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Editorial on the Research Topic
 New Insights Into Salinity Sensing, Signaling and Adaptation in Plants




ENERGY METABOLISM IN PLANTS UNDER SALINITY STRESS

Plants under salt stress require additional energy supply to fuel salt tolerance mechanisms and growth. Bandehagh and Taylor establish that plants must strike a balance between energy supply and demand to maintain growth and development during salt stress. This review (1) summaries how salt stress affects different physiological and biochemical processes altering the abundance of different metabolites that are feeding into regular and alternative respiratory pathways and shunts; (2) critically analyses how these metabolic adjustments might help plants to tolerate the salt better; (3) identifies research gaps; and (4) proposes suggestions for future breeding programs targeting high energy-use efficiency. Farhat et al. studied oxidative phosphorylation of mitochondria by comparing mitochondria purified from the suspension cultures of a halophyte (Cakile maritima) and a closely related glycophyte (Arabidopsis thaliana) plant. The abundance of respiratory supercomplexes (monomeric complex I, dimeric complex III and I + III2 supercomplex) were found to be higher in halophyte mitochondria in comparison with glycophyte, implying the efficient electron transfer from complex I to complex III in halophyte mitochondria. Further, the stability of ATP synthase (complex V) was also found to be higher in the halophyte, suggesting that halophyte mitochondria are better equipped to supply the additional ATP required to support the salt stress response.



ORGANIC COMPATIBLE SOLUTES FOR PLANT SALT TOLERANCE

The synthesis of organic compatible solutes is an important component for plant salt stress tolerance. In this regard, proline plays an important role in protecting plants from osmotic stress. Guan et al. show that overexpression of the genes from the D1-pyrroline-5-carboxylate synthetase enzyme, one of the key enzymes for proline synthesis, such as PvP5CS1 and PvP5CS2 increased salt tolerance in switchgrass. The relative expression levels of spermidine and spermine synthesis and metabolism-related genes were upregulated and downregulated in the PvP5CS overexpression (OE) transgenic plants and PvP5CS RNAi transformants, respectively. Their results also suggest that exogenously applied proline could accelerate polyamines metabolisms in salt-stressed switchgrass. Moreover, changes in lipid metabolism have previously been linked to responses to environmental stresses including salinity. In their study, Yu et al. investigated leaf and root lipidome profiles of two sweet potato (Ipomoea batatas L.) cultivars under salinity conditions and showed that salt tolerance is associated with changes in lipid metabolic processes. They also discovered the important role of phosphatidylserine (PS) in mediating enzyme activity, and exogenous application of PS alleviated the effects of NaCl tissue toxicity.



TISSUE SPECIFIC SALINITY TOLERANCE

Synthesis of organic osmolytes for osmotic adjustment is desirable; however, de nova synthesis of these molecules requires a high energy cost, and it cannot be sustainable while excluding salt. Alternatively, plants could employ tissue tolerance mechanisms so that they can use Na+ and Cl− for osmotic adjustment, saving energy instead of spending it on the synthesis of organic solutes. Using four rice varieties, Chakraborty et al. investigated the contribution of ionic discrimination and tissue tolerance in rice in terms of its energy cost. The results indicated that the two salt tolerance mechanisms, i.e., ionic selectivity and tissue tolerance, are distinct in rice. They also found that perhaps with a lower energy cost, unique rice varieties such as Kamini could effectively balance ionic discrimination vis-à-vis tissue tolerance to achieve salt tolerance. Furthermore, tissue specificity of employed salt tolerance mechanisms is known as an important factor which confers plant salinity stress tolerance. Liu, Shabala et al. investigated the differences in the operation of key ion transporters mediating ionic homeostasis in three rice varieties differing in salinity stress tolerance. The results showed that the superior K+ retention ability in both the mature and elongation zone of the rice root is the key trait conferring its differential salinity stress tolerance. They suggested that besides the superior ability to activate root H+-ATPase pump operation, this key trait is also related to the reduced sensitivity of K+ efflux channels to reactive oxygen species and the lower upregulation in OsGORK and higher upregulation of OsAKT1.



TRANSPORTERS CONTROLLING NA+/K+ RATIO

A key trait which has long been recognized to improve salinity tolerance in many plants, is the maintenance of a low Na+/K+ ratio. Enhanced operation of salt overly sensitive 1 (SOS1; a Na+/H+ antiporter) has been shown to enable Na+ extrusion and thus confer salt tolerance in multiple plant species. Though SOS1 function at the root apex is well-established, how this transporter could function in the epidermis of the root mature zone and stele is unclear. Foster and Miklavcic employed biophysical modeling to show that SOS1 transport function is markedly different between the epidermis of the mature root zone and stele. In the epidermis, SOS1 restricts Na+ entry into the root cells reducing cytosolic Na+ levels of the root cells while in stele, SOS1 actively loads Na+ into the xylem, enhancing the flux of Na+ to the shoot. Besides SOS1 Na+/H+ antiporter, members of the HKT family proteins are well-known to protect plants against excess Na+ levels. Shohan et al. investigated the high-affinity K+ transporter HKT1;5 in different rice genotypes, including the salinity-sensitive Oryza genotype IR29, the salinity-tolerant Oryza genotype Pokkali, and the distantly related halophytic wild rice genotype Porteresia coarctata. A comparison of HKT1;5 sequences revealed four major amino acid substitutions, two of which were common for salinity-tolerant genotypes. Based on molecular modeling and structure validation, these two substitutions led to altered ion selectivity and uptake kinetics. These changes were hypothesized to allow salinity-tolerant genotypes to remove toxic Na+ and maintain the Na+/K+ ratio, improving survival under salinity stress conditions. Furthermore, Lu et al. cloned CIPK9 gene (Calcineurin B-like protein-interacting protein kinases, CIPK) from the halophyte Nitraria tangutorum and characterized it in Arabidopsis plants. The Arabidopsis overexpression lines expressing NtCIPK9 showed enhanced salt tolerance by regulating genes related to K+ nutrition. Moreover, maintaining Cl− homeostasis is also important for plant salt tolerance. Wu and Li summarized the role of Cl− transport in plant salt tolerance from the aspect of Cl− transport, Cl− exclusion, vacuolar Cl− sequestration, the specificity of mechanisms employed in different plant species to control shoot Cl− accumulation, and the identity of Cl− transport channels and transporters. Authors argued that vacuolar Cl− sequestration could play a role in salt tolerance if the plant species that have tonoplast potential amount to negative or positive tens of mV.



EXOGENOUS ELICITORS, HORMONES, AND CHEMICALS FOR PLANT SALINITY STRESS ADAPTION

Improving salt tolerance through exogenous application of biostimulants, plant hormones, or chemicals, e.g., silicon, in plants has long been explored as a management option. Here, in this Research Topic, authors showed such improvement of tolerance is linked with better maintained low Na+/K+ ratio in elicitor or hormones treated plants under salinity. Ursolic acid (UA, 3b-hydroxy-12-urs-12-en-28-oic acid), a natural pentacyclic triterpenoid carboxylic acid which is widely present in vegetables and fruits, is a biostimulant/elicitor with antioxidant, apoptotic, anticancer, and anti-inflammatory properties in animal models. Its role and underlying mechanisms in improving plant salinity tolerance are still ambiguous. Long et al. showed that UA application improved rice salt tolerance by enabling better ROS homeostasis, triggering nitric oxide (NO) production, and maintaining a lower cytosolic Na+/K+ ratio. The results suggest that both UA and NO are required together to develop a salt tolerance response in rice. Brassinolide is one of the plant hormones implicated in regulating plant growth, development and abiotic stress tolerance. Su et al. investigated how brassinolide application could alter the salt tolerance of apple (Malus hupehensis Rehd) and found that brassinolide can alleviate salt stress by promoting the activity of reactive oxygen species (ROS) scavenging enzymes and the production of soluble sugars and proline. Brassinolide application reduced Na+ accumulation and increased K+ content in shoots and roots under salt stress by regulating the expression levels of Na+(K+)/H+ antiporter genes. Moreover, the abscisic acid (ABA) signal is known to play an important role in reducing the stomatal opening to prevent water loss and wilting in plants under early periods of salt stress. Niu et al. found that the root-sourced ABA signal resulted in rapid stomatal closure and increased salt resistance in cucumber grafted onto pumpkin. Their results also showed that compared with self-grafting, cucumbers grafted onto pumpkin had increased sensitivity to ABA, showing that pumpkin root increases the sensitivity of the cucumber scion to ABA translocated from the root to the shoot. Silicon (Si) is known to mitigate salinity stress in plants. However, the exact mechanism by which Si improves salt tolerance is not known. Khan et al. reviewed the possible mechanisms underlying Si-associated stress tolerance in plants through modulating Na+ balance, water status, reactive oxygen species homeostasis, photosynthesis, phytohormone levels, and compatible solutes. The authors suggest that exogenous Si application improves plant salt tolerance by enhancing antioxidant enzyme activities or blocking Na+ uptake and translocation.



MEDIATORS SENSING SALINITY STRESS SIGNALS

Non-selective cation channels are a diverse group of ion channels capable of indiscriminately transporting many essential and toxic cations into plant cells during salinity stress. The model plant Arabidopsis thaliana has a family of 20 glutamate receptor-like proteins (GLRs) that have been suggested to function as non-selective cation channels. Wang et al. characterized one of the GRL members, AtGLR3.7, and its role in Ca2+ homeostasis. Interestingly they have identified a phosphorylation site (Serine-860) and showed that mutating Ser-860 to alanine abolished the interaction between AtGLR3.7 and the 14-3-3ω protein. They further established that the primary root growth of the GLR3.7-S860A overexpression lines was less sensitive to salt stress than the corresponding wild-type. The 14-3-3 proteins are known to be mediators of salt stress signals and part of the stress response network in C3 plants. Since very little is known about the role of this protein family in C4 plants in response to salinity stress, Liu, Jiang et al. investigated 14-3-3 proteins (SiGRFs, General Regulatory Factor) in foxtail millet (Setaria italica), a C4 genetic model plant for cereals. They identified eight different 14-3-3 proteins in the foxtail millet genome and performed in silico tissue-specific expression profiling at several development stages under stress conditions, showing that 14-3-3 proteins were responsive to salinity stress. In the presence of salt stress, overexpression of SiGRF1 in Arabidopsis thaliana increased the expression of several key flowering time genes leading to early flowering when compared with the untransformed wild type.



TRANSCRIPTION FACTORS INVOLVED IN PLANT SALINITY STRESS RESPONSE

A plant's response to salinity stress at the molecular level is earlier than the abovementioned physiological response. Transcription factors regulate gene expression by recognizing and binding to the specific cis-elements in the promoters of the target genes and play an important role in the plant stress response. Gai et al. identified and characterized 60 bZIP (basic leucine zipper) transcription factors encoding genes from two pepper genomes and found that CabZIP25 positively modulates salinity stress tolerance in pepper. Under salt stress, CabZIP25-silenced pepper showed lower chlorophyll content than the control plants. Additionally, overexpression of CabZIP25 in Arabidopsis showed an increased germination rate, fresh weight, chlorophyll content, and root lengths under salt stress compared to the wild type plants. Wang et al. found that MdBZR1 (BRASSINAZOLE RESISTANT1) and MdBZR1-2 like transcription factors could bind to the promoters of key GA (gibberellin acid) biosynthetic genes MdGA20ox2 and MdGA3ox1, thus improving salt tolerance in apple by regulating gibberellin biosynthesis. Interestingly, Zhang et al. generated mutant lines of zmcps-1 (ent-copalyl diphosphate synthase, one of the key enzymes for early steps of GA biosynthesis) and zmcps-7 and found that this knockout mutation improved maize salt tolerance through enhancing vacuolar Na+ sequestration and maintaining ROS homeostasis. These results indicate that the regulatory role of GA in plant salt tolerance is complicated and more efforts are needed to study its role in plant stress responses. Unlike the positive regulatory role of CabZIP25, MdBZR1, and MdBZR1-2like in improving plant salt tolerance, Tang et al. showed that the ectopic overexpression of homeodomain-leucine zipper (HD-Zip) transcription factor JcHDZ07 from physic nut (Jatropha curcas L.), one of the most promising bio energy supplying plants for tropical and subtropical regions, enhances salt sensitivity in Arabidopsis.



BREEDING FOR SALT TOLERANCE IN PLANTS

In the past, attempts to develop salinity-tolerant plants have had limited success due to multigenicity of the trait as well as non-availability of suitable donors containing beneficial alleles for salinity tolerance. Rice is the most salt-sensitive cereal crop. Solis et al. discuss the potential challenges and opportunities of using wild rice species as a prime reservoir of genetic diversity for the improvement of cultivated rice. They summarize differences in salinity stress adaptation between cultivated and wild rice and propose several traits (such as tissue tolerance) as potential targets in future breeding programs. To date, over 127,000 cultivated and wild rice accessions have been reported, but only a few salt-tolerant cultivars harboring salt tolerance alleles have been identified. In this regard, a major QTL, Saltol comprising several salt-tolerant genes, was identified on the short arm of chromosome 1, accounting for more than 62% phenotypic variation under salinity in rice. Krishnamurthy et al. incorporated this Saltol into two high yielding rice varieties (Pusa44 and Sarjoo52) through marker-assisted backcross breeding and generated several near-isogenic lines with enhanced salt tolerance.

This Research Topic also contains research on salt tolerance mechanisms operating under mild salinity stress. Unlike salt-sensitive rice, some crops can grow under mild salinity stress. For example, sugar beet (Beta vulgaris L.) is a salt-tolerant crop, and the yield of sugar beet will not be affected up to 7.0 dS m−1 (≈67 mM NaCl). Furthermore, sweet sorghum can not only survive, but can increase its sugar content under saline conditions. Lv et al. summarize the physiological and molecular mechanisms involved in ion homeostasis, osmotic-adjustment, and reactive oxygen species scavenging that allow sugar beet to tolerate salt stress. Further, this review describes key candidate genes pivotal for sugar beet salt tolerance using ‘omics technologies’ and provides hints for genetic improvement and molecular breeding for crop salt tolerance. Yang et al. reviewed the physiological and biochemical responses of salt-stressed sweet sorghum and summarized that the major advantages of salt-tolerant sweet sorghum include: (1) improving Na+ exclusion ability to maintain root ion homeostasis to ensure a relatively low shoot Na+ concentration under saline conditions; (2) maintaining a high shoot sugar content under saline conditions which is enabled by protecting photosystems structures, enhancing photosynthetic performance and sucrose synthetase activity, and inhibiting sucrose degradation. Further, authors suggested that targeting the key genes related to the regulatory mechanisms could provide opportunities to breed more salt tolerant sweet sorghum.

Overall, we hope this Research Topic benefits plant breeders and land managers by delivering novel information and insights on the salinity stress response, signaling, and the adaptive mechanisms operating in plants.
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Homeodomain-leucine zipper (HD-Zip) transcription factors are reported to play crucial roles in the growth, development, and stress responses of plants. However, there is little knowledge of the molecular mechanisms involved in physic nut’s stress tolerance generally, or the functions of its HD-Zip genes. In the present study, a HD-Zip family transcription factor, designated JcHDZ07, was isolated from physic nut. Expression profile analysis showed that salinity stress inhibited the expression of JcHDZ07. Transient expression of JcHDZ07-YFP in Arabidopsis protoplast cells revealed that JcHDZ07 was a nuclear-localized protein. Additionally, no obvious difference in growth and development between wild-type and JcHDZ07-overexpressing plants was observed in the absence of stress. Our results further indicated that JcHDZ07 overexpressing transgenic plants had lower proline contents, lower survival rates, and activities of catalase and superoxide dismutase, but higher relative electrical leakage and malonaldehyde contents compared with wild-type plants under salinity stress conditions, suggesting that overexpression of JcHDZ07 confers enhanced sensitivity to salinity stress in transgenic Arabidopsis. Expression of salt stress-responsive genes were upregulated in leaves of transgenic plants under salinity stress, but less strongly than in wild-type plants. Collectively, our results suggest that JcHDZ07 functions as an important regulator during the process of plant responses to salinity stress.

Keywords: physic nut, HD-Zip transcription factor, JcHDZ07, salinity stress, transgenic Arabidopsis


INTRODUCTION

Salinity is a major inhibitor of plant growth and development that severely impairs crop yields in many regions. To cope with salinity stress, plants have evolved diverse physiological and biochemical strategies to adapt to unfavorable environmental conditions, which include accumulating proline and protective proteins, reducing MDA, and increasing the level of antioxidants (Parida and Das, 2005; Sah et al., 2016). Such cascading events are controlled by a series of stress-responsive genes through complex regulatory networks (Sah et al., 2016). In these regulating processes, transcription of these genes are largely controlled by specific transcription factors. Several studies have clearly demonstrated that numerous transcription factors, belonging to MYB, AP2/ERF, HD-Zip, WRKY, and NAC families, have been identified, characterized and shown to participate in regulation of plants’ responses to abiotic stresses (Mizoi et al., 2012; Shao et al., 2015; Perotti et al., 2017; Erpen et al., 2018). Transgenic plants overexpressing these groups of genes have suggested improved resistance to various stresses (Erpen et al., 2018).

HD-Zip proteins constitute a large plant-specific family of transcription factors. The HD-Zip proteins are characterized by a highly conserved DNA-binding homeodomain (HD) and a leucine zipper (Zip) motif that mediates homo- and hetero-dimerization (Henriksson et al., 2005). Based on the DNA-binding specificity, sequence similarities and the presence of additional domains, 48 Arabidopsis HD-Zip proteins are classified into four subfamilies (HD-Zip I–IV) (Sessa et al., 1994).

Since the first isolation of an HD-containing gene, KNOTTED1 from maize, numerous HD-Zip transcription factors have been identified from various plant species (Turchi et al., 2015). Further studies indicate that HD-Zip proteins play essential roles in diverse aspects of plant growth and development (Perotti et al., 2017; Roodbarkelari and Groot, 2017). For example, ATHB12 acts as a positive regulator of cell growth during leaf development (Hur et al., 2015), and overexpression of ATHB-8 promotes vascular cell differentiation in Arabidopsis (Baima et al., 2001). It has been reported that progressive loss of HAT3, ATHB4, and ATHB2 activity in Arabidopsis causes developmental defects in embryogenesis (Turchi et al., 2013). PtrHB7 plays a critical role in regulation of vascular cambium differentiation in populous in a dosage-dependent manner (Zhu et al., 2013). PtrHB4 is required for interfascicular cambium formation to develop the vascular cambium in woody species (Zhu et al., 2018). In rice, OsHox33 knockdown accelerates leaf senescence by regulating expression of GS1 and GS2 (Luan et al., 2013). OsHox32 is reportedly involved in leaf development, and transgenic plants overexpressing it produce narrow leaves (Li et al., 2016). In addition to the functions described above, HD-Zip proteins are also participate in response to various abiotic stresses. For example, MtHB2 has been shown to play a role in the adaptive response to drought and salinity stresses in Arabidopsis (Song et al., 2011). Over-expression of OsHOX24 increases transgenic plants sensitivity to salinity stress as compared to WT plants (Bhattacharjee et al., 2016). Overexpression of Zmhdz10 improves drought and salinity tolerance in rice (Zhao et al., 2014). Taken together, although members of the HD-Zip family have been extensively cloned and functionally studied, these genes remain relatively poorly characterized in perennial species, especially members of the physic nut.

