treatments in the study by Wu et al. (2020) were used for qPCR. Grapevine green cuttings with 2 nodes and mature leaves were obtained from glasshouse-grown, potted vines of Cabernet Sauvignon, 140 Ruggeri and K51-40, for the NO3– responses experiment. Rooted cuttings were starved with 0.8 mM NO3– for 2 weeks and then supplied with nutrient solutions containing 0.8 or 12 mM NO3–. Root samples were taken 24 h after the NO3– treatments were applied, and were immediately frozen in liquid nitrogen for total RNA extraction and cDNA synthesis as described by Wu et al. (2020).

qPCR primers specific to VviNPF2.1 and VviNPF2.2 were designed to amplify fragments between 80 and 250 bp (Supplementary Table 2). The qPCR primers of the 3 housekeeping genes, α-Tubulin (VviTUA), Ubiquitin-conjugating-enzyme-like (VviUBC), and Elongation-factor-1-α (VviEF1a), were obtained from Wu et al. (2020). qPCR was performed using QuantStudio 12K Flex Real-Time PCR System (Life Technologies, Carlsbad, CA, United States) and KAPA SYBR FAST Universal qPCR kit (KAPA Biosystems, Cape Town, South Africa). Standard curve qPCR was performed to obtain the reaction efficiency of each primer pair. PCR fragments of each gene were amplified from the grapevine cDNA using the above-mentioned primers and Taq DNA Polymerase (New England Biolabs, Ipswich, MA, United States). The fragment sizes of PCR products were checked by agarose gel and the PCR products were purified and sequenced to confirm primer specificity.

For qPCR using grapevine cDNA samples, PCR fragments with correct sequences were diluted to 1011 copies/μl, and then 1 in 8 serially diluted for use as standard curve templates for qPCR. qPCR and standard curve PCR were performed on a QuantStudio 12K Flex Real-Time PCR System (Life Technologies, Carlsbad, CA, United States). Each qPCR reaction was performed in triplicate. Each 10 μl reaction consisted of 1X KAPA SYBR FAST Universal mix (KAPA Biosystems, Cape Town, South Africa), 1X ROX Low, 250 nM forward and reverse primers, and 1 μl of 1 in 10 diluted cDNA. The qPCR consisted of 40 cycles of a 2-step protocol: 95°C 3 s, 56°C 20 s (followed by data acquisition). Standard curves were generated by the QuantStudio 12K Flex Real-Time PCR System v1.2.2 (Life Technologies, Carlsbad, CA, United States), which also calculated the reaction efficiency of each primer pair. Expression levels (E) of VviNPF2.1 and VviNPF2.2 were calculated relative to sample 1 of each experiment (as described in the figure legends) using the Equation E = (2*efficiency)^(CTsample–CTsample 1). Expression levels were normalized to the geometric mean of the expression levels of the 3 housekeeping genes (Vandesompele et al., 2002).



Gene Expression in Xenopus Oocytes

The VviNPF2.1 and VviNPF2.2 CDS in pCR8 vector were recombined into the Xenopus laevis oocyte expression vector pGEMHE-DEST (Shelden et al., 2009) using LR Clonase II (Life Technologies, Carlsbad, CA, United States) to generate vectors encoding T7:VviNPF. The pGEMHE recombinant vectors were linearized with SbfI or NheI (New England Biolabs, Ipswich, MA, United States). The capped RNA (cRNA) for oocyte expression was synthesized with the mMESSAGE mMACHINE T7 Transcription Kit (Invitrogen, Waltham, MA, United States) using the linearized vectors as templates.

Stages IV and V X. laevis oocytes were selected and were injected with 25 ng of VviNPF2.1 or VviNPF2.2 cRNA, or 42 nl of water. The oocytes were incubated in a Ca2+ Ringer’s solution [96 mM NaCl, 2 mM KCl, 5 mM MgCl2, 5 mM HEPES, 0.6 mM CaCl2, 5% w/v horse serum, 500 μg ml–1 tetracycline and 1x penicillin–streptomycin (Sigma P4333)] for 2 days post-injection.



Anion Tracer Fluxes and [Cl–] Measurements in Xenopus Oocytes

Torpedo marmorata CLC-0, a chloride channel with known Cl– and NO3– permeability (Bergsdorf et al., 2009), was used as a positive control. For the Cl– tracer influx assays, the influx buffer was made by adding 13.3 μl of H36Cl stock solution (11.3 mg/ml Cl–, 75 μCi/ml) into 1 ml of ND96 buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2 and 5 mM HEPES, pH 7.4). Water-injected and gene-expressing oocytes were incubated in the influx buffer for 1 h. The oocytes were taken out of the efflux buffer and washed three times in ice-cold ND96 buffer, then each oocyte was transferred to a scintillation vial containing 200 μl of 10% (w/v) SDS solution. For Cl– efflux assays, 42 nl of H36Cl stock solution (11.3 mg/ml Cl–, 75 μCi/ml) was injected into each of the water-injected and gene-expressing oocytes. The control group oocytes were immediately washed three times in ice-cold ND96 buffer, then each oocyte was transferred to a scintillation vial containing 200 μl of 10% (w/v) SDS solution. The efflux group oocytes were quickly transferred to room temperature Cl–-free ND96 buffer (96 mM Na gluconate, 2 mM K gluconate, 1.8 mM Ca gluconate, 1 mM Mg gluconate, and 5 mM HEPES, pH 7.4) to allow Cl– efflux for 1 h. The oocytes were taken out of the efflux buffer and washed three times in ice-cold Cl–-free ND96 buffer, then each oocyte was transferred to a scintillation vial containing SDS solution. All oocytes were allowed to dissolve in the SDS overnight, then 4 ml of liquid scintillation cocktail was added to each vial. The vials were loaded onto a LS6500 multi-purpose scintillation counter (Beckman Coulter, Brea, CA, United States) and energy emission was counted for 2 min in cpm (counts per min) with the discriminators set to 200–800 KeV.

For the NO3– tracer influx experiment, the influx buffer was made by adding 30 mM of Na15NO3 (99.3% atom) into the ND96 buffer (pH 7.4). Water-injected and gene-expressing oocytes were incubated in the influx buffer for 2 h. The oocytes were taken out of the efflux buffer and washed three times in ice-cold ND96 containing 30 mM NaNO3, then they were transferred into tin capsules in a 96-well-plate (2 oocytes per capsule). For the NO3– efflux experiment, 42 nl of 300 mM K15NO3 (99.3% atom) was injected into each of the water-injected and gene-expressing oocytes. The oocytes were immediately transferred into an ND96 buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM MES, pH 5.5) to allow efflux for 1 h. The oocytes were then washed three times in ice-cold ND96 buffer (pH 5.5), followed by transfer into tin capsules (3 oocytes per capsule). The tin capsules were oven-dried at 50°C for 3 days. The samples were sent for analysis in a stable isotope ratio mass spectrometer Nu Horizon IRMS (Nu Instruments, Wrexham, United Kingdom) in the University of Adelaide Stable Isotope Facility for δ15 N.

For the oocyte nominal [Cl–] tests, cRNA or water-injected oocytes were incubated in the Ca2+ Ringer’s solution for 2 days. The oocytes were washed in ice-cold HMg solution (6 mM Mg gluconate, 1.8 mM Ca gluconate, 10 mM MES, pH 6.5) and digested in 550 μl of 1% HNO3 in 1.5 ml tubes (7–10 oocytes per tube). The [Cl–] in the supernatant was tested using a Sherwood Model 926 Chloride Analyzer (Sherwood Scientific, Cambridge, United Kingdom) as per the manufacturer’s protocol, and the [Cl–] concentration in the solution was converted to [Cl–] per oocyte assuming an average oocyte is 400 nl in volume.



Root Epidermis and Cortex-Specific Expression of VviNPF2.2 in an Arabidopsis Enhancer Trap Line

The Arabidopsis enhancer trap line J1551 (C24 ecotype background) for root epidermis and cortex-specific transgene expression was obtained from Plett et al. (2010). The VviNPF2.1 and VviNPF2.2 CDS in the entry vectors were recombined into the pTOOL5-UASGAL4 destination vector (obtained from Plett, 2008), respectively, using LR Clonase II (Life Technologies, Carlsbad, CA, United States) to generate the binary vectors encoding UASGAL4:VviNPF2.1 and UASGAL4:VviNPF2.2. In these constructs, the full-length NPF genes are driven by the upstream activation sequence (UAS) which is induced by GAL4-VP16. When introduced into the Arabidopsis enhancer trap lines, the NFP genes will be trans-activated in the same cell types as the marker mGFP5-ER (Haseloff, 1998). The binary vector was used to transform A. tumefaciens strain Agl-1 using the freeze-thaw method. The Arabidopsis enhancer trap J1551 plants were transformed using the Agrobacterium-mediated floral dip method (Clough and Bent, 1998). Transgenic lines of Arabidopsis were selected by the application of foliar spray of 120 mg/L Basta (Bayer Crop Science, Monheim am Rhein, Germany) mixed with 500 μl/L Silwet L-77 (plantMedia.com). The presence of T-DNA was confirmed by PCR.

Two heterozygous T2 lines of J1551 UASGAL4:VviNPF2.2, lines 3 and 4 were selected by Basta foliar spray and genotyped using the root cDNA. The root epidermis and cortex-specific gene expression was confirmed by imaging the mGFP5-ER in roots of 4-week-old plants using a Nikon A1R confocal laser-scanning microscope (excitation/emission is 488 nm/500–550 nm). Homozygous T3 generation of lines 3 and 4 were also propagated and confirmed by Basta spray and subsequent fluorescence imaging of 4-week-old plants.



Anion Concentration Measurements of Arabidopsis Lines Expressing VviNPF2.2

The Arabidopsis J1551 UASGAL4:VviNPF2.2 lines 3 and 4 were germinated and grown in the hydroponic system in the germination solution (GM) for 3 weeks and transferred into the standard basal nutrient solution (BNS) for 2 weeks as described by Conn et al. (2013).

For shoot anion tests post-salt stress, T2 VviNPF2.2 expression lines were propagated hydroponically as described above. The BNS was then replaced with the high Na+ nutrient solution containing 75 mM NaCl (Conn et al., 2013). Five days post 75 mM NaCl treatment, the rosettes were harvested and the fresh weights were recorded. Each rosette was put into a 50-ml tube and for every 20 mg of rosette fresh weight, 1 ml of water was added into the tube. The rosettes and the liquid in the tubes were frozen at −20°C, thawed at room temperature and the tubes were vortexed; this process was repeated three times to fully release the cellular contents, and the resulting liquid samples were used for ion concentration measurements. The plant roots were harvested for RNA extraction and cDNA synthesis, and the cDNA was qPCR tested to differentiate the null segregants and VviNPF2.2-expressing individuals. Each qPCR reaction was performed in duplicate. The expression levels (E) of VviNPF2.2 were calculated relative to the housekeeping gene AtActin2 (At3G18780, qPCR primers as listed in Jha et al., 2010) and normalized to sample 1 using the Equation E = 2–ΔΔCT. Semi-qPCR was performed using several root cDNA samples of each line to visualize the relative expression levels on the gel. Samples 1–3 of each line and a non-transformed J1551 root cDNA sample were used as templates in two-step PCR reactions for 32 cycles. The PCR products were run on an electrophoresis gel and the gel image was taken using a ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Hercules, CA, United States). Band intensities of the gel image were analyzed using Fiji (ImageJ) (Schindelin et al., 2012) and the intensities of VviNPF2.2 bands were normalized to those of AtAct2. Standard qPCR was also performed to confirm the VviNPF2.2 expression levels in lines 3 and 4 on a QuantStudio 12K Flex Real-Time PCR System (Life Technologies, Carlsbad, CA, United States). Each qPCR reaction was performed in duplicate. Each 10 μl reaction consisted of 1X KAPA SYBR FAST Universal mix (KAPA Biosystems, Cape Town, South Africa), 1X ROX Low, 250 nM forward and reverse primers, and 2 μl of 1 in 8 diluted Arabidopsis root cDNA. The qPCR consisted of 40 cycles of a 2-step protocol: 95°C 3 s, 57°C 20 s (followed by data acquisition). Expression levels (E) of VviNPF2.2 were calculated relative to AtActin2 using the Equation E = 2^[VviNPF2.2-CTsample – AtActin2-CTsample – (VviNPF2.2-CTline 3 sample 1 – AtActin2-CTline 3 sample 1)].

For Arabidopsis xylem sap [NO3–] analysis, the hydroponically grown 5-week-old T3 plants and non-transformed J1551 control plants were transferred into fresh BNS solution. For sap collection, the rosette was removed using a sharp razor blade, and the sap was collected for 30 min using fine pipette tips. The sap samples were then 1 in 20 diluted for NO3– measurements.

The Cl– concentrations of the liquid samples were measured using the Sherwood Model 926s Chloride Analyzer (Sherwood Scientific, Cambridge, United Kingdom). The NO3– concentrations were measured using the reaction of NO3– with salicylic acid under alkaline conditions as described by Cataldo et al. (1975). In a well of a flat bottom 96-well-plate, 3 μl of each sample was combined with 12 μl of H2SO4 containing 5% (w/v) salicylic acid and incubated at room temperature for 20 min. Then, 285 μl of 2N NaOH was mixed into each well and the absorbance at 410 nm (OD410) was measured. A series of KNO3 solutions from 0 to 10 mM were used for a standard curve and the [NO3–] of the samples was calculated using the standard curve.



Statistical Analyses

Statistical analyses were performed using GraphPad PRISM v.7.00 for Windows (GraphPad Software, San Diego, CA, United States). All data are presented as mean ± SE. The means were compared using Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons test.




RESULTS


VviNPF2.1 and VviNPF2.2 Display High-Sequence Homology

Phylogenetically, VviNPF2.1 and VviNPF2.2 share a close relationship, and to A. thaliana NPF2.1–2.7 (Figure 1A). The two genes are adjacent on chromosome 6 in the grapevine reference genome (V. vinifera cultivar PN40024) (Jaillon et al., 2007) with no genes in between (Figure 1B). The promoter regions of VviNPF2.1 and VviNPF2.2 (approximately 1.2 kb upstream of the predicted start codon) are 92.2% identical. Protein alignment revealed that VviNPF2.1 and VviNPF2.2 have a high degree of homology as their amino acid sequences are 96.7% identical and 97.7% similar (Figure 1C).


[image: image]

FIGURE 1. VviNPF2.1 and VviNPF2.2 share high-sequence homology. (A) Phylogenetic relationships of grapevine and Arabidopsis NPF2 family members, with AtNPF6.3 shown as the outgroup. The AtNPF and VviNPF gene sequences were obtained from the A. thaliana Col-0 reference genome (The Arabidopsis Genome Initiative, 2000) and the V. vinifera PN40024 genome database (Jaillon et al., 2007), respectively, using gene IDs listed in Léran et al. (2014). Protein alignments were generated using Clustal Omega, and a Maximum Likelihood phylogenetic tree was generated using MEGA X. Bootstrap values from 1,000 repetitions are shown next to branches. The tree with the maximum log-likelihood is shown. Scale = substitutions per site. (B) Schematic locus of VviNPF2.1 and 2.2 on chromosome 6 with 3 other annotated genes. (C) The protein sequence alignment of VviNPF2.1, VviNPF2.2, AtNPF2.3 (At3g45680), and AtNPF6.3 (At1g12110). The proton coupling motif ExxER, and the key residues His-356 and Phe-511 for the NO3– transporting feature of AtNPF6.3 are labeled. Colors represent amino acid similarity levels scored using Blosum62 score matrix (green: 100% similar; olive: 80–100% similar; orange: 60–80% similar; clear: < 60% similar). The table shows the similarity and identity between the proteins aligned. Protein alignments were generated using Clustal W (Larkin et al., 2007) using Geneious version 8.1.7 with the default settings.




VviNPF2.1 and VviNPF2.2 Encode Plasma Membrane Localized Proteins and Are Highly Expressed in Grapevine Roots and Leaves

To investigate subcellular localization, amino (N-) terminal yellow fluorescent protein (YFP) fusions of VviNPF2.1 and VviNPF2.1 were transiently expressed in Arabidopsis (Col-0) mesophyll protoplasts. The N-terminal fusion proteins produced YFP signals that co-localized with the dye FM4-64, which after short periods predominantly stains the plasma membrane (Figure 2). VviNPF2.2 with C-terminal YFP was also localized to the plasma membrane (Supplementary Figure 1). Localization on the plasma membrane is consistent with most characterized plant NPF proteins to date (Corratgé-Faillie and Lacombe, 2017), and indicates that the grapevine NPF proteins could mediate substrate fluxes in or out of the cytoplasm, rather than the vacuole or other organelles.
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FIGURE 2. VviNPF2.1 and VviNPF2.2 localize to the plasma membrane in Arabidopsis mesophyll protoplasts. Confocal laser-scanning microscope images of (A) YFP-VviNPF2.1 co-localized with FM4-64, and (B) YFP-VviNPF2.2 co-localized with FM4-64. Whole protoplasts were imaged 16 h post-transfection with vectors encoding 35S:EYFP-VviNPF2. FM4-64 was applied to protoplasts 15 min before imaging. Scale bars = 10 μm. (C,D) Signal intensity profiles of YFP (black line), FM4-64 (red line), and chloroplast (magenta line) corresponding to the white arrow in the merged images in (A,B). X-axis indicates the distance from the start to the end of the white arrow. Overlapping peaks indicate signal co-localization.


Gene expression patterns of VviNPF2.1 and VviNPF2.2 were investigated using RT-qPCR. In roots, the expression patterns were probed in dissected fractions. In fractions enriched in epidermal/cortical cells, or enriched in stelar cells, neither VviNPF2.1 nor VviNPF2.2 were differentially expressed in three grapevine cultivars (140 Ruggeri, Cabernet Sauvignon and K51-40) (Figures 3A,B). To investigate other cell types, Cabernet Sauvignon hardwood cuttings were propagated in pots and RT-qPCR gene expression analyses were performed on various tissue types harvested during the growing season. Both VviNPF2.1 and VviNPF2.2 were most highly expressed in the root, young leaf, and mature leaf samples, and their expression levels in post-veraison berries were very low (Figures 3C,D). Similar patterns were also observed when the Grapevine Gene Expression Atlas (Fasoli et al., 2012) was mined (Supplementary Figure 2). These results indicate that both VviNPF2.1 and VviNPF2.2 were relatively highly expressed in grapevine roots and leaves.
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FIGURE 3. Expression patterns of VviNPF2.1 and VviNPF2.2 in grapevines. (A,B) Transcript abundance of (A) VviNPF2.1 and (B) VviNPF2.2 in root stelar-enriched (gray bars) or root cortex/epidermis-enriched (white bars) fractions of hydroponically grown roots harvested from rooted leaves of 140 Ruggeri, Cabernet Sauvignon and K51-40. There were no statistically significant differences between expression levels in stelar- and cortex-enriched fractions in all groups (p < 0.05, Student’s t-test). Data are the mean normalized expression level relative to the Cabernet Sauvignon cortical replicate 1 ± SE (n = 3). (C,D) Relative transcript abundance of (C) VviNPF2.1 and (D) VviNPF2.2 in different tissue types of Cabernet Sauvignon. Cabernet Sauvignon plants were propagated from hardwood cuttings in pots and tissue samples were collected during the growing season. Each sample contains tissues harvested from 3 individual plants. Transcript abundance of each gene is relative to the abundance in young leaf sample 1. Different letters denote statistically significant differences in the mean (one-way ANOVA with Tukey’s multiple comparisons test, p < 0.05). Data are mean ± SE (n = 3).




Expression of Both VviNPF2.1 and VviNPF2.2 in Grapevine Roots Was Downregulated by Post-starvation High [NO3–] Resupply

To further investigate putative VviNPF2 function, expression levels of VviNPF2.1 and VviNPF2.2 in grapevine roots in response to different [NO3–] and [Cl–] treatments were analyzed. For NO3– treatments, three grapevine cultivars—140 Ruggeri, Cabernet Sauvignon, and K51-40—were propagated from green cuttings and starved of NO3– by growing in a low NO3– medium (0.8 mM total NO3–) for 2 weeks. The plants were then supplied with either low NO3– (0.8 mM, equivalent to the NO3– starvation condition) or high NO3– (12 mM) solutions (Cochetel et al., 2017). The transcript abundance of VviNPF2.1 and VviNPF2.2 at 24 h post NO3– treatment were both higher in the roots supplied with continually low [NO3–] than in the roots resupplied with high [NO3–] in 140 Ruggeri and K51-40 (Figures 4A,B).


[image: image]

FIGURE 4. Effects of NO3– and Cl– treatments on root expression of VviNPF2.1 and VviNPF2.2. Expression levels of VviNPF2.1 and VviNPF2.2 in roots of grapevine rootstock cuttings are downregulated by post-starvation high [NO3–] resupply, but not affected by Cl– treatment. (A,B) Relative (A) VviNPF2.1 and (B) VviNPF2.2 transcript abundance in grapevine roots in response to the low NO3– control condition (0.8 mM, gray bars) or high NO3– resupply post-starvation (12 mM, white bars). (C,D) Relative (C) VviNPF2.1 and (D) VviNPF2.2 gene expression levels in grapevine roots in response to control (gray bars) or 25 mM Cl– stress (white bars). Asterisks indicate a significant difference between anion treatments (p < 0.05, Student’s t-test). Data are mean ± SE (n = 3 replicates) and presented relative to Cabernet Sauvignon control sample 1.


For Cl– treatments, rooted leaves of 140 Ruggeri, Cabernet Sauvignon, and K51-40 were grown in hydroponics and treated with either control or 25 mM Cl– nutrient solutions (Henderson et al., 2014). RT-qPCR results showed that the transcript abundance in roots was not regulated by 25 mM [Cl–] stress (Figures 4C,D), with no significant differences being detected for VviNPF2.1 and VviNPF2.2 following Cl– treatments. Collectively, these data suggest that the NPF transcripts respond to NO3– but not Cl–.



The Cl– and NO3– Transport Activities of VviNPF2.1 and VviNPF2.2 Could Not Be Confirmed in the Xenopus Oocyte System

To test if VviNPF2.1 and VviNPF2.2 could transport Cl– and/or NO3–, we expressed them in Xenopus oocytes and incubated the oocytes in uptake buffers containing 36Cl– or 15NO3–, then tested the isotope content in the oocytes after the uptake period. The Cl– and/or NO3– transporter Torpedo CLC-0 (Bergsdorf et al., 2009) was used as a positive control, and the water-injected oocytes were used as negative controls. The results show that the CLC-0-expressing oocytes had higher 36Cl– content than the negative controls after the uptake period, but the VviNPF2.1- and VviNPF2.2-expressing oocytes had lower 36Cl– counts compared to the water-injected oocytes (Supplementary Figure 3A). The 15NO3– uptake result was similar, except that the 15NO3– content in VviNPF2.2-expressing oocytes was not statistically different from that of the negative controls (Supplementary Figure 3B). To test if these uptake results were due to the anion efflux through VviNPF2.1 and VviNPF2.2, we injected the oocytes with 36Cl– or 15NO3– and tested the isotope content in the oocytes after a period of incubation in the efflux buffer. In this experiment, the positive control oocytes had significant reductions in 36Cl– and 15NO3–, but the VviNPF2.1- and VviNPF2.2-expressing oocytes were not statistically different from the negative controls (Supplementary Figures 3C,D). We also attempted to test if VviNPF2.1 and VviNPF2.2 could alter the nominal [Cl–] in the oocytes. The oocytes were incubated in the same buffer for 2 days, then rinsed and dissolved in acid to test the [Cl–]. The Cl– transporter CLC-0-expressing oocytes had lower [Cl–] than the negative controls, but the expression of VviNPFs was not able to significantly alter the oocyte [Cl–] (Supplementary Figure 3E).



Expression of VviNPF2.2 in Arabidopsis Root Epidermis and Cortex Affects Shoot [Cl–] and Xylem Sap [NO3–]

As a plant system is likely to be more suitable for the functional characterization of VviNPF2s, we expressed one of the genes in Arabidopsis. VviNPF2.2 was selected due to its higher expression in the strong Cl– -excluder 140 Ruggeri compared to the poor excluder K51-40 (Supplementary Table 1; Henderson et al., 2014). A previous study suggested that PM-localized AtNPF2.5 could reduce shoot Cl– accumulation via efflux from the root cortex (Li et al., 2017a). Therefore, Arabidopsis enhancer trap line J1551 was used; in this line, root cortex and epidermis-specific transgene expression is activated by binding of the transcription activator protein GAL4-VP16 to the UAS promoter (Plett, 2008; Plett et al., 2010). mGFP5-ER signals were observed in epidermis, cortex, and endodermis, confirming the cell-type-specific gene expression (Figure 5A). Two hydroponically grown J1551:VviNPF2.2 independent lines (lines 3 and 4) were treated with 75 mM NaCl for 5 days and the shoots were analyzed for [Cl–] and [NO3–]. J1551:VviNPF2.2 expression lines showed lower shoot [Cl–] compared to null segregants after NaCl treatment (Figure 5B), while shoot [NO3–] of each genotype was similar (Figure 5C). Expression of VviNPF2.2 in line 3 and line 4 were assessed by quantitative RT-PCR from three replicates, relative to AtACT2. The results showed that VviNPF2.2 was significantly more highly expressed in line 3 than in line 4 (Figure 5D and Supplementary Figure 4).
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FIGURE 5. VviNPF2.2 expression in Arabidopsis root epidermis, cortex and endodermis reduced shoot [Cl–] post-NaCl treatment. (A) Enhancer trap line J1551 mGFP5-ER expression pattern showing root vasculature specific transgene expression. Scale bars = 100 μm. (B,C) Arabidopsis J1551 VviNPF2.2 expression lines 3 and 4 have (B) lower shoot [Cl–] than the null segregants (nulls) and (C) similar shoot [NO3–] compared to the nulls, after the 75 mM NaCl treatment. Data are means ± SE (VviNPF2.2 expression lines, n = 21–22 samples; nulls, n = 12 samples). (D) Roots of Arabidopsis VviNPF2.2 expression line 4 show lower transgene expression levels than those of line 3. Semi-quantitative RT-PCR shows VviNPF2.2 and AtACT2 (housekeeping gene) PCR fragments amplified from root cDNA of the line 3 samples 1–3 (S1–S3), the line 4 samples 1–3 (S1–S3), and a non-transformed J1551. (E) Line 3 has lower xylem sap [NO3–] than the non-transformed J1551. Data are the combination of two batches of plants and the xylem sap [NO3–] was normalized to the mean [NO3–] of J1551. Data are means ± SE (VviNPF2.2 expression lines, n = 30–31 samples; J1551, n = 19 samples). Asterisks indicate statistically significant differences between the transgenic line and the control lines (p < 0.05, Student’s t-test).


Xylem sap was collected from J1551:VviNPF2 lines grown in standard basal nutrient solution (BNS), to determine whether VviNPF2.2 expression affects xylem sap [NO3–] under normal conditions. The xylem sap [NO3–] of line 3, which had higher root VviNPF2.2 expression, was significantly reduced compared to the J1551 control plants (Figure 5E). Line 4 with lower VviNPF2.2 expression had the same xylem [NO3–] level as the control plants (Figure 5E).




DISCUSSION

Plasma membrane localization of VviNPF2.1 and VviNPF2.2 (Figure 2 and Supplementary Figure 1), suggests they facilitate solute fluxes to and from the cell cytoplasm. A greater abundance of VviNPF2.1 and VviNPF2.2 in the Cl–-excluding rootstock 140 Ruggeri compared to the Cl–-includer K51-40 (Figures 2, 3 and Supplementary Table 1) indicates that VviNPF2.1 and VviNPF2.2 could function in Cl– transport. This would be consistent with the absence of key residues His-356 and Phe-511 required for NO3– selectivity of AtNPF6.3 (Parker and Newstead, 2014; Sun et al., 2014). Cl– permeability of VviNPF2.1 and 2.2 would also align with substrates of orthologous proteins from Arabidopsis, Maize, and Medicago (Li et al., 2016; Wen et al., 2017; Xiao et al., 2021). The transport activity of VviNPF2.1 and VviNPF2.2 is expected to be a passive efflux because both proteins lack the ExxER/K proton coupling motif present within the H+ symporting NPFs (Figure 1C; Jørgensen et al., 2015). However, amino acid sequence alignment showed that another known NO3– effluxer AtNPF2.3 (Taochy et al., 2015) also lacked the ExxER proton coupling motif and the equivalent His-356 and Phe-511 residues of AtNPF6.3 (Figure 1C). Due to the comparatively low similarity between AtNPF6.3 and NPF2 proteins (27.7–32.8%), the AtNPF6.3 sequence alone might not reliably predict NPF2 substrates.

VviNPF2.1 and VviNPF2.2 expression in grapevines was not regulated by external Cl– (Figure 4). Neither the RT-qPCR analyses on the 25 mM Cl– -treated grapevine roots (Figures 4C,D) nor an additional 100 mM NaCl treatment of Cabernet Sauvignon roots (Supplementary Figure 5) showed any statistically significant differences in VviNPF2 expression between control and salt treatment. This agrees with previous microarray gene expression analyses of grapevine roots (Henderson et al., 2014; Supplementary Table 1). Conversely, expression of VviNPF2.1 and VviNPF2.2 was downregulated by post-starvation high [NO3–] resupply in whole roots of 140 Ruggeri and K51-40 (Figures 4A,B). This indicates a possibility that VviNPF2.1 and VviNPF2.2 might function in NO3– fluxes, though does not exclude permeability to Cl–.

We observed that the expression patterns of VviNPF2.1 and VviNPF2.2 in all experiments were similar. VviNPF2.1 and VviNPF2.2 are adjacent to one another on chromosome 6; according to the amino acid and nucleotide sequence analysis, VviNPF2.1 and VviNPF2.2 are highly similar (Figure 1) (as are their promoter regions, alignment not shown). This is likely to occur due to a gene duplication during evolution. Gene duplications are considered important evolutionary events which create chances for the emergence of new genes with new functions or with more specific functions (reviewed in Taylor and Raes, 2004). Considering the similarities between the sequences, the tissue expression patterns, and the expression responses to NO3– and Cl– of VviNPF2.1 and VviNPF2.2, it is possible that they have not yet evolved to the stage at which expression differences emerge.

While assays to determine the Cl– and NO3– permeabilities of VviNPF2.1 and VviNPF2.2 using Xenopus oocytes were inconclusive, we observed in anion isotope uptake experiments that VviNPF2.1- and VviNPF2.2-expressing oocytes had lower 36Cl– and/or 15NO3– tracer levels than the negative controls. The isotope efflux results, however, did not support the possibility that the lower uptake was due to anion efflux through the VviNPFs (Supplementary Figures 3A–D). It has been previously found that the NO3– transport of AtNPF2.3 could not be observed in the Xenopus oocyte system using 15NO3– tracer, and the possibility of Xenopus oocytes not being a suitable system for the functional characterization of some NPF proteins has been discussed (Taochy et al., 2015). Regarding the observation that the VviNPF2.1-expressing oocytes had lower δ15N content in the 15NO3– tracer uptake experiment (Supplementary Figure 3B), similar data were found in a previous 15NO3– tracer uptake experiment performed by Léran et al. (2015). In their study, some of the NPF-expressing oocytes displayed lower relative 15N accumulation than that of the negative control oocytes, but the reason for this remains unknown. Consequently, similar to the conclusion of Taochy et al. (2015), we speculate that the Xenopus expression system might not be suitable for the functional characterization of some NPFs, including VviNPF2.1 and VviNPF2.2. However, it is possible that the VviNPFs failed to express in the oocytes, or were not directed to the plasma membrane. Future studies into grapevine NPF proteins could use a fluorescence protein tag to confirm the expression of VviNPFs on the plasma membrane of oocytes; or instead of the oocytes, use the Lactococcus lactis expression system that was used to successfully characterize AtNPF2.3 (Taochy et al., 2015). Future studies could also investigate the effect of different pH conditions on VviNPF function, or whether co-expression of an interacting partner protein is required for them to function correctly in oocytes.