Physic nut is one of the most promising energy plants for tropical and sub-tropical regions (Openshaw, 2000). Physic nut is being widely cultivated, partly because of its high drought and salinity tolerance (Openshaw, 2000), however, the mechanisms underlying its salinity stress tolerance remain unclear. In previous report, we notice that a HD-Zip transcription factor, we named JcHDZ07, which is strongly repressed expression by salinity stress (Zhang et al., 2014). Therefore, JcHDZ07 gene was chosen for further analysis. In the present study, we analyzed the expression profile of JcHDZ07 gene under non-stressed and exposed to drought and salt stresses conditions, and functionally characterized the role of JcHDZ07 in response to salinity stress by overexpressing JcHDZ07 in Arabidopsis. Our findings show that overexpressing JcHDZ07 in Arabidopsis rendered the transgenic lines more sensitivity to salinity stress. The research will provide a useful foundation for further research into molecular mechanisms underlying stress responses in physic nut, and plants generally.



MATERIALS AND METHODS

Plant Materials

The inbred cultivar GZQX0401 of physic nut was used for our research. Physic nut seedlings were grown in pots containing mixed soil (soil was mixed with sand at 1:3 ratio) in a greenhouse with a cycle of 16 h light/8 h dark at 28 ± 1°C. In addition, seedlings were irrigated daily with Hoagland solution. Roots, stem cortex, and leaves of 3-week-old seedlings, flowers, and seeds at 25 days after pollination, were used to analyze the organ-specific expression patterns of JcHDZ07 in physic nut. For salinity stress, Hoagland solution containing 150 mM NaCl was used to irrigate six-leaf seedlings. For drought stress, Hoagland solution containing 20% PEG6000 was used to irrigate six-leaf seedlings. The fourth leaves of 0, 1, 3, 6, and 12 h after salinity and drought stresses were collected, and then were stored at -80°C for subsequent analysis.

Arabidopsis thaliana (Columbia ecotype) was used as wild-type and transgenic analysis. Arabidopsis seedlings were grown in a growth room at 22 ± 2°C under 16/8 h (light/dark) conditions.

Protein Sequence and Phylogenetic Analyses

HD-Zip amino acid sequences of Arabidopsis from the TAIR1 database. HD-Zip proteins of physic nut were downloaded from the NCBI2 websites. MEGA 6 was selected to construct a Neighbor-Joining tree by bootstrapping with the following parameters: 1,000 bootstrap replications, Poisson model, and treatment of gaps/missing data as complete deletions.

Subcellular Localization of JcHDZ07 Protein

The open reading frame (ORF) sequence of the JcHDZ07 gene without the stop codon was amplified by RT-PCR using using cDNA generated from RNA extracted from physic nut root and leaf samples as a template. After confirmatory DNA sequencing, the sequence of JcHDZ07 was fused to the 5’-terminal end of the YFP gene and put under the control of the cauliflower mosaic virus (CaMV) 35S promoter in the pSAT6-eYFP-N1 vector. The pSAT6-eYFP-N1 vector (35S::YFP) and the pSAT6-JcHDZ07-eYFP construct (35S::JcHDZ07-YFP) were transformed into Arabidopsis protoplasts using the PEG (polyethylene glycol) mediated method. Arabidopsis protoplasts were prepared following Abel and Theologis (2010). YFP fluorescence signals were excited at 514 nm and detected under a Zeiss LSM 510 Meta confocal laser scanning microscope (Oberkochen, Germany) using a 530–580 nm emission filter. Chlorophyll autofluorescence signals were excited at 552 nm and detected under a Zeiss LSM 510 Meta confocal laser scanning microscope (Oberkochen, Germany) using a 650–680 nm emission filter.

Cloning of JcHDZ07 and Plant Transformation

The full-length coding sequences of JcHDZ07 was amplified with the primer pairs shown in Supplementary Table S1 by RT-PCR with 2 μL cDNA from roots and leaves. The PCR reaction was carried out with PrimeSTAR® HS DNA Polymerase (TaKaRa, Beijing, China) in a total volume of 20 μL with an initial denaturing step at 98°C for 3 min, 32 cycles of 10 s at 98°C, 5 s at 54°C, and 70 s at 72°C, and a final extension step of 7 min at 72°C. The amplification products were cloned into the pMD18-T vector (TaKaRa, Beijing, China), and then sequencing. The target sequence was cloned into the Kpn I–Xba I sites of the pCAMBIA1301 vector under the control of the CaMV 35S promoter. The resulting construct was introduced into Agrobacterium tumefaciens (strain GV3101) by the freeze-thaw procedure. Finally, Agrobacterium harboring the constructs was transferred into Arabidopsis plants by the floral dip transformation method (Clough and Bent, 1998). The transgenic plants were screened on 1/2 MS medium with 25 mg L-1 hygromycin. Subsequently, semi-quantitative RT-PCR was selected to analyze the expression of JcHDZ07 in transgenic Arabidopsis plants. Homozygous transgenic plants of the T3 generation were used for subsequent experiments.

Phenotype Analysis of Transgenic Plants With JcHDZ07

Seeds of transgenic and wild-type plants were surface-sterilized and sown on the 1/2 MS medium and cultured vertically. After 4 days, wild-type and transgenic plant seedlings with consistent growth were selected and transferred to new vertical 1/2 MS medium and 14 cm deep circular plates filled with a 1:3 mixture of nutrient soil and vermiculite for growth at 22 ± 2°C under 16/8 h (light/dark) conditions in a growth chamber. After 7 days, the morphology of seedling roots grown in 1/2 MS medium was observed, and the length of the main roots was counted. After 14 days, the phenotypes of Arabidopsis seedlings grown in nutrient soil and vermiculite were observed. Furthermore, a total of 45 individual plants each of the transgenic (OE1, OE2, and OE3) and wild-type plants were used to analyze the flowering time, 1,000-seed weight and yield per plant.

Stress Treatments

Seeds of JcHDZ07-overexpressing and wild-type Arabidopsis plants were surface-sterilized, and then put the seeds in 1.5 mL EP tube containing sterile water for 2 days in the dark at 4°C. For salinity stress, after 2 days, seeds of wild-type and transgenic plants were spotted into 1/2 MS medium containing 0 and 100 mM NaCl. Then culture vessels containing the seeds were incubated at 22 ± 2°C under 16/8 h (light/dark) conditions in a growth chamber. After 14 days, leaves were collected and used for detecting the relative electrolyte leakage (REL), Malondialdehyde (MDA) and proline content, and superoxide dismutase (SOD) and catalase (CAT) activities. After 20 days, the phenotype of wild-type and transgenic plants was observed, and the survival rates were calculated. Similar results were obtained with three biological replicates. For drought stress, after 4 days, wild-type and transgenic plant seedlings with consistent growth were selected and transferred to new vertical 1/2 MS medium containing 0 and 20% PEG6000. After 7 days, the morphology of seedlings was observed. The experiment contained three biological replicates. For salinity stress, in adult Arabidopsis, 10-week-old seedlings from JcHDZ07 transgenic and wild-type plants subjected to salinity stress (150 mM NaCl) for 4 or 5 days. In vegetative growth stage, 4-week-old seedlings from JcHDZ07 transgenic and wild-type plants subjected to salinity stress (150 mM NaCl) for 4 days.

Measurements of Physiological Parameters

For REL measurements, about 0.2 g leaf samples were washed five times with deionized water, then placed in test tubes, followed by 10 mL of deionized water. Each sample was vibrated continuously at 25°C for 2 h, then the conductivity (B1) of the solution was measured using a top conductivity meter. Next, each sample was boiled for 25 min, the resulting solution was cooled to room temperature, the conductivity (B2) was measured again and REL was simply calculated from REL (%) = B1/B2 × 100. Previously described methods were used to measure samples’ MDA contents (Xia et al., 2018), proline contents (Bates et al., 1973), and activities of SOD and CAT in leaves from wild-type and transgenic Arabidopsis (Tang et al., 2017). For MDA, leaf samples from unstressed and stressed wild-type and transgenic plants were ground in 5% (w/v) trichloroacetic acid (TCA) and reacted in 0.67% (w/v) thiobarbituric acid (TBA) for 0.5 h. After cooling and centrifuge, absorbance of the resulting supernatant was measured at the wave length of 532, 600, and 450 nm, respectively. The MDA content was calculated based on the following equation: 6.45 × (OD532 - OD600) - 0.559 × OD450.

For proline content, about 0.5 g of Arabidopsis leaves were ground into powder with liquid nitrogen and extracted in 3% sulfosalicylic acid. After centrifuging at 12,000 g for 10 min, the supernatant (2 mL) was mixed with 2 mL of ninhydrin reagent [2.5% (w/v) ninhydrin, 60% (v/v) glacial acetic acid, and 40% 6 M phosphoric acid] and 2 mL of glacial acetic acid, incubated at 100°C for 40 min. Then, the reaction was terminated in an ice bath. The reaction mixture was extracted with 4 mL of toluene and the absorbance was measured at 520 nm with a UV-5200 spectrophotometer.

For CAT activity, total protein from Arabidopsis leaves was extracted with 0.05 M potassium phosphate buffer (pH 7.0). After centrifuging at 12,000 g for 15 min at 4°C, the supernatant was used for the measurement of CAT activity. The 5 mL reaction mixture contained 0.1 mL of the supernatant, 2.9 mL of 0.05 M potassium phosphate buffer (pH 5.5), 1 mL of 0.5% (v/v) H2O2, and 1 mL of 0.05 M guaiacol as substrates. The oxidation of guaiacol was monitored by the absorbance measured at 470 nm every 10 s. Catalase activity was confirmed using a Catalase Assay Kit (Beyotime) according to the manufacturer’s instructions.

For SOD activity, 3 mL of the mixture contained 13 mM methionine, 0.025 mM nitroblue tetrazolium (NBT), 0.1 mM EDTA, 50 mM phosphate buffer (pH 7.8), 50 mM sodium bicarbonate, and 0.5 mL enzyme extract. The reaction was started by adding 0.002 mM riboflavin and the tubes were shaken and placed under two 15-W fluorescent lamps. Illumination was started to initiate the reaction at 30°C. The reaction was allowed to proceed for 15 min, stopped by switched off the lights and covering the tubes with black cloth. The reaction medium without enzyme developed maximal color, while the non-irradiated reaction mixture served as blanks. Absorbance was measured at 560 nm.

RNA Isolated and qRT-PCR Analysis

Total RNA was extracted from different organs of physic nut and Arabidopsis that had been sampled and stored at -80°C, using a MiniBEST plant RNA extraction kit (TaKaRa Code No. 9769). 2 μg RNA samples were used to synthesize first-strand cDNA using M-MLV reverse transcriptase (Promega)3 following the manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR) was performed using the LightCycler 480 Real-Time system (Roche, United States) in a reaction volume of 20 μL containing 10 μL of 7.2 μL of ddH2O, 2 μL of cDNA, 2 × SYBR Premix ExTaq, 0.4 μL forward primer (10 μM), and 0.4 μL reverse primer (10 μM). The qRT-PCR reaction conditions used in this study were as follows: 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min. The primers employed were listed in Supplementary Table S1. Relative transcriptional abundance was calculated using the 2-ΔΔCT method, and JcActin and AtActin2 were used as internal reference genes for physic nut and Arabidopsis, respectively. Three biological replicates and two technical replicates of each biological replicate were used in this experiment.

Statistical Analysis

The data in this research of salinity stress tolerance assays, physiological index and qRT-PCR were subjected to statistical analysis using the SAS software package by Duncan’s multiple range test (Duncan, 1955).



RESULTS

JcHDZ07 Encodes a HD-Zip Protein That Belongs to the HD-Zip I Subfamily

The full-length cDNA sequence of a HD-Zip transcription factor, JcHDZ07 (GenBank Accession JCGZ_09617) was isolated from physic nut total RNA extracted from leaves and roots by RT-PCR. Sequence analysis suggested that JcHDZ07 contained 1566 nucleotides with a 837 bp ORF. It encoded a putative polypeptide of 278 amino acids with a predicted molecular mass of 31.6 kD and a pI of 4.71.

We also performed a phylogenetic analysis to investigate the evolutionary relationships among JcHDZ07 and Arabidopsis HD-Zip proteins. Our result indicated that the HD-Zip family proteins of Arabidopsis and physic nut could be divided into four groups (Figure 1A), designated I–IV based on the previous classification of members in Arabidopsis (Ariel et al., 2007), and JcHDZ07 protein belonged to the HD-Zip I subfamily. In addition, amino acid analysis revealed that the JcHDZ07 was a HD-Zip protein with one conserved homeodomain and leucine zipper domain (Figure 1B).
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FIGURE 1. Bioinformatics analysis of JcHDZ07. (A) Phylogenetic tree analysis of JcHDZ07 and HD-Zip proteins from Arabidopsis. The unrooted tree was constructed, using the MEGA6.0 program, by the neighbor-joining method. (B) Sequence alignment of the deduced JcHDZ07 protein with known homologs. The comparison was conducted by DNAMAN (version 6.0).



Expression Patterns of JcHDZ07

To gain more insight into the role of JcHDZ07 gene in plant growth and development, we examined the expression of JcHDZ07 gene in roots, stem cortexes, leaves, flowers, and seeds by qRT-PCR (Figure 2A). Our results indicated that JcHDZ07 gene was expressed in all tested tissues. In addition, the expression of JcHDZ07 gene was highest in roots, followed by leaves, but low expression level in seeds.
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FIGURE 2. Expression profiles of JcHDZ07 gene. (A) Detection of JcHDZ07 expression in various tissues and organs using qPCR. The 2-ΔΔCT method was used in qRT-PCR analysis. Relative expression levels of JcHDZ07 were normalized by the transcript level of the JcActin gene and the expression level was set as 1 in seed. Values are means ± SD of three replicates. (B) Expression levels of JcHDZ07 under various abiotic stresses. Zero represents leaf sample without any treatment; 1, 3, 6, and 12 represent samples after 1, 3, 6, and 12 h treatment, respectively. The 2-ΔΔCT method was used in qRT-PCR analysis. Relative expression levels of JcHDZ07 were normalized by the transcript level of the JcActin gene and the expression level was set as 1 at 0 h after treatment. Values are means ± SD of three replicates. Asterisks above the bars indicate the significant differences from controls at p < 0.01 based on three biological replicates.



We further examined the levels of expression of JcHDZ07 gene under drought and salinity stress conditions in physic nut leaves (Figure 2B). For salt stress, the expression of JcHDZ07 was significantly and quickly suppressed, and showed a continuous decline after 1–6 h following the treatment. Under drought stress, the transcripts of JcHDZ07 began to decline slightly after 3 h drought treatment and gradually rise after 6 h drought stress. However, no obvious difference in the transcript of the JcHDZ07 gene was observed after 1, 3, 6, and 12 h of drought treatment as compared with that of non-treated controls. Collectively, these results show that JcHDZ07 is suppressed under salinity stimulation, which displays that it functions during salinity stress.

JcHDZ07 Is a Nuclear-Localized Protein

To determine the subcellular localization of JcHDZ07 protein, the full-length coding sequence of JcHDZ07 without stop codon was cloned and the expression vector for JcHDZ07-YFP (yellow fluorescent protein) fusion protein was constructed. The fusion vector of the JcHDZ07-YFP fusion gene (35S::JcHDZ07-YFP) and YFP alone (35S::YFP) were transformed into Arabidopsis protoplast cells. The results suggested that strong fluorescence signals throughout the whole cells from the control vector, but only in the nuclei of cells harboring the 35S::JcHDZ07-YFP fusion vector (Figure 3). These results suggest that JcHDZ07 encodes a nuclear protein.
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FIGURE 3. Subcellular localization of JcHDZ07 gene in Arabidopsis protoplasts incubated with 35S::YFP or 35S::JcHDZ07-YFP constructs, as described in section “Materials and Methods.” Bar = 10 μm.



Phenotypic Analysis of JcHDZ07 Transgenic Arabidopsis

To determine the biological function of JcHDZ07 gene, we constructed a JcHDZ07 overexpression vector driven by the CaMV 35S promoter and introduced the vector into Arabidopsis. Then transgenic Arabidopsis plants overexpressing JcHDZ07 were selected using hygromycin and semi-quantitative RT-PCR. RT-PCR analysis confirmed that JcHDZ07 was expressed at the higher levels in the OE3 lines than in the OE1 and OE2 lines, but not in wild-type lines (Figure 4A). Phenotypic analysis suggested that growth of JcHDZ07 transgenic plants was similar to that of wild-type plants (Figures 4B,C and Supplementary Figure S1A), and there were no significant differences in flowering time, plant height, 1,000-seed weight and seed yield per plant between them, under non-stressed conditions (Figure 4F and Supplementary Figures S1B–D). We further measured root length at 11 days after germination. Our results suggested that the transgenic seedlings showed no significant difference in root morphology and length than those of wild-type controls (Figures 4D,E). Thus, JcHDZ07 expression has little apparent effect on Arabidopsis plants’ growth and development in the absence of stress.
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FIGURE 4. Results of phenotypic analysis in wild-type and transgenic plants. (A) Transcript levels of JcHDZ07 in wild-type and transgenic Arabidopsis. (B) Phenotype of transgenic plants with JcHDZ07 and wild-type plants. 18-day-old seedlings grown in nutrient soil and vermiculite were photographed. (C) Images of representative seedlings from 31-day-old wild-type and transgenic plants. (D) The root morphology of transgenic plants with JcHDZ07 and wild-type plants. 11-day-old seedlings cultured in 1/2 MS were observed. (E) The main root lengths of 11-day-old wild-type and transgenic plants. Values represent means of n = 45 ± SD from three independent biological replicates. (F) Flowering time of the transgenic and wild-type plants: means of n = 45 ± SD from three independent biological replicates.