Although we were unable to determine if VviNPF2.1 and VviNPF2.2 could transport the two anions in Xenopus oocytes, we were able to observe altered Cl– and NO3– accumulation in VviNPF2.2-expressing Arabidopsis plants. After applying salt stress to the root cortex and epidermis-specific VviNPF2.2-expressing J1551 (lines 3 and 4), we found that both lines had reduced shoot [Cl–] compared to the null segregant controls (Figure 5B), while the shoot [NO3–] of all genotypes was similar. This suggests that VviNPF2.2 may function in Cl– efflux from the root cortex and epidermis to the external media, hence, reducing the amount of symplastic Cl– available for translocation to shoots. However, unlike Cl–, NO3– is assimilated by the plants. We suspect that due to nitrate assimilation, the shoot [NO3–] may not be a good representation of root-to-shoot NO3– translocation. Therefore, we also used the same Arabidopsis VviNPF2.2 expression lines for xylem sap [NO3–] measurements, so that the translocation could be more directly measured. Results showed that line 3 had significantly lower xylem sap [NO3–] than the control J1551 plants (Figure 5E), which suggests that VviNPF2.2 may also function in NO3– efflux and could lead to a reduction of symplastic NO3– through the leakage of NO3– out of the roots. However, line 4 did not show [NO3–] differences compared to the controls (Figure 5E). It is important to note that line 3 and line 4 had very different VviNPF2.2 expression levels; line 4 had significantly lower VviNPF2.2 expression levels than line 3 (Figure 5D). We speculate that although high expression of VviNPF2.2 could lead to significant leakage of NO3–, when the expression level is low, the NO3– leakage could have been fully compensated by other Arabidopsis root nitrate transporters. Future studies could attempt to measure Cl– and NO3– efflux from the VviNPF-expressing J1551 roots to confirm whether reduced root-to-shoot anion transport is due to anion efflux from roots.



CONCLUSION

In conclusion, VviNPF2.2 is likely to be a plasma membrane-localized passive Cl– effluxer when expressed in Arabidopsis roots. The expression of VviNPF2.2 in root epidermal and cortical cells could be beneficial to plants under salt stress, by promoting Cl– efflux and reducing net shoot Cl– accumulation.
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The genomes of an elite rice restorer line KMR3 (salinity-sensitive) and its salinity-tolerant introgression line IL50-13, a popular variety of coastal West Bengal, India, were sequenced. High-quality paired-end reads were obtained for KMR3 (147.6 million) and IL50-13 (131.4 million) with a sequencing coverage of 30X-39X. Scaffolds generated from the pre-assembled contigs of each sequenced genome were mapped separately onto the reference genome of Oryza sativa ssp. japonica cultivar Nipponbare to identify genomic variants in terms of SNPs and InDels. The SNPs and InDels identified for KMR3 and IL50-13 were then compared with each other to identify polymorphic SNPs and InDels unique and common to both the genomes. Functional enrichment analysis of the protein-coding genes with unique InDels identified GO terms involved in protein modification, ubiquitination, deubiquitination, peroxidase activity, and antioxidant activity in IL50-13. Linoleic acid metabolism, circadian rhythm, and alpha-linolenic acid metabolism pathways were enriched in IL50-13. These GO terms and pathways are involved in reducing oxidative damage, thus suggesting their role in stress responses. Sequence analysis of QTL markers or genes known to be associated with grain yield and salinity tolerance showed polymorphism in 20 genes, out of which nine were not previously reported. These candidate genes encoded Nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (NB-ARC) domain-containing protein, cyclase, receptor-like kinase, topoisomerase II-associated protein PAT1 domain-containing protein, ion channel regulatory protein, UNC-93 domain-containing protein, subunit A of the heteromeric ATP-citrate lyase, and three conserved hypothetical genes. Polymorphism was observed in the coding, intron, and untranslated regions of the genes on chromosomes 1, 2, 4, 7, 11, and 12. Genes showing polymorphism between the two genomes were considered as sequence-based new candidates derived from Oryza rufipogon for conferring high yield and salinity tolerance in IL50-13 for further functional studies.
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INTRODUCTION

Rice is a staple food for most of the world’s population. Rice production is constrained by various biotic and abiotic factors. Environmental factors such as extreme heat or cold, drought and salinity, singly or combined adversely affect grain yield (Fraire-Velázquez and Balderas-Hernández, 2013). Coastal regions are fragile and dynamic with respect to soil characteristics, climatic adversities, and various abiotic stresses such as waterlogging, submergence, and salinity. The tolerance of rice plants to high salinity at the seedling and flowering stages is crucial for the maintenance of its growth and high yield, especially in the coastal rice-growing regions of India (Bhowmick et al., 2020). Improved rice varieties with high yield and enhanced tolerance to abiotic stresses are being developed by cross-breeding and selection from the pool of genetic resources in the cultivated rice. A higher tolerance level was observed in indica rice Sea Rice 86 (SR86) seedlings compared to the popular rice varieties when grown in saline conditions (Wu et al., 2020). Several high-yielding salinity-tolerant rice varieties have been developed, and quantitative trait loci (QTLs) have been mapped for tolerance to salinity. Saltol, a major QTL for salinity tolerance at the seedling stage, was mapped onto chromosome 1 using the Pokkali/IR29 recombinant inbred line (RIL) population. This QTL (from donor parent FL478) was recently introgressed into two high-yielding rice varieties, Pusa44 and Sarjoo52, through marker-assisted backcross breeding for improved salinity tolerance at the seedling stage (Krishnamurthy et al., 2020). Changmaogu collected from the coastal beach of Zhanjiang, Guangdong Province, China was identified as a novel salinity-tolerant rice landrace. This landrace was found to be better than the salinity-tolerant rice cultivar Pokkali at both the germination and the seedling stages (Sun et al., 2019). Even though both seedling and reproductive stages are susceptible to salinity, more research is required for understanding the salinity stress effect at the reproductive stage (Ganie et al., 2019).

Cultivated rice (Oryza sativa) has undergone substantial phenotypic changes during domestication from the wild rice progenitor O. rufipogon. Our previous study showed that hybrids developed using IL50-13 (K50-13) as male (fertility restorer) parent and six cytoplasmic male sterile (CMS) lines as female parents had high-specific combining ability and standard heterosis for various yield-related traits over popular rice hybrids such as KRH2, DRRH2, PA6444, and PA6201 (Thalapati et al., 2015). The hybrid CRMS32A/IL50-13 showed significantly high standard heterosis over KRH2 (30.77 and 7.05%) and PA6444 (43.66 and 10.97%) for leaf length and panicle length, respectively. Similarly, APMS10A/IL50-13 showed high standard heterosis over DRRH2 (51.18, 15.3, 25.5, and 18.3%) for panicle weight, primary branches, secondary branches, and spikelets per panicle, respectively. PUSA5A/IL50-13 showed high standard heterosis over KRH2 (12.8%), DRRH2 (8.6%), PA6444 (11.5%), and PA6201 (13.9%) for thousand-grain weight, whereas IR79156A/IL50-13 showed standard heterosis over KRH2 (61.7%) and PA6444 (62.1%) for yield per plant (Thalapati et al., 2015). Of these, IR79156A/IL50-13 and its control hybrid IR79156A/KMR3 (Karnataka Mandya Restorer 3) were used for genome-wide transcriptomic analysis of flag leaf and panicle, which identified two candidate genes, OsPAL2 and OsPAL4, within qyld2.1 for increasing grain yield in rice (Guttikonda et al., 2020). QTLs associated with yield and other related traits were identified in the rice hybrid KRH-2 (IR58025A/KMR3R) using a RIL population (Kulkarni et al., 2020). Thus, salt-sensitive KMR3 and its derived hybrids are well studied for yield and were also evaluated for salinity tolerance (Thalapati et al., 2015; Guttikonda et al., 2020).

The introgression line IL50-13 used in this study showed the highest percentage of germination at 150 mM NaCl, and the germination remained unaffected even under 200 mM NaCl (Ganeshan et al., 2016). Total dry weight, an indicator of growth, was similar to control even under such high salinity. Based on the overall performance, IL50-13 was categorized as a salt-tolerant introgression line, which was later released as a cultivar in 2016 and notified in 2019 as Chinsurah Nona 2 (Gosaba 6). [Gazette of India notification No 2948 dated 6.9.2019 S.O. 3220 (E)]. Gosaba 6 [Chinsurah Nona 2/IL50-13/IET21943/RPBio4919-50-13/CN2079/IC616879] is a stress-tolerant rice variety (STRV) developed by ICAR-Indian Institute of Rice Research (IIRR) by crossing KMR3 and O. rufipogon, in collaboration with Rice Research Station, Chinsurah, West Bengal, India. For ease of reading and understanding, Chinsurah Nona 2/Gosaba 6 will be hereafter referred to as IL50-13. IL50-13 was released by the State Variety Release Committee of West Bengal in 2016 for enhancing the production of rice in the coastal saline regions of the state. RPBio4919-50-13 (CN2079) showed a grain yield of 5.07, 5.80, and 5.80 (5.56 t ha-1 pooled) in 2013, 2014, and 2015 at ECe of up to 6 dS m-1 under rainfed shallow lowland situation (30–50 cm water depth) in the wet season (Bhowmick et al., 2020). To understand the genetic basis of high yield in IL50-13 under adverse saline conditions, it was important to sequence its genome along with KMR3. These rice lines were not included for whole-genome resequencing (WGRS) in the 3,000 Rice Genomes Project (The 3, 000 Rice Genomes Project, 2014).

Large-scale WGRS of 3,000 rice genomes led to the identification of novel alleles for important phenotypes of rice, which aided in elucidating the genetic diversity of Oryza sativa in great detail (The 3, 000 Rice Genomes Project, 2014). Sequencing of 104 varieties of rice subspecies identified 18 million genome-wide polymorphic locations within O. sativa. Genome sequencing helped to reconstruct the individual haplotype patterns that shaped the genomic background of the elite varieties of rice in America (Duitama et al., 2015). Sequencing data were used to analyze QTLs for plant architecture traits in rice that identified 15 strong candidate genes for plant shape (Lim et al., 2014). WGRS of a traditional rice cultivar Kavuni, known for its nutritional and therapeutic properties, and Swarna, a popular low glycemic index (GI) rice variety, helped to understand the genetic polymorphism in starch biosynthesis-related genes responsible for high amylose content and low GI (Rathinasabapathi et al., 2016a,b). Wild rice germplasm has been used as a resource for improving salinity tolerance in cultivated rice. WGRS of a salinity-tolerant line Dongxiang/Ningjing 15 (DJ15) derived from the cross between a salinity-tolerant wild rice Dongxiang and a cultivated rice variety Ningjing 16 identified SKC1/HKT8/HKT1;5 and HAK6 transporters along with numerous transcription factors as the candidate genes for salinity tolerance (Quan et al., 2018). WGRS of three rice cultivars (stress-sensitive IR64, drought-tolerant Nagina 22, and salinity-tolerant Pokkali) with contrasting abiotic stress tolerance identified SNPs and InDels between the cultivars within known stress tolerance-associated QTLs and their effect on the expression pattern revealed candidate genes responsible for drought and salinity stress tolerance (Jain et al., 2014). Genome-wide association studies using 181 core rice cultivars also detected 54 QTLs associated with salinity tolerance (An et al., 2019). Integration of WGRS-derived polymorphism between three salinity-sensitive (Bengal, Cocodrie, and IR64) and two salt-tolerant (Pokkali and Nona Bokra) rice with QTL and expression data identified 396 differentially expressed genes with most of the variants in the coding region (Subudhi et al., 2020). However, salinity-tolerant rice varieties derived from wild species have not been sequenced previously.

In this study, the genomes of rice restorer line KMR3 (Oryza sativa ssp. indica) and its introgression line IL50-13 (IET-21943 Gosaba 6) were sequenced. This introgression line was derived from KMR3 x O. rufipogon after 4 backcrosses with KMR3 (Prasad Babu, 2009). Full details about the development of IL50-13 are given in Supplementary File 1. KMR3 was used as the control line and IL50-13 as the experimental line for WGS, assuming that the differences between them are due to the introgressions from O. rufipogon. The two genomes were compared to identify genome-wide sequence polymorphisms. Functional enrichment analysis of the genes having unique InDels with respect to KMR3 and IL50-13 was also carried out to identify yield and salinity-related GO terms and pathways or genes enriched in these genomes. A total of four independent datasets were constructed based on previously reported studies for the genes associated with yield and salinity tolerance in rice. The corresponding genes with polymorphism between KMR3 and IL50-13 (Gosaba 6) were analyzed to elucidate the genetic basis of the high yield of Gosaba 6 under saline conditions.



MATERIALS AND METHODS


DNA Isolation and Library Preparation

Total genomic DNA of KMR3 and IL50-13 was purified from leaf tissues using DNeasy Plant Mini Kit (Qiagen). The library size was verified by checking the size of PCR-enriched fragments on Agilent Technologies 2100 Bioanalyzer using DNA 1000 chip. The libraries were quantified using qPCR according to Illumina qPCR Quantification Protocol.



Genome Sequencing and Read Mapping

Paired-end (PE) sequencing was performed on an Illumina HiSeq 2000 platform, high-quality reads were used for de novo assembly using the Velvet de novo assembler (V1.2.08) and contigs were obtained (Zerbino, 2010). Assembly of the reads with Kmer-57 for KMR3 and Kmer-53 for IL50-13 was found to be ideal for scaffolding with optimal N50. Scaffolds were generated from the pre-assembled contigs using the SSPACE tool (Boetzer et al., 2011). Each of the KMR3 and IL50-13 scaffolds were mapped onto the reference genome O. sativa ssp japonica cultivar Nipponbare (International Rice Genome Sequencing Project release Build 5.0)1 using Burrows-Wheeler Alignment Tool (BWA) (Li and Durbin, 2010).



Polymorphism in KMR3/IL50-13 vs. Nipponbare

The scaffolds of KMR3 and IL50-13 mapped onto the reference genome O. sativa ssp japonica cultivar Nipponbare were further analyzed using SAMtools to identify genome-wide polymorphism (Li et al., 2009). BCFtools were used with two filters for a read depth of ≥ 3 and a minimum mapping quality of 30 to identify genomic variants. SNPs and InDels were identified in KMR3 vs. Nipponbare and IL50-13 vs. Nipponbare.



Density Distribution of SNPs/InDels Between KMR3/IL 50-13 and Nipponbare

The density of SNPs and InDels in individual chromosomes of KMR3 and IL50-13 was calculated by dividing the whole chromosome into non-overlapping windows of 100-kb size and calculating the frequency of SNPs and InDels in that window. The average number of SNPs and InDels in 1-Mb region of the genome was calculated, and the results were tabulated for the entire chromosome. The high- and low-density SNP regions along each chromosome were also identified by calculating the number of SNPs per Mb of the genome. A genomic region was considered as high density if the number of SNPs per Mb is >500 and as low density if the number is <10 SNPs per Mb of the genome.



Identification of Unique SNPs and InDels in KMR3 and IL50-13

To obtain polymorphism unique to each genome, the SNPs and InDels obtained for KMR3 vs. Nipponbare and IL50-13 vs. Nipponbare were compared to each other. The number of common and unique SNPs and InDels (relative to Nipponbare) between the restorer line KMR3 and IL50-13 was obtained and plotted as Venn diagrams. The frequency distribution of these unique genomic variants per every 100 kb of the genome was calculated, and the density plots for each of the two genomes were drawn as Circos plots using ShinyCircos (Yu et al., 2018). The density of these SNPs and InDels per 1 Mb of the chromosomal region was also obtained and tabulated as described earlier for KMR3/IL50-13 vs. Nipponbare.



Annotation of Unique SNPs in the Two Genomes

The unique SNPs and InDels obtained for KMR3 and IL50-13, relative to Nipponbare genome, were annotated using SnpEff (version 4.0 E) for their effect prediction (Cingolani et al., 2012) using the IRGSP-1.0.21 rice database. The SNPs and InDels were categorized into genic and intergenic based on the region of their annotation. The genic region was further categorized into exons, introns, and UTRs (both 5′ and 3′). The SNPs in the coding regions were classified into synonymous and non-synonymous (ns) based on no change or a change in the coding amino acid, respectively.



Degree Distribution of Non-synonymous SNPs

The distribution of nsSNPs was obtained by calculating and plotting their density per kb of 87 genes in KMR3 and 72 genes in IL50-13. The mean was also calculated and the outlier value was identified for each of these distributions using the five-number summary of the box and whisker plots2.



Frequency Distribution of the Length of InDels

Unique InDels present in the protein-coding regions of KMR3 and IL50-13, relative to Nipponbare genome, were first separated into insertions and deletions for each chromosome, and then, the frequency of their lengths was calculated. These frequencies were plotted against their lengths for the two genomes separately. The effect of the unique InDels with length ≥ 10 nt present in the protein-coding genes of KMR3 and IL50-13 was identified using the SnpEff tool.



Functional Enrichment Analysis of Genes With Unique InDels

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were carried out for the protein-coding genes having unique InDels in KMR3 and IL50-13 using KOBAS 2.0 web server (Xie et al., 2011). KOBAS 2.0 annotates the genes to the pathways and identifies statistically significantly enriched pathways. Hypergeometric test or Fisher’s exact test was used to identify statistically significant genes.



Analysis of Genes Related to Yield and Salt-Tolerance Quantitative Trait Loci

Single-marker analysis was carried out by considering two important traits, grain yield (GY) and salinity tolerance. A previously identified yield-enhancing QTL, qyld2.1 from WR120, an Indian accession of wild rice O. rufipogon (Marri et al., 2005), had a positive effect on the number of tillers, number of panicles (PN), grain number, grain weight, grain yield per plant, and plot yield (Thalapati, 2011; Thalapati et al., 2015). The four datasets considered in our analysis were as follows: (i) genes associated with 52 markers reported linked to qyld2.1, (ii) genes associated with 27 markers reported for salt tolerance at the seedling stage (Babu et al., 2014; Ganie et al., 2016; Krishnamurthy et al., 2016), (iii) 23 genes in the GY QTL with salinity tolerance at the flowering stage (Lekklar et al., 2019), and (iv) four genes significantly associated with GY and its related traits such as seed setting rate and PN under saline conditions (Liu et al., 2019). These genes’ sequences of Nipponbare were obtained from RAP-DB, and their corresponding sequences for KMR3 and IL50-13 were obtained from their assembled scaffolds. Pairwise alignment of these genes between KMR3 and IL50-13 was performed using BLASTN and checked for polymorphism in terms of SNPs and InDels between the two.



Comparison of Polymorphic Genes in 3K Rice Genomes

The 20 genes that showed polymorphisms between KMR3 and IL50-13 were further compared with the corresponding genes of the five salt-tolerant (Pokkali, Nona Bokra, Damodar, CO43, and CO39) and five salt-susceptible (TKM9, IR28, CO36 IR42, and IR13429-109-2-2-1) rice varieties in the 3,000 sequenced genomes of rice (The 3, 000 Rice Genomes Project, 2014). These 20 genes were searched and compared in the 10 genomes using the Rice SNP-Seek database (Mansueto et al., 2017). Polymorphisms in terms of SNPs and InDels were obtained relative to Nipponbare. Pairwise BLASTN was performed for these genes between IL50-13 and Nipponbare, and SNPs and InDels were identified. The positions of the genomic variants obtained for IL50-13 were mapped onto the positions of the variants of the 10 rice variety genomes.




RESULTS


Mapping of Reads and Assembly of Scaffolds

High-quality paired-end reads obtained for KMR3 were 147,663,910 and for IL50-13 were 131,414,378, of which 77 and 74% were assembled for KMR3 and IL50-13, respectively. Scaffolds obtained for KMR3 and IL50-13 were 55,719 and 64,909 with an N50 of 14,563 bp for KMR3 and of 10,489 bp for IL50-13. For KMR3, the largest scaffold was of 143,306 bp, and the smallest was of 300 bp. For IL50-13, the largest scaffold was of 81,532 bp and the smallest scaffold was of 300 bp. The mean coverage obtained was 38.02 for KMR3 and 32.73 for IL 50–13 with the mean insert size of 295 for KMR3 and 296 for IL 50–13 (Table 1).


TABLE 1. Summary of the sequencing data for KMR3 and IL50-13 genomes.

[image: Table 1]


Identification of SNPs and InDels Compared to Nipponbare

The scaffolds of the restorer line KMR3 and the introgression line IL 50-13 were mapped on the reference genome Nipponbare separately for the identification of genome-wide polymorphisms. There were 45,202 high-quality SNPs detected between KMR3 and Nipponbare and 37,194 high-quality SNPs between IL50-13 and Nipponbare (Table 2). The density distribution of each of these SNPs and InDels per 1 Mb of the genome showed an average of 120.9 SNPs, 0.5 insertions, and 0.6 deletions in KMR3. In IL50-13, the distribution showed an average of 99.7 SNPs, 0.3 insertions, and 0.5 deletions (Table 2).


TABLE 2. Chromosome-wise distribution of SNPs and InDels in KMR3 and IL50-13 relative to Nipponbare.

[image: Table 2]


Distribution of SNPs and InDels Between KMR3 and IL50-13

To identify genome-wide polymorphisms between KMR3 and IL50-13, SNPs and InDels in KMR3 and IL50-13, relative to Nipponbare, were compared and plotted as Venn diagrams (Figure 1). The SNPs unique to KMR3 were 26,742 and to IL50-13 were 18,753 with 18,463 common SNPs (Figure 1A). There were 348 unique InDels in KMR3 and 297 in IL50-13 with 108 InDels common to both (Figure 1B). The number of SNPs in IL50-13 ranged from 803 in chromosome 9 to 2,613 in chromosome 10 with an average of 1,562. The SNP distribution showed a minimum of 47 SNPs in chromosome 2 and a maximum of 125 SNPs in chromosome 10 for KMR3 and a minimum of 33 SNPs in chromosome 9 and a maximum of 110 SNPs in chromosome 10 for IL50-13. The density of SNPs was the lowest in chromosome 1 for KMR3, although the number of SNPs was not the lowest, suggesting sparse distribution of SNPs across the chromosome. Similarly, chromosome 10 in KMR3 showed the highest density but not the highest number of SNPs (Table 3). Chromosome-wise distribution of unique SNPs in 100-kb non-overlapping region of KMR3 and IL50-13 genomes showed few high-density regions in chromosomes 4, 6, 7, and 8 in KMR3 and chromosomes 1, 5, 8, and 12 in IL50-13. The distribution of SNPs was comparatively higher toward the center of the chromosome compared to the telomeric regions (Figures 2, 3).
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FIGURE 1. Venn diagrams showing the number of unique and common SNPs (A) and InDels (B) between KMR3 and IL50-13 genomes.



TABLE 3. Chromosome-wise distribution of SNPs and InDels unique to KMR3 and IL50-13 genomes.
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FIGURE 2. Circos plots for the chromosome-wise distribution of unique SNPs and InDels in KMR3.
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FIGURE 3. Circos plots for the chromosome-wise distribution of unique SNPs and InDels in IL50-13.


The total number of unique insertions and deletions in KMR3 and IL50-13 was much lower when compared to the total number of unique SNPs (Table 3). Insertions in KMR3 showed a highest value of 20 in chromosome 10, with an overall total of 131 insertions and an average of 10 insertions. The density of insertions ranged from 0 to 0.8, with an average of 0.2 per 1 Mb of the genome in KMR3. The number of insertions in IL50-13 was 115, with a lowest value of 5 in chromosome 6 to a highest value of 16 in chromosome 7 and an average of 9 insertions per chromosome. The density values for the same also suggest a lowest value of 0.1 in chromosomes 3, 4, and 6 and a highest value of 0.5 in chromosomes 7 and 9, with an average of 0.2 insertions per 1 Mb of the genomes. The total number of deletions unique to KMR3 was 217 compared to 182 in IL50-13. The number of unique deletions in KMR3 ranged from 6 in chromosome 12 to 24 in chromosome 2, with an average of 18 deletions whereas their density ranged from 0.2 in chromosome 12 to 0.8 in chromosome 10. Comparatively, the number of unique deletions in IL50-13 ranged from 8 in chromosome 8 to 27 in chromosome 1, with an average of 15. The density of unique deletions was the least (0.2) in chromosomes 2, 3, and 8 and the highest (0.9) in chromosome 10 with an average of 0.4. Density plots for the unique InDels were also plotted as Circos plots by calculating the frequency of insertions and deletions in every 100-kb non-overlapping region of the genome in KMR3 and IL50-13 (Figures 2, 3).



Annotation of Unique SNPs and InDels in KMR3 and IL50-13 Relative to Nipponbare

The unique SNPs in KMR3 constituted 82% in the intergenic region and 18% in the genic region (Figure 4A). Of the SNPs in the genic region, 56% were in introns, 38% in coding region, and the remaining 6% in 5′ and 3′ UTRs. About 59% of the coding region SNPs were non-synonymous. The distribution of unique SNPs in IL50-13 was similar to KMR3 with 85% in the intergenic region and 15% in the genic region (Figure 4B). Of the genic region SNPs, 56% were in introns, 41% in exons, and 3% in UTRs. IL50-13 also had 59% non-synonymous and 41% synonymous SNPs in the coding region. In KMR3, 16% of unique InDels were in the genic region and 84% in the intergenic region. Of the InDels in the genic region, 54% were in introns, 24% in the coding region, and 22% in the UTRs (Figure 5A). On the other hand, 11% InDels in IL50-13 were in the genic region and 89% in the intergenic region. Of the genic region InDels, 54% were in introns, 26% in the coding region, and 20% in the UTRs (Figure 5B).
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FIGURE 4. Annotation of SNPs obtained in KMR3 (A) and IL50-13 (B). The SNPs obtained were categorized based on their occurrence in the genome, into genic and intergenic, which were again categorized into coding, intron, and UTR. The coding SNPs were further categorized as synonymous and non-synonymous based on their annotation to the codon position.
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FIGURE 5. Annotation of InDels obtained in KMR3 (A) and IL50-13 (B) genome. The InDels obtained in the genomes were annotated to different locations of the genome and categorized into genic and intergenic. The InDels were categorized into coding, intron, and UTRs (both 5′ and 3′).




Distribution of Unique Non-synonymous SNPs

The distribution of all 347 non-synonymous SNPs (nsSNPs) annotated to 87 genes in KMR3 suggested that many genes had a smaller number of nsSNPs and a few genes had more nsSNPs. The number of nsSNPs per 1 kb of the gene ranged from 1 to 32 (Figure 6A). A total of 12 genes with nsSNP density of > 8.5 per 1-kb region of the gene were considered as outliers (Supplementary Table 1). Most of these genes were unannotated. The annotated genes coded for transcriptional factor B3 domain-containing protein (Os03t0621600-00), ferroportin1 family protein (Os06t0560000-01), ferroportin1 family protein (Os06t0560000-02), Nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (NB-ARC) domain-containing protein (Os07t0117000-01) and zinc finger, RING/FYVE/PHD-type domain-containing protein (Os12t0636000-01) (Supplementary Table 1). The distribution of nsSNPs in IL50-13 was similar to KMR3, where the distribution of 254 nsSNPs per 1 kb in the 72 genes ranged from 1 to 35. With the outlier value at 7.5, nine genes with an unusual density of nsSNPs in their genes were considered as outliers (Figure 6B). Of these, seven were unannotated and two were annotated as Mov34/MPN/PAD-1 family protein (Os01t0338200-01) and Spc97/Spc98 domain-containing protein (Os04t0566900-01) (Supplementary Table 1).
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FIGURE 6. Degree distribution and skewness of the non-synonymous SNPs in KMR3 (A) and IL50-13 (B). In KMR3, the degree distribution and skewness of the nsSNPs per 1-kb region was calculated for the 87 genes that were annotated to the 347 nsSNPs. The outlier value (dotted line) calculated suggests that 12 genes had a nsSNP density > 8.5 per 1 kb of the gene in KMR3 (all values corresponding to the blue bars represented at the right side of the dotted line). In IL50-13, the degree distribution and skewness of the nsSNPs per 1-kb region was calculated for the 72 genes that were annotated to the 254 nsSNPs. The outlier value (dotted line) calculated suggests that nine genes had a nsSNP density > 7.5 per 1 kb of the gene in IL50-13 (all values corresponding to the blue color bars represented at the right side of the dotted line).




Length Distribution of Unique InDels

The length of the unique InDels in KMR3 and IL50-13 relative to Nipponbare was calculated, and their frequency distribution was plotted across the number of InDels. The length of insertions and deletions ranged from 1 to 42 and from 1 to 52 bp, respectively in KMR3. The number of mononucleotide insertions and deletions constituted 36.3 and 13.8%, of 2–5 bp were 33.3 and 33.6%, and of > 5 bp were 30.4 and 52.6%, respectively (Figure 7A). On the other hand, the length of insertions and deletions in IL50-13 ranged from 1 to 41 and 1 to 33 bp, respectively. The number of mononucleotide insertions and deletions constituted 15.9 and 6.0%, of 2–5 bp were 37.8 and 35.7%, and of > 5 bp were 46.3 and 58.3%, respectively (Figure 7B).
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FIGURE 7. Frequency distribution of the length of InDels in KMR3 (A) and IL50-13 (B) genome. The x-axis represents the length of the deletions (histograms with red color fill) and insertions (histograms with cyan color fill) in the genome and y-axis represents the frequency of each of the InDels of the specified length.


Unique InDels of length ≥ 10 bp in both the genomes were separated into insertions and deletions. In KMR3, these unique insertions were 23 and unique deletions were 67, whereas in IL50-13, the unique insertions were 30 and unique deletions were 62. InDels were present in various regions of the genome, such as exons, introns, upstream and downstream 5′ and 3′UTRs, splice sites, and intergenic regions. All these insertions and deletions had low, moderate, high, and modifier effects in different regions of the genome based on their occurrence in both protein-coding genes and non-coding RNAs. The InDels had a modifier effect when present in the intergenic region, introns, and upstream and downstream 5′ and 3′UTRs. Their effect was low in the splice site regions and moderate in the coding regions, which was caused either due to a codon insertion or deletion. The effect was high in the coding region when the codon addition or deletion resulted in a stop codon. The effect was always high when there was a frameshift in the coding sequence of the gene (Supplementary File 2).

There were three unique insertions of length ≥ 10 bp in the genes of KMR3, having their effect from low, moderate, to high in the three protein-coding genes. An insertion in the splice site region of Os02g0554300 (Os02t0554300-01; SAC domain-containing phosphatase, control of rice development via hydrolyzing phosphoinositides (PIs)) had a low effect on the gene. A codon insertion in a conserved hypothetical gene Os03g0346900 (Os03t0346900-01) resulted in a stop codon and thus had a high effect. Another insertion in the gene Os03g0619151 (Os03t0619151-00; similar to Dof domain-containing zinc finger family protein) had a high effect due to a frameshift in the codon of the gene (Supplementary File 2). There were six unique deletions of length ≥ 10 bp in the protein-coding genes of KMR3. Deletions in four genes, Os02g0554300 (Os02t554300-01; suppressor of actin (SAC) domain-containing phosphatase, control of rice development via hydrolyzing phosphoinositides (PIs)), Os02g0302500 (Os02t0302500-00, hypothetical conserved gene), Os03g0306200 (Os03t0306200-01; similar to transducin family protein/WD-40 repeat family protein), and Os09g0297300 (Os09t0297300-00; similar to sugar carrier protein C), had a high effect on them due to a frameshift in the codon. Codon deletion in two transcripts of the gene Os03g0254900 (Os03t0254900-01, zinc finger, RING/FYVE/PHD-type domain-containing protein and Os03t0254900-02, C3HC4-type RING zinc finger family protein) and the gene Os05g0324300 (Os05t0324300-01, DUF594 domain-containing unknown function protein) had a moderate effect on them (Supplementary File 2).