Overexpression of JcHDZ07 in Arabidopsis Confers Increased Sensitivity to Salinity Stress

To examine effects of JcHDZ07 overexpression on salinity tolerance in Arabidopsis, seeds of wild type and JcHDZ07 overexpression transgenic plants (OE1, OE2, and OE3) were sowed on 1/2 MS medium containing 100 mM NaCl (for salinity stress) and 0 mM NaCl (for control) for 20 days, and then plant salinity tolerances were analyzed by comparing phenotypes. Our results indicated that leaves of most transgenic plants gradually lost greenness and their growth was severely inhibited, whereas leaves of wild-type plants remained green and their seedlings showed stronger salt stress resistance compared to transgenic plants under salt stress conditions (Figure 5A). However, we found that there was no significant difference in plant growth and development between transgenic and wild-type plants under non-stressed conditions. In addition, the survival rates of wild-type plants were significantly higher than that of transgenic plants (Figure 5B), suggesting that overexpression of JcHDZ07 reduces the tolerance of transgenic Arabidopsis plants to salinity stress. We further compared the salt tolerance of the transgenic and wild-type plants at vegetative growth and adult stages. Before salinity stress treatment, the transgenic and wild-type seedlings suggested similar growth status (Supplementary Figure S2). The transgenic plant seedlings started to show leaf rolling at 4 days (Supplementary Figure S2) and became severe leaf rolling and wilting at 5 days after salinity stress (Supplementary Figure S2). However, the wild-type seedlings showed delayed and less leaf rolling and wilting symptom during the salinity stress process, as compared with the transgenic seedlings.
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FIGURE 5. Overexpression of JcHDZ07 in transgenic Arabidopsis resulted in increased sensitivity to salt stress. (A) Phenotypic comparison of 20-day-old seedlings of JcHDZ07 overexpressed lines (OE1, OE2, and OE3) and WT under normal growth (non-stressed conditions) and salt stress conditions. Seeds of wild-type and transgenic plants were spotted into 1/2 MS medium containing 0 and 100 mM NaCl. (B) The survival rates of overexpressed lines and WT after salinity stress. (C–G) Relative electrolyte leakage (REL), proline contents, MDA contents and activities of catalase (CAT), and (G) superoxide dismutase (SOD) in leaves before and after salt treatment. Data in (C–G): means of n = 20 ± SD from three independent experiments, asterisks above the bars indicate significant differences from wild-type controls at p < 0.01 according to Duncan’s multiple range test.



Overexpression of JcHDZ07 Does Not Affect Transgenic Plants Against Drought Stress

We further examined the resistance of transgenic plants with JcHDZ07 to drought stress. As shown in Supplementary Figure S3, our finding suggested that there was no significant difference in the phenotype and main root length of transgenic lines with JcHDZ07 and wild type lines under non-stressed and drought stress conditions (Supplementary Figures S3A,B,E,F). Physiological index analysis indicated that no obvious difference was observed in terms of REL and proline content under normal growth and drought stress conditions (Supplementary Figures S3C,D). In short, these results show that JcHDZ07 overexpression plants do not alter drought stress resistance compared to wild type plants.

Changes in Physiological Traits Under Salinity Stress Conditions

To evaluate physiological changes in transgenic plants, we further examined the REL, MDA, and proline levels as well as the activities of CAT and SOD under non-stressed and salinity stress conditions. As shown in Figure 5 and Supplementary Figures S2C,D, we found no significant difference in proline content between transgenic and wild-type lines under normal conditions, but it was clearly higher in wild-type lines under salinity stress (Figure 5D), clearly indicating that this stress response is repressed in the transgenic lines. In addition, REL and MDA levels (indicators of cell membrane damage) of transgenic plants was higher than the wild type lines under salinity stress (Figures 5C,E), indicating leaf cells are damaged less by salinity in wild-type lines than in JcHDZ07 expressing lines. In further tests, we found that the activities of CAT and SOD were lower in transgenic leaves than in wild-type leaves under salinity stress, but not under normal growth conditions (Figures 5F,G). Taken together, these data strongly confirm that transgenic expression of JcHDZ07 can increase the sensitivity of transgenic Arabidopsis to salinity stress.

Transcript Analysis of Salinity Stress-Responsive Genes

Morphological assays suggested that transgenic lines with JcHDZ07 had enhanced sensitivity to salinity stress. To illustrate the molecular mechanism of salt sensitivity conferred by overexpressing JcHDZ07, we investigated the expression of salinity-responsive genes (AtDREB1A, AtDREB2A, AtHKT1;1, P5CS1; AtSOS1, AtSOS3; AtNHX1, AtAPX1) in leaves of transgenic lines and wild type lines under non-stressed and salinity stress conditions using qRT-PCR. Our data suggested that their expression levels were upregulated in leaves of transgenic lines when exposed to salinity stress, but less strongly than in wild-type (Figure 6). In contrast, no clear differences in their expression levels between the wild-type and transgenic lines were detected under non-stressed conditions (Figure 6).
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FIGURE 6. Relative expression levels of salt stress-responsive genes, in an experiment with three biological replicates, each with two technical replicates (means of n = 6 ± SD, asterisks above the bars indicate significant differences from wild-type controls at p < 0.01). The 2-ΔΔCT method was used in qRT-PCR analysis. Relative expression levels were normalized by the transcript level of the JcActin gene as an internal control and the expression level of each gene of interest in wild-type plants under normal condition was set as 1. Values are means ± SD of three replicates.





DISCUSSION

Physic nut is being widely cultivated, partly because of its rapid growth, hardiness, drought and salinity endurance, easy propagation, and adaptation to wide agro-climatic conditions (Openshaw, 2000). In Arabidopsis and rice, many studies have been demonstrated to elucidate the function of abiotic stress-related genes (Zhao et al., 2014; Tang et al., 2019). Results have suggested that HD-Zip genes are some of the most important transcription factors involved in abiotic stress signaling pathways (Song et al., 2011; Zhao et al., 2014; Bhattacharjee et al., 2016). However, no information was previously available about the molecular mechanisms involved in physic nut’s stress tolerance generally, or the functions of its HD-Zip genes. In our research, a HD-Zip transcription factor, JcHDZ07 was first isolated from physic nut and then functionally characterized for its response to salinity stress resistance in transgenic Arabidopsis.

Numerous studies have shown that members of the HD-Zip I group are involved mainly in plant responses to abiotic stress, and overexpression of these genes can improve transgenic plants tolerance to drought and salinity (Zhang et al., 2012; Zhao et al., 2014). Similarly, our results indicated that JcHDZ07 was assigned to group I (Figure 1), and transgenic Arabidopsis plants with JcHDZ07 suggested a significant enhancement in sensitivity to salinity stress, and salinity-triggered chlorophyll loss was more pronounced in leaves of JcHDZ07 overexpressing lines than in wild-type lines (Figure 5).

Environmental stresses (e.g., drought and salinity) often cause biochemical and physiological changes in plants, and these parameters (e.g., proline and MDA content, CAT, and SOD activity) may be used as indications for evaluating drought and salt stress resistance in crop plants (Wei et al., 2016). Proline is considered as an inert compatible osmolyte that protects macromolecules and subcellular structures when plants are exposed to drought and salinity stresses (Szabados and Savoure, 2010). Such a connection between stress tolerance and proline accumulation is supported by knocking out and overexpressing the P5CS gene in various plants (Chen et al., 2013). A significant lower accumulation of proline was observed in leaves of JcHDZ07 expressing lines than in wild-type lines in response to salt stress (Figure 5D). Our results indicate that the accumulated proline may be seen as a response of transgenic plants with JcHDZ07 toward salt stress. REL and MDA levels have been reported to be able to be used as a measure of cell membrane stability, and plants with lower REL and MDA contents often have increased resistance to abiotic stress (Tang et al., 2017). Our data indicated that salt induced lower increases in REL and MDA contents in leaves of wild-type lines than in leaves of JcHDZ07 overexpressing lines (Figures 5C,E). These finding indicate that salt causes more cell membrane damage in leaves of JcHDZ07 overexpressing plants, corroborating JcHDZ07’s role in negative regulation of salt responses. Salinity impose osmotic stress, which leads to the production of antioxidant enzymes such as CAT and SOD, and the up-regulation of the activities of CAT and SOD protects plants against oxidative damage under salt stress conditions (Wei et al., 2016). In our study, transgenic Arabidopsis expressing JcHDZ07 suggested lower CAT and SOD activities than wild type plants following salinity stress (Figures 5F,G), indicating that salinity may induce more severe oxidative damage in them than in wild-type plants. Thus, these results at least partially explain the increased sensitivity to salinity of our transgenic rice plants.

The increased sensitivity to salt stress also attributable to obviously reduced transcript of stress-related genes (Bhattacharjee et al., 2016; Tang et al., 2017). For example, overexpression of OsHOX24 enhances the sensitivity of transgenic Arabidopsis to salinity stress by regulating the transcript of abiotic stress-related genes (Bhattacharjee et al., 2016). Similarly, our findings suggested that several stress responsive genes (AtDREB1A, AtDREB2A, AtHKT1;1, P5CS1; AtSOS1, AtSOS3; AtNHX1, AtAPX1) were up-regulated in the JcHDZ07-overexpressing Arabidopsis plants under salinity stress conditions, but less strongly compared with wild-type plants (Figure 6). The Arabidopsis SOS1 gene encodes a plasma membrane Na+/H+ antiporter, and transgenic plants overexpressing SOS1 increase tolerance to salt stress (Shi et al., 2003). In addition, the constitutive expression of AtSOS3 has been shown to improve the salinity tolerance of Arabidopsis (Yang et al., 2009). Arabidopsis Na+/H+ antiporter AtNHX1 is reported to confer salt tolerance on transgenic plants (Apse et al., 1999). Overexpression of AtDREB1A and AtDREB2A confers lower sensitivity to salt stress in transgenic seedlings (Hong et al., 2006; Hussain et al., 2018). AtHKT1;1 gene products are vital for salt resistance in Arabidopsis by venting sodium ions from sensitive cells, and AtHKT1;1 overexpressing plants reduce salt sensitivity in transgenic Arabidopsis (Møller et al., 2009). The products of the AtAPX1 gene are involved in the scavenging of reactive oxygen species (Fourcroy et al., 2004). In short, our results strongly show that JcHDZ07 negatively regulates salinity responses in our transgenic Arabidopsis lines at least partly through down-regulation of known salt stress-related genes. Taken together, we summarized a simple working model of JcHDZ07. When plants suffer from salt stress, which alters the expression of JcHDZ07 and other salinity-responsive genes. Then, the JcHDZ07 protein starts or inhibits the expression of salt-responsive genes, which makes the plants more sensitive to salt stress.



CONCLUSION

In conclusion, we report the physic nut HD-Zip I subfamily gene JcHDZ07, which is inhibited by salinity. Ectopic overexpression of JcHDZ07 in Arabidopsis confers reduced the tolerance of Arabidopsis plants to salt stress through the regulation of the changes in physiological indexes and transcript of stress responsive genes. These results will provide a basis for further study the biological functions of the HD-Zip genes in physic nut. In the future, more efforts may be required to elucidate the detailed regulatory mechanisms underlying JcHDZ07’s salinity stress sensitivity in physic nut.
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FIGURE S1 | Results of phenotypic analysis in wild-type and transgenic (OE1, OE2, and OE3) Arabidopsis plants expressing JcHDZ07. (A) Images of representative seedlings. (B) Plant height of the transgenic and wild-type plants: means of n = 45 ± SD from three independent biological replicates. (C) The 1000-seed weight. Seed weights were calculated by randomly selected seeds. The mature seeds were dried under 37°C in an oven for 3 days. Values represent means of n = 45 ± SD from three independent experiments. (D) Seed yield of the wild-type and transgenic plants under normal growth conditions. Values represent means of n = 45 ± SD from three independent experiments.

FIGURE S2 | Increased salinity sensitivity in transgenic plants with JcHDZ07 gene. (A) Phenotype of the transgenic and wild-type plants at different stages during the salinity stress experiments (150 mM NaCl). 10-week-old seedlings from JcHDZ07 transgenic and wild-type plants subjected to salinity stress for 4 or 5 days. (B) Phenotype of the transgenic and wild-type plants at different stages during the salinity stress experiments. 4-week-old seedlings from JcHDZ07 transgenic and wild-type plants subjected to salinity stress for 4 days. (C,D) Relative electrolyte leakage (REL) (C) and proline content (D) in leaves of 10-week-old seedlings before salt stress and 3 days after salt treatment. Data in (C,D): means of n = 20 ± SD from three independent experiments, asterisks above the bars indicate significant differences from wild-type controls at p < 0.01 according to Duncan’s multiple range test.

FIGURE S3 | Overexpression of JcHDZ07 in transgenic Arabidopsis did not alter transgenic plant’s tolerance to drought stress. (A) Phenotypic comparison of JcHDZ07 overexpressed lines (OE1, OE2, and OE3) and WT under normal growth and drought stress conditions. (B) The length of main roots from 11-day-old wild-type and transgenic plants under non-stressed and drought stress conditions. (C) Relative electrolyte leakage in leaves before and after drought treatment. (D) Proline content in leaves before and after drought treatment. Data in (B–D): means of n = 20 ± SD from three independent experiments. (E) Performance of 4-week-old seedlings from JcHDZ07 transgenic and wild-type plants subjected to drought stress without water for 26 days and (F) then recovered for 6 days.

TABLE S1 | Primers used in this study.



FOOTNOTES

1 https://www.arabidopsis.org/

2 https://www.ncbi.nlm.nih.gov/

3 http://www.promega.com
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Mitochondria play a central role in the energy metabolism of plants. At the same time, they provide energy for plant stress responses. We here report a first view on the mitochondrial Oxidative Phosphorylation (OXPHOS) system of the halophile (salt tolerant) plant Cakile maritima. Mitochondria were purified from suspension cultures of C. maritima and for comparison of Arabidopsis thaliana, a closely related glycophyte (salt sensitive) plant. Mitochondria were treated with digitonin and solubilized protein complexes were analyzed by 2D Blue native/SDS polyacrylamide gel electrophoresis. The OXPHOS systems of the two compared plants exhibit some distinct differences. C. maritima mitochondria include a very abundant respiratory supercomplex composed of monomeric complex I and dimeric complex III. At the same time the complexes II and IV are of reduced abundance. The stability of the OXPHOS complexes was investigated by combined salt and temperature treatments of isolated mitochondria. ATP synthase (complex V) is of increased stability in C. maritima. Also, the I + III2 supercomplex is present in high abundance during stress treatments. These results give insights into the mitochondrial contribution to the plant salt stress response.
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INTRODUCTION

Halophile plants have extraordinary competence to live on soils with high contents of salt. This aptitude is based on various physiological properties, like active salt secretion from cells, inner-cellular accumulation of salt in the vacuole and the biosynthesis of compatible osmolytes like proline or glycine betaine (Munns and Gilliham, 2015). In general, increased inner-cellular salt concentrations can cause severe damages, e.g., denaturation of proteins and formation of reactive oxygen species (ROS). However, halophile plants have particular capabilities to cope with these circumstances. For instance, they may have enhanced intra-cellular levels of reductants, such as ascorbate, glutathione or NADPH, which counteract increased ROS formation (Ismail and Horie, 2017). At the same time, enhanced levels of heat stress proteins can stabilize the native structures of proteins.

Plant life in the presence of increased salt levels requires extra energy in the form of ATP (Jacoby et al., 2011, 2018; Bose et al., 2017). ATP is needed for actively secreting salt ions from cells or accumulating salt ions in the vacuole (Nikalje et al., 2018). The corresponding transport processes against the respective concentration gradients are based on proton gradients across the plasma membrane or the tonoplast, which are generated by the act of membrane-bound proton-ATPases (Munns et al., 2016). Furthermore, the biosynthesis of compatible osmolytes, reductants and heat-stress proteins requires additional ATP. In plants, ATP is mainly produced by oxidative phosphorylation (OXPHOS) in the mitochondria and photophosphorylation (PHOTOPHOS) in the chloroplasts. However, PHOTOPHOS only takes place in green cells (it is absent in roots and some organs of flowers) and only operates at daytime. OXPHOS therefore is of outstanding importance for halophyte physiology.

Prerequisite for mitochondrial ATP formation is the respiratory electron transfer chain and the ATP synthase complex (complex V). The respiratory chain is composed of four protein complexes, the NADH dehydrogenase complex (complex I), the succinate dehydrogenase complex (complex II), the cytochrome c reductase complex (complex III), and the cytochrome c oxidase complex (complex IV). Furthermore, cytochrome c, a small monomeric protein, and the lipid ubiquinone are required for the respiratory electron transport. Additionally, in plants and some other groups of organisms, extra enzymes can participate in respiratory electron transport, e.g., the alternative oxidase (AOX) or alternative NADH dehydrogenases (Millar et al., 2011; Schertl and Braun, 2014). As such, the respiratory electron transfer chain is branched, which offers additional physiological functions, but at the same requires some extra levels of regulation.

To our knowledge, the molecular features of the OXPHOS system in halophytes have not been characterized so far. Due to extra energy requirement, we hypothesize that the system should have efficient operation modes. Furthermore, high salt and simultaneously, in some environments, high temperatures might require increased structural stability of the involved protein complexes.

Here, we report the molecular characterization of the OXPHOS system of Cakile maritima, a halophile plant. In parallel, the OXPHOS system of the model plant Arabidopsis thaliana, a glycophyte (salt sensitive) plant, which also belongs to the Brassicaceae family of angiosperms, is characterized for comparison. For optimal comparability, non-green suspension cell cultures were established for both species and used for parallel mitochondrial isolations. Using two-dimensional Blue native/SDS polyacrylamide gel electrophoresis in combination with differential fluorophore-based labeling of proteins, we here provide insights into the composition and stability of the OXPHOS system of a halophile plant.



MATERIALS AND METHODS


Cell Culture Establishment and Maintenance


Establishment of A. thaliana and C. maritima Callus

Seeds of A. thaliana (Columbia 0 ecotype) and C. maritima (Raoued ecotype) were sterilized by treatment with 70% ethanol (4 min under shaking) and 6% sodium hypochlorite solution (4 min under shaking). After washing the seeds five times with sterile distilled H2O they were plated on solid Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) supplemented with 0.8% agar. Young A. thaliana and C. maritima plants (age approximately 6 days) grown under sterile conditions were dissected into small pieces with a diameter of about 3 mm. Obtained plant pieces were laid out on solid B5-medium and cultivated in the dark for 2–3 weeks for callus generation.



Establishment of A. thaliana and C. maritima Cell Suspension Culture

Arabidopsis thaliana and C. maritima cell suspension cultures were established as outlined in May and Leaver (1993): Calli were transferred into 500 mL Erlenmeyer flasks containing 100 mL medium composed of 0.3% (w/v) Gamborg B5 medium supplemented with 3% (w/v) sucrose, 0.01% (w/v) 2,4-D and 0.001% (w/v) kinetin. Cultivation took place at 24°C, at darkness and continuous shaking at 100 rpm. The medium was renewed every 7 days until the generation of approximately 3 g of cell material per Erlenmeyer flask. Afterward, cells were distributed to several flasks. Cell cultures were maintained by transferring about 1.5 g of cells to new medium after 7 days (yielding about 3 g of cells prior to the next round of transferring cells to new medium). Starting material for mitochondria isolations were suspension cells from about 10 Erlenmeyer flasks at the end of a subculturing round (day 7; approximately 30 g of cells in total).




Mitochondria Isolations

Mitochondria were isolated from A. thaliana and C. maritima suspension cell cultures as described by Werhahn et al. (2001): The cell cultures (about 30 g of cells per species) were filtered through two layers of Miracloth and homogenized at 4°C in Disruption buffer [450 mM sucrose, 15 mM MOPS, 1.5 mM EGTA, 0.6% (w/v) PVP40, 2% (w/v) BSA, 10 mM sodium ascorbate, 10 mM cysteine, and 0.2 mM PMSF, pH 7.4]. Cells were ground three times using a Waring blender (1 × 15 s at high speed, 2 × 15 s at low speed, 30–60 s intervals in between). The obtained homogenate was then centrifuged twice at 2,700 × g for 5 min (organelles in supernatant), once at 8,300 × g for 5 min (organelles in supernatant), and once at 17,000 × g for 10 min (organelles in pellet). Mitochondria were then resuspended in Wash buffer containing 0.3 M sucrose, 10 mM MOPS, 1 mM EGTA, and 0.2 mM PMSF (pH 7.4) and carefully dispersed using two strokes in a Teflon homogenizer. The resulting suspension was transferred on top of Percoll gradients [3 gradients per species; 18, 23, and 40% Percoll prepared in Gradient buffer (0.3 M sucrose, 10 mM MOPS, pH 7.4)]. After ultracentrifugation for 90 min at 70,000 × g, the mitochondria were collected from the 23/40% interphase of the gradients. Percoll was removed by three rounds of resuspending the mitochondria in Resuspension buffer (0.4 mM mannitol, 1 mM EGTA, 10 mM Tricine, and 0.2 mM PMSF, pH 7.2)/re-collecting them by centrifugation at 14,500 × g for 10 min. Final mitochondrial pellets were resuspended in Resuspension buffer (weight corresponding to 10× the weight of the mitochondrial pellet). Organelle suspensions were finally divided into aliquots of 100 μL and directly used for gel electrophoresis (see below) or shock frozen and stored at −80°C.



Mitochondria Solubilization and 2D BN/SDS–PAGE

Isolated mitochondria of A. thaliana or C. maritima (aliquots of 100 μL corresponding to 10 mg mitochondria) were sedimented by centrifugation for 10 min at 14,300 × g. Resulting pellets were re-suspended in 100 μL of Digitonin solubilization buffer, pH 7.4 [30 mM HEPES, 150 mM potassium acetate, 10% (v/v) glycerol, and 5% (w/v) digitonin]. For salt-treatment, mitochondria were resuspended in Digitonin solubilization buffer (see above) supplemented with 300 mM NaCl. Suspensions were kept on ice for 20 min or incubated for 2 or 5 min at 50°C. After incubation on ice or at 50°C, insoluble material was removed from the suspensions by centrifugation for 10 min at full speed and 4°C. Obtained supernatants were supplemented with 5 μL of Coomassie-blue solution [750 mM aminocaproic acid, 5% (w/v) Coomassie-blue 250 G].

Fractions were directly loaded onto a Blue native (BN) gel. 2D BN/SDS–PAGE was performed as outlined by Wittig et al. (2006). Blue native separation of protein complexes was carried out in gradient gels of 4.5–16% (w/v) polyacrylamide. SDS–PAGE for second gel dimension was carried out in a separation gel [constant polyacrylamide concentration of 16.5% (w/v)], which was overlaid with a 10% (w/v) spacer gel. After completion of the electrophoretic runs, gels were fixed for 2 h [fixing solution: 15% (v/v) ethanol, 10% (v/v) acetic acid] and stained according to the Coomassie-blue colloidal protocol [staining solution: 5% (w/v) Coomassie-blue, 2% ortho phosphoric acid, and 10% (w/v) ammonia sulfate] as described by Neuhoff et al. (1985, 1990).

All comparative proteome analyses were based on at least four independent experiments (biological controls) and data evaluation using the Delta 2D software package, version 4.3 (Decodon, Greifswald, Germany) according to Berth et al. (2007) and Lorenz et al. (2014).



Fluorescence Differential Gel Electrophoresis (DIGE)

Fluorescent differential gel electrophoresis (DIGE) in combination with 2D Blue native/SDS–PAGE was carried out as outlined in Heinemeyer et al. (2009). CyDyes were obtained from GE Healthcare (Munich, Germany). 100 μL of the mitochondrial solutions prepared from A. thaliana and C. maritima (see above) were solubilized using Digitonin solubilization buffer (see above) and subsequently incubated with either Cy5 or Cy3 for 10 min. The reaction was stopped by addition of 1 μL Lysine solution (10 mM lysine). The two fractions were finally mixed, supplemented with Coomassie-blue buffer and proteins were separated by 2D Blue native/SDS–PAGE as given above. For details see Heinemeyer et al. (2009).




RESULTS

Suspension cell cultures are an ideal system for investigating house-keeping functions of organisms because they can be maintained at very defined conditions. Suspension cell cultures for A. thaliana were first established 25 years ago (May and Leaver, 1993). Their physiological properties have been carefully investigated (Davy de Virville et al., 1994, 1998). Meanwhile, numerous studies have been carried out for investigating the basic functions of cells in A. thaliana (e.g., Kruft et al., 2001; Lee et al., 2008). Successful establishment of a suspension cell culture for C. maritima was only reported 5 years ago (Ben Hamed et al., 2014). Halophyte behavior of the cells is maintained in the cell culture (Ben Hamed-Laouti et al., 2016). If compared to a suspension cell culture from A. thaliana, the cell death rate upon treatment with 400 mM NaCl was much reduced. Indeed, C. maritima suspension cells have remarkable properties for NaCl exclusion. At the same time, they have increased inner-cellular ascorbate levels (Ben Hamed-Laouti et al., 2016). We conclude that cell cultures are a suitable starting material for investigating protein complex stabilities in A. thaliana and C. maritima.

For investigating the OXPHOS system, suspension cell cultures for A. thaliana and C. maritima were established simultaneously as outlined in Figure 1. After subculturing for 7 days, about 30 g cells per species were used as starting material for parallel mitochondrial isolations by differential centrifugation and Percoll density gradient centrifugation. The protocol used for preparing mitochondria from A. thaliana suspension cell cultures has been evaluated previously and shown to generate very pure organelle fractions (purity > 95%; Senkler et al., 2017). The yield of a typical organelle preparation was about 150 mg mitochondria (pellet weight) per 30 g of A. thaliana or C. maritima cells. Mitochondrial fractions of both species were divided into aliquots corresponding to about 1 mg mitochondrial protein, shock-frozen in liquid nitrogen and stored at −80°C.


[image: image]

FIGURE 1. Experimental outline. (A) Establishment of Arabidopsis thaliana and Cakile maritima cell suspension cultures, (B) further processing of cell cultures, mitochondria isolation and solubilization. For details see Materials and methods section.




The OXPHOS Complexes in A. thaliana and C. maritima

The mitochondrial OXPHOS system can be nicely characterized by Blue native gel electrophoresis (Schägger and von Jagow, 1991). Mitochondrial membranes are carefully dissolved by a mild non-ionic detergent and solubilized protein complexes incubated with a Coomassie-blue solution for careful introducing negative charge into protein complexes. Subsequently, protein complexes are separated by electrophoresis in polyacrylamide gradient gels. The native gel dimension can be combined with SDS–PAGE in orthogonal direction to separate subunits of protein complexes (Schägger and von Jagow, 1991). Mitochondrial fractions from A. thaliana and C. maritima were solubilized by digitonin (5 mg/mg mitochondrial protein) and supplemented with Coomassie-blue solution. The result of a typical 2D Blue native/SDS–PAGE analysis is shown in Figure 2.
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FIGURE 2. Comparative analysis of the mitochondrial proteomes of Arabidopsis thaliana and Cakile maritima by Blue native/SDS–PAGE. Mitochondria purified from cell suspension cultures were solubilized by digitonin. Subsequently, protein fractions were supplemented with Coomassie-blue and separated by 2D Blue native/SDS–PAGE. After the second gel dimension, gels were Coomassie stained. Molecular masses of standard protein complexes are given above, molecular masses of monomeric proteins to the left of the 2D gel (in kDa). Identities of the protein complexes are given above the BN gel. Designations: I + III2, supercomplex composed of complex I and dimeric complex III; I, complex I; V, complex V (ATP synthase); III2, dimeric complex III; F1, F1 part of ATP synthase; F0, F0 part of ATP synthase; IV, complex IV; II, complex II. The arrow points to glutamate dehydrogenase.



The OXPHOS system of A. thaliana mitochondria has been extensively characterized by 2D Blue native/SDS–PAGE in combination with mass spectrometry (Klodmann et al., 2011). A GelMap of the Arabidopsis mitochondrial proteome from cell culture is presented at the GelMap portal1. This data background allows evaluating the 2D gels shown in Figure 2. Overall, the OXPHOS systems in C. maritima and A. thaliana are highly similar, which can be expected because both species are from the same family. However, some features clearly differ: (i) Nearly all complex I forms a respiratory supercomplex with dimeric complex III in C. maritima; at identical conditions, only about 50% of complex I is associated with dimeric complex III in A. thaliana. (ii) The complexes II and IV are of decreased abundance in C. maritima. (iii) Besides differences related to the OXPHOS system, C. maritima contains high amounts of the glutamate dehydrogenase complex.



OXPHOS Subunits in A. thaliana and C. maritima

Cakile maritima and A. thaliana are closely related organisms, but the amino acid sequences of their subunits forming part of OXPHOS complexes differ slightly (precise information will become clear upon knowledge of the genome sequence of C. maritima). To visually compare molecular masses of subunits of the two species, mitochondrial fractions were differentially labeled with CyDye fluorophores, mixed, and co-electrophoresed by 2D Blue native/SDS–PAGE. On the resulting overly image, C. maritima proteins are red and A. thaliana proteins green (Figure 3). If proteins exactly match in size and abundance, the spots on the resulting 2D gel are visible in yellow. Several of the subunits of the complexes III and V are yellow, indicating similar subunit abundances and sizes. However, distinct subunits are visible as pairs of spots in red + green, indicating differences in subunit size between the two compared species. Subunits of the I + III2 supercomplex are more abundant in C. maritima (red) and subunits of monomeric complex I, complex II and complex IV in A. thaliana (green), supporting our results obtained by Coomassie-staining of the 2D Blue native/SDS gels shown in Figure 2.


[image: image]

FIGURE 3. 2D fluorescence differential gel electrophoresis analysis of mixed mitochondrial fractions of A. thaliana and C. maritima. Proteins of A. thaliana and C. maritima mitochondrial fractions were labeled with different CyDyes (Cy3 for A. thaliana and Cy5 for C. maritima) and separated by 2D Blue native/SDS–PAGE. Visualization was carried out by laser scanning at the respective wavelengths using the Typhoon laser scanner (GE Healthcare, Munich, Germany). Identities of the resolved protein complexes are given above the 2D gel (for designations see legend of Figure 2). On the resulting overlay image, proteins of A. thaliana are seen in green and those of C. maritima in red. If proteins exactly overlap, they are seen in yellow.





Controlled Destabilization of OXPHOS Complexes of A. thaliana and C. maritima by Salt and Temperature

We used the Raoued ecotype of C. maritima and the Col-O ecotype of A. thaliana for our investigations. Raoued is from the Mediterranean coast of Tunisia (20 km to the north of Tunis) while Col-O probably originated from central Germany (see Nordborg et al., 2005 and Somssich, 2018 for discussion). The two ecotypes are adapted to differing environments. Raoued not only is exposed to salty soils but also to increased average temperatures when compared to the Col-O ecotype of A. thaliana. What are the molecular adaptations of the two ecotypes compared in our study? We hypothesize that high salt and simultaneously high temperatures may have promoted evolution of protein complexes of increased stability in C. maritima ecotype Raoued. This was tested by directly exposing mitochondrial protein fractions of A. thaliana and C. maritima to salt and temperature followed by 2D Blue native/SDS–PAGE evaluation. Mitochondrial protein fractions of A. thaliana and C. maritima (1 mg of mitochondrial protein in 100 μL of Digitonin solubilization buffer; see Materials and methods) were treated with different NaCl concentrations and temperatures for defined periods of time. Conditions were systematically optimized for defining boundary values with respect to protein complex stability (data not shown). The following treatments were finally used: (i) 0 mM NaCl at 0°C for 20 min (= control), (ii) 300 mM NaCl at 0°C for 20 min, (iii) 300 mM NaCl at 50°C for 2 min, afterward 0°C for 18 min, (iv) 300 mM NaCl at 50°C for 15 min, afterward 0°C for 15 min. All samples were analyzed by 2D Blue native/SDS–PAGE and proteins were visualized by Coomassie-blue staining (Figure 4).
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FIGURE 4. Salt and heat stability of the mitochondrial OXPHOS complexes from A. thaliana (At) and C. maritima (Cm). Isolated mitochondria were treated as indicated below the 2D gels. Subsequently, mitochondria were solubilized by digitonin and mitochondrial proteins separated by 2D Blue native/SDS–PAGE. Identities of the resolved protein complexes are given above the 2D gels. For designations see legend of Figure 2.



In A. thaliana, ATP synthase (complex V) abundance on the 2D gels significantly drops in fractions treated with 300 mM NaCl (Figure 4). Also, complex II of A. thaliana clearly is destabilized by 300 mM NaCl (Figure 4). Complexes I and IV as well as the I + III2 supercomplex of A. thaliana are stable in 300 mM salt, even if treated for 2 min at 50°C. In contrast, all three complexes completely disappear on the 2D gels upon treatment for 5 min at 50°C (Figure 4). Dimeric complex III proved to be the most stable OXPHOS complex in A. thaliana. It is not even affected at 300 mM NaCl and treatment at 50°C for 5 min (Figure 4).

In C. maritima, salt and temperature treatments led to very similar effects. However, some differences with respect to A. thaliana were visible: (i) Complex V is more stable in C. maritima upon salt treatment. (ii) Amount of dimeric complex III even increases upon combined salt and heat treatment. This result probably reflects dissociation of the I + III2 supercomplex (which is more abundant in C. maritima) into monomeric complex I and dimeric complex III. (iii) Besides the OXPHOS complexes, the glutamate dehydrogenase complex is of increased abundance in C. maritima mitochondria. It is clearly affected by salt and temperature. However, a small percentage of this complex was stable even at the harshest conditions. All experiments illustrated in Figure 4 were repeated several times (three biological controls and several technical controls) and quantitatively evaluated using the Delta 2D software package (Supplementary Figures 1, 3). A statistical evaluation of the results has been exemplarily carried out for the ATP synthase complex (Supplementary Figure 2).




DISCUSSION

This study is dedicated to the OXPHOS system of C. maritima. As expected, the OXPHOS system resembles that of the closely related model plant A. thaliana, which has been characterized extensively (Eubel et al., 2003; Klodmann et al., 2011; Senkler et al., 2017). In Arabidopsis, complex I consists of about 49 subunits, complex II of 8 subunits, dimeric complex III of 2 × 10 subunits, complex IV of about 13 and ATP synthase of about 15 subunits. In C. maritima, we could not detect any differences with respect to subunit numbers of the five OXPHOS complexes. However, several OXPHOS subunits have slightly varying molecular masses (Figure 3). Furthermore, the stoichiometry of the OXPHOS complexes differs between A. thaliana and C. maritima (Figure 2). In C. maritima, the I + III2 supercomplex is more abundant (Figure 2). This may promote efficient electron transfer from complex I to complex III. Furthermore, it also may have a positive effect on the stability of the monomeric complexes. However, the precise physiological role of respiratory supercomplexes is still a matter of debate (see Hirst, 2018 for discussion). In contrast, complexes II and IV seem to be of reduced abundance in C. maritima. This could affect the capacity for electron insertion into the respiratory chain (ETC)/reduction of oxygen to water by the ETC. The latter effect could be compensated by AOX (this enzyme is difficult to detect on BN/SDS gels). Finally, glutamate dehydrogenase is quite prominent in C. maritima. Halophile plants usually have much increased capacities for proline biosynthesis during salt stress as well as proline catabolism upon salt stress release. Glutamate dehydrogenase is involved in the mitochondrial proline degradation pathway.

Salt and temperature might affect protein and protein complex stability. Indeed, it is known that species living in very hot environments have protein complexes of high stability (Graziano and Merlino, 2014). For this reason, structural analyses of proteins and protein complexes using x-ray crystallography or single particle cryo electron microscopy often is performed with protein fractions isolated from thermophilic bacteria. Also, prerequisite of the polymerase chain reaction (PCR) is a heat-stable DNA polymerase like present is thermophilic bacteria. Due to its natural environment, we hypothezised hat C. maritima may have more stable OXPHOS complexes than the glycophyte plant A. thaliana. However, the stability of the OXPHOS complexes turned out to be similar. Indeed, the natural environments of these ecotypes do not differ drastically. At the same time, some differences were observed. The ATP synthase complex (complex V) was slightly more stable in C. maritima. This complex is in the very center of mitochondrial ATP production. Furthermore, the I + III2 supercomplex is very abundant in C. maritima. Only at the harshest treatment condition (300 mM NaCl and 50°C for 5 min), this supercomplex dissociates. As a result, the amount of dimeric complex III increases, while the complex I monomer is degraded. Physiological experiments using isolated mitochondria from A. thaliana and C. maritima should be employed next to further compare mitochondrial functions in these two species in the presence and absence of stress factors like salt. This should give further insights into the mitochondrial contribution to the salt stress response in plants.
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Lipid remodeling plays an important role in the adaptation of plants to environmental factors, but the mechanism by which lipid remodeling mediates salt stress response remains unclear. In this study, we compared the root and leaf lipidome profiles of salt-tolerant and salt-sensitive sweet potato cultivars (Xu 22 and Xu 32, respectively) under salinity stress. After salt treatment, the leaf lipidome showed more significant remodeling than the root lipidome in both cultivars. Compared with Xu 32 leaves, Xu 22 leaves generally maintained higher abundance of phospholipids, glycolipids, sphingolipids, sterol derivatives, and diacylglycerol under salinity conditions. Interestingly, salinity stress significantly increased phosphatidylserine (PS) abundance in Xu 22 leaves by predominantly triggering the increase of PS (20:5/22:6). Furthermore, Xu 32 leaves accumulated higher triacylglycerol (TG) level than Xu 22 leaves under salinity conditions. The exogenous application of PS delayed salt-induced leaf senescence in Xu 32 by reducing salt-induced K+ efflux and upregulating plasma membrane H+-ATPase activity. However, the inhibition of TG mobilization in salinized-Xu 22 leaves disturbed energy and K+/Na+ homeostasis, as well as plasma membrane H+-ATPase activity. These results demonstrate alterations in the leaf lipidome of sweet potato under salinity condition, underscoring the importance of PS and TG in mediating salt-defensive responses in sweet potato leaves.