In IL50-13, there were three unique insertions in three protein-coding genes. Two effects were identified in the gene Os02g0214633 (Os02t0214633-00; similar to leucine-rich repeat family protein). One effect was moderate due to codon change by insertion and another was high due to the stop gained by this insertion. There was a high effect due to frameshift in two genes, Os06g0349800 (Os06t0349800-01, conserved hypothetical protein) and Os07g0117000 (Os07t0117000-01, NB-ARC domain-containing protein) (Supplementary File 2). A total of five unique deletions were identified in IL50-13, and all these deletions had a high effect on the protein-coding genes. Two transcripts of the gene Os01g0763600 (Os01t0763600-01 PLC-like phosphodiesterase, TIM beta/alpha-barrel domain domain-containing protein and Os01t0763600-02 PLC-like phosphodiesterase, TIM beta/alpha-barrel domain domain-containing protein) had a frameshift effect on the gene due to the stop codon lost by deletion. Two transcripts of the gene Os01g0661000 (Os01t0661000-01 uncharacterized protein family UPF0497, trans-membrane plant domain-containing protein and Os01t0661000-02 uncharacterized protein family UPF0497, trans-membrane plant domain-containing protein) and other genes such as Os01g0661200 (Os01t0661200-00, hypothetical protein), Os07g0659500 (Os07t0659500-01, non-SMC condensin subunit, XCAP-D2/Cnd1 family protein) and Os12g0277200 (Os12t0277200-00; conserved hypothetical protein) had a high effect on them due to the frameshift in the codon caused by the deletion. In one transcript of the gene Os11g0206700 (Os11t0206700-01, guanine nucleotide-binding protein (G-protein), alpha-subunit family protein), there was a high effect, which was caused by the frameshift in the codon, and in the other transcript of the same gene (Os11t0206700-02; predicted protein), there was also a high effect but due to the stop codon lost by the deletion (Supplementary File 2).



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis

A total of eight significant (p-value ≤ 0.05) GO terms were identified for KMR3 and IL50-13 (Table 4). The GO terms identified in KMR3 included the regulation of biological quality (GO:0065008), organic hydroxy compound metabolic process (GO:1901615), organic hydroxy compound biosynthetic process (GO:1901617), copper ion binding (GO:0005507), response to stimulus (GO:0050896), monooxygenase activity (GO:0004497), biological regulation (GO:0065007), and electron carrier activity (GO:0009055). The GO terms for IL50-13 were protein modification by small protein removal (GO:0070646), protein modification by small protein conjugation or removal (GO:0070647), ubiquitin-protein transferase activity (GO:0004842), protein deubiquitination (GO:0016579), ubiquitin-like protein transferase activity (GO:0019787), peroxidase activity (GO:0004601), oxidoreductase activity acting on peroxide as acceptor (GO:0016684), and antioxidant activity (GO:0016209). The KEGG pathway enrichment analysis showed brassinosteroid biosynthesis (osa00905:dosa:Os04t0469800-01) and base excision repair (osa03410:dosa:Os08t0304900-01) pathways in KMR3 and linoleic acid metabolism (osa00591:dosa:Os08t0509100-01), circadian rhythm–plant metabolism (osa04712:dosa:Os05t0571000-01), and alpha-linolenic acid metabolism (osa00592:dosa:Os08t0509100-01) pathways in IL50-13 to be statistically significant (p-value ≤ 0.05) (Table 5). An analysis of the effect of unique InDels in the protein-coding genes (that were enriched in the KEGG pathways) showed that the InDels had a moderate effect in the downstream region of the genes in both the genomes (Table 6).


TABLE 4. Gene Ontology of unique InDels in the protein-coding regions of KMR3 and IL50-13.
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TABLE 5. KEGG pathway enrichment analysis of unique InDels in the protein-coding regions of KMR3 and IL50-13.
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TABLE 6. Effect of unique InDels in the downstream region of genes in KMR3 and IL50-13.
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Polymorphism in Genes of QTLs Associated With Yield and Salinity Tolerance

The genes associated with QTLs for yield and salinity tolerance were compared between KMR3 and IL50-13, and the polymorphisms based on the analysis of the four independent datasets are described below.

(i) A total of 52 simple sequence repeat (SSR) markers reported for yield-related QTL qyld2.1 in rice were analyzed to identify 55 associated genes (Supplementary File 3). The pairwise BLASTN alignment of the scaffolds of KMR3 and IL50-13 corresponding to each of these genes revealed that only three genes showed polymorphism in terms of SNPs and InDels (Supplementary File 4). Os04g0480600 (coding for cytochrome P450 71A1) showed 31 variations (22 SNPs and 9 InDels) with 20 SNPs in the Coding sequence (CDS) and 2 SNPs in the 3′UTR and 9 InDels in the CDS. Os04g0480650 (CYP450, similar to OSIGBa0158F13.10 protein) showed 13 variations (10 SNPs and 3 InDels) with 8 SNPs in the CDS and 2 SNPs in the 5′ UTR, and 3 InDels in the CDS. Both these genes identified as LOC_Os04g40460 in MSU database were on chromosome 4. A gene on chromosome 7, Os07g0669200 (LOC_Os07g47300, GTP1/OBG family protein), showed only one SNP in the coding region (Supplementary Table 2).

(ii) Pairwise alignment of the scaffolds of KMR3 against IL50-13 was performed for 27 genes associated with markers for salinity tolerance at the seedling stage of rice (Supplementary File 5). The results (Supplementary File 6) showed that only two genes had SNPs and InDels between the two genomes. Os01g0350100 (hypothetical protein) showed only 1 SNP in the 3′UTR, and Os01g0362100 (esterase/lipase/thioesterase domain-containing protein) showed 8 SNPs and 2 InDels in the introns, but this could be a sequence error as KMR3 genome has ‘N’s at the corresponding polymorphism sites (Supplementary Table 2).

(iii) A genome wide association study (GWAS) (Lekklar et al., 2019) reported that chromosomes 2 and 12 had high-density regions of significant SNPs, which were associated with grain yield in rice under salt stress at the flowering stage. So, these genes were analyzed using the same protocol as described above. Pairwise alignment of the scaffolds from KMR3 and IL50-13 corresponding to the 27 genes associated with the GY markers involved in salinity tolerance at the reproductive stage showed polymorphism in 13 genes (three genes on chromosome 2, two genes on chromosome 11, and eight genes on chromosome 12) (Supplementary File 7). Two genes (Os12g0568200 and Os12g0568500) related to metallothionein-like protein type 1, three genes (Os11g0606800, Os12g0564800, and Os12g0565100) related to NB-ARC domain-containing protein, three genes (Os12g0566200, Os12g0566500, and Os11g0618800) that were conserved hypothetical protein, one each coding for cyclase (Os02g0187100), receptor-like kinase (Os02g0194400), topoisomerase II-associated protein PAT1 domain-containing protein (Os02g0294700), ion channel regulatory protein, UNC-93 domain-containing protein (Os12g0566800), and subunit A of the heteromeric ATP-citrate lyase, negative regulation of cell death, and disease resistance (Os12g0566300) showed polymorphism (Supplementary File 8). A total of 157 variants with 112 SNPs and 45 InDels were identified for these 13 genes (Supplementary Table 2). Metallothionein-like protein type 1 (Os12t0568200-01) had the maximum number (59) of variants with 39 SNPs (6 in the CDS, 11 in UTRs, and 22 in introns) and 20 InDels (10 in the CDS, 4 in the UTRs, and 6 in the introns). This was followed by the ion channel regulatory protein, UNC-93 domain-containing protein (Os12t0566800-01) with 27 variants (16 SNPs;12 in UTRs and 4 in introns) and 11 InDels (all in the introns). The third-highest number of variants was obtained in the transcript coding for cyclase (Os02t0187100-00) with 26 variants (15 SNPs; all in introns) and 11 InDels (all in introns). The other eight genes had 1 to 12 variants with mostly SNPs (Supplementary Table 2).

(iv) Pairwise alignment of four genes corresponding to genes significantly associated with grain yield and its related traits such as seed setting rate and panicle number under saline conditions (Liu et al., 2019) between KMR3 and IL50-13 (Supplementary File 9) showed SNPs in only two genes (Os02g0729700 and Os04g0610900), coding for HAHB-7 and EDR1, respectively (Supplementary Table 2). Both these genes showed a single SNP in their coding region (Supplementary File 10).



Analysis of 20 Polymorphic Candidate Genes in 3K Genomes

As described earlier, a total of 113 genes associated with yield and salt tolerance from the four datasets were compared, which identified polymorphism in 20 genes between KMR3 and IL50-13 (Supplementary Table 2). These 20 genes (Table 7) were analyzed in 10 rice varieties (five salt-tolerant and five salt-susceptible) from the 3,000 WGRS data genomes to determine whether SNPs or InDels unique to the five salt-tolerant genotypes were present in IL50-13. Out of the seven polymorphic candidate genes in IL50-13 known for yield and salinity tolerance, Os04g0480650 (similar to OSIGBa0158F13.10 protein) showed 100% identity with Nipponbare (Supplementary Table 3). In Os12g0565100 (NB-ARC domain-containing protein), a total of 21 variants with 12 SNPs (8 in CDS and 4 in 3′UTR) and nine InDels (8 in 5′UTR and 1 in CDS) were identified with a stretch of eight InDels from position 23182945 to 23182952 in the 5′UTR of the gene (Supplementary File 11). The other five genes did not show any SNPs/InDels relative to the 10 genomes. Out of the 13 putative novel salt tolerance genes in IL50-13, three genes, Os01t0362100-01 (esterase/lipase/thioesterase domain-containing protein), Os02t0194400-01 (similar to receptor-like kinase (fragment)), and Os11t0618800-00 (hypothetical conserved gene), showed no polymorphism relative to the 10 genomes (Supplementary Table 3). There were 10 SNPs and 10 InDels in the CDS of Os02g0187100 (similar to cyclase). One SNP each was found in the CDS of four genes, Os01g0350100 (hypothetical protein), Os02g0294700 (topoisomerase II-associated protein PAT1 domain-containing protein), Os11g0606800 (similar to NB-ARC domain-containing protein), and Os12g0566800 (ion channel regulatory protein, UNC-93 domain-containing protein). A total of five SNPs (three in CDS and two in 3′UTR) were found in Os12g0566500 (conserved hypothetical protein) and Os04g0610900 (four in CDS and one in 3′UTR) (similar to EDR1). A total of seven SNPs (five in CDS and two in 3′UTR) in Os12g0566200 (conserved hypothetical protein) and 11 SNPs (nine in CDS and two in 3′UTR) in Os12g0566300 (subunit A of the heteromeric ATP-citrate lyase, negative regulation of cell death, and disease resistance) were identified. Significantly, Os02g0729700 (similar to HAHB-7 (fragment)) showed 20 SNPs (1 in CDS, 9 in 5′UTR, and 10 in 3′UTR) (Supplementary File 12).


TABLE 7. List of 20 genes from the four datasets that showed polymorphism between KMR3 and IL50-13.
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A total of five each of salinity-tolerant and salinity-sensitive lines from 3K genomes were first compared as two groups to see whether any SNPs or InDels for the 20 genes was unique to any group. There was no such SNP or InDel that could uniquely distinguish the 5 tolerant from the 5 susceptible lines. However, the closest to this criterion was gene Os02g0729700 (coding for HAHB-7 on chromosome 2 which could nearly distinguish salt-tolerant and salt-sensitive lines (Supplementary File 12). At 5′UTR position 30,382,005 bp, four salt-tolerant lines showed C (5th one had a T) but all five salt-susceptible lines had a T in that position and IL50-13 had a T, the SNP unique to salt-susceptible lines. At 3′UTR position 3,083,278 bp, four salt-tolerant lines had a T (5th line had a G) but four salt-sensitive lines had a G (5th line had G/T). At another 3′UTR position 3,083206.02 bp, three salt-tolerant lines had a T but two salt-sensitive lines had a G, and the remaining lines had a deletion there. At both these positions, IL50-13 had a G, the SNP unique to salt-susceptible lines.




DISCUSSION

In this study, the whole genomes of an elite restorer line KMR3 and one of its highest yielding salinity-tolerant introgression lines IL50-13 were sequenced to identify introgressed regions from wild rice in IL50-13 genome. Sequence comparisons of the two genomes with Nipponbare revealed a higher number of SNPs in KMR3 than in IL50-13. KMR3 showed a density of 120.9 SNPs, 0.5 InDels, and 0.6 insertions as compared to 99.7 SNPs, 0.3 insertions, and 0.5 deletions in IL50-13 per Mb of the genome. This difference could be due to 147.6 million high-quality paired-end reads generated in the KMR3 genome as compared to only 131.4 million reads for the IL50-13 genome in assembling the scaffolds. The total number of SNPs common to KMR3 and IL50-13 genomes was 18,463, and the unique ones were 26,742 and 18,753, respectively. This is indicative of the expectedly close genetic similarity between the two genomes, where the difference is much lower than the diverse landrace populations (Huang et al., 2010) or between three different restorer lines (Li et al., 2012). The effect of InDels ≥ 10 bp present in the protein-coding genes of KMR3 and IL50-13 varied depending upon their position of occurrence in the genes. In KMR3, genes such as suppressor of actin (SAC) domain-containing phosphatase that control rice development via hydrolyzing phosphoinositides (PIs), OsGH1 and Dof domain-containing zinc finger family protein (OsDof13), RING/FYVE/PHD-type domain-containing zinc finger (C3HC4-type RING finger) family protein, and transducin family protein/WD-40 repeat family protein (OsWD40-69) had unique insertions (Supplementary File 2). PIs are regulatory membrane proteins with many roles in cellular processes. Inactivation of GH1 (GRAIN NUMBER AND PLANT HEIGHT1), which dephosphorylates and hydrolyzes phosphatidylinositol 4-phosphate (PI4P) and phosphatidylinositol 4, 5-bisphosphate [PI(4,5)P2], results in the accumulation of both the PIs that lead to the disruption of actin cytoskeleton organization and suppression of cell elongation (Guo et al., 2020). OsDof13, a member of the Dof family zinc finger domain transcription factors, regulates gene expression in seed germination (Papi et al., 2000), seed storage synthesis in developing endosperm (Mena et al., 1998), and plant defense mechanisms (Chen et al., 1996). Genes such as SAC domain-containing phosphatase, control of rice development via hydrolyzing phosphoinositides (PIs) OsGH1, zinc finger, and RING/FYVE/PHD-type domain-containing protein, similar to zinc finger (C3HC4-type RING finger) family protein and transducin family protein/WD-40 repeat family protein (OsWD40-69), had unique deletions in KMR3. Zinc finger proteins (ZFPs) play significant roles in different organisms, and their expression is regulated by various abiotic stresses (Sun et al., 2010). WD40 domains form the subunits of multiprotein complexes, such as scaffolds, and act as the regulators of various plant development processes (Hu et al., 2018).

Similarly, in IL50-13, genes similar to leucine-rich repeat family protein (OsRLCK67), nucleotide-binding (NB)-ARC domain-containing protein, PLC-like phosphodiesterase, TIM beta/alpha-barrel domain domain-containing protein, G-protein, and alpha-subunit family protein (OsPXLG2) had unique insertions or deletions in them (Supplementary File 2). In plants, receptor-like cytoplasmic kinases (RLCKs), a superfamily of receptor-like kinases (RLKs), have a role in development and multiple environmental stress responses (Vij et al., 2008). NB-ARC proteins in plants form a part of the R proteins that are involved in innate immune responses upon pathogen attack and trigger plant defenses to restrict pathogen proliferation (DeYoung and Innes, 2006; Jones and Dangl, 2006). In alfalfa, a gene encoding NB-ARC domain-containing protein was reported to be involved in salinity tolerance (Yu et al., 2016). PLC-like phosphodiesterase is involved in lipid metabolic processes and in various signaling cascades (Gassler et al., 1997). G-proteins, involved in many signal transduction mechanisms, are also reported to be involved in the regulation of yield-related traits. Heterotrimeric G protein mutants in rice showed improved stress tolerance in saline conditions (Cui et al., 2020). Thus, these genes with unique InDels in IL50-13 could confer tolerance response to biotic and abiotic stresses including salinity stress.

Gene Ontology analysis of the protein-coding genes with unique InDels in KMR3 and IL50-13 identified many significant GO terms (Table 1). In IL50-13, most of the GO terms were associated with ubiquitin activity, peroxidase activity, and antioxidant activity, and all of these are involved in scavenging free radicals from the cells, thus reducing oxidative stress in plants and conferring tolerance to various environmental stresses including salinity stress (Dametto et al., 2015). The role of ROS production and NADPH oxidase gene (OsRBOHD) regulation in the leaf mesophyll cells was found to be crucial for salinity tolerance in the reproductive stage of rice (Yong et al., 2020). IL50-13 was reported as drought-tolerant under direct-seeded condition and also as salinity tolerant with its yield least affected compared to KMR3 under 150 mM NaCl condition (Rai et al., 2010; Ganeshan et al., 2016).

Salinity stress results in osmotic stress leading to reduced water uptake and ionic stress caused by increased uptake of specific ions such as Na+ and Cl–. Ionic stress leads to the production of ROS causing oxidative damage of cells and organelles (Hazman et al., 2015). KEGG pathway analysis of genes with unique InDels in KMR3 showed that, among others, brassinosteroid synthesis (CYP450) was enriched in KMR3 whereas the jasmonic acid (JA) pathway (lipoxygenase) and histone deacetylase were enrichedenriched in IL50-13. Transcriptome analysis of flag leaves and young panicles of KMR3 and one of the high-yielding introgression lines, IL50-7, showed that several pathways may be involved in contributing to high yield (Thalapati et al., 2012). CYP450 was one of the genes differentially regulated in their study, which suggested the involvement of the brassinosteroid pathway in the increased yield of IL50-7. The brassinosteroid pathway, modulated by various phytohormones, was found to have an important role in the yield and development of plants (Katsumi, 1985; Woeste et al., 1999; Chung et al., 2011). One of the highly expressed genes Os11Gsk in IL50-7, introgressed from wild rice O. rufipogon into the genetic background of KMR3, increased the yield of the introgression line either by regulating the expression of KMR3 genes or by introducing epigenetic modifications (Thalapati et al., 2012). JA and jasmonates are signaling molecules in various stress responses including salt stress. Higher endogenous JA content was reported in salt-tolerant than in salt-sensitive cultivars of rice, and exogenous JA treatment reduced sodium ions in salt-tolerant rice cultivars (Kang et al., 2005). JA-deficient mutants of rice showed reduced sensitivity to salinity stress as a result of increased ROS-scavenging activity (Hazman et al., 2015). Histone deacetylases play a major role in abiotic stress responses in plants, and HDT701 was shown to enhance salt and osmotic stress tolerance in rice (Zhao et al., 2015).

The KEGG pathway enrichment analysis carried out for genes having unique InDels in IL50-13 showed pathways enriched in alpha-linoleic acid metabolism, a precursor of JA, and its derivative methyl esters (JA-Me). JAs are lipid-derived signal compounds that mediate stress responses and developmental processes in plants (Wasternack and Kombrink, 2010). Salt stress induces the expression of lipoxygenase and JA pathway genes in barley shoots (Walia et al., 2006). JASMONATE ZIM−DOMAIN (JAZ) proteins are degraded, freeing transcription factors for the expression of genes needed in stress responses (Afrin et al., 2015).

Sequence analysis of 52 SSRs reported to flank yield-related genes/QTLs showed SNPs and InDels in three genes: Os04g0480600 (CYP450 71A1), Os04g0480650 (CYP450), and Os07g0669200 (GTP1/OBG family protein). The first two CYP450 genes are located 3.1-Mb upstream to GIF1, which encodes cell-wall invertase required for carbon partitioning during early grain-filling and is also associated with crop domestication and high yield (Wang et al., 2008). CYP450 genes are one of the largest gene superfamilies involved in the metabolic processes including brassinosteroid metabolism that regulates yield in plants and is observed in many yield QTLs (Choe, 2006; Wu et al., 2016). CYP450 genes are also involved in gibberellin signaling, regulating seed size, plant height, and internode elongation (Hong et al., 2003; Tanabe et al., 2005; Jun et al., 2015; Kwon et al., 2015; Tamiru et al., 2015; Gao et al., 2016; Wu et al., 2016). On the other hand, CYP450 family proteins, modulated by plant hormones, protect the plant against various biotic and abiotic stresses by regulating the production of antioxidants and defense compounds (Jun et al., 2015; Pandian et al., 2020). CYP450 genes were reported to play a role in abscisic acid (ABA) accumulation and salinity and drought tolerance in Arabidopsis thaliana and rice (Mao et al., 2013; Kurotani et al., 2015; Tamiru et al., 2015). Heterologous expression of a CYP450 gene from poplar imparted salt tolerance by regulating sodium and potassium ion homeostasis in transgenic rice (Wang et al., 2016).

Sequence comparison of the genes reported to be associated with GY under salinity stress conditions (Lekklar et al., 2019) showed polymorphism in terms of SNPs and InDels in 13 protein-coding genes involved in salinity tolerance (Supplementary Table 2). Two genes Os12g0568200 – OsMT1c and Os12g0568500 – OsMT1Ld belonging to metallothionein (MT)-like protein type 1 showed polymorphism between KMR3 and IL50-13. Transcriptome analysis showed the upregulation of both genes with 821-fold upregulation of Os12g0568200 in rice roots in response to oxidative stress following cadmium treatment for 24 h (Oono et al., 2014). MTs are involved in scavenging stress-induced ROS (Akashi et al., 2004; Wong et al., 2004). OsMT-3a, a type 3 MT gene in rice, plays an important role in salinity tolerance and heavy metal stress through detoxifying the ROS (Mekawy et al., 2018). Three genes (Os11g0606800, Os12g0564800, and Os12g0565100) belonging to NB-ARC domain-containing protein showed polymorphism between the two genomes. A gene-encoding NB-ARC domain-containing protein was found to be involved in salinity tolerance in alfalfa (Yu et al., 2016). Significantly, NB-ARC domain-containing protein Os11g0606800 and three conserved hypothetical proteins (Os11g0618800, Os12g0566200, and Os12g0566500) that showed polymorphism in the coding region, introns, and UTRs between KMR3 and IL50-13 were identified in a GWAS to be involved in salinity tolerance (Lekklar et al., 2019). Cyclase (Os02g0187100) and receptor-like kinase (RLK) (Os02g0194400) showing polymorphism between KMR3 and IL50-13 were also identified for yield and salinity tolerance likewise (Lekklar et al., 2019) and have not been previously reported to be having any role in stress tolerance. However, RLKs are known to play important roles in plant growth development and abiotic stress (Ye et al., 2017). Overexpression of a rice stress-induced protein kinase gene 1 (OsSIK1) was induced by high salinity and drought stress, suggesting its role in abiotic stress responses via enhancement of antioxidative enzymes such as peroxidase, superoxide dismutase, and catalase, thus leading to the reduction of ROS (Ouyang et al., 2010). Overexpression of STRK1, another RLK in rice, improved growth at the seedling stage and limited the loss of grain yield under salinity stress by regulating H2O2 homeostasis (Zhou et al., 2018). Regulation of ionic homeostasis, especially the maintenance of K+ /Na+ flux during salinity stress, is essential for plant growth and development. Topoisomerase II-associated protein PAT1 domain-containing protein (Os02g0294700), UNC93 domain-containing protein (Os12g0566800), and subunit A of the heteromeric ATP-citrate lyase (Os12g0566300) also showed polymorphism between the two genomes. UNC93 acted as a positive regulator of abiotic stress and plant growth in Arabidopsis thaliana by maintaining K+ homeostasis through the ABA signaling pathway (Xiang et al., 2018). Although the broad functions of some of these genes are known in biotic stress response (Ruan et al., 2019), they have not been studied and reported for their role in salinity tolerance in rice. However, these genes were identified by GWAS to be associated with grain yield QTLs of rice under salinity stress at the flowering stage (Lekklar et al., 2019).

Sequence analysis of the genes associated with grain yield and its related traits such as seed setting rate and panicle number under saline conditions (Liu et al., 2019) showed polymorphism in two genes, LOC_Os02g49700 (HAHB7) and LOC_Os04g52140 (EDR1) between KMR3 and IL50-13 (Supplementary Table 2). HAHB7 encodes a homeobox-leucine zipper protein and is similar to OsHOX24 and Oshox22. The expression of Oshox22 was induced by salinity stress, and enhanced drought and salinity tolerance were observed at the seedling stage of the plants homozygous for T-DNA insertion in the promoter region of Oshox22 gene (Liu et al., 2019). Similarly, LOC_Os04g52140 (OsCTR3, rice constitutive triple-response 3) encoding a Raf-like Ser/Thr protein kinase is involved in the ethylene signaling pathway (Wang et al., 2013). It was shown to be associated with panicle number under saline conditions (Liu et al., 2019), but its actual role in salinity tolerance is unknown. Its involvement in ethylene signaling could regulate salinity stress responses at different cellular levels (Cao et al., 2008).

In conclusion, WGS of KMR3 and IL50-13, which is released as Chinsurah Nona 2 (Gosaba 6), for coastal saline regions in West Bengal, India showed variations in several genes known to be involved in yield-related traits and salinity tolerance. Gene Ontology terms related to response to stimulus, monooxygenase activity, and biological regulation were enriched in KMR3, whereas GO terms such as ubiquitin-protein transferase activity, protein deubiquitination, ubiquitin-like protein transferase activity, peroxidase activity, oxidoreductase activity, acting on peroxide as acceptor, and antioxidant activity were enriched in IL50-13. Brassinosteroid biosynthesis and base excision repair pathways were enriched in KMR3 and linoleic acid metabolism, circadian rhythm, and alpha-linoleic acid metabolism pathways in IL50-13. The GO terms and pathways are known to be involved in various abiotic stress responses including salinity stress in rice. Sequence analyses of genes associated with yield and salinity tolerance in rice were done by considering four independent datasets. Of the 55 genes associated with yield-related QTLs, polymorphism was identified in CYP450 and GTP1/OBG family proteins. CYP450, involved in brassinosteroid metabolism, regulates yield and confers salinity stress tolerance in rice. Of the 13 genes associated with grain yield QTLs at the flowering stage that showed polymorphism, most were not reported earlier to be involved in salinity stress tolerance in rice. Analysis of genes associated with grain yield under saline conditions at the seedling stage also showed polymorphism in two genes that enhanced their susceptibility to abiotic stress responses. Moreover, of the putative novel salt tolerance genes in IL50-13, only Os02g0729700 showed polymorphism between five each of salt-tolerant and salt-sensitive lines but IL50-13 carried salt-sensitive alleles. This suggested that salt tolerance in IL50-13 could be unique with conditional (post) transcriptional regulation of these genes. Therefore, these genes could be high-priority candidate genes for further study to investigate their role in imparting salinity stress tolerance in IL50-13. Future gene expression and functional analysis of the candidate genes could provide a better understanding of salinity tolerance mechanisms in IL50-13 and help to develop biomarkers to assist in developing such improved varieties of rice that can maintain high yield under saline conditions.
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Salt cress (Eutrema salsugineum), an Arabidopsis-related halophyte, can naturally adapt to various harsh climates and soil conditions; thus, it is considered a desirable model plant for deciphering mechanisms of salt and other abiotic stresses. Accumulating evidence has revealed that compared with Arabidopsis, salt cress possesses stomata that close more tightly and more succulent leaves during extreme salt stress, a noticeably higher level of proline, inositols, sugars, and organic acids, as well as stress-associated transcripts in unstressed plants, and they are induced rapidly under stress. In this review, we systematically summarize the research on the morphology, physiology, genome, gene expression and regulation, and protein and metabolite profile of salt cress under salt stress. We emphasize the latest advances in research on the genome adaptive evolution encountering saline environments, and epigenetic regulation, and discuss the mechanisms underlying salt tolerance in salt cress. Finally, we discuss the existing questions and opportunities for future research in halophytic Eutrema. Together, the review fosters a better understanding of the mechanism of plant salt tolerance and provides a reference for the research and utilization of Eutrema as a model extremophile in the future. Furthermore, the prospects for salt cress applied to explore the mechanism of salt tolerance provide a theoretical basis to develop new strategies for agricultural biotechnology.

Keywords: Arabidopsis relative model system, salt cress, salt stress tolerance, saline adaptation, antioxidant system, osmo-adaptation, ion homeostasis, gene expression


INTRODUCTION

Soil salinity is one of the major environmental stress factors that restrict the functioning of plants in natural ecosystems, and greatly reduce crop yields which subsequently leads to a threat to food security (Zhu, 2002; Vera-Estrella et al., 2005; Zhao et al., 2020). As we know, the enormous value will come from a better understanding of the mechanisms through which plant tolerance of abiotic stresses is achieved (Zhao et al., 2020). Most studies on salt stress response mechanisms of plants have been conducted using the glycophyte model Arabidopsis thaliana and some important clues were gained (Wu et al., 2012). However, Arabidopsis has a relatively low capacity to survive salt stress, thus it may lack the protective mechanisms required for growing in harsh environments (Lee et al., 2013). Therefore, searching for the novel stress tolerance determinants including novel genes and novel stress tolerance mechanisms has led to increasing interest in the plants native to growing in extreme environments called “extremophytes” (John and Spangenberg, 2005; Amtmann, 2009; Gechev et al., 2012; Bressan et al., 2013; Oh et al., 2013; Cheeseman, 2015; Flowers et al., 2015; Eshel et al., 2017).

Halophytes can naturally thrive under high salinity conditions, such as in marshlands, swamps, and intertidal estuarine areas, and their tolerance to salt stress may occur through various evolutionary and molecular mechanisms, which can provide crucial insights into the underlying mechanisms that endow tolerance of plants to salt stress (Flowers et al., 1986; Bressan et al., 2001; Zhu, 2002; Amtmann, 2009; Rajalakshmi and Parida, 2012; Wu et al., 2012). The crucifer Eutrema salsugineum (salt cress) formerly classified as Thellungiella salsuginea or Thellungiella halophila is a close relative of Arabidopsis. Eutrema salsugineum can naturally grow well in extreme environments and displays exceptionally high resistance to salt as well as cold, drought, and oxidative stresses, but its genetic make-up, morphology, and development are similar to the glycophyte Arabidopsis (Bressan et al., 2001; Inan et al., 2004; Taji et al., 2004; Volkov et al., 2004; Wang et al., 2004; Gong et al., 2005; Wong et al., 2006; Amtmann, 2009; Orsini et al., 2010; Wu et al., 2012; Koch and German, 2013; Figure 1). Furthermore, salt cress is an ideal model organism due to its short life cycle, self-fertility, and being genetically transformable, and has a relatively small genome (241 Mb) with approximately twice the genome size of Arabidopsis (Inan et al., 2004; Wu et al., 2012). Importantly, salt cress has the availability of extensive ecotypes exhibiting a range of stress responses to adapt to different environmental stresses (Inan et al., 2004; Wong et al., 2005; Li et al., 2006; Amtmann, 2009; Hou and Bartels, 2015). These advantages characteristics make the halophytic Eutrema species amenable to the functional genomics approaches designed to identify the novel genes and new molecular mechanisms involved in stress resistance (Lugan et al., 2010).
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FIGURE 1. Growth comparison of Eutrema salsugineum (Shandong) and Arabidopsis thaliana plants in the control (CK) and stress treatment conditions. (A) Growth comparison of Eutrema and Arabidopsis plants in the control and NaCl treatment (100, 200, 300, and 400 mM NaCl) conditions. Eutrema seeds germinated 10 days, and Arabidopsis seeds germinated for 7 days in 1/2 MS medium, then the seedlings of uniform growth moved to 1/2 MS medium containing 0 (CK), 100, 200, 300, and 400 mM NaCl for growing for about 5 days. (B) Growth comparison of the 50-day-old Eutrema and 30-day-old Arabidopsis plants that grow in a mixture of vermiculite, perlite and peat moss (1:1:1), with a photoperiod of 16 h light/22°C and 8 h dark/18°C. (C) Growth comparison of the 60-day-old Eutrema and 40-day-old Arabidopsis plants. The surface sterilized Eutrema seeds planted in 1/2 MS medium, was firstly stratified treatment (4°C for 13 days) to synchronize the germination, then moved into the growth chamber for 7 days; the seedlings were transplanted in nutrient soil for 34 days, followed by 6 day-salt treatment using 200 mM NaCl. The surface sterilized Arabidopsis seeds planted in 1/2 MS medium, was firstly stratified treatment in 4°C for 3 days, then moved into a growth chamber for 7 days; the seedlings were transplanted in nutrient soil containing vermiculite, perlite, and peat moss (1:1:1) for 24 days, followed by 6-day salt treatment using 200 mM NaCl. (D) Phenotype comparison of Eutrema plants under salt, drought, and cold stresses. Eutrema seeds were planted in a mixture of vermiculite, perlite, and peat moss (1:1:1) in a greenhouse for 60 days with a photoperiod of 16 h light/22°C and 8 h dark/18°C, followed by stress treatments using 300 mM NaCl (Salt), no watering (Drought) and low temperature of 4–6°C (Cold) for 2 weeks, respectively, or kept in normal growth condition (CK).


Over the past few years, this salt cress species has come to the fore in the research into abiotic stress resistance and is considered a plant model of stress resistance well comparable with the Arabidopsis genome (Bressan et al., 2001; Inan et al., 2004; Amtmann et al., 2005; Amtmann, 2009). Firstly, the genome of salt cress provides a resource for identifying naturally occurring genetic alterations which could contribute to the adaptation of the halophyte to soil salinity, and that might be bioengineered in related crop species (Yang et al., 2013). The characterization of transcripts with unknown functions will possibly reveal the novel defense mechanisms in this halophyte (Rajalakshmi and Parida, 2012). Secondly, comparative analyses of the genome structures, protein-coding genes, microRNAs, stress-related pathways, and proteomic and metabolic profiles between Eutrema and Arabidopsis suggest that adaptation of the halophyte to environmental salt stress may occur via a global network adjustment of multiple regulatory mechanisms (Yang et al., 2013). Furthermore, the research of Eutrema is supported by growing technical resources including the physiological and molecular protocols, ecotype collections, and comparison of genome, transcriptome, and metabolome. Hence, recent scientific advances make exploration of the mechanisms of environmental adaptation in plants more feasible which could result in a larger implication and gains in genetic improvement of crops.

In this review, we systematically summarize the recent research advances in understanding morphology, physiology and biochemistry, expression and expression regulation of genes, and evaluating its usefulness as a model for research into plant stress tolerance, as well as emphasizing the possible molecular mechanisms underlying adaptation of the halophytic Eutrema to saline environments. This can provide a comprehensive insight to understand the mechanisms conferring a high level of salt stress tolerance in the halophyte.



GENOME EVOLUTION ADAPTED TO SALINE ENVIRONMENT

High levels of stress tolerance in plants are the result of evolutionary adaptation, thus the genotypic selection of plants for adaptation to various environments plays an important role in agriculture and ecology (Boyer, 1982; Janz et al., 2010). Due to the natural adaptations of E. salsugineum to various harsh climates and soil conditions, it is considered as an important model for deciphering the mechanisms of salt and other abiotic stress tolerance of plants (Gong et al., 2005; Griffith et al., 2007; Lamdan et al., 2012; Wang et al., 2021).

Sixteen accessions of halophytic E. salsugineum species including previously called T. salsuginea, T. halophila, and T. botschantzevii were used to investigate their natural variation in salinity tolerance and found that these accessions could survive up to 700 mM NaCl in hydroponic culture, however, their relative salt tolerance has a considerable variation (Lee et al., 2016). Using 90 resequencing whole genomes data from 90 individuals in 21 natural populations, the analysis of Eutrema species across central Asia to North America revealed that the selection signals for genes were related to the adaptation of salt and other abiotic tolerance, at the species level (Wang et al., 2021).

Gene duplication, a major source of genetic diversity that drives the adaptive evolution of plants (Ohno, 1970; Kondrashov, 2012; Monihan et al., 2019). Wu et al. (2012) demonstrated that, although the gene spaces display an extensive colinearity between E. salsugineum and A. thaliana, the salt stress-related gene families expanded in E. salsugineum genome (Wu et al., 2012). For instance, 21 transcription factor (TF) families expanded in the E. salsugineum genome, compared to A. thaliana. Among these, the AtNFXL1 gene encoding NF-X1 type zinc finger proteins was suggested to play a regulatory role in protecting photosynthesis, and be required for the growth of Arabidopsis plants under salt stress. The members of NF-X1, HSF, Trihelix, and GRAS TF families involved in abiotic stress response, were also expanded in numbers in salt cress (Table 1). The expansions of these gene family members are suggested to be associated with the adaptation of salt cress to harsh environments, due to the fact that their orthologous gene members in Arabidopsis and other plants have been documented to be associated with stress resistance (Lisso et al., 2006; Ogawa et al., 2007; Xie et al., 2009; Wu et al., 2012). These expanded family members possibly endow E. salsugineum with more flexibility in response to salinity stress (Wu et al., 2012). Additionally, the RAV gene family reported to respond to high salt and cold stresses, had been expanded from six members in A. thaliana to nine in E. salsugineum genome (Fowler et al., 2005; Sohn et al., 2006; Wu et al., 2012; Table 1). However, the AtRAV1 gene overexpressed plants showed strong growth retardation. And comparing to the wild type, a more inhibition of seed germination in salt conditions, and the transgenic plants exhibited higher transpirational water loss in drought conditions (Fu et al., 2014). Given the expressions of RAVs in Arabidopsis were reduced by salt and dryness, it is inferred that adaption of reduced AtRAV1 expression is involved in the adaption of salinity environment in Arabidopsis (Fu et al., 2014). Moreover, the transcripts of EsRAVs in the group A (A-EsRAVs) from E. salsugineum seedling exhibited a moderate decline gradually by salt treatment, and stronger inhibition of seed germination and seedling root elongation occurred in the 35S:A-EsRAV transgenic plants in presence of NaCl, suggesting the roles of 35S:A-EsRAVs in negatively controlling plant growth (Yang et al., 2016; Table 1).


Table 1. The expanded genes or gene family members involved in response to salt stress in Eutrema compared with Arabidopsis.
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LEA proteins can be involved in the “molecular shield function” to protect enzymes from induced aggregation when plants encounter stress in their environments (Goyal et al., 2005). In E. salsugineum, LEA genes were found to be higher copy numbers than their orthologous genes in the Arabidopsis genome, which is in agreement with a higher frequency of gene duplications observed in the E. salsugineum and E. parvula genomes (Table 1). This indicated that, since the last whole genome duplication event or after tandem duplications leading to neofunctionalization, the two Eutrema species (E. salsugineum and E. parvula) retained a higher fraction of duplicated genes, which is regarded as an important adaptive strategy for salt cress to survive in habitats with more extreme environmental conditions than Arabidopsis (Blanc and Wolfe, 2004a,b; Maere et al., 2005; Dassanayake et al., 2011; Wu et al., 2012; Lee et al., 2013; Oh et al., 2013).

The salt overly sensitive (SOS) pathway functions in preventing the toxic accumulation of sodium in the cytosol when A. thaliana are grown in salt-affected soils. In this pathway, Arabidopsis AtCBL10 calcium sensor interacts with the AtSOS2 kinase to activate the AtSOS1 plasma membrane sodium/proton exchanger, which initiates the transport of sodium out of the cell (Shi et al., 2000; Qiu et al., 2002, 2003; Quintero et al., 2002). In E. salsugineum, the CBL10 gene had been duplicated into EsCBL10a and EsCBL10b (Table 1), and the down-regulation of either of the two EsCBL10 genes decreased the growth of plants in the presence of salt, indicating that both genes function in the response of plants to salinity stress (Monihan et al., 2019). Further, EsCBL10b was demonstrated to have an enhanced ability to activate the SOS pathway, while the role of EsCBL10a is in an alternative pathway with different functions from AtCBL10 or EsCBL10b. Taken together, the duplication of Eutrema EsCBL10 obviously increased calcium-mediated signaling capacity and conferred an enhanced salt tolerance when compared with salt-sensitive Arabidopsis (Monihan et al., 2019).

Altogether, the maintenance of duplicated gene pairs in the genome of plants is indicative of an adaptive benefit conferred by the paralogous genes (Hahn, 2009; Kondrashov, 2012; Monihan et al., 2019). Undoubtedly, genetic variation and natural selection are fostering stress-related genes and gene interaction networks in the whole genome, which will prompt the local adaptation and differentiation of Eutrema plants to extreme salt stress in a non-random way.



MORPHOLOGICAL CHARACTERISTICS AND PHYSIOLOGICAL RESPONSES

The exposure of plants to high salt stress leads to the damage of cell structure, and disorder of many physiological functions (Sairam and Tyagi, 2004). As a consequence, this will eventually result in photosynthesis inhibition and metabolic impairment to further impaired growth and fertility, and early senescence of plants (Larcher, 2003).

Salt cress can natively grow in extreme salinity environments, and reproduce after exposure to 500 mM NaCl (Inan et al., 2004). Under treatments of 100 and 200 mM NaCl, an increased growth was observed in E. salsugineum accompanied by almost unchanged fresh and dry weights (Figures 1, 2), whereas a significant growth reduction in Arabidopsis. In a moderate salinity of 300 mM NaCl, E. salsugineum plants grew rapidly accompanied by almost unaffected chlorophyll content, a small decline of stomatal conductance and CO2 assimilation in leaves, indicating the photosynthetic apparatus was little influenced by this salt concentration (Sui and Han, 2014; Figure 2). However, the growth of Arabidopsis was remarkably decreased by the 100 and 200 mM NaCl treatments, which was associated with strong suppression in both leaf initiation and leaf expansion (M'rah et al., 2007; Sui and Han, 2014). Compared to Arabidopsis, E. salsugineum leaves are more succulent-like, have a second layer of palisade mesophyll cells, and frequently fall off during extreme salt stress, while root tissues develop an extra endodermis and cortex cell layer (Inan et al., 2004; Figure 2). Meanwhile, the stomata of E. salsugineum leaf surface are present at a higher density and less open than that in Arabidopsis, and exhibit a more tightly closing when responding to salt stress (Inan et al., 2004; Figure 2). Therefore, when compared with Arabidopsis, E. salsugineum can maintain a high water uptake and ion transport (Volkov et al., 2004; M'rah et al., 2006, 2007; Amtmann, 2009).
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FIGURE 2. Adaptative mechanisms of halophytic Eutrema salsugineum encountering saline environment. The adaptative mechanisms of Eutrema plants to saline stress are mainly including: (1) The adaptive evolution endowing E. salsugineum plants with the expanded defense related genes and/or gene family members to facilitate plants more flexibility in response to salinity stress; (2) The constitutive higher expression of stress defense genes such as P5CS and SOS1 in the absence of salt stress; (3) Anticipatory prepared osmolytes such as proline and secondary compounds, and a higher efficience to activate the existed enzymatic machinery as well as the adjustment of metabolism; (4) The halophytic E. salsugineum possessing exceptional control over Na+ influx and export mechanisms, the superior ability to coordinate its distribution to various tissues, and the efficient sequestration of Na+ into vacuoles; (5) A constitutively upregulated antioxidative protection system, and the effective regulation of redox status in halophytic Eutrema; (6) The succulent-like leaves, an extra endodermis and cortex cell layer in root tissues, and higher density of stomata exhibitting a more tightly closing when responding to salt stress, as well as an almost unaffected net photosynthetic rate, in the lower or even moderate concentration of salinity. SOS1, salt overly sensitive 1 (plasma membrane Na+/H+ antiporter); NHX, vacuolar Na+/H+ antiporter; V-ATPase, vacuolar H+-ATPase; VP1 (V-Ppase), vacuolar H+-translocating inorganic pyrophosphatase (vacuolar H+-pyrophosphatase); HKT1, group 1 high-affinity K+ transporter; GPX, glutathione peroxidases; PSII, photosystem II; PQ, plastoquinone.


Photosynthesis is a primary process that is influenced by salinity stress, that mainly attributed to a decreased CO2 availability caused by diffusion limitations via the stomata and the mesophyll, or a generated secondary oxidative stress, which will seriously affect leaf photosynthetic machinery (Lawlor and Cornic, 2002; Flexas et al., 2004, 2007; Munns et al., 2006; Chaves et al., 2009). In leaves of Arabidopsis, the photosynthetic activity was suppressed after 15 days of salt treatment with higher than 50 mM NaCl, which could be explained by the stomata closure and dramatic shrinkage of the RubisCO pool. By contrast, E. salsugineum leaves still remained at 50% of the stomatal conductance of the control, and a negligible influence of RubisCO quantity, when exposed to the same salt-treated conditions (M'rah et al., 2007).

Chlorophyll (Chl) and PSII play a key role in the response of leaf photosynthesis to environmental stresses (Baker, 1991). When plants are subjected to 100 or 200 mM NaCl treatments, there are no remarkable changes in the chlorophyll content and Chl a/b ratio, as well as almost do not affect the PSII activity in E. salsugineum leaf (Figure 2), whereas a progressive decline exists in Arabidopsis leaf, which suggests this halophyte has effective mechanisms to protect photosystem against salinity (Sui and Han, 2014). In addition, E. salsugineum was found to have an increased chlorophyll a/b ratio accompanied by a higher effective photochemical quantum yield (YII) value and lower non-photochemical quenching (NPQ) value, and a more active photosystem 1 (PS1) (Wiciarz et al., 2015).

All in all, these studies clearly demonstrate that, compared to A. thaliana, the E. salsugineum displays a relatively stable stomatal conductance and CO2 assimilation, higher chlorophyll content, Chl a/b ratio, and higher resistance to photoinhibition, as well as almost unaffected net photosynthetic rate and Fv/Fm (maximal photochemical efficiency of PSII; Sui and Han, 2014; Wiciarz et al., 2015; Figure 2), thus protecting photosystem activities to maintain normal growth of salt cress, in the lower or even moderate concentration of salinity.



MAINTAIN ION HOMEOSTASIS UNDER SALINE ENVIRONMENT

To survive salt stress, plants must maintain a balance between sodium (Na+) and potassium (K+) ions, thus the homeostasis of Na+ and K+ is considered the most important mechanism to reducing NaCl stress in higher plants (Zhao et al., 2020). Halophytes can activate the protective mechanisms to prevent high Na+ accumulation in the cytosol and to maintain photosynthesis (Niewiadomska and Wiciarz, 2015; Bose et al., 2017; Kazachkova et al., 2018; Grigore, 2019).

The plasma membrane (PM) Na+/H+ antiporter (SOS1, Salt Oerly Sensitive 1) is involved in the transport of sodium ions across the plasma membrane and retrieves Na+ ions from the xylem sap, which is essential for Na+ and K+ homeostasis (Qiu et al., 2002; Shi et al., 2002). Taji et al. (2004) found, in E. salsugineum, a constitutively high expressed EsSOS1 RNA in the absence of stress, and an increased EsSOS1 expression observed in the PM of salt-treated roots and leaves (Taji et al., 2004; Vera-Estrella et al., 2005; Figures 2, 3). Likewise, Kant et al. (2006) demonstrated that E. salsugineum SOS1 transcript was strongly induced by salt in the shoots, and a constitutively high expression existed in roots in unstressed salt cress, which was consistent with a lower salt-induced Na+ concentration in xylem sap of E. salsugineum than that in Arabidopsis (Kant et al., 2006). Further, ectopic expression of EsSOS1 from E. salsugineum suppressed the salt-sensitive phenotype of Saccharomyces cerevisiae strains lacking Na+ efflux transporters (SOS1), and enhanced the salt tolerance of wild-type Arabidopsis (Oh et al., 2009). E. salsugineum SOS1-RNA interference (RNAi) significantly induced reduction of SOS1 gene, which led to faster leaf senescence and severe shoot water loss, accompanied by fragmentation of vacuoles, inhibition of endocytosis, and apoplastic Na+ influx into the stele and shoot (Oh et al., 2009). Another study also demonstrated that EsSOS1 conferred greater salt tolerance than AtSOS1 when expressed in a salt-sensitive strain of S. cerevisiae, and suggested that the salt tolerance of E. salsugineum may at least in part be derived from SOS1-mediated Na+ extrusion (Jarvis et al., 2014; Figures 2, 3). Therefore, it is suggested that EsSOS1 activity limits Na+ accumulation and affects the distribution of Na+, and acts as an important tolerance determinant in shaping the halophytic character of the E. salsugineum species (Oh et al., 2009; Figures 2, 3).


[image: Figure 3]
FIGURE 3. Major transporters regulating Na+/K+ homeostasis in Eutrema under salinized tissues. Plasma membrane Na+/H+ antiporter SOS1 functions in the regulation of ion homeostasis by extruding excessive Na+ out of cells, facilitating Na+ loading into the xylem in roots and shoots, and reducing the transfer of Na+ from roots to shoots, to counterbalance the uptake of Na+. Tonoplast-localized Na+/H+ exchanger NHX1 driven by vacuole H+-PPase (VP1) and/or H+-ATPase (V-ATPase) proton pumps is responsible for the sequestration of Na+ into the vacuole, to reduce the concentration of Na+ in the cytosol. The halophytic Eutrema HKT1;2 (EsHKT1;2 and EpHKT1;2) is considered as the Na+/K+ co-transporter, that function in Na+ retrieval from the xylem vessels under salt stress, and helps sequester ions into xylem parenchyma cells to protect photosynthetic tissues. SOS1, salt overly sensitive 1 (a plasma membrane Na+/H+ antiporter); NHX, vacuolar Na+/H+ antiporter; V-ATPase, vacuolar H+-ATPase; V-PPase, vacuolar H+-translocating inorganic pyrophosphatase (vacuolar H+-pyrophosphatase); HKT1, group 1 high-affinity K+ transporter.


The compartmentalization of Na+ into vacuole can alleviate the toxicity of Na+ and Cl− in the cytosol and enhance vacuolar osmoregulatory capacity, which could confer salt tolerance of plants (Gaxiola et al., 2001). The vacuolar ATPase (V-ATPase) and pyrophosphatase-dependent H+-pyrophosphatase (VP1) as the proton pumps function in establishing and maintaining the electrochemical proton gradient across the tonoplast (Kirsch et al., 1996; Maeshima, 2000). The Na+ sequestration process is mediated by the vacuolar Na+/H+ antiporter (NHX) that is driven by V-ATPase and VP1 (Apse et al., 2003; Bhaskaran and Savithramma, 2011). When E. salsugineum plants were treated with NaCl, a salt-induced increase in the EsNHX1 protein expression from PM fractions of roots, and a similar increased expression of the vacuolar H+-translocating ATPase E subunits (VHA-E) in leaf tissues were detected (Vera-Estrella et al., 2005; Kant et al., 2006). Taken together, salt stress enhanced H+-transport and hydrolytic activity of E. salsugineum tonoplast and plasma membrane H+-ATPases, and also greatly stimulated the activity of tonoplast Na+/H+ exchange in E. salsugineum leaves and roots (Vera-Estrella et al., 2005; Figures 2, 3).

High-affinity potassium transporters (HKTs) play a key role in reducing Na+ toxicity through K+ uptake (Rus et al., 2004). The study found that EsHKT1;2 mRNA is dramatically induced, whereas AtHKT1 is downregulated upon salt stress (Ali et al., 2013; Figures 2, 3). And EsHKT1;2-RNAi lines display a severe potassium deficiency, and are sensitive to high Na+ (Ali et al., 2013). E. salsugineum EsHKT1;2 ectopically expressed in yeast mutants lacking Na+ or K+ transporters showed a strong K+ transporter activity, and selectivity for K+ over Na+, suggesting EsHKT1;2 act as maintenance of K+ uptake under salt stress that supporting the halophytic lifestyle (Ali et al., 2012, 2013; Figures 2, 3). Further, the plants overexpressing Eutrema EsHKT1;2 in Arabidopsis athkt1 mutant was proved to be less sensitive to Na+ as well as less K+ deficiency, compared to the plants overexpressing AtHKT1 gene in athkt1 (Ali et al., 2012). Importantly, the K+ specificity of EsHKT1;2 protein is based on amino acid differences in the pore of the transporter protein relative to AtHKT1 (Ali et al., 2013). In addition, the transcript level of EpHKT1;2 from halophytic E. parvula (formerly known as Thellungiella parvula) increased rapidly in response to high salinity, and the yeast cells expressing EpHKT1;2 could tolerate high concentrations of NaCl (Ali et al., 2018). Moreover, Arabidopsis plants (Col-gl) overexpressing EpHKT1;2 gene accumulated less Na+ and more K+, and displayed significantly higher tolerance to salt stress when compared to those overexpressing EpHKT1;1 or AtHKT1. Thus, EpHKT1;2 is suggested to mediate tolerance to Na+ ion toxicity in E. parvula, and is a major contributor to its halophytic nature (Ali et al., 2018; Figure 3).

Besides, the major site of Na+ accumulation occurs in old leaves, followed by young leaves and taproots, and the least accumulation occurred in the lateral roots of E. salsugineum plants under salt stress (Vera-Estrella et al., 2005). Notably, although most genes in E. salsugineum exhibit ~90% identity with Arabidopsis genes, the size of E. salsugineum transport genes population is ~1.5 times that compared of the corresponding Arabidopsis genes (Taji et al., 2008). This suggests that the transporter encoding genes could be remarkably different from their co-orthologs in Arabidopsis, and regulate a unique ion transportation system in this halophyte (Taji et al., 2008).

Taken together, these results revealed E. salsugineum as a halophyte is able to distribute and store Na+ by very strict control of ion movement across both the tonoplast (TP) and plasma membrane (PM) (Vera-Estrella et al., 2005; Figures 2, 3). Correspondingly, Eutrema accumulated lower levels of Na+ and Cl− than Arabidopsis, and its rosette leaves displayed more efficient protective mechanisms against Na+ metabolic toxicity when plants were exposed to higher salinity stress (M'rah et al., 2007). These works of key Na+-transport mechanisms provide some detailed mechanisms analysis underlying salinity tolerance in this halophytic E. salsugineum, an Arabidopsis relative model system (Vera-Estrella et al., 2005; Figures 2, 3).



ANTIOXIDANTS, REDOX BALANCE, AND SALT STRESS TOLERANCE

A common reaction of plants to salt-triggered osmotic stress and ionic imbalance is to increase the levels of reactive oxygen species (ROS; Bose et al., 2014; Kumar et al., 2017). The ROS species of superoxide (O[image: image]), hydrogen peroxide (H2O2), hydroxyl radical (OH•), and singlet oxygen (1O2) are generated constantly as an unavoidable consequence of aerobic metabolism (Møller et al., 2007). The primarily negative effects of ROS molecules on the cells include lipid peroxidation, protein denaturation, and DNA damage (Møller et al., 2007). On the other hand, ROS as universal signaling metabolites has been perceived to regulate plant growth and development, as well as defense against biotic and abiotic stresses (Foyer et al., 2017; Czarnocka and Karpiński, 2018; Fichman and Mittler, 2020). Usually, low levels of H2O2 could modulate many biological and physiological roles, whereas a high concentration of H2O2 will cause damage to cellular structures resulting in severe injury to plants (Ozyigit et al., 2016). Thereby, the salt tolerance of halophytes seems to be associated with their ability to control the redox balance (Ozgur et al., 2013; Bose et al., 2014; Surówka et al., 2019; Pilarska et al., 2021; Figures 2, 4).
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FIGURE 4. Overview of the constitutively higher expressed antioxidative protection system and effective regulation of redox status in halophytic Eutrema. The plasma membrane ROS produced through NADPH oxidases (NOXs), the important components of signal transduction, encoded by RBOHD and RBOHF genes, is associated with the regulation of Na+/K+ homeostasis and increased accumulation of proline involved in salt tolerance. The enhanced antioxidant tolerance of Eutrema is associated with: (1) A constitutively enhanced H2O2 generated to keep the antioxidant system up-regulated to preadapted plant to salinity stress, as well as a chloroplastic production of H2O2 inducing the accumulation of glucosinolates to activate the stress defense system, (2) Antioxidative enzymes such as GPX, and non-enzymatic antioxidants such as ascorbate and glutathione facilitating ROS homeostasis and alleviating damage of singlet oxygen (1O2) to PSII under salt stress, (3) A higher expression level of thioredoxin CDSP32 regulating redox status of target proteins and highly reduced states of PQ pool and P700 facilitating redox homeostasis and lower photoinhibition under salt stress. NOXs, NADPH oxidases; GPX, glutathione peroxidases; PSII, photosystem II; PQ, plastoquinone.


The H2O2 checked in A. thaliana and E. salsugineum plants treated with H2O and the salt solution containing 150 and 300 mM NaCl revealed that, in the chloroplasts of salt cress mesophyll cells, electron-dense perhydroxide cerium precipitates were detectable in control, and more pronounced visible dark spots found after salt stress (Pilarska et al., 2016). In contrast, the chloroplasts in A. thaliana leaves displayed no perhydroxide deposits in the control condition, while salt stress associated with H2O2 accumulation was mainly visible at the edges of grana in thylakoids (Pilarska et al., 2016). This result suggested that a constitutively enhanced H2O2 generated in chloroplasts may be a crucial component of stress-preparedness of this halophyte (Pilarska et al., 2016; Figures 2, 4). Similarly, increased content of H2O2 in leaves was documented in E. salsugineum than in A. thaliana. Meantime, the salinity-induced thylakoid swelling was detected only in Arabidopsis chloroplasts, while no signs of such destruction occurred in E. salsugineum chloroplasts (Pilarska et al., 2016). However, a very low level of MDA was detected, in spite of the higher ROS availability in E. salsugineum leaves, indicating a low extent of oxidative damage to membrane lipids (Pilarska et al., 2016). Thus, it is suggested that enhanced leakage of H2O2 from plastids keeps the antioxidant system up-regulated to make plants preadapted to the salinity stress (Pilarska et al., 2016; Figures 2, 4). The effect of H2O2 signaling not only depends on its type, but also on the site of its origins such as chloroplasts, mitochondria, and peroxisomes in the cell (Sewelam et al., 2014; Pilarska et al., 2021). The comparison of A. thaliana and E. salsugineum demonstrated that the latter was capable of enhancing the production of H2O2 under control and stress conditions (Wiciarz et al., 2015; Pilarska et al., 2016, 2021; Figures 2, 4). These studies indicate a different regulation of ROS formation in the two relative species, and the precise control of ROS generation may contribute to plant stress responses (Pilarska et al., 2021).

In the plasma membrane, ROS are synthesized by NADPH oxidases (NOXs), termed respiratory burst oxidase homologs (RBOHs; Kaur et al., 2018), and NOXs is considered an important component of signal transduction under salt stress (Pilarska et al., 2021). Arabidopsis NOX genes, RBOHD and RBOHF, are the main genes encoding NADPH oxidases associated with acclimation to salinity (Ma et al., 2012; Pilarska et al., 2021). After E. salsugineum was exposed to 5 days of salinity, a salt-stimulated expression in RBOHD and RBOHF genes in leaf tissues was revealed (Figures 2, 4), while their orthologous genes expression in Arabidopsis decreased (Pilarska et al., 2021). The ROS produced by RBOHD and RBOHF is associated with the regulation of Na+/K+ homeostasis under salinity (Chung et al., 2008; Ma et al., 2012), as well as the increased the accumulation of proline involved in salt tolerance (Ben Rejeb et al., 2015; Pilarska et al., 2021; Figure 4). Moreover, the different salt-induced expression patterns of RBOHD and RBOHF genes between the E. salsugineum and A. thaliana point to, in leaves of the halophytic Eutrema, the two NOX genes (RBOHD and RBOHF) be involved in the late acclimation response to ionic and osmotic stress (Pilarska et al., 2021; Figure 4). Further, the total activity of NOXs in E. salsugineum was demonstrated to be unaffected by severe salt stress (Figure 4), whereas a declined activity was seen in A. thaliana (Pilarska et al., 2021). And the prolonged mild salinity did not lead to obvious changes in the activity of NOXs in leaves, indicating that the acclimation to salinity in the halophytic E. salsugineum was in connection with the maintenance of the basal activity of NOXs (Pilarska et al., 2021; Figure 4). This opinion is in agreement with the study from Srivastava et al. (2015), that the total NOXs activity in the halophyte Sesuvium portulacastrum was unaffected, whereas a significantly decreased NOXs activity in the glycophyte Brassica juncea (Srivastava et al., 2015).

Antioxidative enzymes play an important role in scavenging toxic radicals in the different organelles of plants such as chloroplasts, cytosol, mitochondria, and peroxisomes, particularly in environmental stress such as salinity (Rajalakshmi and Parida, 2012). In E. salsugineum, the enzymatic antioxidant systems could contribute to its extremely high level of tolerance to salt, drought, cold, and oxidative stresses (Gao et al., 2014). Glutathione peroxidases (GPXs) catalyze the reduction of H2O2 and organic hydroperoxides into the water and correspondingly alcohols, using reduced glutathione (GSH). Plant GPXs play essential roles that are not only involved in ROS homeostasis, stress signaling, and protecting plants from stress-induced oxidative damage to membrane and protein, but also in plant growth and development (Gao et al., 2014; Ozyigit et al., 2016). The gene and protein expression profiles of eight GPXs identified in E. salsugineum displayed that GPX5, GPX7, and GPX8 genes were upregulated in both leaves and roots upon salt stress (Figures 2, 4), while GPX1, GPX2, and GPX3 were only upregulated in roots under salt stress; GPX1, GPX3, GPX4, GPX7 genes in leaves and almost all GPX genes in roots were up-regulated under osmotic stress (Gao et al., 2014). An enhanced GPX activity (Figures 2, 4), but decreased activity of ascorbate peroxidase (APX) were revealed in Eutrema plants (Pilarska et al., 2016). These studies documented that, the different members of the GPX gene family were modulated in specific environmental stresses and/or in different tissues, indicating the important roles of EsGPXs in salt and osmotic stress response of Eutrema plants (Gao et al., 2014).

Thioredoxin is a small oxidoreductase functioning as a hydrogen donor of target proteins and is considered a specific marker for assessment of oxidative stress (Holmgren, 1985; M'rah et al., 2007). Thioredoxin CDSP32 participating in the repair of oxidized proteins during environmental constraints is regarded as a critical component of the defense system against lipid peroxidation and oxidative damage (Rey et al., 2005; Dos Santos and Rey, 2006; M'rah et al., 2007). It was reported that potato (Solanum tuberosum) CDSP32 exhibited a substantial accumulation in chloroplast stroma and preserved chloroplastic structures against oxidative injury under drought and oxidative stresses (Broin et al., 2000). In E. salsugineum, thioredoxin CDSP32 was found to be higher in abundance than that in A. thaliana under control and salt-stress conditions (Figures 2, 4), and strongly diminished in salt-treated Arabidopsis plants (M'rah et al., 2007). Furthermore, the magnitude of electrolyte leakage and level of lipid peroxidation were modest in E. salsugineum, and very remarkable in Arabidopsis (M'rah et al., 2007).