Keywords: salt stress, sweet potato, lipidomics, phosphatidylserine, triacylglycerol, K+/Na+ homeostasis, PM H+-ATPase

Introduction

Soil salinization is a major problem in agriculture worldwide. Salt stress caused by excess sodium chloride (NaCl) in soil disturbs many plant physiological processes (Munns and Tester, 2008). Plants have developed several mechanisms, such as remodeling membrane transporter activity, which includes the regulation of plasma membrane (PM) H+-ATPase activity, to prevent the damage caused by salt stress (Munns and Tester, 2008; Türkan and Demiral, 2009; Shabala and Pottosin, 2014). PM H+-ATPase contributes to the pumping of Na+ from the cytosol to the external medium by driving PM Na+/H+ antiport activity and to limiting K+ efflux from the cytosol by blocking the depolarization-activated outward K+ channel (Tester and Davenport 2003; Chen et al., 2007; Sun et al., 2009a; Sun et al., 2009b; Chen et al., 2014). Thus, PM H+-ATPase is an essential component in the mediation of cellular K+/Na+ homeostasis and a crucial factor in the survival of plants under salinity stress (Shabala and Cuin, 2008).

Plant salt tolerance is associated with the widespread rewiring of cellular metabolic processes, including the remodeling of lipid metabolism (Darwish et al., 2009; Krasensky and Jonak, 2012; Mansour et al., 2015; Natera et al., 2016; Yu et al., 2018). Lipids are the fundamental components of biological membranes and play essential roles in trafficking, signal transduction, and sorting of macromolecules and are particularly important in the adaptation of plants to environmental stresses (Okazaki and Saito, 2014). Lipid affects membrane integrity, permeability, fluidity, and transport protein activity under salinity condition (Mansour et al., 2015). Linoleic acid (C18:2) stimulates PM H+-ATPase activity and maintains K+/Na+ homeostasis in barley roots (Yu et al., 1999). Salt stress-triggered production of oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3) contributes to the activation of PM H+-ATPase activity in Arabidopsis (Han et al., 2017). These results suggest that polyunsaturated fatty acids play an essential role in mediating plant salt tolerance. In agreement with this view, Zhang et al. (2012a) reported that fatty acid desturase FAD2 is required for salt tolerance in Arabidopsis. Phosphatidic acid (PA), which is a biologically active lipid molecule, plays an important signaling role in mediating downstream salt defensive responses (Testerink and Munnik, 2005; Hong et al., 2010; Hou et al., 2016). This result is supported by the evidence that the phospholipase Dα1 (PLDα1)-deficient mutants of Arabidopsis are much more sensitive to salt stress than the wild type (Yu et al., 2010). In addition, PLDα1-derived PA promotes microtubule stabilization and salt tolerance in Arabidopsis (Zhang et al., 2012b). Structure phospholipids, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylglycerol (PG), play different roles in plants’ response to salinity stress (Mansour et al., 2015). The increased PM abundance of PI is correlated with salt sensitivity, whereas elevated PC or PG may be associated with salt adaptation (Mansour et al., 2015). Inositol (1, 4, 5) trisphosphate, which is a derivative of the PI signaling pathway, contributes to prolonged cytosolic calcium signaling and ion homeostasis regulation in salinized Populus euphratica callus cells (Zhang et al., 2015). Sterols, which are important structural components of cell membranes ubiquitously present in plant cells, stimulate PM H+-ATPase activity in corn roots. Thus, this major class of lipids is thought to be involved in the regulation of ion transport systems, which function in ion homeostasis under salinity condition (Mansour et al., 2015).

Lipidomic analysis based on electrospray ionization mass spectrometry (ESI-MS) was first reported in 1994 (Han and Gross, 1994). Since then, a large number of lipidomic analysis methods have been developed, and many biologically important lipids have been revealed in animals, plants, and microorganisms. In higher plants, lipidomics has been used for profiling the responses of membrane lipid species to different environmental factors. For example, Degenkolbe et al. (2012) profiled the alterations in a lipidome during cold acclimation in the natural accessions of Arabidopsis thaliana and revealed that the relative abundance of several lipid species is highly correlated with freezing tolerance. A comparative profiling of membrane lipids in drought-stressed Thellungiella salsuginea and Arabidopsis thaliana showed that increased abundance of plastid lipids (digalactosyldiglyceride) and double bond index improves the fluidity of membranes and thus increases the water stress tolerance of T. salsuginea relative to that of A. thaliana (Yu and Li, 2014). Other studies using lipidomics methods showed that the increased synthesis rates of storage lipids, such as triacylglycerol (TG), is an essential adaptive response of plant cells to high temperature stress (Mueller et al., 2015; Narayanan et al., 2016a; Narayanan et al., 2016b). Furthermore, lipidomic analysis of the mesophyll cell and bundle sheath cell chloroplasts in maize (Zea mays) revealed that low monogalactosyldiacylglycerol (MGDG) content in bundle sheath cell chloroplasts renders them more tolerant to salinity stress than mesophyll cell chloroplasts (Omoto et al., 2016). Although lipidomics analyses on plant response to different environment stresses have been performed, few have specifically targeted salinity stress (Natera et al., 2016; Omoto et al., 2016). Comprehensively profiling lipid composition under salinity condition in plant species with contrasting salt tolerance will shed new light on the potential functions of individual lipid species or lipid classes in salinity tolerance (Natera et al., 2016).

Sweet potato (Ipomoea batatas L.) is an important food and industrial crop that ranks seventh in terms of worldwide staple food production (Bovell-Benjamin, 2007). This root crop is cultivated through vegetative propagation, and the physiological and molecular mechanisms underlying intraspecific difference in salt tolerance are largely unknown. In our previous study, we investigated salt response in two sweet potato varieties at the whole plant level. Our results showed that the salt-tolerant sweet potato cultivar has a high capacity for root ion homeostasis mediation and nitrogen uptake and assimilation under salinity condition (Yu et al., 2016). In the present study, we detected leaf and root lipidome profiles of two sweet potato cultivars under salinity conditions. We discovered the important role of phosphatidylserine (PS) and TG in mediating PM H+-ATPase activity and salt defensive responses in sweet potato leaves.

Materials and Methods

Plant Materials and Treatments

The salt-tolerant variety Xu 22 and salt-sensitive cultivar Xu 32 were used in this study (Yu et al., 2016; Yu et al., 2018). Sweet potato shoots with five or six leaves were hydroponically cultured in half-strength Hoagland solution at 28°C with a photoperiod of 16 h (300 μmol m−2 s−1) for 2 weeks. Uniform rooting seedlings were subsequently cultivated in half-strength Hoagland solution with 200-mM NaCl for 7 days. Then, the tender roots and functional leaves were excised, immediately frozen in liquid nitrogen, and subsequently stored at −80°C for further lipidomics analysis.

For exogenous PS experiments, functional leaves were collected from Xu 32, pretreated with 0.1-, 0.5-, and 1.0-μM PS emulsion (Sigma, from soybean) for 24 h, then placed in a transparent culture dish containing essential nutritional elements (Knop’s solution) and corresponding concentrations of PS. NaCl (200 mM) as salt treatment was added to the culture solution. The solutions were refreshed every day, and the culture dishes were placed at 28°C with a photoperiod of 16 h (300 μmol m−2 s−1) for 6 days. Afterward, the detached leaves were collected for various physiological analyses.

For diphenyl methylphosphonate (DMP) experiments, functional leaves were collected from Xu 22 and pretreated with 25-μM DMP (Sigma) for 24 h, and salt treatment was applied as described earlier. Finally, the detached leaves were collected for various physiological analyses.

Lipid Extraction and Lipidomics Analysis

Fresh leaf and root samples (0.1 g) were ground in liquid nitrogen to fine powder and extracted with 1.4 ml of 100% isopropanol. The mixture was transferred into 2-ml centrifuge tubes for 10-s vortex oscillation and 10-min ultrasonic treatment. The mixture was frozen at –20°C for 1 h and oscillated at room temperature. The samples were then centrifuged at 10,000×g for 20 min at 4°C. The supernatant was filtered with a 0.22-μM filter and transferred to a glass vial for ultra-performance liquid chromatography (UPLC)/ESI-quadrupole-time-of-flight (Q-TOF)-MS analysis. Each sample (2 µl) was injected onto a reverse-phase CSH C18 column (1.7 µm, 1 × 50 mm) by using an Acquity I-class UPLC system (Waters Corporation, USA). The column oven temperature was set at 55°C. The mobile phase comprised ACN/H2O (60%/40%) containing 0.1% formic acid and 10-mM ammonium formate (solvent A) and IPA/ACN containing 0.1% formic acid and 10-mM ammonium formate (90%/10%; solvent B). Each sample was resolved for 20 min at a flow rate of 0.4 ml/min. The UPLC gradient started with 40% B and then ramped to 43% B from 0 to 2 min, 50% B from 2 to 2.1 min, 54% B from 2.1 to 12 min, 70% B from 12 to 12.1 min, 99% B from 12.1 to 18 min, and 40% B from 18 to 18.1 min and then held for 2 min (Yu et al., 2018).

MS was performed on a Q-TOF instrument (Xevo G2-S QTOF, Waters Corporation, USA) operated in either negative (ESI−) or positive (ESI+) electrospray ionization mode with a capillary voltage of 3 kV and sampling cone voltage of 25 V in both modes. The desolvation gas flow was set to 800 l/h, and the temperature was set to 500°C. The source temperature was set to 120°C. Accurate mass was maintained by introducing a lock-spray interface of leucine–enkephalin (556.2771 [M+H]+ or 554.2615 [M−H]−). Data were acquired in continuum MSE mode from 50 to 1,500 m/z. The pooled quality control (QC) samples (generated by taking an equal aliquot of all samples included in the experiment) were ran at the beginning of the sample queue for column conditioning and every 10 injections thereafter as described previously (Yu et al., 2018). A test mix of standard metabolites was ran at the beginning and end of the process for the evaluation of instrument performance with respect to sensitivity and mass accuracy. The overlay of the total ion chromatograms of the QC samples showed excellent retention time reproducibility. The sample queue was randomized for the removal of bias. Variance was stabilized by normalizing the m/z features of the metabolites through log transformation, and the uniform empirical distribution of intensities across the samples was obtained through quantile normalization. The metabolites were selected through a receiver operating characteristic-regularized learning technique based on the LASSO penalty as implemented with R package “glmnet,” which uses a cyclical coordinate descent in a pathwise manner.

Measurement of K+ and H+ Fluxes in Mesophyll Cells

Salt shock-triggered transient K+ and H+ fluxes were determined noninvasively with vibrating ion-selective microelectrodes (noninvasive microtest system, NMT-100-SIM-YG, Younger USA LLC, Amherst, MA, USA) as previously described (Sun et al., 2009a; Sun et al., 2009b; Yu et al., 2016; Yu et al., 2018; Liu et al., 2019). The abaxial surface of the PS-treated (pretreatment of 0.1-, 0.5-, and 1.0-μM PS for 24 h) or PS-non-treated leaves was peeled off with ﬁne forceps to reveal the mesophyll tissue. Peeled leaves were cut into small segments and then placed on a measuring solution (0.5-mM KCl, 0.1-mM CaCl2, and 0.1-mM MgCl2, pH 5.7) in appropriate Petri dishes overnight prior to measurement for the leaves to recover from wounding response. In PS-treated leaf segments, 0.1-, 0.5-, or 1.0-μM PS was added to the measuring solution for maintenance of PS effects. In the following morning, the segments were immobilized on a new chamber containing a fresh measuring solution (without PS) for 30 min before measurement. Afterward, the steady fluxes of H+ and K+ were recorded for 10 min in the mesophyll tissue. Salt shock (200-mM NaCl) was then activated by adding NaCl stock (400 mM, pH 5.7, prepared with measurement solution), and the transient K+ and H+ fluxes were monitored for another 40 min. Net fluxes were calculated with JCal 1.0 (a free MS Excel spreadsheet; http://youngerusa.com/jcal or http://ifluxes.com/jcal).

Plasma Membrane Vesicle Purification and Plasma Membrane H+-ATPase Activity Determination

An adequate quantity of leaf samples (approximately 20 g) was collected and homogenized in 20 mL of homogenization buffer containing 250-mM sucrose, 10% (w/v) glycerol, 0.5% (w/v) polyvinylpyrrolidone, 3-mM ethylenediaminetetraacetic acid, 1-mM dithiothreitol, 1-mM phenylmethylsulfonyl fluoride, 15-mM mercaptoethanol, and 25-mM Tris/2-ethanesulfonic acid (pH 7.6). The homogenate was filtered through two layers of cotton gauze and centrifuged at 13,000×g for 20 min. The supernatant was re-centrifuged at 80,000×g for 30 min. The obtained microsomal membranes were re-suspended in a buffer containing 1-mM dithiothreitol, 1-mM phenylmethylsulfonyl fluoride, and 5-mM Tris/2-ethanesulfonic acid (pH 6.5). The microsomal membranes were used in the assessment of 9-amino-6-chloro-2-methoxyacridine (ACMA) quenching and analysis of H+ pumping activity (Shabala et al., 2016; Yu et al., 2018). The membranes were also used in the analysis of ATP hydrolysis activity on the basis of the measured amount of released inorganic phosphorus (Liu et al., 2014; Yu et al., 2018).

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

Trizol reagent (Takara Bio Inc., Japan) was used to isolate total RNA from the leaf tissues. Afterward, 2 µg of total RNA was reverse-transcribed with a First complementary DNA (cDNA) kit (Takara Bio Inc., Japan). The synthesized cDNA (1 µl) was used as a template for RT-PCR amplification. The PCR products were sequenced and validated. The following primers designed to target genes were established based on our transcriptome sequences: PHA1 (PM H+-ATPase; forward primer 5′- GCACACCTTGTTGACTCTACTA-3′ and reverse primer 5′-TGAGAGGACAGTTGGCATTG-3′), DGAT1 (acylCoA:diacylglycerol acyltransferase; forward primer 5′-TGCCTGTTCATAAGTGGATGGT-3′ and reverse primer 5′-ACATAATTCCAATAAATGCCCAGA-3′), PDAT1 (phospholipid: diacylglycerol acyltransferase; forward primer 5′- AGTCGATACTGAGGCGGAGAAAGG-3′ and reverse primer 5′CATGAACAACAGCACCCACCAAAT-3′) and SDP1 (Sugar-Dependent 1, TG lipase; forward primer 5′-AGGGCGATGTGACAGTTGTGATG-3′ and reverse primer 5′TCGACGCATGTGGTTGAGTATTG-3′). The resulting amplicons were between 100 and 300 bp long. The qPCR mixtures (20 µl of total volume) contained 10 µl of UltraSYBR Mixture (Beijing CoWin Biotech, China), 1.0 µl of cDNA template (10 ng), 0.5 µl of each forward and reverse primers (0.25 µM), and 7.5 µl of RNase-free water. PCR analysis was performed using an ABI Stepone plus PCR system (ABI Co., Ltd., USA). Melting curves were analyzed immediately for the confirmation of product specificity. The mean Ct value of each gene was obtained from three independent PCR experiments. The relative expression level of each target gene was normalized to that of IbUBI (GenBank accession number: JX177358.1), a stable internal reference gene of Ipomoea batatas (Park et al., 2012). This gene was amplified by using the following primers: forward primer 5′-TCGACAATGTGAAGGCAAAG-3′ and reverse primer 5′CTTGATCTTCTTCGGCTTGG-3′. Relative expression levels were calculated with the 2–ΔΔCt method.

Chlorophyll, Malondialdehyde, and Electrolyte Leakage

Chlorophyll content, electrolyte leakage, and malondialdehyde contents were determined in accordance with the method reported previously (Yu et al., 2016).

Superoxide Anion and Hydrogen Peroxide

To determine the O2.– production rate, 0.5 g of leaf tissue was ground to a fine powder in liquid nitrogen and then homogenized in 5 ml of extraction buffer (pH 7.8) containing 50-mM sodium phosphate, 5-mM ethylenediaminetetraacetic acid, and 1% (w/v) polyvinylpyrrolidone. After centrifugation at 12,000×g (4°C) for 20 min, the supernatants were collected, and the O2.– production rate was assayed through the oxidation of hydroxylamine at 530 nm as described previously (Yu et al., 2016). For H2O2 content, root and leaf tissues (0.5 g) were ground in liquid nitrogen and then homogenized in 5 ml of cold acetone. After centrifugation at 3,000×g (4°C) for 10 min, the supernatants were used for H2O2 content assay. H2O2 content was assayed by analyzing the production of titanium–hydroperoxide complex at 410 nm (Patterson et al., 1984). Soluble protein concentration was determined with the Bradford assay (Bradford, 1976), and bovine serum albumin was used as the standard.

Determination of Na+ and K+ Contents

Leaf samples were rinsed with deionized water and dried at 70°C to a constant weight. After the samples were pulverized, 0.2 g of powdered dry samples was digested in a H2SO4–H2O2 solution. The K+ and Na+ contents of the extract were determined with an atomic absorption spectrophotometer (Shimadzu AA-680, Shimadzu Ltd., Kyoto, Japan) as previously described (Yu et al., 2016; Yu et al., 2018).

Relative ATP Content

Leaves were ground to fine powder in liquid nitrogen. Subsequently, 50 mg of powder was homogenized with 500 µl of 0.1-M hydrochloric acid for 5 min. The homogenate was centrifuged at 18,000×g for 10 min, and the supernatant was centrifuged again at 14,000×g for 20 min. ATP content was determined with the Enlighten ATP Assay System Bioluminescence Kit (Promega Corp., Madison, WI, USA). Relative ATP level was expressed as normalized luminescence.