In addition, a significantly increased hydrophilic antioxidants (ascorbate and total glutathione), but no changed lipophilic antioxidants existed in the halophytic E. salsugineum when exposed to 300 mM NaCl (Figures 2, 4). In contrast, the glycophyte Arabidopsis showed a decreased ascorbate content but increased lipophilic antioxidants (α-tocopherol, plastochromanol, and hydroxy-plastochromanol) due to 150 mM NaCl (Wiciarz et al., 2018). The redox states of plastoquinone (PQ) and P700 were differently regulated by salinity between the halophyte E. salsugineum and glycophyte A. thaliana, which was documented by effectively avoiding harmful singlet oxygen (1O2) in the PSII of Eutrema (Figures 2, 4), whereas an increased oxidation extent was observed in Arabidopsis (Wiciarz et al., 2018). Moreover, E. salsugineum has a very efficient antioxidant protection in which glucosinolates may play a specific role (Pilarska et al., 2016; Figure 4).

To sum up, these researches proposed that the salt tolerance of halophytic Eutrema species is associated with constitutively expressed protection systems against oxidative stress such as GPX and thioredoxin CDSP32, as well as the ability to sustain a highly reduced state of PQ pool and P700, to alleviate the damage of PSII under salt stress (Figures 2, 4).



PREFORMED METABOLITES AND OSMOTIC ADAPTATION

Accumulation of osmoprotectants is one of the defense mechanisms for plants to cope with abiotic stresses (Rajalakshmi and Parida, 2012; Zhao et al., 2020). Several studies have shown that plant metabolism is strongly impacted by salt stress (Flowers and Colmer, 2008; Bartels and Dinakar, 2013; Lee et al., 2016). The metabolites positively correlating with salt stress are reported to participate in the underlying mechanisms including cell-wall remodeling (hydroxyproline), osmoprotectant and storage (proline and sucrose), and photorespiration (glycine and serine; Lugan et al., 2010). The E. salsugineum had much higher levels of most metabolites than A. thaliana under the salt or osmotic stress treatment (Figure 2), despite the fact that the same metabolic pathways were regulated by salt stress in both species (Lugan et al., 2010). Importantly, significant differences observed in E. salsugineum and A. thaliana were also associated with the physicochemical properties of their metabolomes, such as water solubility and polarity (Lugan et al., 2010). Comprehensive quantification of organic and mineral solutes documented relative stability of the total solute content in the two species under various treatment conditions (Lugan et al., 2010). But E. salsugineum could cope with osmotic stress by tolerating dehydration via the metabolic configuration to lend itself to osmoprotectant rather than osmo-adjustment strategy (Lugan et al., 2010; Figure 2). Moreover, the leaves of E. salsugineum have a constitutively lower water content than in A. thaliana, and have the ability to lose more water without losing turgor, which could contribute to the maintenance of a water potential gradient between the soil and the plant (Lugan et al., 2010; Figure 2). Taken together, salt stress markedly decreased the osmotic potential of shoots, increased total solute levels to sustain a water potential gradient with the environment (Figure 2).

Furthermore, several studies supported the constitutively higher levels of proline, inositols, sugars, and organic acids in E. salsugineum, which were interpreted as metabolic stress-anticipation (Gong et al., 2005; Lee et al., 2016; Figure 2). The salt responses of most metabolites in E. salsugineum Yukon took place at 200 mM NaCl, and a few additional changes were observed between 200 and 500 mM (Lee et al., 2016).

The compatible osmolyte proline's accumulation is an important marker of salt tolerance in plants (Verbruggen and Hermans, 2008). Salt cress accumulated a markedly higher amount of proline than that of Arabidopsis under normal growth conditions, thus suggesting that the characteristic of extreme tolerance of salt cress to high salinity is due in part to the overaccumulation of proline under unstressed conditions (Taji et al., 2004; Figure 2). Likewise, Kant et al. (2006) demonstrated that E. salsugineum contained higher unstressed levels of proline than Arabidopsis, while under salt stress, Eutrema accumulated more proline mainly in shoots (Kant et al., 2006). The evaluation of salinity stress tolerance of eight different Eutrema accessions revealed that Tuva and Buriatia classified as salt susceptible ecotypes treated at 500 mM NaCl had seven-fold higher proline than that in Altai 1 and Altai 2 identified as salt tolerant ecotypes when treated with a similar concentration of NaCl (Gandour et al., 2019). Another study revealed that phenotypic and metabolic adaptive plasticity observed in E. salsugineum in different growth conditions could be an inherent trait endowing the flexibility of the halophyte that is required for an extremophile lifestyle (Guevara et al., 2012; Kazachkova et al., 2013).

In summary, these presented data support the markedly higher basal metabolite levels (proline and secondary compounds) in E. salsugineum than Arabidopsis in normal growth conditions (Figure 2), which is an important characteristic of salt tolerance of salt cress plants. The metabolic pre-adaptation of this halophyte could in part be attributed to the decreased osmotic potential in shoots and increased total solute levels, as well as the physicochemical properties of the metabolites such as water solubility and polarity (Figure 2).



GENE EXPRESSION AND REGULATION

Salt cress plants can grow in high salinity coastal areas, even in a 500 mM NaCl medium, but they do not have salt glands or other significant morphological alterations either before or after salt adaptation (Inan et al., 2004; Taji et al., 2004). Thus, the salt-tolerant halophyte E. salsugineum and salt-sensitive glycophyte A. thaliana are considered to use common mechanisms to cope with salinity, and the differences in salt tolerance between the two species can be mainly attributed to the changes in the regulation of a basic set of salt tolerance genes (Kant et al., 2006).

The gene expression profiles in E. salsugineum (Shandong ecotype) using an Arabidopsis full-length cDNA microarray revealed that, in contrast to Arabidopsis, only a few genes were induced by 250 mM NaCl stress, and many known stress-inducible genes such as Fe-SOD, P5CS, PDF1.2, AtNCED, P-protein, b-glucosidase, and SOS1 were expressed at high levels in salt cress even in the absence of stress (Taji et al., 2004; Figure 2). The higher expression of the P5CS gene, encoding a key enzyme of proline biosynthesis, is in accordance with a much higher level of accumulated proline in salt cress than did Arabidopsis under normal growing conditions (Taji et al., 2004). Likewise, a comparison of transcript profiles between Arabidopsis at 150 mM NaCl and Eutrema (Shandong) exposed to 250 mM NaCl, using a microarray platform and Arabidopsis homologous gene probes, demonstrated that 40% shared and 60% distinguished regulated genes existed in the halophyte and the glycophyte (Gong et al., 2005). The combined transcript and metabolite analyses notably pointed toward a stress-anticipatory preparedness in E. salsugineum (Gong et al., 2005). In comparison with a great activation of transcription detected in A. thaliana, only a slight change in gene expression was found in E. salsugineum after stress treatment (Taji et al., 2004; Wong et al., 2006). Collectively, the analysis of expression profiling suggested that the stress-inducible signaling pathways are constitutive and active in salt cress even in the absence of stress (Figure 2), which is considered an important strategy for the extreme salt tolerance of this halophyte (Taji et al., 2004; Gong et al., 2005).

Also, comparative proteomics of salt responses between A. thaliana and E. salsugineum revealed more changes in protein abundance in Arabidopsis than in Eutrema (Pang et al., 2010). This indicates that the adjustment of metabolism and activation of the already existing enzymatic machinery could serve as a faster and more efficient strategy to cope with salt stress than the synthesis of new proteins (Pilarska et al., 2016; Figure 2). Furthermore, E. salsugineum exposed to 300 mM NaCl was used to investigate global transcriptional changes, and genes of several pathways mainly involved in lignin biosynthesis and accumulations of soluble sugars, as well as genes in autophagy and peroxisome pathways, were significantly enriched in the halophyte, suggesting these upregulated genes could contribute to salt tolerance of the halophytic Eutrema (Li et al., 2021).

In addition, the cDNA microarray containing 3,628 stress-induced E. salsugineum (Yukon ecotype) unique sequences were used to investigate the gene expression-profiling between Yukon and Arabidopsis subjected to saline, simulated drought, and cold stress as well as recovery from water deficits. The result revealed that, among 154 differentially regulated transcripts obtained in all studied conditions, only six genes responded to all three stresses of salinity, drought, and cold (Wong et al., 2006). The low overlapping genes indicated an extensive divergence that exists in the responses of Eutrema Yukon to different stresses (Wong et al., 2006). There were relatively few transcripts responding to high salinity in this halophytic E. salsugineum, in contrast with A. thaliana (Wong et al., 2006). Intriguingly, in addition to activating the expression of some well-known stress-responsive genes, a large number of biotic stress-related genes under salinity and drought treatments were found to be down-regulated, suggesting a precise defense strategy to different environmental stresses in E. salsugineum (Figure 2), thereby maximizing its survival potential via conserving energy and resources (Wong et al., 2006).

MicroRNAs (miRNAs) are known to regulate gene expression by cleavage of complementary target mRNA, repression of translation of target mRNA, and transcriptional silencing of target mRNA (Sunkar and Zhu, 2004; Mittal et al., 2016). Solexa sequencing platform together with microarray and qRT-PCR was used to identify salt-stress responsive miRNAs in E. salsugineum. The differential response of the conserved high abundance miR166f, miR168a, miR408, and miR408-5p to salt stress suggests that they may play a key role in salt tolerance of Eutrema (Zhang et al., 2013; Figure 2). In agreement with this result, miR166, miR168a, and miR408 were all previously consistently demonstrated to be responsive to stress conditions, including salt and drought stress (Liu et al., 2008; Kong et al., 2010; Trindade et al., 2010; Zhou et al., 2010; Li et al., 2012; Figure 2). Another research on the large-scale characterization of E. salsugineum miRNAs and analysis of potential targets demonstrated that 11 conserved miRNA families including miR160, miR161, miR162, miR164, miR171, miR319, miR390, and miR827, and four novel miRNAs displayed a significant response to 300 mM NaCl stress (Wu et al., 2016). Importantly, E. salsugineum miR408 was strongly induced by 200 mM NaCl treatment, and Arabidopsis miR408 was induced by cold and mannitol, but not by salt (Liu et al., 2008; Zhang et al., 2013). The higher expression of miR408 leads to improved tolerance to salinity, cold and oxidative stress in Arabidopsis (Ma et al., 2015). Therefore, it is suggested that miR408 could play a critical role in the salt tolerance of E. salsugineum (Figure 2).

Long non-coding RNAs (lncRNAs) are implicated in the regulation of gene expression at the level of chromatin modification, transcription, and post-transcriptional processing, and are suggested to play an important role in a wide range of biological processes, such as genomic imprinting, chromatin remodeling, transcriptional activation, transcriptional interference, and cell cycle (Mercer et al., 2009; Sun et al., 2018). Recently, lncRNAs were proposed to play an important role in response to abiotic and biotic stress including a significant role in plant salt stress response (Gai et al., 2018). The leaf transcriptomes of Yukon and Shandong E. salsugineum plants subjected to a progressive, two-stage drought treatment were analyzed, and 1,007 lncRNAs were detected. Among them, 8% were only expressed in stress-treated plants, which suggested a documented association between lncRNA expression and stress (Simopoulos et al., 2020).

In conclusion, these analyses of gene expression profiles based on the microarray platform and transcriptome in E. salsugineum provide useful global insight for elucidating the underlying salt tolerance mechanisms that distinguish it from Arabidopsis and help our more in-depth analyzing the extreme stress tolerance in this halophyte species. The investigation of the patterns of miRNA accumulation and target gene analysis revealed the possible roles of miRNAs in the adaptive response of E. salsugineum to salt stress (Figure 2), which enables us to access the salt tolerance mechanism of this halophyte from the perspective of small RNA regulation. However, research on the role of lncRNAs in salt resistance of plants is in its infancy, and the function and specific mechanism of action of the lncRNAs in salt tolerance of salt cress await to be studied and explored.



CANDIDATE GENES FOR SALT TOLERANCE

Halophytes have the potential to serve as a rich repository for genes to study abiotic stress mechanisms in plants (Rajalakshmi and Parida, 2012). Based on the various plant defense mechanisms adopted by halophytes, many groups have identified some genes functioning in tolerance to salinity via expressing them in transgenic systems (Rajalakshmi and Parida, 2012). In E. salsugineum, some important candidate genes for salt tolerance have been identified.


Aquaporins Genes AQPs

The exposure of plants to abiotic stresses challenges the plant water status and triggers highly specific hydraulic responses. Aquaporins (AQPs), a large family of channel proteins (Maurel et al., 2009; Wang et al., 2014), could selectively transport water molecules across the cell membrane that function in the plant water balance (Martre et al., 2002; Li et al., 2011, 2014; Qin et al., 2019). Plant AQP genes respond to diverse abiotic stresses such as salinity and drought (Alexandersson et al., 2005; Guo et al., 2006), and play important functions in the responses to environmental stimuli (Maurel et al., 2008; Aroca et al., 2012; Wang et al., 2014).

In Arabidopsis, the PIPs (plasma membrane intrinsic proteins) aquaporins were well-characterized to be involved in the regulation of root hydraulic conductivity (Lpr) (Javot et al., 2003; Tournaire-Roux et al., 2003). It has been reported that Arabidopsis PIP2;1 and PIP2;2 contribute to approximately 40% of the root hydraulic conductivity (Sutka et al., 2011; Péret et al., 2012), and the modification and localization of PIP aquaporins and root hydraulic conductivity could be regulated by the salt stress (Boursiac et al., 2008; Prak et al., 2008; Martinière et al., 2012; Qin et al., 2019). In E. salsugineum (T. halophila) seedlings, expression of the EsPIP1 gene in the shoot and root tissues were induced by high salinity. Overexpression of the EsPIP1 gene in rice markedly enhanced the tolerance of transgenic plants to salt stress via regulating the osmotic potential, accumulation of organic small molecules substances, and the ratio of K+/Na+ in the plant cells (Qiang et al., 2015). Moreover, EsPIP1 protein was shown to specifically interact with EsPIP2 and a non-specific lipid-transfer protein 2, suggesting that E. salsugineum EsPIP1 probably plays key roles in the response to multiple external stimuli, and participates in various physiological processes when plants subjected to salt stress (Qiang et al., 2015). Several E. salsugineum PIPs were observed to have a more stable expression in the roots compared with that in the shoots under salt stress conditions, and this specific expression pattern of PIP aquaporins is suggested to improve their ability to maintain a higher level of water transport activity in the roots, and decreasing water transpiration in the shoots (Qin et al., 2019).

The tonoplast intrinsic protein gene EsTIP1;2 from the halophyte E. salsugineum was found to have water channel activity when expressed in Xenopus oocytes. And this gene was also able to conduct H2O2 into yeast cells in response to oxidative stress, and the inhibited growth of EsTIP1;2 transgenic yeast cells were suggested as a result of H2O2 influx (Wang et al., 2014). In plants, ectopic overexpression of E. salsugineum EsTIP1;2 in A. thaliana plants revealed an enhanced oxidative stress tolerance of plants after methyl viologen (MV) treatment, accompanied by a decrease of H2O2 level in the leaf cells (Wang et al., 2014). Meanwhile, EsTIP1;2 could facilitate the entry of Na+ ions into plant cell vacuoles under high salinity conditions, through an indirect process (Wang et al., 2014). In all, the tonoplast AQP gene EsTIP1;2, was induced by multiple external stimuli, and a significantly elevated tolerance to salt, drought, and oxidative stress was observed in EsTIP1;2 transgenic Arabidopsis plants (Wang et al., 2014). This suggested that EsTIP1;2 could act as a multifunctional contributor to the survival of Eutrema plants in highly stressful habitats via mediating the conduction of both H2O and H2O2 across membranes.

To sum up, the E. salsugineum aquaporin gene EsPIP1;4 (ThPIP1) or EsTIP1;2 (TsTIP1;2) overexpressed in heterologous species displayed an enhanced plant abiotic stress tolerance in transgenic plants (Wang et al., 2014; Qiang et al., 2015). These data enhance our understanding of the water balance regulation mechanisms involved in plant water status and root hydraulic conductivity, as well as the responses of aquaporin families to salt stress, in this halophyte.



Late Embryogenesis Abundant Genes (LEAs)

Late embryogenesis abundant (LEA) proteins described as multi-functional stress proteins that play active and significant roles in the stress resistance of plants via their function in defencing against dehydration caused by drought and salt (Close, 1996; Tunnacliffe and Wise, 2007). When plants are exposed to salinity, drought, or cold stresses, LEA2 protein members typically accumulated in dehydrating plant seeds and/or in tissues (Veeranagamallaiah et al., 2011), while dehydrins (DHNs) referred to as RAB proteins could be induced in vegetative tissues (Hundertmark and Hincha, 2008; Zhang et al., 2020). The expression of HVA1, a LEA3 protein from barley (Hordeum vulgare L.) conferred tolerance of transgenic rice plants to salt stress (Xu et al., 1996). Lee et al. (2013) found that, in E. salsugineum, 52 LEA protein sequences represented a high sequence similarity with the orthologs in Arabidopsis (Lee et al., 2013). Furthermore, 64 E. salsugineum LEA proteins were identified to be classified into eight families, based on transcriptome sequencing, as well as the domain structures, numbers, and composition of conserved repeat motifs in LEAs. The remarkably induced expression of EsLEA1, EsLEA4, EsLEA6, and EsDehydrin genes was revealed in leaves and/or roots, which implies that the expression of LEA proteins could be one of the important strategies for E. salsugineum to deal with salt stress (Li et al., 2021).

Eutrema salsugineum (Eutrema halophilum) EsEm1 (EhEm1) is a hydrophilic protein and contains three different 20-mer conserved motifs of N-domain, M-domain, and C-domain. EsEm1gene was revealed to be categorized into group 1 LEA proteins, and its expression was dramatically induced by salt, dehydration, abscisic acid (ABA), and cold stresses in young seedlings (Xiang and Man, 2018; Table 1). Overexpression of the EhEm1 gene in rice demonstrated an enhanced tolerance to salt and drought stresses in transgenic plants, which was based on the better germination performances, higher survival rates, more accumulation of proline and increased peroxidase activity, as well as the reduced chlorophyll damage and less accumulation of malondialdehyde (Xiang and Man, 2018). And the EsEm1 gene overexpressed in rice led to an upregulated transcript levels of several stress-responsive genes of OsCDPK6, OsCDPK9, OsCDPK13, and rab16a under both salt and drought conditions. In addition, EsEm1 protein could effectively prevent the lactate dehydrogenase (LDH) enzyme from inactivation caused by salt and desiccation (Xiang and Man, 2018). Therefore, it is suggested that the EsEm1 gene was associated with an enhanced salt and drought tolerance in transgenic rice, possibly through its contribution to the stabilization of LDH activity, and the up-regulation of OsCDPK genes (Xiang and Man, 2018). In addition, the LEA protein gene EsLEA1 (TsLEA1, EU365627) was characterized as a salt induced gene, and it could improve the survival of salt-sensitive yeast cells, as well as the salt tolerance of transgenic Arabidopsis plants when ectopically expressed (Zhang et al., 2012; Table 1). Taken together, it was suggested that the increased expression of LEA protein families acts as protects plants from dehydrating damage, which probably is one of the outstanding mechanisms for adaptation of salt cress to the salt environment.




CONCLUSIONS AND PERSPECTIVES

Salt cress (E. salsugineum or E. parvula), a close relative of the model plant A. thaliana, occurs and thrives in harsh environments, thus a number of factors contribute to its salt stress tolerance. First, the duplicated gene pairs, particularly the expansion of important resistance genes such as ion transport-related genes in the genome of Eutrema may be considered an important adaptive benefit; the generated sub-functionalization and neo-functionalization of duplicated genes could be factors for salt tolerance of salt cress (Hahn, 2009; Kondrashov, 2012; Monihan et al., 2019; Figure 2). Second, the transcriptional and metabolic comparisons of salt tolerant Eutrema and susceptible Arabidopsis pointed to a stress-anticipatory preparedness with constitutively high expression of the defense genes and relatively few salt-responsive genes detected, accompanied by preformed osmolyte of proline and secondary compounds, and lending metabolite configuration to fit osmoprotectant. And a precise defense strategy facilitates to conservation of energy that makes this halophyte to adapt various extreme environments (Figure 2). Third, E. salsugineum emerging as the halophyte, a major advantage appears to be their exceptional control over Na+ influx together with export mechanisms, the ability to coordinate its distribution to various tissues, and efficient sequestration of Na+ into vacuoles (Figure 2). Fourthly, the combined numerous studies revealed that the key components of underlying mechanisms in salt tolerance of the halophytic Eutrema, which is involved in a stronger antioxidative enzymatic system and substantially higher levels of thioredoxin, as well as the superior ability to sustain a highly reduced states of plastoquinone (PQ) pool and P700 under salt stress; the constitutively expressed protection systems against oxidative stress will facilitate to maintain a relatively stable stomatal conductance and CO2 assimilation, and enhanced chlorophyll content to keep almost unaffected net photosynthetic rate (Figure 2). Finally, the stress-related genes such as EsSOS1, EsEm1, and EsTIP1;2 that are expressed in transgenic systems led to enhanced tolerance to salinity stress, which indicates they play critical roles in the salt tolerance of E. salsugineum.

Tremendous genetic diversity that exists in the halophytic Eutrema can be exploited (Koornneef et al., 2004; Gong et al., 2005; Bohnert et al., 2006). And the comparative and functional genomics from this halophyte species have provided important lessons on stress tolerance. Also, overexpression of some abiotic stress-responsive genes from this halophyte into the transgenic model plants and crops has been achieved limited success. However, due to the fact that abiotic stress tolerance cannot be manipulated by a single quantitative trait locus (QTL), and genes could be a part of several pathways at different weights, thus the analysis of a vast of data is needed to explore the complicated regulating network in plants (Rajalakshmi and Parida, 2012). Considering the multigenic nature of abiotic stress tolerance, researchers are working toward regulating networks with more than one kind of gene implicated in stress tolerance, to improve the efficacies of transgenic systems (Rajalakshmi and Parida, 2012).

Going forward, these genetic variations of E. salsugineum are providing valuable resources for further deciphering mechanisms underlying the stress tolerance and local adaptations of this halophytic species (Wang et al., 2021). Moreover, Eutrema plants undoubtedly have the potential to serve as a rich repository for genes, and the QTL-based approaches in halophytes may be utilized in breeding for abiotic stress tolerance (Rajalakshmi and Parida, 2012). Herein, we provide the recent scientific advance underlying the halophytic Eutrema that makes exploration of these fundamental adaptive mechanisms of salt stress more feasible, and to gain opportunities for improving the production of crops in unfavorable salt environments.
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The use of wild plant species or their halophytic relatives has been considered in plant breeding programs to improve salt and drought tolerance in crop plants. Aeluropus littoralis serves as halophyte model for identification and isolation of novel stress adaptation genes. A. littoralis, a perennial monocot grass, grows in damp or arid areas, often salt-impregnated places and wasteland in cultivated areas, can survive periodically high water salinity, and tolerate high salt concentrations in the soil up to 1,100 mM sodium chloride. Therefore, it serves as valuable genetic resource to understand molecular mechanisms of stress-responses in monocots. The knowledge can potentially be used for improving tolerance to abiotic stresses in economically important crops. Several morphological, anatomical, ecological, and physiological traits of A. littoralis have been investigated so far. After watering with salt water the grass is able to excrete salt via its salt glands. Meanwhile, a number of ESTs (expressed sequence tag), genes and promoters induced by the salt and drought stresses were isolated, sequenced and annotated at a molecular level. Transfer of stress related genes to other species resulted in enhanced stress resistance. Here we describe the genome sequence and structure of A. littoralis analyzed by whole genome sequencing and histological analysis. The chromosome number was determined to be 20 (2n = 2x = 20). The genome size was calculated to be 354 Mb. This genomic information provided here, will support the functional investigation and application of novel genes improving salt stress resistance in crop plants. The utility of the sequence information is exemplified by the analysis of the DREB-transcription factor family.

Keywords: Aeluropus littoralis, halophile, genome, genome size, repetitive elements, DREB


INTRODUCTION

The use of wild plant species or their halophytic relatives has been considered in plant breeding programs to improve salt and drought tolerance in crop plants (Ben-Saad et al., 2012). Aeluropus littoralis (Watson et al., 1986) is a monocot belonging to the Gramineae (Poaceae) family, subfamily Chloridoideae (Peterson et al., 2010), also referred to as “Indian walnut” and first described 1764 by Antoine Gouan (Figure 1A). It serves as halophyte model for identification and isolation of novel stress adaptation genes. This species is described as perennial grass with an estimated small haploid genome of 349–8,232 Mbp (Zonneveld et al., 2005; Zouari et al., 2007; Modarresi et al., 2012) and it possess a C4 mechanism for carbon fixation (Wang, 2004; Barhoumi et al., 2007a) with Kranz anatomy and a Mediterranean, Irano-Turanian Chlorotype (Frey and Kurschner, 1983) isolated from their natural habitat. An early study (Shomeril and Waisel, 1973) described the influence of salt, shifting the C3 metabolism toward C4 metabolism. Such change was also reported lately for other halophile plants (Bose et al., 2017), but is still debated as such mechanism was not described for any other Poacea yet. A salt induced change from C3 to CAM metabolismus is also a frequently observed strategy of plants to cope with high levels of salt (Winter and Holtum, 2014; Brilhaus et al., 2016).
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FIGURE 1. (A) Aeluropus littoralis cultivated in pots under greenhouse condition. (B) Enlargement of leaves. Black and white box on the ruler represents 5 cm.


Aeluropus littoralis is widely distributed and can be found in Northern Africa, in temperate and tropical areas of Asia, southern and south eastern part of Europe. A. littoralis grows in damp or arid areas, often salt-impregnated places and wasteland in cultivated areas (Saad et al., 2011). A. littoralis is primarily found in desert regions and regions with high soil salinity due to flooding and can survive where the water salinity is periodically high (Mesléard et al., 1993) and tolerate extreme high salt concentrations in the soil up to 1,100 mM sodium chloride (Barhoumi et al., 2007a). The plant is able to secrete salt via its salt glands leading to formation of salt crystals on the leaf surface (Barhoumi et al., 2007a,b). From an economic point of view the plants are important for reclaiming salinized agricultural and rangeland, they are used for sand fixation and grow on pastures. Particularly in developing countries (Gulzar et al., 2003) they are extensively used as fodder crop. The grass is also capable of vegetative reproduction through rhizome growth after monsoon rains and can produce numerous flowers and seeds from April to October (Gulzar and Khan, 2001). Due to its high salt tolerance A. littoralis serves as valuable genetic resource to understand molecular mechanisms of stress-responses in monocots (Azri et al., 2016). This knowledge can potentially be used for improving tolerance to abiotic stresses in economically important crops (Saad et al., 2010). Several morphological, anatomical, ecological, and physiological traits of A. littoralis have been investigated so far (Barhoumi et al., 2007a,2008; Rezvani et al., 2012). The transfer of stress related genes to other species resulted in enhanced stress resistance (Ben Saad et al., 2010, 2012; Liu et al., 2014; Ben Romdhane et al., 2017; Ghneim-Herrera et al., 2017).

This species can grow to a height of 30 cm. The leaves are distichous and leaf sheaths are longer than adjacent culm internodes (Figure 1B). The leaf blades are 1–5 cm in length and 1–2 mm wide. They appear stiff and glaucous, while the leaf surface is ribbed. The inflorescence is composed of two to twelve racemes borne along a central axis. The central inflorescence axis is 1–4 cm long and the solitary spikelets are packed on the broadside of the rachis (Liu et al., 2005). They are on a bilateral false spike and can be termed two-rowed. The spikelets comprise of six to nine fertile florets with diminished florets at the apex.

As several contradicting genome features are found in the literature (genome size, chromosome number, presence of B chromosomes). Cytogenetically, for the chromosome number of A. littoralis a variation between 2n = 2x = 14 and 2n = 2x = 20 was previously reported (Modarresi et al., 2012). Likewise, the genome size varies from 342 Mb (Zouari et al., 2007; Modarresi et al., 2012) to 8,215 Mbp (Zonneveld et al., 2005). These points were revisited here in addition to the genome sequence information.

In order to exemplify the utility of the available sequence information, the DREB-transcription factor gene family in Aeluropus littoralis was investigated and results presented. The DREB transcription factor subfamily belongs to the APETALA2/ETHYLENE-RESPONSIVE FACTOR (AP2/ERF) superfamily of transcriptional regulators. Members of this family share a specific variant of the AP2 domain including a valine (Val14) and glutamine (Glu19) residue, as well as the YRG motif and the RAYD motif (Sakuma et al., 2002). Proteins encoded by this gene family bind to a 9-bp conserved sequence (TACCGACAT) defined as dehydration-responsive element (DRE) (Huang et al., 2019). The role of this transcription factor family in the integration of salinity stress and drought stress was presented in Dubouzet et al. (2003) in Oryza sativa, a relative of A. littoralis from the poacea family.



MATERIALS AND METHODS


Plant Material

Aeluropus littoralis seeds were collected from the Isfahan province in Iran and plants were cultivated at IPK Gatersleben (Germany) and Sari Agricultural Sciences and Natural Resources University (Iran). A specimen of the analyzed plants was deposited at the herbarium GAT under voucher number 70486. Sterilized seeds were plated on full strength MS medium (Murashige and Skoog, 1962) with vitamins, 3% sucrose and 0.7% agar (pH 5.8). The cultures were incubated in a germinator at 25 ± 2°C with 16 h light/8 h dark photoperiod at 100 μmol m–2 s–1 photon flux density using cool-white fluorescent light. Two weeks after germination, the seedlings were transferred to hydroponic culture containing Hoagland’s solution (Arnon and Hoagland, 1939). Hoagland’s nutrient solution comprised 3 mM KNO3, 2 mM Ca(NO3), 2.1 mM NH4H2PO4, 0.5 mM MgSO4, 1 μM KCl, 25 μM H3BO3, 2 μM MnSO4, 2 μM ZnSO4, 0.1 μM CuSO4, 0.1 μM (NH4)6Mo7O24 and 20 μM Fe(Na) EDTA, in demineralized H2O buffered with 2 mM 2-(N-morpholino) ethanesulphonic acid, pH 5.5, adjusted using KOH. Transferred plants were grown in a phytochamber at approximately 240 μmol m–2s–1 under longday photoperiodic conditions (16 h light, 22°C/8 h dark, 18°C) at 70% relative humidity.

For salt stress treatments soil grown plants (pots 12 cm diameter) were watered with 1 m NaCl once per week.



Light and Transmission Electron Microscopy

Aeluropus littoralis leaves of three biological replicates of plants grown under controlled conditions or exposed to salt stress were used for comparative histological and ultrastructural analyses. Cuttings of a size of 1 mm × 2 mm from the central part of fully developed leaves were used for combined conventional and microwave assisted chemical fixation, substitution and resin embedding as defined in the given protocol (Supplementary Table 1). Sectioning, histological staining, light and transmission electron microscopy analysis was performed as described (Daghma et al., 2011).



Chromosome Preparation and Fluorescence in situ Hybridization

Mitotic chromosomes were prepared from root tips, which were pretreated in ice water for 24 h to accumulate synchronized cells at metaphase, fixed in Carnoy’s fixative [ethanol and glacial acetic acid, 3:1 (v/v)] at room temperature for 20 h, and kept in 70% ethanol at 20°C for later use. Fixed roots were digested in an enzyme mixture (2% cellulose, 2% pectinase, 2% pectolyase in citrate buffer containing 0.01 M sodium citrate dihydrate and 0.01 M citric acid) at 37°C for 30–40 min. Cell suspension from root meristems in Carnoy’s fixative was dropped onto slides on a hot plate at 50°C, slides were further fixed in the fixative for 1 min, air-dried, and kept at 4°C.

The clones pTa71 and pAt T4 were labeled with fluorophore ATTO550 and ATTO488, respectively, using nick translation labeling kit (Jena Bioscience) to detect 45S rDNA loci and Arabidopsis-type telomeres. Fluorescence in situ hybridization was performed as described in Aliyeva-Schnorr et al. (2015) with pretreatment for 10 min in 45% acetic acid at room temperature, followed by 0.1% pepsine in 0.01N HCl at 37°C. Slides were supplied with the hybridization mix (50% (v/v) formamide, 10% (w/v) dextran sulfate, 2 × SSC, and 3 ng/μl of telomere probe) and denatured at 75°C for 2 min. After stringency wash in 2 × SSC at 57°C for 20 min, chromosomes were counterstained with 4′,6-diamidino-2-phenylindoline (DAPI). Images were captured using an epifluorescence microscope BX61 (Olympus) equipped with a cooled CCD camera (Orca ER, Hamamatsu) and pseudocolored with Adobe Photoshop.



Estimation of Nuclear Genome Size

For estimation of nuclear genome size by flow cytometry, approximately 10 mm2 of leaf tissue from individuals of Aeluropus littoralis plants was chopped with a sharp razor blade together with roughly 5 mm2 of leaf material of Raphanus sativus cv. “Voran” (Genebank Gatersleben accession number: RA 34; 2C = 1.11 pg) as internal reference standard (Schmidt-Lebuhn et al., 2008) in a Petri dish containing 1 ml Galbraith nuclei isolation buffer (Galbraith et al., 1983) supplemented with 1% PVP- 25, 0.1% Triton X-100, DNase-free RNase (50 μg/ml). The nuclei suspension was filtered through a 35-μm mesh cell strainer cap to remove large fragments and stored on ice until measurement. The relative fluorescence intensities of 7,000–10,000 events (nuclei) per sample were measured using a CyFLow Space flow cytometer (Sysmex-Partec, Germany) quipped with a 30 mW green solid state laser (532 nm). The absolute DNA amounts of samples were calculated based on the values of the G1 peak means.



Extraction of Genomic DNA

DNA of A. littoralis was extracted according to Dellaporta procedures (Dellaporta et al., 1983). The quality and quantity of the extracted DNA were controlled by measuring absorbance at 260/280 nm using a NanoDrop spectrophotometer (Biochrom WPA Biowave II, United Kingdom). Further, the purity and integrity of DNA were tested by running on 0.7% agarose gel electrophoresis.



Illumina Sequencing and Sequence Data Pre-processing

Library preparation (Illumina TruSeq DNA Sample Prep Kit) and sequencing by synthesis using the Illumina HiSeq2500 device involved standard protocols from the manufacturer (Illumina, Inc., San Diego, CA, United States). The library was quantified by qPCR (Mascher et al., 2013) and sequenced using the rapid run mode (on-board cluster generation, paired-end, 2 × 101 cycles. In total, 125,600,517 Illumina paired end reads were produced having a total output of residues of 42.5 Gb. Prior to the assembly process reads were quality trimmed using clc_quality_trim with a minimal cut-off threshold of Q30 and default settings on remaining parameters. 85.6% of reads and 83.77% of residues passed this initial pre-processing. Subsequently, the quality of the sequence data was checked using fastQC1. After this quality enrichment a genome coverage of 62-fold was reached.



De novo Assembly Construction

Our A. littoralis de novo sequence was constructed using CLC assembly cell version 4.3 and the quality trimmed WGS data. The de novo assembly pipeline was applied with automatic detection of best parameters by CLC assembly cell. In accordance with good practice, all contigs below a length threshold of 200 bp were removed. For purification of the constructed assembly we checked our constructed contigs for contamination by E. coli using BLAST + (Camacho et al., 2009). As parameter settings we used a sequence identity of 60% and a word size of 28. Critical contigs were fully removed if the BLASTN analysis resulted in a hit with length > 500 bp. For smaller contigs we reduced the minimal length of a hit to 200 bp, while at the same time at least 10% of the length of the contig is identified as E. coli contamination. From the remaining sequences we removed contigs in case a bacterial origin was detected within the BLASTN analysis against the NCBI non-redundant nucleotide database nt. In addition, we filtered for contigs having a length of 500 bp. The descriptive statistics of both datasets (200 bp and 500 bp) are given in Table 1. The list of all contigs is available at https://doi.ipk-gatersleben.de/DOI/ca99c593-ffdd-4d49-8eab-f1c891953776/d5b041b5-b2c1-4696-bc7c-bc5a32a0c7ec/2/1847940088.


TABLE 1. Descriptive statistics of WGS assembly.

[image: Table 1]


Gene Prediction and Annotation

We used the purified WGS assembly without a threshold on contig sizes to predict gene models. Gene prediction was done with GeMoMa (Keilwagen et al., 2016) using gene models of Brachypodium distachyon (Brachypodium_distachyon_v3.0, INSDC Assembly GCA_000005505.4, Feb 2018), Oryza sativa (IRGSP-1.0, INSDC Assembly GCA_001433935.1, Oct 2015) and Sorghum bicolor (Sorghum_bicolor_NCBIv3, INSDC Assembly GCA_000003195.3, Apr 2017) downloaded from Ensembl Plants (Bolser et al., 2017). In total, 15,916 gene models were predicted in 12,130 different contigs. For all detected gene models CDS (FASTA), protein sequence (FASTA) and genomic positions (GFF) are provided. We further investigated these datasets performing a gene annotation with AHRD version 2.02 using UniProt, trembl and TAIR10 (downloaded January 4th 2016). For 13,921 genes (87.5%, Supplementary Table 2) a functional annotation could be assigned (Supplementary Table 3). The complete dataset of gene models and functional annotation is available for download. The coding sequences of all annotated genes are available at https://doi.ipk-gatersleben.de/DOI/ac423f10-971e-481e-bcab-6ac261e27f5c/15d455e1-da91-4e78-82d8-7c7607cb05b9/2/1847940088 (provisional DOI). DOIs of datasets released in this manuscript were constructed using the e!DAL system (Arend et al., 2014).



Genome Repeat Fraction Analysis

The repetitive fraction analysis was performed with 89 Mbp of reads of the total genomic DNA (0.26x genome coverage). Quality trimmed reads were grouped with the graph-based clustering algorithm based on sequence similarity, implemented in the RepeatExplorer pipeline (Novak et al., 2013). The paired-end reads clustering was performed with a minimum overlap of 55% and a similarity of 90%. Three independent analyses were performed, using a different dataset of reads of the same sequencing, to confirm the proportions of each cluster within the total genome. Repeat annotation and classification was performed for those clusters with an abundance of at least > 0.01%. For basic repeat classification, protein domains were identified using the tool “Find RT Domains” within RepeatExplorer (Novak et al., 2013). Searches for sequence similarity, using different databases (RepeatMasker and GenBank) were performed and graph layouts of individual clusters were examined using the SeqGrapheR program (Novak et al., 2013). Satellite DNAs were identified based on the TAREAN tool implemented in the pipeline, graph layouts and further examined using DOTTER (Sonnhammer and Durbin, 1995).



Analysis of DREB Gene Family

A total of 57 DREB proteins from rice (Oryza sativa) and Arabidopsis (Arabidopsis thaliana) were retrieved from the Michigan State University (MSU) rice genome annotation database3, and the Arabidopsis information resource (TAIR) database4, respectively.

These data were utilized to find DREB genes (AlDREB) in A. littoralis genomes as the query. AlDREB protein sequences were searched using two approaches. The first technique employed a tBlastn to search against A. littoralis genome sequences, while the second employed BLASTP (E-value 1e5) against A. littoralis protein sequence. Genomic, protein, and CDS (coding DNA sequence) sequences of AlDREB gene family have been identified. To verify the search results, we inspected and analyzed all candidate sequences using Pfam5 (El-Gebali et al., 2019), InterProScan6 (Jones et al., 2014), and SMART7 (Letunic and Bork, 2018) tools. The ProtParam Tool8 was used to determine the theoretical isoelectric point (pI) and molecular weight (MW) of the discovered proteins. The MEME website9 was used to find conserved motifs in AlDREB protein sequences (Bailey et al., 2009).

Protein motifs and gene structure were visualized by using TBtools software (Chen et al., 2018). Inferring phylogenetic relationships was done with MEGA7.0 software (Kumar et al., 2016) and the Maximum Likelihood (ML) approach based on the LG model.




RESULTS

To validate the chromosome number of the used material we performed chromosome countings. Furthermore, we analyzed the size, structure and composition of the Aeluropus littoralis genome. Using a high-throughput sequencing approach on the genome sequence a first assembly of the genome sequence is presented here. Meanwhile, a number of ESTs (expressed sequence tag), genes and promoters induced by the salt and drought stresses were isolated, sequenced and annotated at a molecular level (Saad et al., 2011; Ben-Saad et al., 2012). Here we describe the genome sequence and structure of A. littoralis analyzed by whole genome sequencing and histological analysis. This genomic information will support the functional investigation and application of novel genes improving stress resistance in crop plants.

For the genome analysis A. littoralis leaf tissue grown under greenhouse conditions, was used. Seeds were collected from Isfahan province in central Iran. This region experiences a moderate and dry climate with temperature ranging between 10.6°C. and 40.6°C. The annual rainfall in this region on an average has been reported as 116.9 mm and can be considered super arid (desert) climate. Salt stress condition was applied by watering with 1 M NaCl solution instead of tap water under greenhouse conditions. When the plants are exposed to high amounts of salt water (e.g., 1 M NaCl) they start to develop salt glands and extrude the salt in crystals on the leaves (Barhoumi et al., 2007a,b). Figure 2A shows the salt crystals formed on the leaf surface. Crystals of cubic shape are formed on the adaxial and abaxial side of the leaf at the salt glands. As very early reports indicate a shift from C3 to C4 carbon fixation mechanism, we investigated the leaf structure under control and salt conditions. New leaves developed under control and salt watering conditions were analyzed. Under both conditions a Kranz anatomy structure (Figure 2B) was found: the enlarged bundle sheath (BS) cells surround the veins and the BS cells are then surrounded by mesophyll (M) cells. Interestingly, when stained with methyleneblue/azur II (Richardson et al., 1960) the bundle sheath cells appear darker under salt stress conditions. This might indicate an accumulation of acidic components under salt stress. The bundle sheath cells appear more closed and filled with thylakoids. The ultrastructural analysis shows an increase of thylakoid staples and wider spacing of the staples (Figure 2C), leading to a higher volume. Whether this indicates a higher activity or a disintegration of chloroplasts coupled with repair mechanism remains to be solved.
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FIGURE 2. (A) Leaf surface of young leaved developed in pots under greenhouse conditions at different watering regimes. Left: control (tap water) and right: salt watering (1 M NaCl). Shown are adaxial and abaxial sides of the leaves including formed salt crystals at salt watering condition. (B) Microscopic section of leaves after methylblue/azur II stain showing Kranz anatomy, typical indication for C4 type plant. Bundle sheath cells appear darker at salt treatment. (C) SEM analysis of thylakoid structure in bundle sheath cell chloroplasts. Grana staples are larger and show spaces between layers at salt treatment.



Size and Structure of the Aeluropus littoralis Genome

In order to support our whole genome sequencing data, we were addressing the question of the A. littoralis genome structure. A chromosome number between 2n = 2x = 14 and 2n = 2x = 20 was previously reported for A. littoralis and deposited in different (Zouari et al., 2007; Modarresi et al., 2012) chromosome databases (Rice et al., 2015). Likewise, descriptions of the genome size vary from 342 Mb (Zouari et al., 2007; Modarresi et al., 2012) to 8,215 Mbp (Zonneveld et al., 2005). Therefore the nuclear genome size was estimated by flow cytometry (Figure 3A) using Raphanus sativus cv. “Voran” (Genebank Gatersleben accession number: RA 34; 2C = 1.11 pg) as reference (Schmidt-Lebuhn et al., 2008). Relative fluorescence intensities of around 7,000–10,000 events (nuclei) per sample were measured and the absolute DNA amounts of samples were calculated based on the values of the G1 peak means. The DNA content of the diploid A. littoralis was estimated to be 0.724 ± 0.01 pg/2C (354 Mbp/1C) and is therewith only slightly bigger than reported previously (Wang, 2004). To validate the chromosome number, karyotyping was performed on mitotic chromosome spreads. The chromosome number was determined to be 20 (2n = 2x = 20, Figure 3B). However, occasionally also metaphases with 21 or 22 chromatin units were found. To analyze if these additional chromatin units resulted from satellites being located distally from the corresponding chromosomes or were indeed B-chromosomes, as it was sporadically reported (Liu et al., 2005), fluorescence in situ hybridization (FISH) with the Arabibidopsis-type telomere repeat and 45S rDNA was performed (Figure 3B). The resulting hybridization pattern clearly indicates that the increased number of chromatin units are a consequence of extended nucleolus organizing regions (NORs).
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FIGURE 3. Genome size estimation and chromosome counting of Aeluropus littoralis. (A) Measurement of A. littoralis genome size by flow cytometry. Based on the 2C-value of 1.11 pg for the internal reference Raphanus sativus, the average DNA content of diploid A. littoralis was found to be 0.724 ± 0.01 pg/2C (354 Mbp/1C). The flow cytometric histogram represents the relative fluorescence intensity of leaf nuclei between A. littoralis and R. sativus. (B) FISH mapping of telomere repeat (red) and 45S rDNA (green) clearly indicating that the chromosome number of A. littoralis is 2n = 2x = 20. Chromosomes were counterstained with DAPI. Scale bar = 5 μm.




Whole Genome Sequencing and de novo Assembly

The genome of A. littoralis was sequenced using a whole-genome sequencing approach (WGS) on Illumina’s HiSeq 2500 system. In total, 125 million paired end (PE) reads were produced, reaching genome coverage after quality trimming of approximately 62-fold. This data was sufficient to perform a de novo assembly to construct the first available genomic reference for the A. littoralis species. The constructed genome sequence reached a total size of ∼300 Mbp, which corresponds to 84.7% of 354 Mbp estimated here or 87.7% of the previously estimated genome size of 342 Mbp (Zouari et al., 2007). The assembly consists of 182,747 contigs with a N50 contig length of 3.6 kb. The constructed genomic resource was used for gene prediction and was complemented by a functional annotation of genes. In total, 15,916 gene models were predicted for A. littoralis and 87.5% of them could be assigned a function based on sequence similarity to known genes (Table 1 and Supplementary Figure 1).



Repetitive Fraction in the Aeluropus littoralis Genome

In order to characterize the repetitive DNA fraction of A. littoralis the reads from the paired end WGS were used. Reads, comprising in total 0.26-fold genome coverage, were grouped based on sequence similarity into 33,385 clusters containing from 2 to 21,265 reads. Clusters included 32% of all reads, with the major 282 clusters representing at least 0.01% of the genome each. The cluster analysis revealed that 21.69% of the A. littoralis genome is composed of repetitive elements with nine satellite DNA families (satDNAs), nine transposable elements families (LTR-retrotransposons and LINE), two DNA transposons families (CACTA-like and Mutator-like), ribosomal DNA (35S and 5S) and microsatellites (Table 2 and Figure 4A). The most abundant repetitive families were satDNAs, ∼11% of the genome, with the five largest clusters being part of the superfamily AlSat140. Within this superfamily five variants could be identified: AlSat140a, AlSat140b, AlSat140c, AlSat70a and AlSat70b, with 85–96% similarity of the monomer sequence (Figure 4B). Beside these satDNAs, four other satDNAs families were identified in the genome: AlSat256, AlSat897, AlSat372 and AlSat80, with 0.62%, 0.42%, 0.03% and 0.02% of the genome, respectively. The LTR-like retrotransposons constituted 2.22% of the genome, with the Ty3/Gypsy superfamily exceeding 2.4 fold the genome proportion of the Ty1/Copia superfamily. Within the former, Tat/Retand, Tat/Ogre and Chromovirus were the only highly abundant lineages. Within Ty1/Copia retrotransposons the AleI, Ikeros and TAR lineages were identified, with the last being most abundant. Microsatellites were identified in several different clusters comprising 3.23% of the genome (Table 2 and Figure 4A).


TABLE 2. Genome proportion of the repetitive elements identified in A. littoralis.
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FIGURE 4. (A) Aeluropus littoralis genome repetitive composition, satDNAs are the most abundant repetitive element within the genome. (B) Dot-plot showing the sequences similarity between the different variants of the same satellite family, AlSat140.




Analysis of DREB Subgene Family in Aeluropus to Exemplify the Utility of the Available Genome Data

As proof of concept for a possible utilization of our genome sequence data the dehydration responsive element-binding (DREB) transcription factor family in Aeluropus was investigated. Members of this family share a specific variant of the AP2 domain including a valine (Val14) and glutamine (Glu19) residue, as well as the YRG motif and the RAYD motif (Sakuma et al., 2002). The name giving AP2-domain is indicated in Figure 5 by the motif combination 3-2-1-4. The YRG domain is depicted as motif 3 (pink) and the RAYD domain as motif 1 (green). The genome wide analysis of the DREB-subfamily in Aeluropus was performed as described (Huang et al., 2019). In total, 16 non-redundant genes (Supplementary Table 4) encoding proteins containing DREB-related motifs (Supplementary Table 5) were identified from the genomic sequences of A. littoralis (Figure 5). All of these proteins contain the family determining motifs 1–4. Figure 6 shows the phylogenetic comparison of the A. littoralis sequences in comparison to the available information for rice (Oryza sativa) derived DREB sequences (Dubouzet et al., 2003). The classification is based on the encoded domain structure and the nomenclature defined by Sakuma et al. (2002). In comparison with the rice DREB gene family sequence (Chai et al., 2020), the identified Aeluropus sequences can be grouped into the subfamilies as depicted in Figure 6. In order to extend this analysis to the dicotyledonous model plants Arabidopsis thaliana, the available sequence information was retrieved and a combined phylogenetic tree generated (Supplementary Figure 2). The identified sequences represent at least one member of each subfamily. The subfamily A2 (II), usually is the subfamily with the highest variation and largest number of representatives. In our dataset the subfamily A2 (II) is represented by four members. An unusual high number of five genes in the Aeluropus genome can be assigned to subfamily A6 (V). Members of this subfamily (like RAP2.4) are involved in stress-specific changes of leaf morphology (Yang et al., 2020).
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FIGURE 5. Structure of identified DREB related proteins in Aeluropus littoralis. Based on the available sequence information 16 DREB gens could be identified encoding proteins with DREB associated motifs. Detailed motif information is given in the Supplementary Table 5. Motif 1, 2 and 3 depict the AP2-superfamily defining motifs.
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FIGURE 6. Phylogenetic structure of Aeluropus littoralis DREB-proteins. Phylogenetic comparison of Aeluropus littoralis DREB-proteins (blue circles) with Oryza sativa DREB-proteins. Individual subfamilies (Sakuma et al., 2002) A1-A6 (I-V) are outlined by boxes and specific sequence motifs are given in the legends. (The respective AA sequence of the motifs can be found in Supplementary Table 4). On the right side the schematic information is given of the related genic sequence.





DISCUSSION

Based on our results, summarized in Table 3, the chromosome number of A. littoralis is 20 (2n = 2x = 20). As pointed out before, the available information from prior published data (Zouari et al., 2007; Modarresi et al., 2012; Rice et al., 2015) was contradictory concerning the presence of a B chromosome in the chromosome set of Aeluropus. The FISH mapping with telomere- and 45S rDNA-specific probes clearly indicated that metaphases where more than 20 chromatin units were counted, are the result of extended NORs with only very thin chromatin fibers between the satellite and the corresponding chromosome. Such decondensed chromosomal rDNA sites were also described for Lolium and Festuca genotypes (Rocha et al., 2017). When only a DNA stain is applied, distally located satellites can easily be miscounted as separate chromosomes. At least for the plant material analyzed in the presented dataset the occurrence of B-chromosomes can be excluded. Whether the chromosome counts deposited in the Chromosome Counts Database (Rice et al., 2015), where the presence of B chromosomes in this species was reported, are indeed correct remains to be answered. However, in the closely related species Aeluropus macrostachyus Hack., the presence of B chromosomes was also described (x = 10 + 1B). In contrast, in Aeluropus lagopoides (L.) Thwaites (x = 10) no B chromosomes were detected (Rice et al., 2015). Therefore, the base chromosome number within the genus is considered stable with x = 10 A chromosomes.


TABLE 3. Statistics of Aleuropus genome assembly.
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As indicated in Figure 4 approximately 85% of the genome information is covered by the presented sequencing approach. The number of 15,916 annotated gene models is relatively small, compared to other monocotyledonous plants (Supplementary Table 2). However, a substantial amount of genes has been identified and the sequence information can be used for further research. In addition, the repeat fraction analysis revealed that 21.6% of the genome is composed by different repetitive elements, mainly by tandem repeat sequences distributed in several satellite DNA families (Table 2). The high abundance of the AlSat repeat family makes it likely that this provides a function as centromere building block. Small genomes are known to contain low amounts of repetitive sequences, which furthermore are constituted mainly by tandem repeats, as satellite DNAs, but less transposable elements (Macas et al., 2015). Thus, the repeat composition of A. littoralis is in agreement with this assumption of small genome composition.

In monocotyledonous plants the plastid genome is maternally inherited and excluded from sexual recombination. Taking the highly conserved chloroplast genome as proxy for the entire genome it can be stated that our sequencing approach covers preferentially genic regions, while repetitive sequences are not well assembled. The plastid genome also shows that no small genes (such as transfer-RNA genes) are included in the annotation (Supplementary Table 3).

As shown in Figure 2, A. littoralis is not only able to survive, but also to grow and develop on high soil salinity (Barhoumi et al., 2007b) and tolerate high salt concentrations in the soil up to 1 M sodium chloride. The plant is able to secrete salt via its salt glands leading to formation of salt crystals on the leaf surface (Barhoumi et al., 2007b,2008). As reported before, we could also confirm the C4 carbon fixation mechanism, based on Kranz anatomy (Figure 2). The ultrastructural analysis indicates an unusual feature the bundle sheath cells seem to be more compact, with an increase in stainable compounds. This might lead to a stronger differentiation of the tissues, and a better separation of the compartments, required for a more effective C4 photosynthesis. Also the uptake of salt via the roots and formation of salt glands, followed by the secretion of salt is an interesting feature of this plant where the genome data might contribute to molecular insights into developmental and acclimation processes.

Using the generated genomic sequence information it was possible to identify 16 genes encoding motifs structures typical for the DREB-transcription factor family, less than reported for other monocotyledonous plants: 20 in pineapple [Ananas comosus (Chai et al., 2020)], 57 in rice [Oryza sativa (55)] or 29 in wild sugarcane [Saccharum spontaneum (Li et al., 2021)]. Although there is still the chance of missing members of the DREB-transcription factor family, our data demonstrate the usability of the generated genome information. In particular the high number of DREB-transcription factors from subfamily A6 (V) are of particular interest as these might be related to salt induced generation of salt glands, a morphological leaf architecture modification based on salt stress unique to Aeluropus.

We are aware that our genomic study only is a glimpse into the genome of A. littoralis and can be complemented with a broader usage of biotechnological methods to reach a more comprehensive picture of this extraordinary species. However, we do show how versatile results can be by using a simple WGS approach and want to share the generated information on the Aleuropus genome sequence.
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HO (n=5) 5mM NaCl (n =5) 25mM NaCl (n = 5) 50 mM NaCl (n = 5)
o-Pinene 923 T i 02+0.1a 02:£0.1a
p-Pinene 968 Tr. Tr. 02+0.1a 02 +0.1a
p-Myrcene 982 0.4+02a 06+0.0a 08+02a 08£0.1a
Limonene 1,023 106+ 1.9a 106+ 08a 122:+19 12.9+1.3a
-Ocimene (E) 1,027 06+02a 0700 1.00.4a 07£02a
Carvone 1,247 633262 61.9+33a 650 5.7a 64.6+6.0a
Piperitone 1,258 05+0.0a 03+0.1a 04+0.1a 03£0.1a
Carvyl acetate 1,356 T i 03%02a 07£03a
-Bourbonene 1383 1.0£0.4a 12+04a 09+0.1a 08£02a
a-Gurjunene 1,406 v i T, Tr.
p-Caryophyllene 1,424 59:+06a 64:+07a 47£10a 48+12a
Epi-bicyclosesquiphellandrene 1,447 21%04a 20+03a 1.4+04a 1.0+03a
o-Humulene 1,459 08+0.1a 09+0.1a 07+02a 07+02a
y-Gurjunene 1,465 20+03a 22+02a 16+04a 15+04a
Germacrene D 1,482 84+16a 89:+1.3a 74%21a 69:+20a
y-Cadinene 1513 0.4+0.1ab 05+0.0a 02+0.1ab 0.4£0.1b
p-Cadinene 1,519 05%0.1a 0.5+0.1a 0.4 +0.1a 0.4 £0.1a
Cis-calamenene 1,625 03+02a 0.4%02a 03+02a 06+03a
a-Muurolene 1538 03+0.1a 04012 02+0.1a 02:£0.1a
8-Cadinol 1,620 05+02a 06=0.1a 0.4%02a 05£02a
«-Cadinol 1,660 03+02a 04012 02:+02a 02:£0.1a
Labdane derivative 2,114 1.41£07a 0603a 0.4£03a 05:£0.4a
Monoterpenes 734 67.1 67.1 68.0
Sesquiterpenes 230 307 308 207
Diterpenes 26 1.4 09 13

The experiments were carried out in five independent biological replicates as indlicated, and for each measurement pooled samples (0,5-1g plant materia) were used. The mean values
and standard errors of the mean are indicated in the Table. Different letters indlicate significant differences according to Kruskal-Wallis non-parametric ANOVA followed by Dunn's multiple
comparisons post hoc test (P < 0.05). “Tr." refers to compounds detected in very low amounts (<0.1%).
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index
Hz0 rooted 150mM PEGrooted  Hp0 rootless 150mM PEG
(=5 NaCl rooted (=5 =3 NaCl rootless
(n=5) rootless (n=3)
(h=3)
a-Pinene %23 0.4:+00a 04+0.1a 03+0.0a 02402 02:£0.1* 02:£0.1
p-Pinene 968 04:£00a 05+0.1a 0.4%00a 0201 03:£0.1" 02:£0.1"
B-Myrcene 82 13+0.1a 1.83+02a 1.3+04a 1.0£02" 1.4£02° 0900
Limonene 1,028 140403 18.1+£09a 127+12a 197 £ 43 2112 1654 1.0
p-Ocimene () 1,027 15+0.1a 15+02a 1.0+03a 142040 1.0£00° 09:£0.1
Borneol 1,167 02:£0.1a 02:£0.1a 03+0.0a T T T
Dihydrocarvon 1,200 07 +04a 04+0.1a 05+0.1a T T T
Carvone 1,247 466+3.0a 433+ 13a 440+ 1.1a 59.1£3.2" 512568 62.6%4.3"
Piperitone 1,258 05+0.1a 06+0.1a 05+0.1a 0.4 +02° 04:+£02" 04402
«-Copaene 1,378 02:£0.1a 02£0.1a 03%00a L T T
p-Bourbonene 1,383 19+05a 22:+0.4a 20+04a 18+08" 22:£04% 18£02°
«-Gurjunene 1,406 04:£00a 05+0.0a 05:£0.1a T T T
p-Caryophyllene 1,424 78+05a 86+ 0.4a 87+05a 5108 6708 4708
Amorphene 1,429 03+0.1a 0.4£0.0a 03%0.0a T T T
Epi-bioyclosesquiphellandrene 1,447 29+0.1a 30+02a 3.4+03a 1.4£02" 1.4£02° 183£083"
a-Humulene 1,459 1.2+01a 13+0.1a 1.1+03a 0.7 £0.1* 0.8+0.1* 06+0.1"
y-Gurjunene 1,465 28+02a 32%0.1a 3.7+0.5a 1.7+03" 21403 1.7+£02"
Germacrene D 1,482 101 £05a 12.0+09a 11.9+07a 6103 68+ 15" 58+09"
y-Cadinene 1513 04:£00a 05+0.0a 0.4%0.1a T T T
p-Cadinene 1,519 03:£0.1a 05:£0.0a 04012 08403 14502 08:£02"
cis-Calamenene 1,525 08:+02a 1.0+ 0.4a 1.4+03a T T T
«-Muurolene 1,538 03£0.1a 06+0.0a 06=0.1a 1 T T
Caryophylene-oxide 1,588 02£0.1a 02:+0.1a 02+0.1a T T T
8-Cadinol 1,620 08:£0.1a 1.00.1a 1.0£00a 0302 08:£0.1" 07£03"
-Cadinol 1,647 02+0.1a 04+0.1a 0.4+0.0a T T T
«-Cadinol 1,660 05+00a 060.1ab 06:+00b 03£0.1" 07 £0.1* 03£03"
Labdane derivative 2,114 16+04a 1.4+05a 1.4+02a T T T
Monoterpenes 74.4 64.0 730 8438 66.1 75.4
Sesquiterpenes 217 332 265 14.2 289 221
iterpenes 34 12 12 00 49 18

The experiments were carried out in five or three independent biological repetitions as indicated, and for each measurement pooled samples (0,5~1g plant materie) were used. The
mean values and stendard errors of the mean are indicated in the Table. No significant differences were found among the diferent treatments according to one-way-ANOVA (P <
0.05) as indlicated by similar letters (e) and asterisks ('). Dierent letters indicate significant differences according to Kruskal-Walis non-parametric ANOVA followed by Dunn's multiple
comparisons post hoc test (P < 0.05). Different numbers of asterisks indicate significant differences according to one-way-ANOVA followed by Tukey-Kramer multiple comparisons post
hoc test (P < 0.05). “Tr." refers to compounds detected in very low amounts (<0.1%).
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Gene ID Logo,FC P-value
Signal transduction

AT3G17840 1.147633728 6.42534E-18
AT2G38490 2.403252429 0.00190412
AT2G01505 2.337022049 6.25275E-10
AT1G16540 1.007043314 1.07322E-05
AT5G57050 1.3133036424 6.07E-26
Response to cell cycle progress

AT4G37490 1.580586106 0.006747561
AT5G06150 1.386218026 4.42546E-06
AT2G31270 1.882548482 1.03224E-10
AT4G14330 1.945203044 2.51984E-06
AT3G23670 1.630135308 2.62069E-05
Response to osmotic stress

AT5G52310 1.29017064 4.34762E-63
AT5G52300 1.478185515 4.17866E-12
AT1G60270 1.503569655 6.36039E-06
AT4G11650 2.37714146 0.000217914
AT2G39800 1.360964115 4.84828E-82
AT1G35910 2.534489463 0.000065004
AT4G37900 1.899733107 9.70682E-05
Response to oxidation-reduction process
AT4G11280 1.2403011 1.09258E-24
AT5G13930 3.315570351 6.10798E-72
AT4G31870 2.580344735 3.14048E-06
AT5G23310 1.454724899 1.30858E-22
AT4G26850 1.010302971 3.01913E-42
AT1G17170 1.449349647 0.007255035
AT5G16960 3.406965131 4.14553E-06
Response to cell wall organizations

AT1G19940 1.489276871 0.002939534
AT1G64390 1.491245104 3.22699E-55
AT3G03250 1.010628344 2.29E-33
AT2G32990 2.117703788 4.25088E-36
AT5G07510 3.068711839 1.52731E-07
Transcription factors

AT1G48000 2.021916518 7.61648E-06
AT5G47230 1.641220877 9.08404E-15
AT2G31230 1.712136322 6.87902E-08
AT3G15210 1.035087685 2.64451E-11
AT2G41240 1.022260604 2.14167E-06
AT5G07690 1.817904344 8.14544E-35
AT5G43840 2.5429776 0.000595319
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Zhonghuang39 xNY36-87

Tolerant 44 (45.5)
Heterozygous 93(91)
Sensitive 45 (45.5)
Expected ratio 1:2:1
Chi-square () 010
p-value 095

Expected numbers of F, plants are shown in parentheses.