Statistical Analysis

Data were subjected to analysis of variance. Significant differences between means were determined by Duncan’s multiple range test. Unless otherwise stated, differences at P < 0.05 were considered significant.

Results

Salt Stress Alters Lipid Composition in Sweet Potato Leaves and Roots

Lipidomic analysis detected 524 and 330 lipid molecular species in the leaves and roots, respectively. These species belong to 15 major lipid classes, namely, the glycolipid MGDG; phospholipids PG, PC, PE, PI, PS, and PA; lysophospholipids lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), and lysophosphatidylserine (LPS); the storage lipid TG; the lipid intermediate diacylglycerol (DG); and the sterol derivatives (sterols) and the sphingolipids (Supplementary Tables S1 and S2). PCA of the lipids identified in the leaves showed a clear separation between the varieties or between the treatments (Supplementary Figure S1). These results indicate a substantial difference in leaf lipidome between the varieties under control condition and suggest the substantial modulation of lipidome under salt stress.

The amount of total lipids was significantly higher in Xu 22 leaves than that in Xu 32 leaves under the control condition mainly because of the higher amount of PI and PG detected in Xu 22 (Figure 1A). Major lipid classes in leaves responded in five ways to salt stress: (1) The total amounts of PA, PC, LPC, PI, PG, DG, MGDG, and sphingolipids significantly decreased in both varieties. However, the Xu 22 leaves exhibited less salt-decreased amounts of PA, DG, and MGDG than the Xu 32 leaves (Figure 1A). Although the salt-induced reduction in the amounts of PI and PG were more pronounced in Xu 22, the PI and PG abundance in Xu 22 were still higher under salinity condition (Figure 1A). (2) The total amount of TG significantly increased in both varieties after salt stress treatment. Interestingly, Xu 32 accumulated more TG than Xu 22 under salinity condition (Figure 1A). The percentage of TG in total lipids increased from 0.3% (control) to 1.5% (salt stress) in Xu 32 and from 0.1% (control) to 0.3% (salt stress) in Xu 22 (Figure 1B). (3) Salt stress markedly enhanced the total amounts of PS, LPS, LPE, and sterol derivatives in Xu 22 but reduced the abundance of these lipids in Xu 32 (Figure 1A). Strikingly, the percentage of PS in total lipids increased from 4.1% of the control to 12.5% in the salinized Xu 22 leaves. (4) PE abundance was unaffected by salt stress (Figure 1A). (5) The total amount of LPA markedly decreased in Xu 32 but was unaffected by salt in Xu 22 (Figure 1A).
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Figure 1 | Effects of NaCl stress (200 mM for 7 days) on the total amount of lipids in various head group classes of leaves in sweet potato cultivars Xu 22 and Xu 32. (A) Columns represent the means of four replicates per treatment, and bars represent the standard error of the mean. Columns labeled with different letters (a–d) indicate significant difference at P < 0.05 (analysis of variance). (B) Relative abundance of lipids assigned with the major lipid classes in control and stressed samples at 7-day post-treatment of NaCl. Each lipid class is expressed as a percentage of the total amount of lipids detected. PA, phosphatidic acid; LPA, lysophosphatidic acid; PE, phosphatidylethanolamine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PS, phosphatidylserine; LPS, lysophosphatidylserine; PI, phosphatidylinositol; PG, phosphatidylglycerol; TG, triacylglycerols; DG, diacylglycerols; MGDG, monogalactosyldiacylglycerol.



Although the clear separation of identified lipids was not observed in the roots (Supplementary Figure S1), the five responses of major lipid classes to salt stress were still observed in the roots. (1) The total amounts of PA, LPE, PS, LPS, DG, MGDG, and sphingolipids were not altered by salt stress (Supplementary Figure S2). (2) The total amounts of PC, PE, LPA, and LPC significantly decreased in Xu 32 but were unaffected by salt in Xu 22 (Supplementary Figure S2). (3) The total amounts of PI and PG were markedly decreased by salt stress in both varieties, and no difference in these amounts was observed between the varieties (Supplementary Figure S2). (4) TG abundance was significantly enhanced by salt in Xu 32 roots but not in Xu 22 (Supplementary Figure S2). (5) The total amount of sterols was significantly enhanced in both varieties, and no difference in this amount was observed between the two varieties (Supplementary Figure S2).

We further analyzed the change trend of detected lipid species by autoscaling the data to easily compare lipid levels in different samples (Supplementary Figure S3; Tables S3 and S4; Narayanan et al., 2016b). We focused on three major lipid classes (e.g., PS, including LPS, TG, and sterol derivatives in leaves) that showed significantly different trends among the varieties under salinity condition. A total of 55 PS species and 4 LPS species were identified in this study (Figure 2A). Salt stress generally triggered an apparent increase in PS species containing long-chain polyunsaturated fatty acids [very long-chain polyunsaturated fatty acids (VLCPUFAs)] in Xu 22 leaves, including PS (20:5/22:6), PS (22:6/15:1), PS (22:1/22:4), LPS (20:5), PS (19:0/20:5), and PS (22:6/19:0). This trend was not observed in Xu 32. The predominant PS species in salinized Xu 22 leaves was PS (20:5/22:6), and its relative abundance increased from 5% in total PS detected under control condition to 75% in total PS detected under salinity condition (Figure 2B).
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Figure 2 | (A) Heat map of average autoscaled data of PS molecular species in the leaves of sweet potato cultivars (Xu 22 and Xu 32) under control and NaCl treatment conditions. Autoscaling allows for easy comparison of lipid levels in different samples. The autoscaled value of a lipid in samples is calculated as follows: [(amount of lipid in a sample) – (average amount of the lipid among all samples)]/(standard deviation of the lipid amount among all samples). (B) Relative abundance of PS molecular species. Each PS molecular species is expressed as a percentage of the total amount of PS detected.



Salinity stress significantly increased the abundance of most detected TG species in Xu 32 leaves (23 of the 30 TG species). However, only one TG species increased in NaCl-stressed Xu 22 leaves unlike in the control leaves (Figure 3A). The predominant TG species in salinized Xu 32 leaves was TG (20:4/20:5/21:0), and its relative abundance increased from 0% under control condition to 14% in total TG detected under salinity condition (Figure 3B). The change trend of TG species in the roots was similar to that in the leaves (Supplementary Figure S4).
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Figure 3 | (A) Heat map of average autoscaled data of TG molecular species in the leaves of sweet potato cultivars (Xu 22 and Xu 32) under control and NaCl treatment conditions. Autoscaling allows for easy comparison of lipid levels in different samples. The autoscaled value of a lipid in a sample is calculated as follows: [(amount of lipid in a sample) – (average amount of the lipid among all samples)]/(standard deviation of the lipid amount among all samples). (B) Relative abundance of TG molecular species. Each TG molecular species is expressed as a percentage of the total amount of TG detected.



In this study, several sterol derivatives, including free sterol (cholesterol), sterol glycosides, acylated sterol glycosides (ASGs), and sterol esters, were detected in sweet potato (Figure 4A). The predominant sterol derivatives in Xu 32 leaves under control condition were 16:2-Glc-Cholesterol and 16:3-Glc-Cholesterol (Figure 4B). Salinity stress drastically reduced the amounts of 16:2-Glc-Cholesterol and 16:3-Glc-Cholesterol by 73 and 60%, respectively. The relative abundance of 16:2-Glc-Cholesterol and 16:3-Glc-Cholesterol in total sterols was reduced by salt from 29 to 14% and from 55 to 31%, respectively (Figure 4B). In the Xu 22 leaves, the major sterol derivative was 16:3-Glc-Cholesterol (79% of total sterols). Salt stress decreased this ASG from 79 to 55%. In addition, the amounts of two other ASGs (22:1-Glc-Sitosterol and 22:2-Glc-Sitosterol) significantly increased under salinity condition in both varieties (Figure 4B). The relative abundance of 22:1-Glc-Sitosterol and 22:2-Glc-Sitosterol increased from 4 to 37% in Xu 22 and from 9 to 42% in Xu 32 after salt stress (Figure 4B). These results indicate that the salt-induced change trend of major sterol derivatives was similar in the two sweet potato varieties. Thus, we focused on the roles of PS and TG in mediating salt-defensive responses in sweet potato leaves.
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Figure 4 | (A) Heat map of average autoscaled data of sterol derivatives in the leaves of sweet potato cultivars (Xu 22 and Xu 32) under control and NaCl treatment conditions. Autoscaling allows for easy comparison of lipid levels in different samples. The autoscaled value of a lipid in a sample is calculated as follows: [(amount of lipid in a sample) – (average amount of the lipid among all samples)]/(standard deviation of the lipid amount among all samples). (B) Relative abundance of sterol derivatives. Each sterol derivative is expressed as a percentage of the total amount of sterol derivatives detected.



Exogenous PS Alters Salt Responses in Detached Xu 32 Leaves

We next used detached leaves of Xu 32 and exogenous application of PS (extracted from soybean) as experimental model for further analysis of the role of PS in mediating salt responses. Salt treatment (200-mM NaCl) for 6 days triggered an evident senescence of Xu 32 leaves, as indicated by distinct leaf chlorosis (Figure 5A); markedly decreased chlorophyll content (Figure 5B); sharply increased membrane permeability (Figure 5C), membrane lipid peroxidation (Figure 5D), and reactive oxygen species (ROS) accumulation (Figures 5E, F); drastically increased Na+ accumulation (Figure 5G); decreased K+ abundance (Figure 5H); substantially elevated cellular Na+/K+ ratio (Figure 5I). We tested three PS concentrations (0.1, 0.5, and 1.0 µM) and observed that all PS doses alleviated salt-induced leaf chlorosis (Figure 5A) and partially recovered the salt-reduced chlorophyll content (Figure 5B). The salt-triggered accumulation of ROS was significantly inhibited by exogenous PS and thus caused the reduction of membrane lipid peroxidation and membrane permeability (Figures 5C–F). Furthermore, PS significantly reduced the Na+/K+ ratio in salt-stressed Xu 32 leaves mainly through the inhibitory effect of PS on salt-induced Na+ buildup and K+ loss (Figures 5G–I). This alleviatory effect of PS on salt-induced leaf senescence was also observed in PS extracted from porcine brain, which contained 22:6 fatty acid chains (data not shown).
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Figure 5 | Effects of exogenous PS on physiological responses of detached Xu 32 leaves in the absence or presence of NaCl stress. Detached Xu 32 leaves were pre-treated with various concentrations of PS for 24 h and then subjected to 200-mM NaCl treatment for 6 days. (A) Phenotypes of Xu 32 leaves after various treatments. (B) Chlorophyll content. (C) Electrolyte leakage. (D) Malondialdehyde content. (E) Superoxide anion production ratio. (F) Hydrogen peroxide content. (G and H) Na+ and K+ contents. (I) Na/K ratio. Columns represent the means of at least five replicates per treatment, and bars represent the standard error of the mean. Columns labeled with different letters (a–f) indicate significant difference at P < 0.05.



The earlier results indicate that PS contributes to the regulation of ion transport in salinized Xu 32 leaves. Thus, we next examined the effect of exogenous PS on salt-triggered K+ and H+ fluxes in Xu 32 mesophyll tissue. NMT data showed that salt shock (200-mM NaCl) significantly enhanced K+ efflux, which reached 3,000 pmol cm–2 s–1 after salt exposure, in Xu 32 mesophyll tissue (Figure 6A). All the tested doses of PS alleviated salt shock-triggered K+ efflux by at least 60% (Figure 6A). The mesophyll tissue exhibited a net H+ influx before the salt shock. NaCl addition caused a slight shift in H+ influx toward an efflux, and exogenous PS (0.5 and 1.0 µM) reinforced this salt-induced H+ efflux in Xu 32 mesophyll tissue (Figure 6B). PS exerted no effect on net K+ and H+ fluxes without the addition of NaCl shock (Figure 6).
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Figure 6 | Effects of exogenous PS on salt-induced transient K+ (A) and H+ (B) fluxes in mesophyll cells of Xu 32. Detached Xu 32 leaves were pre-treated with various concentrations of PS for 24 h, and transient ion fluxes in mesophyll cells were recorded. Before the NaCl shock, steady fluxes of K+ and H+ were monitored for 10 min as control. Each point is the mean of 10 individual leaves, and bars represent the standard error of the mean. Inserted panels show the mean fluxes of K+ and H+ before and after NaCl shock. Different letters (a–c) denote significant differences at P < 0.05.



We further purified PM vesicles from different treatment groups of Xu 32 leaves, followed by an H+-ATPase activity assay using an ACMA-based method and a Pi releasing-based method. PM vesicles purified from PS (0.5 µM)-treated leaves exhibited higher PM H+-pumping capacity than the control group, as indicated by the difference in ACMA fluorescence quenching after H+-ATPase activation by Mg2+ (Figure 7A). Salt treatment markedly reduced the PM H+-pumping capacity of Xu 32 leaves. However, exogenous PS treatment partially reduced the salt-inhibited PM H+-pumping capacity of Xu 32 leaves (Figure 7A). The ATP hydrolysis activity of PM vesicles isolated from salt-stressed Xu 32 leaves sharply decreased relative to the control group. However, PS alleviated the inhibitory effect of salt on the PM ATP hydrolysis activity. PS treatment exerted no influence on the PM ATP hydrolysis activity in the absence of NaCl stress (Figure 7B). Moreover, exogenous PS treatment significantly enhanced the expression level of PHA1, which encodes PM H+-ATPase in sweet potato, in the absence or presence of NaCl treatment (Figure 7C).
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Figure 7 | Effects of exogenous PS on PM H+-ATPase activity and PHA1 expression level in detached Xu 32 leaves in the absence or presence of NaCl treatment. Detached Xu 32 leaves were pre-treated with 0.5-µM PS for 24 h and subjected to 200-mM NaCl treatment for 6 days. (A) H+ pumping activity as indicated by the ACMA fluorescent quenching method in PM vesicles purified from various groups of leaf samples. (B) ATP hydrolysis activity as indicated by the Pi-releasing method in PM vesicles purified from various groups of leaf samples. (C) PHA1 expression level in various groups of leaf samples. Each column is the mean of three replicates, and bars represent the standard error of the mean. Columns labeled with different letters (a–d) indicate significant difference at P < 0.05.



Inhibition of TG Mobilization Alters Salt Responses in Detached Xu 22 Leaves

Salt stress decreased the expression level of SDP1, which encodes a lipase required for the breakdown of TG (Eastmond, 2006), in Xu 32 leaves (Supplementary Figure S5). However, salinity stress in Xu 22 leaves showed no influence on the expression level of SDP1 (Supplementary Figure S5). The expression level of two acyltransferases (PDAT1 and DGAT1) that are required for TG synthesis showed no significant difference between the two cultivars in most tested time points in the presence of NaCl stress (Supplementary Figure S5). These results indicate that compared with Xu 32 leaves, Xu 22 leaves may feature higher capacity of TG breakdown under salinity condition and thus contribute to less accumulation of TG (Figures 1 and 3). To investigate the role of TG in the responses of sweet potato leaves to salt stress, we used DMP, which is an inhibitor of TG mobilization in plants (Brown et al., 2013; McLachlan et al., 2016; Yu et al., 2018), in further experiments. In this series of experiments, detached Xu 22 leaves were selected as experimental model. DMP (25 µM) treatment enhanced lipid droplet accumulation in Xu 22 leaves under control and salinity conditions as indicated by the BODIPY 493/503-specific fluorescence (our unpublished data). This result suggests that DMP can inhibit TG breakdown in sweet potato leaves. The physiological responses of Xu 22 leaves to salinity stress were impaired in the presence of DMP, as revealed by the decreased chlorophyll content, K+ abundance, and cellular ATP level (Figures 8A, G, I); and increased membrane permeability (Figure 8B), membrane lipid peroxidation (Figure 8C), ROS accumulation (Figures 8D, E), Na+ content, and Na+/K+ ratio (Figures 8F–H). DMP treatment showed no influence on these physiological indices in the absence of NaCl stress (Figure 8). Furthermore, DMP treatment significantly reduced PM H+-ATPase activity in salinized Xu 22 leaves but not in the control group (Figures 9A, B). However, DMP caused no effect on the expression of PHA1 under control or salinity conditions (Figure 9C).
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Figure 8 | Effects of DMP on physiological responses of detached Xu 22 leaves in the absence or presence of NaCl stress. Detached Xu 22 leaves were pre-treated with 25-µM DMP for 24 h and then subjected to 200-mM NaCl treatment for 6 days. (A) Chlorophyll content. (B) Electrolyte leakage. (C) Malondialdehyde content. (D) Superoxide anion production ratio. (E) Hydrogen peroxide content. (F and G) Na+ and K+ contents. (H) Na/K ratio. (I) Relative ATP level. Columns represent the means of at least five replicates per treatment, and bars represent the standard error of the mean. Columns labeled with different letters (a–f) indicate significant difference at P < 0.05.
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Figure 9 | Effects of DMP on PM H+-ATPase activity and PHA1 expression level in detached Xu 22 leaves in the absence or presence of NaCl treatment. Detached Xu 22 leaves were pre-treated with 25-µM DMP for 24 h and then subjected to 200-mM NaCl treatment for 6 days. (A) H+ pumping activity as indicated by the ACMA fluorescent quenching method in PM vesicles purified from various groups of leaf samples. (B) ATP hydrolysis activity as indicated by the Pi-releasing method in PM vesicles purified from various groups of leaf samples. (C) PHA1 expression level in various groups of leaf samples. Each column is the mean of three replicates, and bars represent the standard error of the mean. Columns labeled with different letters (a–c) indicate significant difference at P < 0.05.



Discussion

In this study, untargeted lipidome analyses were performed to identify lipid classes or specific lipid species that were regulated during salt stress in two sweet potato cultivars. Salt stress affects plant roots directly. Thus, most previous studies focused on salt-induced lipid remodeling of the roots of different plant species (Mansour et al., 2015). Here, a moderate alteration of root lipidome was triggered by salt stress in two sweet potato varieties (Supplementary Figure S2). Under salinity condition, salt-tolerant Xu 22 maintained higher PC and PE abundance in the roots than salt-sensitive Xu 32 (Supplementary Figure S2). This trait is consistent with previous reports and may help Xu 22 sustain PM integrity and maintain the proper functioning of several membrane proteins in salinized roots (Mansour et al., 2015; Natera et al., 2016). We observed a more evident remodeling of lipidome in leaves (Figure 1). Several interesting lipid classes or specific lipid species were discovered in the responses of leaves to salinity stress, and the potential roles of these lipids in mediating tissue tolerance upon salinity stress in Xu 22 were further discussed.