Peking x NY36-87

59 (55)
105 (110)
56 (55)
1:2:1
054
072
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EVM0024798
EVM0009491
EVM0005227
EVM0011147
EVMO0019096

Known gene IDs

SNAC3
OsNAC2
OsNAC6

OsNACS5; OsNAC9; OsNAP; OsNAC6

OsHsfB2b
OsHsfB2b
Osmyb4; OsMYB91
Osmyb4; OsMYB91
RCc3

RCc3

RCc3

OsVP1

OsKATH
RSOsPR10
OsMGD

OsGS1;1
OsPM19L1
OsBIERF4; OsEREBP2

Meta-QTLs

MQTL-56.2
MQTL-2.3
MQTL-9.3
MQTL-56.3
MQTL-3.1
MQTL-3.4
MQTL-7.2
MQTL-8.1
MQTL-4.3
MQTL-10.3
MQTL-10.3
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MQTL-56.3
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MQTL-8.2
MQTL-3.3
MQTL-7.1
MQTL-3.1

Gene annotations

NAC transcription factor

NAC transcription factor

NAC domain transcription factor

NAC domain transcription factor

Heat shock factor

Heat shock factor

MYB transcription factors

MYB transcription factors

LTPL112 — Protease inhibitor/seed storage/LTP family protein precursor
LTPL112 — Protease inhibitor/seed storage/LTP family protein precursor
LTPL112 — Protease inhibitor/seed storage/LTP family protein precursor
Inorganic H + pyrophosphatase

Potassium channel gene

Pathogenesis-related Bet v | family protein
Monogalactosyldiacylglycerol synthase gene

Glutamine synthetase

AWPM-19-like membrane family protein

AP2 domain containing protein
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Treatment  Root vitality (ug g=' h=")  Electrolytic leakage (%) MDA (nmol/mg prot) SOD (U/mg prot) CAT (U/mg prot)

sC 518.06 + 55.39a 14.01 + 1.18f 7.72 £0.3% 348.26 + 14.41de 1.15+0.13g
SN 38.95 + 4.94¢ 61.78 + 2.47bcd 16.58 + 0.42abc 451.92 % 67.06cde 3.86 + 0.41fg
MT1 197.71 4+ 17.85bc 53.74 £ 1.45cde 13.89 + 0.85bcde 617.18 + 29.80bc 3.88 + 0.31fg
MT2 187.71 + 21.57bc 57.42 + 1.38bcde 10.90 +0.47fg 457.28 + 53.57bcde 3.85 + 0.30fg
MT3 165.96 + 14.19¢ 55.08 + 3.68cde 9.47 +0.46gh 394.98 + 43.98de 3.59 % 0.59fg
MT4 34.27 £ 0.65¢ 53.47 +£2.12cde 14.33 + 0.67bcde 610.60 + 85.36bc 7.16 + 1.31cde
sA1l 51.56 +£6.10e 5253 £ 0.89de 11.68 + 0.49defg 389.14 + 51.40de 4.96 + 0.29¢f
sA2 150.30 + 35.01cd 55.56 + 4.66cde 11.53 4 1.19defg 390.27 + 17.75de 5.75 % 0.22def
SA3 260.35 + 86.28b 60.20 + 2.47bcd 16.25 + 1.47ab 330.87 +£45.71e 3.88 + 0.31fg
sAd 37.54 +£2.84e 56.07 + 1.24cde 1145 +0.47efg 509.07 + 40.37bed 4.99 + 0.20ef
HAT 41.99 +6.41e 56.61 +2.70cde 1019 +0.12igh 373.78 + 27.57de 8.04 +0.97cd
HA2 40,69 + 6.09 53.84 £5.21cde 1846+ 1.68a 1009.47 + 98.64a 15.25 + 3.56a
HA3 42.43 +£7.73¢ 5154 £2.81de 12.94 + 0.65cdef 493.29 + 60.63bcde 6.60 % 0.41def
HA4 50.70 £ 15.12¢ 49.27 +1.6% 18.24 +1.02a 609.66 + 61.92bc 1273+ 1.57ab
SNP1 75.48 £ 7.53de 7394 £251a 16.37 + 1.26ab 622.38 + 43.02bc 12.31+0.92b
SNP2 64.17 £ 8.05de 63.55 +£0.91bc 14.75 + 1.39bcde 491.25 + 35.40bcde 9.63 + 0.99¢
SNP3 119.42 % 14.58cde 6759 + 6.98ab 14.68 + 0.80abcd 624.88 + 28.61bcde 7.28 + 0.30cde
SNP4. 174.66 + 26.78bc 63,57 £ 1.55bc 15.80 + 1.17abc 508.23 % 27.11bed 8.58 + 0.98cd

SC, control: SN, high nitrate stress treatment; MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside; MT1~4 represented SN + 25 umol L=,
50 umol L=", 100 umol L=1, 200 umol L=! MT; SA1-4 represented SN + 25 umol L=", 50 umol L=, 100 umol L=, 200 umol L=" SA; HA1-4 represented
SN+25mgL=",50mgL~", 100 mgL~", 200 mg L= HA; SNP1—4 represented SN + 25 umol L=", 50 umol L=, 100 umol L=, 200 umol L= SNP. Different letters
indicate significant statistical differences at the P < 0.05 level as determined by Duncan’s multiple range test.
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Treatment Total root length (cm) Root surface area (cm?) Root diameter (mm) Root volume (cmd) Root tips

sC 855.70 + 34.48b 64.83 + 8.04a 0.21+00M1a 0.35+0.048a 112,50 £ 22.77a
SN 557.87 + 31.63cdef 2211 & 2.74cdefg 0.13 + 0.0043efg 0.076 4 0.012cdef 13.00 + 3 51cde
MT1 626.88 + 2595cde 28.25 + 3.68cd 0.14 + 0.0023def 0.10 + 0.012cde 35.67 + 8.84cd
MT2 1001.58 + 40.50a 4877 +6.22b 0.15 + 0.0009cd 0.19 + 0.025b 69.33 & 3.84b
MT3 547.36 + 24.87def 25.31 & 2.64cdef 0.15 + 0.0043de 0.093 + 0.012cdef 31.33 & 2.60cde
MT4 402.82 + 43.67gh 17.90 + 1.54cdefg 0.14 + 0.0077def 0.064 + 0.0056cdef 23.00 + 3 61cde
SAT 663.71 4 6.36b 27.42 + 1.83cde 0.13 + 0.0034efg 0.090 + 0.0048cdef 22,67 + 2.33cde
sA2 336,18 + 1.26h 12.67 + 0.21fg 0.12 +0.0019g 0.038 + 0.0012ef .33 + 1.86cde
SA3 301.07 + 15.36h 11.22 + 1,539 0.12 + 0.0055g 0.034 + 0.0063f 7.33+1.33%
sA4 370.43 + 17.27h 15.08 + 2.14defg 0.13 + 0.0048fg 0.048 + 0.0086def 9.00 + 1.73de
HA1 549.38 + 12.03cdef 2318 & 1.79cdefg 0.13 + 0.0029efg 0.078 + 0.0078cdef 26.33 + 6.17cde
HA2 646,62 + 31.29¢ 25.74 + 5.58cdef 0.13 + 0.0031fg 0.082 4 0.019cdef 19.67 + 3.18cde
HA3 49114 £ 31.81fg 2051 + 0.77cdefg 0.13 + 0.0058fg 0.068 + 0.0085cdef 16.33 + 1.86cde
HA4 344.50 + 23.05h 14.30 £ 0.71efg 0.13 + 0.0024efg 0.047 4 0.0018def 9.33 + 3.38cde
SNP1 533.31 4 34.49def 29.23 + 6.64c 0.17 +0.016bc. 0.13 +0.042¢ 33.00 + 13.5cde
SNP2 924.41 + 67.43ab 5254+ 7.17b 0.18 + 0.0044b 0.24 +0.032b 86.67 + 8.67b
SNP3 634.98 + 48.48cde 29.63 + 4.03¢ 0.15 + 0.0010de 0.11+0.013¢d 3600 +10.3¢
SNP4. 631.65 + 45.20cde 2952 +2.10¢ 0.15 + 0.0008de 0.11 4 0.0074cd 21,67 + 1.45cde

SC, control: SN, high nitrate stress treatment; MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside; MTi~4 represented SN + 25 umol L=,
50 umol L=", 100 umol L=1, 200 umol L=! MT; SA1-4 represented SN + 25 umol L=", 50 umol L=, 100 umol L=, 200 umol L=" SA; HA1-4 represented
SN +25mgL-1,50mg L1, 100mgL~", 200 mg L-! HA; SNP1—4 represented SN + 25 umol L=, 50 umol L=, 100 umol L=, 200 umol L=" SNP. Different letters
indicate significant statistical differences at the P < 0.05 level as determined by Duncan’s multiple range test.
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Treatment Height (cm) Stem diameter (nm)  Number of leaves Leaf length (cm) Leaf width (cm) Leaf area (cm?)
sc 28,67 £0.88a 477+015a 27.67 +186a 777 £065a 383+0838a 2260+ 411a
SN 18.17 +0.44efg 383+012de 19.00 + 1 00bodef 5.10 + 0.21bodef 2.77 + 0.150def 10.58 + 0.64cd
MT1 17.33 +0.33fgh 293+0.12fg 18.00 % 1.15cdefg 463 +0.38defg 2,67 + 0.067cdef 930+ 0.98cd.
MT2 20.00 % 1.15de 390 + 0.058bc 223341200 557 +0.230c 243+0.12¢f 10.20 + 0.90cd
MT3 16.17 £0.17ghi 308 +0.033efg 16.67 + 0.88efgh 4,67 + 033cdefy 2,67 + 0.17cdef 038+ 1.08cd
MT4 15.67 + 0.60hij 290+0.10g 15.33 + 033(ghi 443+ 0067efg 2,37 + 0.067ef 7.87 +0.30d
SA1 18.16 + 0.44efg 340+017d 18.67 1 45bodef 557 + 0.067bc 3.07 + 0.30bcd 12.83 + 1.36bc
sA2 14.67 +0.33i] 273+012g 1300 £1.15i 4.47 £0.14¢fg 2,37 + 0.067ef 7.94+046d
sA3 13.50 £0.29] 280+0.10h 12.00 % 1.73hi 430+025f 2,50  Oef 806+ 047d
SAd 14.33 + 0,44 273+ 0033g 15.00 +1.00fghi 447 £047g 243+0.12¢f 7.63+0.63d
HA1 10.33 + 0.33ckf 360+ 0.10cd 19.00  1.15bcdef 5.43 + 0.067bcd 2,93 + 0.067cde 11.95 + 0.24bcd
HA2 1017 £0.17def 353+0.18d 18.67 +1.86defg 5.10  0.10bodef 2,57  0.033def 082+ 0.280d
HA3 17.33 +0.33fgh 3.27 £ 0.12def 17.00 +1.00defg 4.83 £ 0.17cdefg 283+047F 8.44+054d
HA4 14.67 +0.33i 287+013g 14.33 + 0.88ghi 450 + 0.20¢fg 2.50 + 0,008t 8.44+054d
SNP1 2316 +1.48¢ 340+0.15d 22,00 +1.53bc 5.43 + 030bcd 347 £047bc 12.98 + 1.40bc
SNP2 25,67 £0.67b 407 +0.083b 27.33 1208 600 +0.00b 353+0.27ab 15.90 +1.20b
SNP3 23,67 +1.33bc 347 +0033d 21.00 +1.00bed 4.83 + 033cdefy 2,83 + 0.17cdef 10,31 +1.14cd
SNP4 21.00 +1.00d 333 +0088de 20,00 + 0.58bcde 5.27 + 037bode 2.73 + 0.150def 10.88  1.35cd

SC, control: SN, high nitrate stress treatment; MT, melatonin; SA, salicylic acid; HA, humic acid; SNP, sodium nitroprusside; MTi1~4 represented SN + 25 umol L=,
50 umol L=", 100 umol L=7, 200 umol L=" MT; SA1—4 represented SN + 25 umol L=", 50 umol L=", 100 umol L=", 200 umol L= SA; HA1—4 represented
SN +25mgL-1,50mg L1, 100mgL~", 200 mg L-! HA; SNP1—4 represented SN + 25 umol L=, 50 umol L=, 100 umol L=, 200 umol L=" SNP. Different letters
indicate significant statistical differences at the P < 0.05 level as determined by Duncan’s multiple range test.
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NR_TopHit Log2FC pval KO

map04075| Plant hormone signal transduction

gi| 747056090 8.51 2.3E-07 K14431| TGA, transcription factor TGA

gil 661893229 3.54 1.7E-09 K14488| SAUR; SAUR family protein

gil 661897476 3.12 5.7E-12 K14509| ETR, ERS; ethylene receptor

gil 697167011 3.09 1.2E-07 K14497| PP2C; protein phosphatase 2C

gil 661892418 2.98 1.6E-11 K14493| GID1; gibberellin receptor GID1

gi| 661885802 2.79 41E-15 K14515| EBF1_2; EIN3-binding F-box protein

gil 590687104 2.50 5.1E-04 K14487| GH3; auxin responsive

gil 661899331 1.62 8.6E-06 K13449| PR1; pathogenesis-related protein 1

gil 661888977 1.35 4.2E-04 K14486| ARF; auxin response factor

gi| 661896253 —1.09 6.1E-04 K13464| JAZ; jasmonate ZIM domain- protein

gil 46038191 —1.24 2.5E-06 K14517| ERF1; ethylene-responsive TF
map04016| MAPK signaling pathway

gi| 698584006 8.05 4.5E-06 K13447| RBOH; respiratory burst oxidase

gil 661897510 6.26 6.3E-05 K14516| ERF1; ethylene-responsive TF

gi| 661884155 2.88 4.8E-06 K20772| ACC; aminocyclopropane-1-carboxylate syn.
gil 728843711 1.28 0.02503 K20536| MPK3; mitogen-activated protein kinase 3
gi| 661898687 —1.42 6.9E-05 K20604| MKK9; mitogen-activated protein kinase 9
gil 302180065 —1.69 1.7E-06 K20547| CHIB; basic endochitinase B

map01100| Metabolic pathways

gil 661871855 4.01 2.72E-03 K05349| bglX; beta-glucosidase

gi| 747055899 3.79 4.96E-06 K01626| aroF; 3-deoxy-7-phosphoheptulonate syn.
gil 661873721 3.09 1.15E-03 K01188| beta-glucosidase]

gi| 658055315 2.99 2.35E-04 K05350| bglB; beta-glucosidase

gi| 460405583 2.57 2.19E-06 K00815| TAT; tyrosine aminotransferase

gil 661895601 2.31 3.33E-06 K00128| aldehyde dehydrogenase

gi| 747043299 2.7 1.05E-03 K01915| GLUL; glutamine synthetase

gil 661880491 2.18 7.95E-07 K13832| aroDE; 3-dehydroquinate dehydratase

gi| 7798554 214 4.74E-07 K10775| PAL; phenylalanine ammonia-lyase

gi| 346990426 213 1.16E-08 K01904| 4CL; 4-coumarate-CoA ligase

gil 661891443 2.02 1.02E-04 K01087| otsB; trehalose 6-phosphate phosphatase
gil 661894501 1.93 1.07E-08 K00430| peroxidase

gil 1351206 1.91 8.71E-04 K00487| CYP73A,; trans-cinnamate 4-monooxygenase
gil 641861046 1.81 4.22E-03 K14454| GOT1; aspartate aminotransferase

gi| 698464873 1.74 5.95E-05 K00827| AGXT2; alanine-glyoxylate transaminase
gi| 747043153 1.42 1.50E-03 K09753| CCR; cinnamoyl-CoA reductase

gil 661895189 1.31 4.92E-07 K00826)| ilvVE; BCAA aminotransferase

gil 661880262 1.30 1.97E-05 K17839| PAQO; polyamine oxidase

gil 661899712 113 8.68E-03 K01476| arg; arginase

gil 8134570 0.63 4.78E-02 K00549| 5-methyltetrahydropteroyltriglutamate

gil 731393006 0.04 9.10E-01 K03801| lipB; lipoyl(octanoyl) transferase

gil 525314083 —-0.95 7.19E-03 K00830| AGXT:; alanine-glyoxylate transaminase

gi| 756786793 -1.25 7.16E-08 K00660| CHS; chalcone synthase

gi| 258549503 —-1.39 1.57E-03 K00083| cinnamyl-alcohol dehydrogenase

gil 848914114 —-2.13 2.53E-04 K17055| EGS1; eugenol synthase
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map04075| Plant hormone signal transduction

gi 661887328 5.72 8,282 K14497| PP2C; protein phosphatase 2C

gi| 731377363 1.29 1.1E-03 K14487| GH3; auxin responsive GH3 gene family

gi| 356556539 1.20 1.8E-08 K14484| IAA; auxin-responsive protein IAA

gil 661899725 1.12 2.6E-09 K14488| SAUR; SAUR family protein

gi| 661883074 1.1 1.1E-03 K14491| ARR-B family response regulator

gi| 566187305 1.09 3.15E-06 K14432| ABF; ABA responsive element binding factor
gil 661883380 —1.20 2.6E-04 K14496| PYL; abscisic acid receptor PYR/PYL family
gil 802607484 —1.42 1.6E-03 K14488| SAUR; SAUR family protein

gil 661882883 —1.76 1.3E-05 K13946| AUX1; auxin influx carrier

gi| 661882883 —2.37 1.8E-04 K14498| SNRK2; serine/threonine-protein kinase
map04016| MAPK signaling pathway

gi| 308445435 2.60 4.3E-33 K20547| CHIB; basic endochitinase

gil 747103681 —2.67 1.4E-04 K20718| ER,; receptor-like serine/threonine-protein kinase
map01100| Metabolic pathways

gil 661890327 1.91 7.0E-08 K01188| beta-glucosidase

gil 661892393 1.63 8.1E-06 K11816| YUCCA, indole-3-pyruvate monooxygenase
gil 698455889 1.61 1.5E-13 K00430| peroxidase

gil 675174201 22.43 2.8E-06 K12657| P5CS; delta-1-pyrroline-5-carboxylate syn.
gil 85068614 3.71 1.9E-12 K05280| flavonoid 3'-monooxygenase

gil 661895189 2,50 5.2E-05 K00826) ilvE; branched-chain aa aminotransferase
gi| 747094524 214 4.4E-04 K00827| AGXT2; alanine-glyoxylate transaminase

gil 698534104 1.46 2.6E-09 K05909| laccase

gi| 747055899 0.70 7.7E-02 K01626| aroF; 3-deoxy-7-phosphoheptulonate syn.
gi| 661895601 0.08 8.7E-01 K08235| Xyloglucan: xyloglucosyl transferase

gi| 661880328 —-0.24 8.3E-01 K00815| TAT: tyrosine aminotransferase

gil 258549503 —-0.80 1.4E-01 K00083| cinnamyl-alcohol dehydrogenase

gi| 565400707 —0.99 1.9E-02 K01580| GAD; glutamate decarboxylase

gil 661878365 -1.07 3.6E-07 K01850| Chorismate mutase

gil 661892399 —1.56 4.6E-06 K13832| DHQ-SDH; 3-dehydroquinate dehydratase

gil 700211354 —3.01 1.6E-03 K01188| beta-glucosidase
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Basic stat Trinity Unigene

Number of assembled sequences 165,147 57,796
Percent GC* 38.46 37.93
Total assembled bases 275,324,172 61,325,868
N50 2,758 2,128
N90 822 385
Min 201 201
Max 17,615 17,615
Mean 1,667.15 1,061.07

*Percent GC indicates the percentage of guanine (G) and cytosine (C) bases in the
assembled whole transcriptome of S. argel.
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Samples

WT_NaClt
WT_NaClI2
WT_NaCI3
T_NaCl1
T_NaCl2
T_NaCI3

Total clean reads

79,882,976
79,470,912
79,995,596
77,928,978
76,317,154
79,709,068

Total mapped reads

75,288,011 (94.25%
75,346,724 (94.81%
76,140,776 (95.18%
73,710,398 (94.59%
72,674,247 (95.23%

(

)
)
)
)
)
75,735,333 (95.01%)

Unique match

71,881,369 (89.98%)
71,829,139 (90.38%)
72,326,527 (90.41%)
70,341,196 (90.26%)
69,259,462 (90.75%)
72,263,982 (90.66%)

Multi-position match

3,406,642 (4.26%
3,617,685 (4.43%
3,814,249 (4.77%
3,369,202 (4.32%
3,414,785 (4.47%
3,471,351 (4.36%

Unmapped reads

4,594,965 (5.75%
4,124,188 (5.19%
3,854,820 (4.82%
4,218,580 (5.41%
3,642,907 (4.77%
3,978,735 (4.99%
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Cl-/S042-
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Ss 9.42
Ps 8.76
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0.37

Ss, the rhizosphere soil around S. salsa; Ps, the rhizosphere soil around P tenuiflora; ESF, exchangeable sodium percentage; SSC, Soluble salt content; EC, electrical

conductivity.
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S. No

Trait Gene Id

Known genes

1

Yield 0s04g0480600

2 Yield 0s0490480650
3 Yield 0s0790669200
4 Salt tolerance Os12g0568200
5 Salt tolerance Os12g0568500
6 Salt tolerance Os12g0564800
7 Salt tolerance Os12g0565100
Novel genes

1 Salt tolerance Os01g0350100
2 Salt tolerance Os01g0362100
3 Salt tolerance 0s02g0187100
4 Salt tolerance 0s02g0194400
5 Salt tolerance 0s02g0294700
6 Salt tolerance Os11g0606800
7 Salt tolerance Os11g0618800
8 Salt tolerance Os12g0566800
9 Salt tolerance Os12g0566200
10  Salt tolerance Os12g0566300
11 Salt tolerance Os12g0566500
12 Salt tolerance Os02g0729700
13  Salt tolerance Os04g0610900

Coordinates (strand)

chr04:24044380-24045225
(— strand)
chr04:24046426-24047084
(— strand)
chrQ7:28277299-28279408
(+ strand)
chr12:23383189-23384177
(— strand)
chr12:23390501-23391407
(— strand)
chr12:23167167-23171951
(— strand)
chr12:23182563-23188498
(+ strand)

chr01:13978048-13979525
(— strand)
chr01:14754835-14764507
(— strand)
chr02:4831212-4833985
(+ strand)
chr02:5259822-5266512
(— strand)

chr02:11209135-11211943
(— strand)
chr11:23415625-23418653
(— strand)
chr11:24096264-24097002
(— strand)
chr12:23302307-23306305
(— strand)
chr12:23271514-23272915
(+ strand)
chr12:23275214-23279087
(+ strand)
chr12:23290875-23292674
(+ strand)
chr02:30381303-30383486
(+ strand)
chr04:30974167-30979824
(+ strand)

Gene length (bp)

846

659

1,899

989

907

4,785

5,936

1,478

9,673

2,774

1,520

2,809

3,029

739

3,999

1,402

3,874

1,800

2,184

5,658

Gene description

Similar to Cytochrome P450 71A1 (EC 1.14.-.-) (CYPLXXIA1) (ARP-2)
(Os04t0480600-01).

Similar to OSIGBa0158F13.10 protein (0s04t0480650-00).

Similar to GTP1/0BG family protein (Os07t0669200-00).

Metallothionein-like protein type 1 (Os12t0568200-01).

Metallothionein-like protein type 1 (Os12t0568500-01).

NB-ARC domain-containing protein (Os12t0564800-01).

NB-ARC domain-containing protein (Os12t0565100-01); NB-ARC
domain-containing protein (Os12t0565100-02).

Hypothetical protein (Os01t0350100-00).

Esterase/lipase/thioesterase domain-containing protein
(Os01t0362100-01).

Similar to cyclase (0s02t0187100-00).

Similar to Receptor-like kinase (fragment) (Os02t0194400-01);
Leucine-rich repeat receptor-like kinase, Target gene of microRNA390,
Cadmium stress response (0s02t0194400-02).

Topoisomerase ll-associated protein PAT1 domain-containing protein
(Os02t0294700-01).

Similar to NB-ARC domain-containing protein (Os11t0606800-00).

Hypothetical conserved gene (Os11t0618800-00).

lon channel regulatory protein, UNC-93 domain-containing protein
(Os12t0566800-01).

Conserved hypothetical protein (Os12t0566200-01).

Subunit A of the heteromeric ATP-citrate lyase, Negative regulation of
cell death, Disease resistance (0Os12t0566300-01).

Conserved hypothetical protein (Os12t0566500-01).

Similar to HAHB-7 (fragment) (Os02t0729700-01); Similar to HAHB-7
(fragment) (Os02t0729700-02).

Similar to EDR1 (Os04t0610900-01).
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KEGG ID

KMR3

0sa00905

0sa03410

IL50-13

0sa04712
0sa00591/0sa00592

Gene Id

0804G0469800
0S08G0304900

0805G0571000
0S08G0509100

InDel position

23,465,198
12,720,895

28,442,608
25,254,561

InDel change

TG - TGG
TC-T

A-T

TTT - TTTCTTTCCTTCTT

Downstream region (bp)

1,967
1,963

2,615
4,526

InDel effect

Modifier
Modifier

Modifier
Modifier
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KEGG ID

KMR3
0sa00905

0sa03410
IL50-13
05200591

0sa04712
08200592

Pathway name

Brassinosteroid biosynthesis

Base excision repair

Linoleic acid metabolism

Circadian rhythm — plant
alpha-Linolenic acid metabolism

KEGG Genes Id

dosa:0s04t0469800-01

dosa:0s08t0304900-01

dosa:0s08t0509100-01

dosa:0s05t057 1000-01
dosa:0s08t0509100-01

Gene description

D11, DWARF_SHINKANEAIKOKU_OR_NOHRIN_28; Cytochrome
P450 724B1 (EC 1.14.-.-) (OsDWARF11) (Dwarf protein 11);

Similar to AtMMH-1 protein (F6D8.28 protein);

LOX8, LIPOXYGENASE_8; Similar to Lipoxygenase, chloroplast
precursor (EC 1.13.11.12);
WDA40 repeat-like domain-containing protein;
LOX8, LIPOXYGENASE_8; Similar to Lipoxygenase, chloroplast
precursor (EC 1.13.11.12);

P-value

0.0068

0.0297

0.0127

0.0206
0.0300






OPS/images/fpls-12-774284/fpls-12-774284-g004.jpg
A =3 S salsa community B

P. tenuiflora community .
—_— 44 3 S salsa community

o o P. tenuifloracommunity

.....

-----
.....
.....
...............
.....
...............
-----
.....
...............
"
... O T S B BT I DRI
.....
....................
“.en
“een D | /7 e B JERCRCREN S PR
.....
....................
“een
“een DS | " B~ ~ S S B IR B (IR
-----
....................
“ee
“een DS | P D L B ECRCUERCE B DR
.....
...............
-
“een “enn
.....
..........
..
“eew “en
-----
.- .. TR
“een
feen e
.-
. .
“een “.en
..
S ..
..
“een
..
. ...

.....
.....
----------
..........

Q Value
T

----------
ooooo

n

1 I m T
PCs Co6Cl1- C6C3- C6C3Co6-

.....

.....

.....

.....

-----

.....
-----






OPS/images/fpls-13-810373/fpls-13-810373-t004.jpg
Gene Ontology GO Term

KMR3
G0:0065008
G0:1901615
GO0:1901617
G0:0005507
G0:0050896
G0:0004497
G0:0065007
GO0:0009055
IL50-13
G0:0070646
G0:0070647

G0:0004842
G0:0016579
G0:0019787
G0:0004601
GO0:0016684

GO:0016209

Regulation of biological quality

Organic hydroxy compound metabolic process
Organic hydroxy compound biosynthetic process
Copper ion binding

Response to stimulus

Monooxygenase activity

Biological regulation

Electron carrier activity

Protein modification by small protein removal

Protein modification by small protein conjugation or
removal

Ubiquitin-protein transferase activity
Protein deubiquitination

Ubiquitin-like protein transferase activity
Peroxidase activity

Oxidoreductase activity, acting on peroxide as
acceptor

Antioxidant activity

P-value

0.0264
0.0338
0.0338
0.0375
0.0403
0.0448
0.0457
0.0484

0.0398
0.0398

0.0398
0.0398
0.0398
0.0469
0.0469

0.0504
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SNPs Insertions Deletions

KMR3 IL50-13 KMR3 IL50-13 KMR3  IL50-13

Chr. 1 2,075 1,772 10(0.2) 13(0.2) 18(0.4) 27(0.6)
46.1) (39.3)

Chr. 2 1,743 1,279 10(0.2) 10(02) 2406 9(0.2)
(47.4) (34.8)

Chr. 3 1,839 1,110 12(083) 701 2105 1102
(49.3) 29.7)

Chr. 4 2,500 1,286 140.3) 6(0.1) 1403 12(0.3)
(69.4) (385.7)

chr. 5 1,891 1,523 902 1003 18(0.5) 16(0.5)
(62.8) (50.5)

Chr. 6 2,711 1,267 902 501 18(0.5) 18(05)
(84.4) (39.4)

chr.7 2,179 1,500 000 1605 22(0.7) 11(0.3)
(71.9) (49.5)

Chr. 8 1,743 1,487 12(04) 602 2007 8(0.2)
®1.1) (52.1)

chr. 9 1577  803(33.7) 15(0.6) 13(0.5) 17(0.7) 12(0.5)
(66.2)

Chr. 10 2,977 2613 20008 6(02 19(0.8 22(0.9)
(125.6) (110.2)

Chr. 11 3,748 2,538 12(0.3) 14(04) 20(0.6) 24(0.7)
(120.1) 81.3)

Chr. 12 1,759 1,575 802 903 602 12(0.4)
(63.7) (57.0)

Total 26,742 18,753  131(3.4) 115(3.1) 217 (6.5 182 (5.3)
(868) (613.2)

Average 2,2285  1,562.7 10.9(0.2) 9.5(0.2) 18.0(0.5) 15.1 (0.4)
(72.3) (51.1)

Density of SNPs and InDels are shown in parenthesis. Chr. = chromosome.
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SNPs

Insertions Deletions

KMR3 IL50-13 KMR3 IL50-13 KMR3 IL50-13

Chr. 1 3,393 3,082 16(0.3) 19(0.4) 22(0.4) 31(0.6)
(75.4) (68.4)

Chr. 2 2,941 2,476 19(0.5) 18(0.4) 30(0.8) 16(0.4)
(80.1) 67.4)

chr. 3 2,565 1,835 14(0.3) 9(02) 28(0.7) 18(0.4)
(68.7) 49.1)

Chr. 4 4,635 3,420 16(0.4) 8(0.2) 15(0.4) 13(0.3)
(128.7) (95.0)

chr.5 3,212 2,841 15(0.4) 15(0.4) 23(0.7) 21(0.6)
(106.7) (94.3)

Chr. 6 3,694 2,249 16(0.4) 9(02) 24(0.7) 20(0.6)
(115.0) (70.0)

Chr.7 4,096 3417  22(0.7) 16(0.5) 30(0.9) 19(0.6)
(135.1) 112.7)

Chr. 8 2,699 2,440 15(0.5) 10(0.3) 28(0.9) 15(0.5)
(94.7) (85.6)

chr. 9 2,430 1656  22(09) 20(0.8 23(0.9 18(0.7)
(102.1) (69.5)

Chr. 10 3,512 3146  24(1.0) 11(0.4) 19(0.8 22(0.9)
(148.1) (132.7)

Chr. 11 9,171 7,961 16(0.5) 18(0.5) 27(0.8) 31(0.9)
(293.9) (255.1)

Chr. 12 2,854 2,671 10(0.3) 12(0.4) 11(0.3) 16(0.5)
(103.4) (96.7)

Total 45,202 37,194  205(6.2) 155 (4.7) 280(8.3) 240 (7.0)
(1451.9)  (1196.5)

Average 3,766.8  3,099.5 17.0(0.5) 12.9 (0.3) 23.3(0.6) 20.0 (0.5)
(120.9) (99.7)

Numbers in parenthesis show the average number of SNPs and InDels obtained
per Mb, Chr. = chromosome.
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Total Reads

HQ PE Reads
Assembled Reads
Percentage Assembled
Total No. of Contigs
Min. Contig Length (bp)
Max. Contig Length (bp)
N50 Contig size (bp)
Total No. of Scaffolds
Min. Scaffolds Size (bp)
Max. Scaffolds Size (bp)
N50 Scaffold Size

Mean coverage

Mean insert size (bp)

KMR3

161,715,750
147,663,910
116,903,196
77.0541
61,648
300
143,306
14,062
55,719
300
143,306
14,563
38.02
295.43

50-13

134,489,967
131,414,378
99,847,962
74.2419
73,557
300
75,580
9,802
64,909
300
81,632
10,489
32.73
296.62
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Flowering time Rosette diameter Plant height Fruit number Aboveground Reproductive
biomass allocation
df1 df2 F/Chi-sq P F/Chi-sq P F/Chi-sq P F/Chi-sq P F/Chi-sq P F/Chi-sq P

Fixed effects

Layer 5 5 0.51 0.760 0.55 0.739 0.66 0.671 0.12 0.984 125 0.406 0.63 0.686
Treatment (T) 1 5 1.03 0.359 17.77 0.010 23.61 0.006 7.53 0.045 14.68 0.013 0.20 0.676
Accession (A) 3 19-24 10.39 <0.001 4.95 0.008 38.32 <0.001 0.73 0.546 5.81 0.004 6.78 0.002
TxA 3 19-24 1418 0.344 1.97 0.146 1.53 0.233 0.97 0.435 2.43 0.091 0.50 0.687
Random effect

Block 1 - 1.02 0.313 <0.01 1.000 <0.01 1.000 <0.01 1.000 2.70 0.100 1.74 0.187

Significant P values are given in bold.
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rRV-Fv/Fm21

Description

RV of plant height

RV of fresh weight

RV of death rate on the 41 day

RV of death rate on the 6" day

RV of chlorophyll content on the 4™ day
RV of chlorophyll content on the 6™ day
RV of Na* content

RV of Na*/K* content

RSD of seed-setting rate

RSD of panicle length

RV of chlorophyll content on the 7™ day
RV of chlorophyll content on the 14" day
RV of chlorophyll content on the 215 day

RV of chlorophyll fluorescence parameters

(Fv/Fm) on the 7t day

RV of chlorophyll fluorescence parameters

(Fv/Fm) on the 14" day

RV of chlorophyll fluorescence parameters

(Fv/Fm) on the 215 day

Stage

Seedling stage

Reproductive stage
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LOC_0s07g16270

LOC_0s08904390

LOC_0s08906220
LOC_0s08906230
LOC_0s09932620
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LOC_0s12906020
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LOC_0s01g57260
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LOC_0s03908360
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LOC_0s03g44660

LOC_0s03g45280
LOC_0s03g48020
LOC_0s03g48030
LOC_0s04909570
LOC_0s04g45910

LOC_0s04g45920

LOC_0s06g910160

LOC_0s07g02760

LOC_0s08g06380

LOC_0s09g29584

LOC_0s09g34100

LOC_0s11g37000

MSU.ID: Gene ID in Rice Genome Annotation Project; Chr: chromosome number; GSE.ID: ID in Gene Expression Omnibus Series.

Chr

10
10

12

A A O W W

11

SNP

SNP-1.33074009.

SNP-1.40330641.

SNP-3.13130403.

SNP-3.26377803.

SNP-3.34822168.

SNP-4.19825069.

SNP-4.31063518.
SNP-4.31063518.
SNP-7.8262486.

SNP-7.8805943.

SNP-8.2146875.

SNP-8.3430353.

SNP-8.3430353.

SNP-9.19466296¢t.

SNP-9.19466296¢t.

SNP-10.17653231.
SNP-10.17653231.

SNP-12.2783280.
SNP-1.32769262.
SNP-1.33085898.

SNP-2.27769525.

SNP-3.4267308.

SNP-3.4343151.

SNP-3.12546468.

SNP-3.13123923.

SNP-3.25139625.

SNP-3.25559362.
SNP-3.27296133.
SNP-3.27296133.
SNP-4.5130296.
SNP-4.27009828.

SNP-4.27009828.

SNP-6.5195014.

SNP-7.1005736.

SNP-8.3544780.

SNP-9.17990633.

SNP-9.20121667.

SNP-11.21374400.

Trait

sRV-PH,sRV-FW

sRV-DR6

sRV-DR6

rRSD-SR

sRV-DR6

sRV-Chi6,sRV-DR6

sRV-DR6
sRV-DR6
sRV-FW

sRV-FW

SRV-FW

sRV-Chi6,sRV-DR6

sRV-Chi6,sRV-DR6

sRV-DR6

sRV-DR6

rRSD-SR

rRSD-SR

sRV-FW
sRV-PH
sRV-PH

sRV-PH

sRV-DR6

sRV-DR6

sRV-PH

rRV-Fv/Fm7

rRV-Chi7

rRV-Fv/Fm7

rRV-Fv/Fm7

rRV-Fv/Fm7
rRSD-SR
sRV-Chi6

sRV-Chié

rRV-Fv/Fm14

rRV-Fv/Fm14

sRV-DR6

sRV-DR6

sRV-DR6

rRV-Na,rRV-Na/K

MqgST

rMqST1-1

rMqST1-4

rMqgST3-1

rMqST3-2

sMqST3-4
sMqST4-3
rMqST4-2
rMgST4-2
rMqST7-3

MqST7-3

sMqST8-1

rMqgST8-1
rMqgST8-1
sMqST9-4
sMqgST9-4
sMgST10-2

sMgST10-2

sMqST12-1
rMgST1-1
rMgST1-1

rMgST2-2

sMgST3-1

sMqST3-1

rMqST3-1

rMqgST3-1

MqST3-2

rMgST3-2
rMgST3-2
rMgST3-2
sMqST4-1
rMqST4-2
rMgST4-2

sMgST6-1

rMgST7-1

rMgST8-1

sMqgST9-4

sMqST9-4

sMgST11-3

GSE.ID

GSE21651,GSE16108,GSEG901

GSE21651,GSE16108,GSE6901

GSE21651

GSE21651

GSE16108,GSE6901

GSE21651

GSE21651,GSE16108
GSE21651,GSE16108
GSE21651

GSE16108,GSE21651

GSE21651,GSE16108

GSE21651

GSE21651,GSEE901

GSE16108,GSE21651

GSE21651

GSE21651

GSE21651

GSE21651,GSE16108
GSE21651,GSE16108
GSE21651,GSE16108

GSE21651

GSE21651

GSE21651,GSE16108

GSE21651,GSE16108

GSE21651,GSEE901

GSE21651,GSE3063

GSE16108
GSE21651,GSE4438,GSE6G901
GSE21651,GSE16108
GSE16108,GSE6901
GSE216561

GSE21651

GSE21651,GSE16108

GSE21651,GSE16108

GSE21651,GSE4438

GSE13735,GSE21651,GSE4438

GSE21651

GSE16108

LFF

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
no

no

no

no

no

no

no

no

no

no

no

no

no

no

Description

OsULT1,SAND domain-containing
protein, Trithorax group factor,
Transcriptional regulation of stress
responsive genes

OsSPL2, Squamosa
promoter-binding-like protein
2;Similar to SBP-domain protein 4
BIP102, Brassinosteroid receptor
kinase-interacting protein
102;Similar to SAR DNA-binding
protein-like protein

TOGR1, DDX47, OsRH10,
Thermotolerant growth required 1,
ATP-dependent RNA helicase
DDX47, RNA helicase 10

Similar to Soluble epoxide
hydrolase

SIP23, Zinc finger RING-type
domain containing protein
OsAGOg, Protein argonaute 3-like
FAR1 domain containing protein
Similar to OSIGBa0140C02.4
protein

RNA recognition motif, RNP-1
domain containing protein
OsPRI1, bHLH transcription factor,
Positive regulator of iron
homeostasis 1

Transferase domain containing
protein

GTP1/0OBG domain containing
protein

Alcohol dehydrogenase
superfamily, zinc-containing protein
Similar to Quinone-oxidoreductase
QR1 (Fragment)

Ubiquitin domain containing protein
OsABCI16, Adaptin ear-binding
coat-associated protein 1
NECAP-1 family protein

Dcp1-like decapping family protein
Conserved hypothetical protein
Vacuolar protein
sorting-associated, VPS28 family
protein

OslspF, 2-C-methyl-d-erythritol
2,4-cyclodiphosphate synthase
OsONI1, Fatty acid elongase
(beta-ketoacyl-CoA synthase),
Shoot development

OsERF60, AP2/EREBP27,
OsEBP89; APETALA2/ethylene
responsive factor, ERF transcription
factor, Tolerance to drought and
submergence stress

Predicted protein

BIP101, brassinosteroid receptor
kinase (BRI1)-interacting protein
101

OsGRL7, GRX-like protein 7,
glutaredoxin-like protein 7;
Thioredoxin fold domain containing
protein

OsLEA24, Similar to LIP5
Conserved hypothetical protein
HPP family protein

Conserved hypothetical protein
Similar to endonuclease,
polyU-specific

OsRLCK155, Receptor-like
Cytoplasmic Kinase 155
OsRLCK203, Serine/threonine
protein kinase domain containing
protein

OsFbox330, F-box domain,
Skp2-like domain containing
protein

OsCslF6, MLG (mixed-linkage
glucan) synthase, Biosynthesis of
MLG (cell wall polysaccharide);
Similar to Cellulose synthase-like
CslF6

OsWAK84, EGF-like
calcium-binding domain containing
protein

OsGLYII3, glyoxalase 11-3,
glyoxalase II

OsDjC77, Heat shock protein DnaJ
family protein
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Oryza sativa

Sorghum bicolor

Brachypodium distachyon

Aeluropus littoralis

Assembly IRGSP-1.0, INSDC Sorghum_bicolor NCBIv3 Brachypodium_distachyon_v3.0 This study
Chromosome number (2n) 24 20 10 20
Genome Size 500 Mb 730 Mb 355 Mb 354 Mb
Sequencing covered 375,049,285 675,363,888 270,739,641 300,381,201
Sequenced % i) 93 76 85
Gene number annot. 37,849 34,118 34,310 15,916
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Class I

Repetitive element

Satellite

Microsatellites

LTR-Ty3/Gypsy

LTR-Ty1/Copia

LINE
DNA Transposons
rDNA

Unclassified
Total

AlSat140a
AlSat70a
AlSat140b
AlSat140c
AlSat256
AlSat897
AlSat71
AlSat372
AlSat80

Tat/Ogre
Chromo/Tekay
Chromo/Reina
Chromo/CRM
Tat/Retand
Alel

Ikeros

TAR

CACTA
Mutator

Total genome%

3.98
2.29
1.60
1.33
0.71
0.48
0.80
0.03
0.02
3.23

0.62
0.32
0.01
0.02
0.60
0.17
0.18
0.30
0.04

0.06
0.01
1.04
3.84
21.69
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Parameter

A. littoralis WGS

A. littoralis WGS

assembly assembly (> 500 bp)
Number of contigs 182,747 113,845
Total number of bases 300,381,201 277,993,896
Minimal contigs length 200 500
Maximal contigs length 69,774 69,774
N25 contig length (bp) 7,574 8,048
N50 contig length (bp) 3,649 4,074
N75 contig length (bp) 1,477 1,869
GC content 0.44 0.44
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Compound name

Glycine
L-Alanine

AP114

1,040.34 +£2.20
4,639.10 £7.20

4-Aminobutyric acid  2,691.36 + 4.20

L-Serine

L-Proline

L-Valine
L-Threonine
4-Hydroxyproline
L-Ornithine
L-Asparagine
L-Aspartic acid
L-Glutamine
L-Lysine
L-Glutamic acid
L-Methionine
L-Histidine
L-Phenytalanine
3-Methyl-L-histidine
1-Methyl-L-histidine
L-Arginine
L-Citrulline
L-Tyrosine
L-Tryptophan

6,248.31 £ 9.20
260.52 £ 5.20
1,628.49 + 10.2
1,922.85 + 7.80
20.42 £ 4.20
32.46 £ 4.20
5,681.20 + 5.80
6,628.70 £ 12.20
7,849.36 + 49.80
820.01 + 12.40

179.86 + 6.20
288.13 +£4.90
310.93 £8.20
5.62 £ 1.40
7.07 £ 1.40
407.42 + 8.1
138.74 £ 6.80
286.13 £ 10.77

Pro-DS
AP17 AP92 AP191
847.86 + 4.58 1,229.21 £9.37 89223 £7.69
4,690.11 £9.01 4,785,114 £7.37  5399.67 + 12.69
3,045.38+4.20 2,601.45+6.37 2279.43 +9.69
648408+ 689 644323 £3.63 653061+ 12.69
261.73 £ 6.31 274.73 £3.37 205.03 £ 5.69
2,306.62 + 6.41 1,836.07 £56.37 1,833.83+5.60
2,265.98 + 4.11 2,176.50 £320  1,858.04 + 8.69
20.81 +2.51 20194238 18.19 £2.69
33.98 +£2.71 36.32 £2.37 30.42 £ 1.69
4,620.06 + 6.31 4,360.77 £7.19  1,826.07 + 9.69
7,054.69 £ 7.41 6,947.67 £6.37  4,631.25 + 6.69
8,070.76 + 6.61 7,066.67 £9.37  4,245.5 +6.69
840.31 £ 6.91 799.48 + 10.37 807.76 + 5.69
23,722.51+£ 268 20,033.05+ 10.31 22,058.94 + 13.37 15,734.36 £ 7.69
196.22 + 3.61 183.583 £ 7.37 155.54 + 3.67
316.45 + 4.81 277.72 £ 10.37 218.06 + 5.69
339.75 + 1.41 306.06 + 7.37 391.65 + 4.69
5.45+1.61 521+183 6.24 £2.69
714 £2.61 7.74£137 10.39 + 1.69
475.49 + 4.39 398.60 + 9.38 416.12 £ 6.69
143.26 £5.39 144.06 + 5.37 230.12 £ 5.69
301.42 £ 6.39 246.28 £ 6.37 277.84 £5.69
202.04 + 6.41 167.92 £7.37 166.57 £ 5.69

150.20 + 6.24

Pro-NDS

AP290

941.27 £ 839
5,750.66 £ 9.39
2,091.21 £8.39
6,683.32 + 9.39

208.00 + 7.39
1,652.26 +9.39
1,889.41 £ 4.45

18.26 +£4.39

33.15 £ 4.59
1,773.24 £8.39
4,758.25 + 14.39
4,426.77 £+ 12.39

834.77 £ 8.39
17,763.61 £ 9.89

145.38 £ 7.39

247.45 +9.39

371.75 £ 7.39

6.65 +3.39
10.76 £2.39

414.73 £ 7.39

241,06 +7.39

266.69 + 9.39

14348 +7.61

Pro-DS was salt-tolerant progenies under salt stress and pro-NDS was non-salt-tolerant progenies under salt stress.

FC, fold change.

AP10

890.81 +£3.72
5,345.50 £ 9.35
2,161.10 £ 11.35
6,739.96 + 6.35

218.57 £8.35
1,772.85 +£8.35
1,749.00 £9.35

18.49 +3.35

27.12£4.35
2,065.20 + 6.86
4,941.49 £8.35
4,276.76 £ 7.36

866.41 £ 10.35
17,617.24 £10.35

139.74 £5.35

266.13 +8.35

370.64 +£8.35

6.63 4235

10.01 £2.35
432.42 +10.35

251.10 £ 5.91

239.12+5.35

165.20 £ 6.35

FC(Pro-DS/Pro-NDS)

114
0.86
128
0.96
126
1.10
1.16
112
1.18
259
1.44
177
0.99
1.29
127
121

0.84
0.83
0.70
1.01

0.59
1.08
1.09
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Gene symbol

ALM1
OsPOX1
OSCATC
OsAPx2
OsMPG1
OsLOX5
OsP5CS
0sSUS7
0sSPS1
OsFdl1
OsFdC2
Chip

cs
OsCAO1
OsCAO2
TDC2
T5H
SNAT
ASMT1
ASMT2
OsActin

RGAP ID

LOGC_0s06g05110
LOC_0s01g15830
LOC_0s03g03910
LOGC_0s07g49400
LOGC_0s01g62840
LOGC_0503g49380
LOC_0s05938150
LOC_0s04g17650
LOC_0s01g69030
LOGC_0s08901380
LOGC_0s03g48040
LOC_0502g51080
LOC_0s0528200
LOC_0s10g41780
LOGC_0s10g41760
LOC_0507g26590
LOC_0s12916720
LOC_0s05g40260
LOC_0s09g17560
LOGC_0s10g02880
LOC_0s03g50885

Primer sequence (5-3; forward/reverse)

CTGGCTGGGTTTGGCTTGT/TCGCCTGTCATCCTTGTAATC
TGCCTGTTGATGCTCTGCT/CCGCCTGTGCTACGATGGA
AACAACCACTACGACGGCTTCA/CCTTGGCAATCACCACCTT
TTGTGAGTGGCGAGAAGGA/GGCGTAATCOGCAAAGAA
CAAGGGATTACATTACAGGC/TCAGGACCAATCAGACAGC
CTGACCCAAATACAGAAAGCA/GGGAGAACACCCTCAACAATA
AATGACAGTTTAGCAGGAC/ACCACTATACAACCCATCC
TACAGGCACCAGATCCTAC/CTGCTGCTTGATTCTTTGA
GGCACAGCAAGACACTCOC/CGOCACGAACTAGACCATG
CAGGCGGAGGAGGAAGGGAT/TAGGCGTGGCAGGTGAGGAC
"TCCCACAGGACCAGTACATT/TTTATCCGAACCGCACAGC
ATCCCCGACGACAAGATG/GTCGCACTTGGGGAACAC
AGGCTCCAGCTTCAACCAG/GGCGAATCTTCCATATGTCG
TGCTCATCAAGCCTTCCTTCAGGTG/GCGTTGTTCTTTGCATAGTCAGCTC!
CTGCTCGTCAAGCCTTCCTCCTCCT/CCCTCATGTTGTTCTIGGCATGTTG
CAGAGTACCGACACCACCT/AACCCATAGCAAGGAACAA
AACCGACGACAATCTCAAGGC/GCTCCGTCATCACCCACTCC
TAATCCGAACTTTGCTCCA/GTACCAGAACATGCCCTTG
GCCAAGGCTCCCAGTAACAA/ACCTTTCCTCCAGCATCCC
GGCACAACGTGTCCAAGAA/GCGAAGCAGTGGTGGTAGA
GACCTTCAACACCCCTGCTA/ACAGTGTGGCTGACACCATC

Product size

158
157
153
128
148
136
87
200
134
161
108
102
71
15
130
104
92
128
179
90
114
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Parameter SR

Palmitic acid 19.76 + 0.49*
Palmitoleic acid 276 £0.212

Stearic acid 3.12£0.15*

Oleic acid 11.08 £0.17°
Linoleic acid 9.56 £ 0.96*

Linolenic acid 49.7 £2.45°

“IUFA 182.04

HSMR

10.33 4 0.78°
2.41£023°
2.96+0.08°
11.65 4 0.26°
9.45 £ 1.06°
81.28£091°
276.50

DR

15.72 £ 020°
1.81£0.19°
2.41:£008°
1164019
7.04 & 0.60°
60.61 £ 0.91°
20032

Different lowercase letters at the data indicate significant differences among three different

ecotypes of reed at p < 0.05 (one-way ANOVA.
SR, swamp reed; HSMR, heavy salt meadow reed; DR, dune reed.

*IUFA (index of unsaturated fatty acid) = 1 x %monenes + 2 x %dienes + 3 x %trienes.
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Treatments (U] Y(NPQ) Y(NO)

NP 0.40:£0.04 de 0.22£0.04 ab 038+001a
NP 100 014:001abc  052000¢ 033:002a
NP 200 0.14x001abed  051+0.01bc 033:001a
COP 0430026 020:003a 036+001a
COP 100 0.08:£0.02ab 053001 ¢ 0.39£002a
COP 200 00350042 0.53£001¢ 0.43£001a
COF 0.34:003bcde  0.30£003abc  0.36001a
COF 100 013:009abc  043:005abc 0430052
COF 200 0.02£001a 048:010abc  050x0.11a
COPF 036+007cde  029:007abc  035:001a
COPF 100 023+009abcde 038+0.10abc 0390032
COPF 200 001£001a 046:005abc  053+004a

NP (Non-prime controf), NP 100 (Non-prime + salinity 100mM), COP (Prime with
Coumarin), COP 100 (Prime with Coumarin + sainity 100mi), COP 200 (Prime with
Counarin + salinity 200mM), COF (Coumarin foliar), COF 100 (Coumarin foliar + salinity
100mM), COF 200 (Coumarin foliar + salinity 200miM), COFP (Coumarin foliar and.
orime), COFP 100 (Coumarin foflar and prime + salinity 100mM), COFP 200 (Coumarin
folar and prime + salinity 200mM). Values are represented as means +SE (n=3).
Ditferent letters represent significant differences (0<0.05) by Tukey's HSD test.
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Gene ID LogoFC P-value
Signal transduction

AT3G17840 1.261703332 4.29373E-17
AT3G45640 1.334456738 4.26075E-36
AT5G01820 1.109435057 1.39871E-22
Response to cell cycle progress

AT4G37490 1.750432008 0.001885814
AT4G35620 1.763118962 1.563352E-05
AT5G51600 2.642908158 1.48104E-16
AT1G03780 2.432668374 1.31158E-09
AT5G62410 1.823633283 3.30199E-10
Response to osmotic stress

AT1G60270 1.323197896 0.000191456
AT4G11650 2.113939835 7.81E-06
AT5G24780 3.299359332 4.734E-144
AT1G75240 1.415108543 1.91168E-06
AT4G37900 2.605918804 7.81889E-17
Response to oxidation-reduction process
AT4G11280 1.536109176 1.20768E-30
AT5G13930 2.248563722 4.07287E-52
AT1G02730 1.959872057 1.7911E-25
AT5G47910 1.011550101 5.92512E-12
AT1G13220 1.354413099 7.05061E-05
AT1G68790 1.099191276 0.000254254
AT5G65770 1.12323409 2.21483E-05
AT5G16960 3.065392853 0.000105708
Response to cell wall organizations

AT1G19940 1.2261646 0.011564313
AT1G64390 1.072218801 5.01998E-08
AT5G07550 8.004993817 3.56984E-12
AT5G07510 3.689585073 1.93056E-06
AT2G15390 1.19716344 1.21643E-18
AT1G70710 1.048101372 1.65661E-09
AT4G02290 2.700819045 1.90368E-18
Transcription factors

AT1G48000 1.5669497531 0.002033524
AT2G31230 1.201997627 0.008076579
AT4G17490 1.197983855 1.3033E-06
AT5G47230 2.395906495 2.1177E-07
AT5G61600 1.954431983 2.9311E-12
AT2G26150 1.451800124 9.54612E-06
AT4G18880 1.241326498 2.06376E-21
AT2G41240 2.425281785 5.34598E-10
AT5G04150 2.182273047 6.61157E-12
AT2G38470 2.05231484 6.12108E-76
AT2G46400 2.351716545 3.99027E-24

Annotation

RLK902
MPK3
CIPK14

CYCBI1;1
CYCB2;2
MAPE5-3
TPX2
SMC2

BGLU6
OSM34
VSP1
HB33
GRDP2

ACS6

T4

SOS6

RBOHD
CRWN2
CRWNS3
CRWN4
Oxidoreductase

GH9B5
GHIC2
GRP19
GRP14
FUT4
GHOB1
GH9B13

MYB112
ERF15
ERF6
ERF5
ERF104
HSFA2
HSFA4A
BHLH100
BHLH101
WRKY33
WRKY46
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Basic parameters

Air temperature in canopy (°C)
Canopy relative hurmidity (%)
Soil water content (%)

Leaf water content (%)
Soluble salt content in soil (%)
Shoot height (m)

Leaf width (cm)

Leaf length (cm)

(A) SR, swamp reed; (B) MSMR, heavy salt meadow reed: () DR, dune reed.

*Data cited from Zhu et al. (2003a).

SR

31.2
59.86
Water saturated
90.84
017
323
5.21
45.38

HSMR

331
23.07
43.53
78.77

0.86

0.18

147
3567

DR

326
16.72
18.37
62.34
0.09
1.36
213
26.15
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Spot® Protein identify® Accession (gb)®  Score? Species Ratio®

HSMR vs. SR DR vs. SR

Photosynthesis and energy metabolism

3 ATP synthase CF1 beta subunit YP_009233629.1 138 Centropodia glauca 230 212
5 ATP synthase CF1 subunit beta YP_003097583.1 111 Dendrocalamus latiflorus 319 449
9 RBCL, partial AIF76083.1 88 Halodule uninervis 398 820
10 RBOL, partia ACO78329.1 97 Himalrandla ichiangensis 30963 24.38
14 RBCL, partial AER28963.1 81 Aponogeton undulatus 200 1.90
23 Ribulose 1,5-bisphosphate carboxylase activase smallisoform,  AIS19769.1 78 Festuca pratensis 033 088
partial
24 Putative ion-sulfur cluster-binding protein AASO7284.1 62 OryzasativaJaponicaGroup 199 431
28 Ribulose bisphosphate carboxylase large chain precursor AAKOBES2.1 84 Mercurialis annua 049 087
32  RBCL, partial AOS89122.1 106 Hamelia patens 150 826
37 Digalactosyldiacylglycerol synthase 2 NP_191964.2 68 Aabidopsis thaliana 1196 1082
Lipid metabolism
1 Oytochrome P450 94A1 KHN48177.1 94 Glycine soja 0.91 1.78
7 Acetyl-CoA carboxylase carboxyl transferase subunit beta, PHT58582.1 73 Capsicum baccatum 269 1.20
chioroplastic
15 Predicted: probable inoleate 9S-fipoxygenase 5 XP_009774053.1 73 Nicotiana sylestris 1.54 1.10
26 NADH-cytochrome b reductase-like protein XP_022730077.1 80 Durio zibthinus 049 0.1
42 Predicted: cytochrome P450 89A2-like XP_011005629.1 65 Populis euphratica 129 270
Transcription and translation
2 Retrotransposon-iike protein AQLO9007.1 76 Zeamays 523 235
4 Zinc knuckle (CCHG-type) family protein NP_567205.2 68 Aabidopsis thaliana 280 497
8 Maturase K, partial (chioroplast) cod79218.1 81 Arctium minus 2215 1847
11 Predicted: DEAD-box ATP-dependent RNA helicase 27 XP_013629195.1 67 Brassica oleracea 849 890
16 Predicted: U11/U12 small nuclear ribonucleoprotein 25 kDa XP_017251432.1 75 Daucus carota 403 411
protein isoform X2
21 DEAD-box ATP-dependent RNA helicase 9 XP_008674301.1 M Zeamays 155 207
30 Putative copia-like retrotransposon Hopscotch polyprotein AAM18766.1 65 Oryza sativa Japonica Group 027 1.67
31 Predicted: U11/U12 smal nuclear ribonucleoprotein 25 kDa XP_017251432.1 69 Daucus carota 1.20 152
protein isoform X2
3  Pentatricopeptide repeat-containing protein PSS10437.1 61 Adtinidia chinensis 2.47 231
43 Contains similarity to maize transposon MuDR AAD49099.1 66 Aabidopsis thaliana 103 1234
Stress response
12 Catalase NP_536731.1 106 Oryza sativa 332 325
19 Predicted: nucleoside diphosphate kinase XP_015614147.1 68 Oryza sativa Japonica Group 047 0.45
20 Predicted: phosphatidylinositol/phosphatidyicholine transfer XP_017223613.1 76 Daucus carota 426 468
protein SFH11
33 Heat shock 70 kDa protein, mitochondial-ike XP_020184128.1 76 Aegiops tauschii 022 035
34 Protein kinase 2B, chioroplastic PKAS5381.1 76 Apostasia shenzhenica 145 529
35 ABC transporter family protein DQ103593.1 68 Olimarabidopsis pumia 050 112
40 Predicted: SKP1-interacting partner 15 XP_009104648.1 76 Brassicarapa 862 721
41 Predicted: alpha-dioxygenase 2-like XP_019228527.1 68 Nicotiana attenuata 2030 1623
Others
6 Predicted: phospho-2-dehydro-3-deoxyheptonate aldolase 1, XP_006363279.1 77 Solanum tuberosum 361 421
chioroplastic isoform X1
17 Predicted: indole-3-giycerol phosphate synthase, chloroplastic  XP_018513205.1 64 Brassicarapa 1465 2121
isoform X2
25 Predicted: aspartate carbamoyltransferase 1 XP_016685011.1 90 Gossypium hirsutum 049 028
27 Structural maintenance of chromosomes protein 1, partial AIU48096.1 72 Aquilegia coerulea 000 084
38 Predicted: deoxyuridine §'-triphosphate nucleotidohydirolase XP_006473483.1 82 Citus sinensis 03 051
Unknown proteins
13 Predicted: uncharacterized protein LOC102589741 XP_006343371.1 87 Solanum tuberosum 247 6.61
18 Uncharacterized protein LOC112006958 XP_023895045. 1 82 Quercus suber 039 1.10
20 Hypothetical protein BC332_14714 PHU13509.1 84 Capsicum chinense 174 1.05
22 Predicted: uncharacterized protein LOC107279425 XP_015616476.1 66 Oryzasativa Japonica Group  1.94 434
39 0s03g0736600, partial BAF13109.1 66 Oryzasativa Japonica Group  1.30 1.70

SR, swamp reed: HSMR, heavy salt meadow reed DR, dune reed.
2Spot numbers of differentially accumulated proteins.

®The names of the proteins identified by MALDI-TOF MS.
*Database accession numbers according to NCBIn:

dThe Mascot searched score against the database NCBInr.
®Ratios of HSMR vs. SR and DR vs. SR.
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Arabidopsis

Gene Name Function References
Encodes a homolog
AT4G29820 CFIM-25 ofthe protein OFE-25, ) o1 1. 2008
a polyadenylation
factor subunit.
Small ANA Francisco-Mangiet
fiGE4z0s THo2 biosynthesis. etal, 2015
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stress.
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Eutrema
Name of
Gene Arabidopsis  Function References
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Induced early onin
Thhalv10019152m  ERD14 response to Kiyosue et a., 1984
dehydration siress
Induced by low
Thhalv10008313m  ERD10 temperature and Kim and Nam, 2010
dehydration
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factor
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