PS is an abundant negatively charged phospholipid of biological membranes in both prokaryotic and eukaryotic cells; it is involved in various biological processes, for example, as an enzyme cofactor and recruiter of signaling molecules (Vance and Steenbergen, 2005). Phosphatidylserine synthase (PSS), which encodes a base-exchange-type PS synthase, has been recently identified in Arabidopsis and rice plants (Yamaoka et al., 2011; Yin et al., 2013). PSS-dependent PS synthesis is essential for developmental processes, including the maturation of microspore (Yamaoka et al., 2011), development of inflorescence meristem and organs (Liu et al., 2013), and cell elongation in the uppermost internode of rice (Ma et al., 2016). In the present study, PS species containing VLCPUFAs were significantly enhanced by salinity stress in Xu 22 leaves (Figures 1 and 2). This result suggests that PS contributes to tissue tolerance upon salinity stress in Xu 22 leaves. Another evidence is the distinctly delayed salt-induced leaf senescence in Xu 32 caused by exogenous PS (Figure 5). However, we are unsure whether the beneficial role of exogenous PS originates from the outside or inside of the cells. Several potential roles of PS in alleviating NaCl toxicity were postulated.

K+ retention in leaf mesophyll cells is an important salt-tolerant trait in different plants, including glycophytes (barley and wheat) and halophytes (Wu et al., 2015; Percey et al., 2016; Zhu et al., 2016). The different capacities of K+ retention under salinity stress were determined by controlling K+ loss through depolarization-activated K+ outward-rectifying channel (DA-KORC) and ROS-activated non-selective cation channel (NSCC) (Wu et al., 2015). Maintaining high PM H+-ATPase activity and low ROS level under salinity condition contributes to less K+ loss via DA-KORC and ROS-activated NSCC (Chen et al., 2007; Sun et al., 2009b; Bose et al., 2015; Chakraborty et al., 2016). Previous studies discovered that using in vitro experimental system PS promotes PM H+-ATPase activity in various plant species (Morales-Cedillo et al., 2015). In the present study, exogenous PS enhanced PM H+-ATPase activity and reduced ROS accumulation in salinized Xu 32 leaves (Figures 5 and 7). This phenomenon alleviated K+ efflux via DA-KORC or ROS-activated NSCC, which improved cellular K+/Na+ homeostasis in salinized Xu 32 leaves (Figures 5 and 6). Although no evidence of PS localization was observed within the cells, the high amount of PS in PM, as estimated by the total enhanced amount of PS, possibly improved the PM H+-ATPase activity in salinized Xu 22 leaf cells. Thus, salt-enhanced PS abundance or exogenous application of PS maintains K+/Na+ homeostasis via activating the PM H+-ATPase activity in sweet potato leaves.

Salinity stress generally impairs the integrity of PM. PM resealing is a necessary response that allows cells to survive membrane disruption caused by high salinity (Schapire et al., 2008). In Arabidopsis, repairing of PM after salt injury is mediated by synaptotagmin 1, which is a Ca2+-activated membrane fusion protein that facilitates the delivery of intracellular membranes to wound sites by a mechanism resembling that in animal cells (Schapire et al., 2008). In animals, PS binds to synaptotagmin I in a Ca2+-dependent manner, and this interaction plays an important role in exocytosis (Zhang et al., 2009). In rice, PSS-dependent PS synthesis is also required for exocytosis (Ma et al., 2016). Therefore, we can infer that the increment in PS abundance in salinized sweet potato leaves promotes exocytosis and PM resealing and thus contributes to the PM integrity of leaves under salinity stress.

PS is a negatively charged phospholipid; maintaining high PS abundance in PM may contribute to electrostatic interaction with other important proteins (Stace and Ktistakis, 2006). For example, in animals, PS binds to phospholipase C, which hydrolyses PIP2 to form IP3, which is an important signaling molecule in stimulating internal Ca2+ release in animals and plants (Singh et al., 2015), through serine-headgroup specific electrostatic interactions (Stace and Ktistakis, 2006). In addition, homologous animal PS-binding proteins, including annexin, protein kinase C, diacylglycerol kinase, NO synthase, and synaptotagmin, are reportedly involved in the mediation of plant salt tolerance (Zhao et al., 2007; Schapire et al., 2008; Laohavisit et al., 2013; Golldack et al., 2014; Meringer et al., 2016). Recently, variations in PS levels in the PM have been reported as a physiological regulator of small GTPase signaling during plant development (Platre et al, 2019). Thus, we suggest that the enhancement of PS abundance may contribute to the recruitment of important proteins required for salt tolerance in salinized sweet potato leaves. In addition, exogenous application of PS may trigger unknown signaling events that enhance tissue tolerance to salinity stress. However, these assumptions still need further experiments for confirmation.

TG is the major reserve of FAs for carbohydrates and energy production during seed germination and early seedling establishment; it is also essential for normal growth and development of adult plants (Xu and Shanklin, 2016). Although vegetative tissues accumulate minor levels of TG, this storage lipid serves multiple important roles in plant responses to environmental factors (Abida et al., 2015; Mueller et al., 2015). TG functions as a buffer for cytotoxic FAs and other lipid intermediates, thereby playing a key role in intracellular lipid homeostasis and cell survival (Fan et al., 2013; Fan et al., 2014). Under high-temperature condition, elevated TG serves as a transient storage for FAs that may be required for membrane remodeling during heat acclimation (Mueller et al., 2015). However, the massive accumulation of TG is frequently observed in senescing leaves of plants (Watanabe et al., 2013; Kim et al., 2015). In the present study, the abundance of salt-increased TG was significantly higher in Xu 32 leaves than that in salt-tolerant Xu 22 (Figures 1 and 3). Thus, we suggest that salt-triggered TG accumulation in Xu 32 leaves is a hallmark of senescence and reflects the low salt resistance of plants. The minor accumulation of TG in salinized Xu 22 leaves may be ascribed to high lipase gene (SDP1) expression and the corresponding lipase activity (Supplementary Figure S5). Following TG hydrolysis by lipases, FAs are transported and enter peroxisomes for β-oxidation and energy turnover (Xu and Shanklin, 2016). A recent study has reported that the ATP derived from TG breakdown and β-oxidation participates in the activation of PM H+-ATPase during blue light-triggered stomatal opening (McLachlan et al., 2016). In the present study, the inhibition of TG breakdown weakened the PM H+-ATPase activity, cellular energy state, and tissue tolerance in salinized Xu 22 leaves (Figures 8 and 9). These results show that high capacity of TG breakdown and energy turnover in the leaves contribute to tissue tolerance upon salinity stress in sweet potato.

Sterol lipids play crucial roles during adaption to abiotic stresses and plant–pathogen interactions (Wewer et al., 2011). Maintenance of free sterol abundance in the PM is important for regulating membrane fluidity, permeability, and transporter protein activity in salinized plants (Mansour et al., 2015). Cholesterol stimulates PM H+-ATPase activity in soybean (Grandmougin-Ferjani et al., 1997; Rossard et al., 2010). However, in the present study, salt stress enhanced cholesterol abundance in salt-sensitive Xu 32 leaves but not in salt-tolerant Xu 22 (Figure 4). In addition, PM H+-ATPase activity was higher in Xu 22 leaves than that in Xu 32 under salinity condition (Figures 7 and 9). Considering the stimulating role of PS on the PM H+-ATPase activity (Figure 7), we suggest that the salt-enhanced PS is required for the maintenance of PM H+-ATPase activity in Xu 22 leaves. The salt-enhanced cholesterol abundance is correlated to the maintenance of basal PM H+-ATPase activity in salinized Xu 32 leaves. Thus, cholesterol provided minimal contributions to the higher PM H+-ATPase activity and improved tissue tolerance of Xu 22 leaves under salinity stress.

The abundance of campesterol and stigmasterol in the PM is enhanced in halophyte callus and salt-tolerant crops (Kerkeb et al., 2001; Wu et al., 2005). Stigmasterol stimulates PM H+-ATP activity in sugar beet leaves (Rossard et al., 2010). These results imply that these free sterols play crucial roles in stabilizing membrane structure and mediating ion transport. In the present study, salt stress increased the abundance of sterol esters (mainly campesteryl and stigmasteryl esters) in Xu 32 leaves (Figure 4A), indicating the salt-enhanced esterification of these free sterols and consequent decrease in the abundance of the corresponding free sterols. These phenomena may disturb the membrane structure stability and PM H+-ATPase activity in salinized Xu 32 leaves. Thus, salt-enhanced sterol esters could be potential biomarkers of salt sensitivity in sweet potato. This viewpoint must be verified by further studies on several varieties with varying degrees of salt tolerance.

SGs and ASGs are ubiquitous compositions of cells in vascular plants and function as membrane components, storage forms of sterols, and signaling molecules (Grille et al., 2010). Increased SG synthesis via the overexpression of the gene that encodes sterol glycosyltransferase from Withania somnifera enhances salt tolerance in transgenic tobacco plants (Pandey et al., 2014). Compared with the salt-susceptible cultivar Xu 32, the salt-tolerant Xu 22 may be more efficient in mediating ASG level in the leaves to maintain membrane bilayer structure under salinity stress. In the present study, Xu 22 leaves maintained higher relative abundance of 16:3-Glc-Cholesterol, 22:1-Glc-Sitosterol, and 22:2-Glc-Sitosterol (92% in total sterol derivatives) than Xu 32 leaves (77% in total sterol derivatives) under salinity condition (Figure 4). Higher ASG abundance may provide more sugar head groups to membranes and thus contribute to resistance against the osmotic effects caused by salt stress (Tarazona et al., 2015). This result suggests that ASGs are potential biomarkers of salt tolerance in sweet potato. However, the detailed function of ASGs in plant salt tolerance still needs further investigation.

In summary, this study demonstrates the detailed changes in the roots and leaves lipidome of two sweet potato cultivars under salinity stress. PS synthesis and TG mobilization play important roles in mediating salt-defensive responses in sweet potato leaves. In addition, exogenous application of PS on leaves can alleviate the tissue toxicity of NaCl, and this priming method may be useful in the field. However, future studies should elucidate the roles of specific lipid species in the mediation of plant salt tolerance, particularly the genes that contribute to the synthesis of PS species containing VLCPUFAs during salinity stress and the proteins that interact with PS and contribute to salt tolerance in plants.
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SOS1 transporters play an essential role in plant salt tolerance. Although SOS1 is known to encode a plasma membrane Na+/H+ antiporter, the transport mechanisms by which these transporters contribute to salt tolerance at the level of the whole root are unclear. Gene expression and flux measurements have provided conflicting evidence for the location of SOS1 transporter activity, making it difficult to determine their function. Whether SOS1 transporters load or unload Na+ from the root xylem transpiration stream is also disputed. To address these areas of contention, we applied a mathematical model to answer the question: what is the function of SOS1 transporters in salt-stressed Arabidopsis roots? We used our biophysical model of ion and water transport in a salt-stressed root to simulate a wide range of SOS1 transporter locations in a model Arabidopsis root, providing a level of detail that cannot currently be achieved by experimentation. We compared our simulations with available experimental data to find reasonable parameters for the model and to determine likely locations of SOS1 transporter activity. We found that SOS1 transporters are likely to be operating in at least one tissue of the outer mature root, in the mature stele, and in the epidermis of the root apex. SOS1 transporter activity in the mature outer root cells is essential to maintain low cytosolic Na+ levels in the root and also restricts the uptake of Na+ to the shoot. SOS1 transporters in the stele actively load Na+ into the xylem transpiration stream, enhancing the transport of Na+ and water to the shoot. SOS1 transporters acting in the apex restrict cytosolic Na+ concentrations in the apex but are unable to maintain low cytosolic Na+ levels in the mature root. Our findings suggest that targeted, tissue-specific overexpression or knockout of SOS1 may lead to greater salt tolerance than has been achieved with constitutive gene changes. Tissue-specific changes to the expression of SOS1 could be used to identify the appropriate balance between limiting Na+ uptake to the shoot while maintaining water uptake, potentially leading to enhancements in salt tolerance.

Keywords: SOS1, Na+/H+ plasma membrane antiporters, Na+ transport, water transport, Arabidopsis, salt stress,osmotic stress, salt tolerance

Introduction

SOS1 plays a critical, yet unclear, role in the salt tolerance of many plant species, ranging from glycophytes to halophytes. Reduction or knockout of SOS1 expression resulted in salt sensitivity in tomato (Olías et al., 2009), Arabidopsis thaliana (Wu et al., 1996; Zhu et al., 1998), and the halophyte Thellungiella salsuginea (Oh et al., 2009), while overexpression of SOS1 in transgenic Arabidopsis and Chrysanthemum led to enhanced salt tolerance (Shi et al., 2003; Yang et al., 2009; Gao et al., 2016). SOS1 encodes a plasma membrane Na+/H+ antiporter, with transport through this antiporter driven by the pH gradient generated by plasma membrane H+-ATPases (Shi et al., 2000; Shi et al., 2002; Qiu et al., 2002). Despite the undeniable role of SOS1 in salt tolerance, how it actually contributes to this tolerance remains an open question (Munns and Tester, 2008; Britto and Kronzucker, 2015). A better understanding of the function of SOS1 could lead to the development of agriculturally important plant species with enhanced productivity under saline conditions.

Our understanding of the role of SOS1 in salt tolerance is hindered by uncertainty about its functional location in roots, especially in the mature root. SOS1 expression analysis using promoter-GUS staining (Shi et al., 2002) combined with measurements of 24Na+ effluxes from the roots of Arabidopsis wild-type plants and sos1 mutants (Hamam et al., 2016) suggests that SOS1 transporters do not contribute significantly to Na+ efflux out of the mature root; instead, they are responsible for Na+ exclusion from the apex. In contrast, more detailed spatial measurements of SOS1 expression obtained using sectioning and microarray analysis (Brady et al., 2007; Winter et al., 2007)1, combined with vibrating microelectrode measurements of K+ and H+ fluxes in the mature root zone and apex of wild-type Arabidopsis plants and sos1 mutants (Shabala et al., 2005), suggest that SOS1 contributes to Na+ efflux into the external medium along the whole root length, including the mature root. Therefore, while there is evidence that SOS1 is responsible for Na+ exclusion from the root apex (Shabala et al., 2005; Hamam et al., 2016), evidence for its role in the mature root is ambiguous and conflicting.

Na+ influx into root cells is passive, and SOS1 is the only known Na+ efflux protein acting on the plasma membrane of outer root cells (Plett and Møller, 2010; Shabala and Munns, 2017). If, as suggested by Shi et al. (2002) and Hamam et al. (2016), SOS1 is not acting in the mature outer root tissues, how is excessive accumulation of Na+ in the mature root cytosol prevented?

The role of SOS1 transporters in long distance Na+ transport is also controversial (Shabala and Munns, 2017). Based on the variable effects of sos1 mutation on shoot Na+ content and the high level of expression of SOS1 in the xylem parenchyma, Shi et al. (2002) proposed that SOS1 transporters remove Na+ from the xylem transpiration stream under severe salt stress but load Na+ under mild salt stress. However, as acknowledged by Shi et al. (2002), this proposal was speculative and direct experimental evidence was not available. In addition, this suggestion is countered by arguments based on the thermodynamics of Na+ transport via plasma membrane Na+/H+ antiporters, which instead point to these antiporters actively loading Na+ into the xylem transpiration stream (Munns and Tester, 2008; Shabala and Munns, 2017). However, the use of energy to increase Na+ transport toward the shoot is counterintuitive, and it is unclear how this process would contribute to salt tolerance.

Much of the uncertainty about SOS1 function stems from the need to infer physiological function from limited experimental data. To help shed light on this problem, we have taken a more direct approach and applied a biophysical model of ion and water transport in a salt-stressed plant root (Foster and Miklavcic, 2017) to answer the question: what functions do SOS1 transporters perform to enhance salt tolerance in plant roots? Our analysis proceeded in two stages. First, we optimized our model through quantitative comparisons between model predictions and existing experimental data on Arabidopsis roots. In the second phase, we refined our optimized model by simulating a range of specific locations of plasma membrane Na+/H+ antiporter activity. We analyzed how these different locations of SOS1 activity affected the transport of Na+ and water through the root—providing a wealth of physiological detail that is unattainable by experimental means. Since our model is based on Arabidopsis, our results are most relevant to the role of SOS1 in Arabidopsis roots.

We found that SOS1 transporter activity in the outer root tissues is essential to exclude Na+ from the root cytosol. In addition, we found that SOS1 transporters operating in the stele actively load Na+ into the xylem transpiration stream under all the external salt concentrations that we considered. Apart from increasing Na+ transport to the shoot, the loading of Na+ ensures increased water transport to the shoot to counteract the osmotic stress associated with highly saline soil conditions.

Method

Model Description

As a basis for this study, we used our previous model of ion and water transport in a salt-stressed root (Foster and Miklavcic, 2017)—with some important modifications—to investigate the location and function of SOS1. The model combines the features of our single cell, active and passive, membrane transport models (Foster and Miklavcic, 2015) with the structure of our earlier models of passive transport in a plant root (Foster and Miklavcic, 2013; Foster and Miklavcic, 2014; Foster and Miklavcic, 2016). A schematic of the model root is shown in Figure 1, while the transport proteins included in the model and their assumed spatial distributions are summarized in Figure 2. The root is divided into two developmental zones: a mature zone, which includes functional xylem; the Casparian strip and suberin lamellae; and an apex, which does not contain these features (see Figure 1A). The structure of the root and the transport parameters were chosen to represent Arabidopsis roots due to their relatively simple geometry and the availability of suitable experimental data.
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Figure 1 | Cross-sections of the model root cylinder. (A) Longitudinal cross-section of the root showing the two developmental zones (apex and mature root) and the endodermal barriers (Casparian strip and suberin lamellae). (B) Top view of the root showing that each tissue type contains multiple cells and is divided into apoplastic, cytosolic, and vacuolar compartments. The model root is divided in the axial and radial directions to create annular cylinders that are the height and width of a single cell. Each annular cylinder represents a single cell high ring of cells of a specific type: epidermis (Epi.), cortex (Cor.), endodermis (End.), xylem parenchyma (Xyl. Par.), and xylem (Xyl.). Although not shown here, plasmodesmata connect all root cytosols in the model. Adapted from Foster and Miklavcic (2017).
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Figure 2 | Transport pathways and membrane transport proteins included in the model. (A) Close-up of a single layer of cells in the mature zone highlighting the different transport pathways simulated for both ions and water (apoplastic, symplastic, and transmembrane). Axial symplastic and apoplastic fluxes are also simulated; although for visual clarity, they are not included in the figure. (B) Location of transporter and channel activity in the mature root. (C) Location of transporter and channel activity in the apex. The distribution of K+ voltage–dependent channels and K+/H+ symporters were obtained from the literature: Arabidopsis eFP Browser, Lagarde et al. (1996), Gaymard et al. (1998), Ivashikina et al. (2001), Desbrosses et al. (2003), and Gierth et al. (2005). Tonoplast Na+/H+ antiporters were assumed to be present in all cells in the mature zone, but not the apex (Shi et al., 2002). Trans-plasma membrane transport in the mature endodermis was assumed to occur only in cells lacking suberin lamellae (e.g., passage cells). Plasma membrane Na+/H+ antiporters are not shown because a wide range of spatial distributions were considered (see the section Investigating Possible SOS1 Location and Resulting Function). Arrows indicate the typical direction of transport identified during the model simulation.



The model simulates the radial and axial transport of Na+, K+, Cl–, H+, and water through the root apoplast and symplast (via plasmodesmata), as well as across plasma membranes and tonoplasts via passive channels and active transporters. It includes trans-plasma membrane transport via H+ pumps, Na+/H+ antiporters, K+/H+ and Cl–/2H+ symporters, voltage-insensitive channels, inward rectifying K+ channels, outward rectifying K+ channels and HKT1;1, as well as trans-tonoplast transport via H+ pump, Na+/H+, and K+/H+ antiporters and channels. The model includes fixed anionic charges in the apoplast and H+ buffering in cytosols and vacuoles. The model equations are summarized in the Supplementary Material. Details about the underlying model assumptions are provided in Foster and Miklavcic (2015, 2017).

Ion transport through the apoplast and the symplast is governed by electrochemical diffusion and convection and is simulated using an extended Nernst–Planck equation. Electric potentials are simulated by assuming local electroneutrality. Water flow, which is modeled using nonequilibrium thermodynamics, is driven by: both hydraulic and osmotic pressure gradients for transport across plasma membranes and through the symplast, osmotic pressure gradients only for transport across tonoplast membranes, and hydraulic pressure gradients only for transport via the apoplast. Ion transport through pumps and symporters is modeled using four state carrier cycles (see Figure S1), while transport through antiporters is modeled using the law of mass action (Foster and Miklavcic, 2015). Transport through channels is modeled using the Goldman–Hodgkin–Katz current equation, with voltage gating represented by Boltzmann distributions assuming two state channels—open/closed (Foster and Miklavcic, 2015).

In this study, the following extensions have been made to the basic Foster and Miklavcic (2017) model: the inclusion of Na+ transport via HKT1;1 in the stele (Xue et al., 2011), the addition of apoplastic K+ concentration dependence for the voltage gating of outward rectifying K+ channels (Ivashikina et al., 2001; Johansson et al., 2006), and the inclusion of external Ca+2 concentration dependence for the plasma membrane nonselective cation channel permeabilities (Demidchik and Tester, 2002). Details are provided in the Supplementary Material. To compensate for the added complexity, while still allowing reasonable simulation time, the length of the root was reduced from 50 to 30 cells to allow for many scenarios to be simulated in a timely manner.

The resulting non-linear system of coupled differential algebraic equations was solved numerically in MATLAB® using the ode15s package (Foster and Miklavcic, 2017). All simulations assumed a hydraulic pressure boundary condition of −0.3 MPa at the top of the root.

Biophysical Model Optimization

The model system was optimized on the basis of existing experimental data for Arabidopsis wild-type plants and sos1 mutants (where possible) including: root Na+ and K+ content (Davenport et al., 2007; Mason et al., 2010); 22Na+ tracer fluxes from the root to the shoot (Davenport et al., 2007); xylem Na+, K+, and anion concentrations in intact plants (Hall et al., 2006); and epidermal transmembrane potentials (Shabala et al., 2005). As Cl– is the only mobile anion assumed in our model, the predicted Cl– concentrations were compared with the total measured concentrations of the most significant monovalent anions, Cl– plus [image: ]. We did not use radioactive tracer fluxes across the root surface because of the uncertainty about their accuracy (Malagoli et al., 2008; Britto and Kronzucker, 2015; Flam-Shepherd et al., 2018; Munns et al., 2019b). We used root ion contents measured on a fresh weight basis since comparisons with dry weight root contents are significantly affected by the assumed moisture content.

Since the model provides a working approximation to the predominant transport processes known to occur in real roots, we did not expect to achieve complete agreement between model outcomes and experimental data through this optimization process. Instead, the optimization determines the most reasonable model parameter estimates that are consistent with experiment. These values are indicative of the location and function of SOS1 transporters; they are also used to explore physiological behavior in more detail than is possible to achieve experimentally.

We found that transport processes in the outer root tissues influenced all of the quantities that were utilized in the model optimization, while the transport processes in the stele influenced only the predicted xylem concentrations and fluxes. Taking advantage of this, we optimized the model in two stages (see Figure 3). First, we used the experimentally measured root ion contents and epidermal membrane potentials to optimize the system parameters controlling the transport processes in the outer root tissues. Second, we used the resulting optimized outer root parameters, combined with experimentally measured xylem ion concentrations and 22Na+ tracer fluxes from the root to the shoot, to optimize the system parameters controlling the stellar processes.
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Figure 3 | The two-stage procedure used to optimize the model parameters. The green shading indicates the root region in which the parameters were optimized in each stage. VI NSCC refers to voltage-insensitive nonselective cation channels.



Due to the complexity of the model and the limited experimental data, it was not feasible to optimize all of the model parameters. Instead, we used a parameter sensitivity analysis to determine those parameters that had the greatest influence on the experimental variables and employed only these in the optimization procedure (see Figure 3 and Table S1). These parameters were optimized in MATLAB® using fmincon. The remaining parameters and their sources are summarized in Table S2.

Investigating Possible SOS1 Location and Resulting Function

For the model optimization described above, we assumed SOS1 transporters were operating in all tissues, and we allowed the governing transport parameters to vary between the outer root tissues and the stele. To address in more detail the questions of where SOS1 transporters are operating and their subsequent functions, in the second stage of our study, we manually explored a wider range of spatial distributions and transport strengths for the plasma membrane Na+/H+ antiporters. We examined the effects of these antiporters operating according to the following scenarios:


	in individual tissue regions in the mature zone: the epidermis, cortex, endodermis, and xylem parenchyma;

	in individual tissue regions in the apex: the epidermis, cortex, endodermis, xylem parenchyma, and non-functional xylem;

	in combinations of tissues in the mature zone: the epidermis and the xylem parenchyma, the cortex and the xylem parenchyma, all outer tissues, and all tissues in the mature zone;

	in combinations of tissues in the mature zone and apex: the apical epidermis and the mature xylem parenchyma, and all apex tissues and the mature xylem parenchyma;

	in all tissues in the apex; and, finally,

	in all root tissues.



For the mature zone scenarios, the plasma membrane antiporters were assumed to be absent from the apex, and conversely, for the apex scenarios, the plasma membrane antiporters were assumed to be absent from the mature zone. The following wide range of antiporter parameter values was considered for each spatial distribution scenario: 1, 10, 100, and 1,000×10–8 m4 mol–1 s–1. This analysis provided a finer level of detail than can be achieved experimentally.

Results

Biophysical Model Optimization

The results of the model optimization are summarized in Figure 4 and Table 1 (see Table S1 in the Supplementary Material for associated optimized parameter values). While perfect agreement with experiment cannot be expected, it is encouraging to see that the optimized model results are all of the same order of magnitude as the experimental measurements. This indicates that the model has captured the general function of the dominant processes. The Na+ flux to the shoot (Table 1), the salt-stressed epidermal transmembrane potentials (Figures 4C, D), the control anion concentrations in the xylem (Figure 4B), and the Na+ root contents (Figure 4A) match the experimental data particularly well. The comparison also points to possible mechanisms that are not represented. For example, one of the largest differences between the optimized model predictions and the experimental observations occurred with the concentration of anions in the xylem under salt-stressed conditions; the model anion concentration is approximately three times larger than the experimentally determined concentration (Figure 4B). This difference is discussed in the section Discussion.
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Figure 4 | The optimized model simulations are comparable to a wide range of experimental measurements. (A) Comparison of optimized model (dark blue circles) and experimental (light blue circles) root Na+ and K+ content measurements, for external NaCl concentrations ranging from 0 to 100 mM, for wild-type plants (solid lines) and sos1 mutants (dashed lines). (B) Comparison of optimized model (dark blue circles) and experimental (light blue circles) xylem concentrations of Na+, K+, and anions, in the presence and absence of 50 mM NaCl. (C) Comparison of optimized model (dark blue circles) and experimental (light blue circles) pre-salt (dashed lines) and salt-stressed (solid lines) transmembrane epidermal potentials. (D) Comparison of optimized model (dashed dark blue line) and experimental (solid light blue line) changes in transmembrane epidermal potential over time. All simulations were conducted using the parameters in Tables S1 and S2. Experimental data was obtained from Shabala et al. (2005), Hall et al. (2006), Davenport et al. (2007) and Mason et al. (2010). Comparisons with: Davenport et al. (2007) were conducted with 50 mM NaCl, 11.9 mM KCl, 0.5 mM Ca2+, and a pH of 5.5 in the external medium; Hall et al. (2006) were conducted with 50 mM NaCl, 2 mM KCl, 2 mM Ca2+, and a pH of 4.4 in the external medium; Mason et al. (2010) were conducted with 100 mM NaCl, 7.5 mM KCl, 0.8 mM Ca2+, and a pH of 5.7 in the external medium; Shabala et al. (2005) were conducted with 50 mM NaCl, 0.5 mM KCl, 0.1 mM Ca2+, and a pH of 5.5 in the external medium.







	
Table 1 | Experimentally measured and optimized model Na+ fluxes to shoot. 





	
Source


	
Na+ flux to shoot

(nmol min g root FW)





	
Davenport et al. (2007)


	
58





	
Optimized model


	
50





	
Simulations were conducted with 50 mM NaCl, 1.9 mM KCl, 0.5 mM Ca2+, and a pH of 5.5 in the external medium, using the parameters in Tables S1 and S2.









The optimized plasma membrane Na+/H+ antiporter strengths in the outer root tissues and in the stele were found to be similar (2 × 10–7 and 3 × 10–7 m4 mol–1 s–1, respectively; see Table S1), which suggests that these antiporters operate at a similar rate in the inner and outer root tissues. We examine the possible spatial distributions of SOS1 transporters in more detail in the following sections.

What is also of possible interest is the finding (Table S1) that a low, as opposed to no, level of plasma membrane Na+/H+ antiporter activity was required for the sos1 scenarios shown in Figure 4. Assuming zero antiporter activity for the sos1 mutant scenario was insufficient to achieve reasonable agreement between the model predictions and the experimental sos1 measurements, even allowing for a wide range of passive Na+ permeabilities to compensate (see Figure S2 in the Supplementary Material).

Where are SOS1 Transporters Operating in roots?

To obtain the optimization results presented in the section Biophysical Model Optimization, the plasma membrane Na+/H+ antiporters were assumed to operate in all root tissue types and developmental zones. The optimization process then determined, to leading order, the most suitable antiporter strengths to match the experimental data, as well as provided a first order demonstration of the location of the Na+/H+ antiporters. To refine the optimization result in lieu of further experimental data, we consider in this section a manual study of the possible spatial distributions of antiporter activity using the six groups of scenarios listed in the section Investigating Possible SOS1 Location and Resulting Function. We predict root Na+ contents and Na+ fluxes to the shoot under the wide range of transporter strengths (Figure 5). The predictions are again compared with experimentally measured values (Davenport et al., 2007) (asterisk symbol and dashed line in Figure 5) to identify which spatial distributions give reasonable results. We considered “reasonable” those scenarios that gave rise to outcomes that were within 50% of the wild-type experimental values. These are found within the shaded rectangle in Figure 5.
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Figure 5 | Reasonable Na+ root contents and Na+ fluxes to the shoot require plasma membrane Na+/H+ antiporters to be operating in both the mature outer root tissues and the stele. A wide range of spatial distributions were considered for the plasma membrane Na+/H+ antiporters. These are displayed in four categories: antiporters operating in at least the mature outer root tissues and stele (green); antiporters operating in at least the mature outer root, but not the stele (purple); antiporters operating in at least the mature stele, but not the mature outer root tissues (pink); and antiporters operating in only the apex (brown). The blue asterisk and orange dashed line indicate experimentally measured values (Davenport et al., 2007) for wild-type Arabidopsis and sos1 roots, respectively. The blue-shaded region indicates reasonable values of Na+ root content and Na+ fluxes to the shoot based on the measurements of Davenport et al. (2007). Scenarios identified as reasonable are labeled; they include antiporters operating in: all tissues, all mature tissues, the mature epidermis and stele, and the mature cortex and stele. A wide range of plasma membrane Na+/H+ antiporter parameter values were considered: 10–5 m4 mol–1 s–1  (circles), 10–6 m4 mol–1 s–1 (triangles), and 10–7 m4 mol–1 s–1 (squares). Results for antiporter parameter values of 10–8 m4 mol–1 s–1 are not shown because they were similar for all spatial distributions (in a similar range to the apex only scenarios).



The reasonable model scenarios all have two things in common: plasma membrane antiporters are operating in both the mature xylem parenchyma and at least one tissue type in the mature outer root (see rectangle in Figure 5). The reasonable scenarios include plasma membrane Na+/H+ antiporters operating in: all root tissues, all mature root tissues, the mature cortex and mature xylem parenchyma, or the mature epidermis and mature xylem parenchyma.

Scenarios with plasma membrane antiporters operating in the mature outer root tissues, but not the xylem parenchyma, have low Na+ flux to the shoot and relatively low Na+ content (purple symbols in Figure 5). Plasma membrane antiporters acting in the mature xylem parenchyma, but not the outer root tissues, led to high Na+ flux to the shoot and high Na+ content (pink symbols in Figure 5). Scenarios with plasma membrane antiporters not acting in the mature xylem parenchyma and not in the mature outer root have low Na+ flux to the shoot and very high Na root content—even higher than the Na+ content measured for the roots of sos1 mutants (compare brown symbols with dashed line in Figure 5).

SOS1 Functions: Low Root Cytosolic Na+

SOS1 transporters are thought to play a role in controlling root cytosolic Na+ concentrations. In this section, we identify how the operation of SOS1 transporters in different root tissues and developmental zones affect the cytosolic Na+ concentrations in the mature root (Figures 6A, B) and the apex (Figures 6C, D). Reasonable cytosolic Na+ concentrations (found using the antiporter parameters optimized in the section Biophysical Model Optimization) are indicated with crosses (Figure 6).
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Figure 6 | Effect of SOS1 transporter location and strength on cytosolic Na+ concentrations in the mature root and apex. (A) Average Na+ cytosolic concentration in the mature root after 1 day of exposure to NaCl. (B) Average Na+ cytosolic concentration in the mature root after 15 days of exposure to NaCl. (C) Average Na+ cytosolic concentration in the root apex after 1 day of exposure to NaCl. (D) Average Na+ cytosolic concentration in the root apex after 15 days of exposure to NaCl. Plasma membrane spatial distributions in the mature root are shown with blue symbols, while those in the apex are shown with orange symbols. The results obtained using the optimized wild-type antiporter parameters are indicated by crosses. All simulations were conducted with 100 mM NaCl, 7.5 mM KCl, 0.5 mM Ca2+, and a pH of 5.7 in the external medium, and all parameters—except the plasma membrane Na+/H+ antiporter parameters—as shown in Tables S1 and S2.



Low root cytosolic Na+ concentrations in the mature root in the longer term can be achieved by plasma membrane Na+/H+ antiporters operating in any of the outer root tissues (Figure 6B). However, these antiporters must be operating in the epidermal cells to maintain low levels of cytosolic Na+ in the mature root in the short term (Figure 6A). This difference in long- and short-term behavior is only evident at high external NaCl concentrations (e.g., it is not present with 50 mM NaCl in the external medium).

Plasma membrane antiporter activity in just the epidermal apical cells achieved the lowest level of cytosolic Na+ in the apex, with the effectiveness of the antiporters diminishing in the inner tissues (Figures 6C, D). Plasma membrane Na+/H+ antiporter activity in the outer mature root also lowers the cytosolic Na+ concentration in the apex (blue symbols in Figures 6C, D). The symplastic connections between the mature root and the apex allow Na+ to diffuse between the cytosols of these root regions. As a result, the lower cytosolic Na+ concentrations in the mature root due to plasma membrane antiporter activity in the outer mature root drive diffusion of Na+ from the apical cell cytosols to the mature root cell cytosols, leading to lower cytosolic Na+ concentrations in the apex.

Plasma membrane Na+/H+ antiporters operating in the mature xylem parenchyma have only a minor effect on cytosolic Na+ concentrations in the mature root compared to the effect of these antiporters operating in the outer mature root, especially in the long term (Figures 6A, B). This comparatively small effect on cytosolic Na concentrations is a result of the Na+ fluxes through the xylem parenchyma antiporters being smaller than those through the antiporters acting on the outer mature cell plasma membranes (e.g., 2.5 times smaller compared to the mature epidermis scenario after 15 days with an antiporter parameter of 10–5 m4 mol–1 s–1).

Despite the symplastic connections between the root regions, plasma membrane antiporters operating in any, or all, of the apical cells have a relatively minor effect on the cytosolic Na+ concentrations in the mature root (Figures 6A, B). Although the antiporters operating in the apex are able to lower the cytosolic Na+ concentrations in the cells near the bottom of the mature root, the diffusion of Na+ from the mature root cytosols to the apical cell cytosols is not strong enough to substantially lower the Na+ concentrations higher up in the mature root. Hence, plasma membrane Na+/H+ antiporters operating in the root apex are unable to prevent mature root cells higher up in the root from accumulating high levels of cytosolic Na+.

To summarize, plasma membrane antiporters must operate in at least some outer root tissues of the mature root in order to maintain reasonably low levels of cytosolic Na+ in the mature root, while plasma membrane antiporters operating in the epidermal apical cells are most effective at maintaining low levels of cytosolic Na+ in the apex.

SOS1 Functions: Na+ and Water Transport to the Shoot

While SOS1 transporters are believed to transport Na+ across the plasma membranes of the cells surrounding the xylem, the direction of this transport has been contested (Shi et al., 2002; Munns and Tester, 2008). In this section, we examine how SOS1 transporters influence the flux of Na+ to the shoot and identify the direction of Na+ transport via SOS1 transporters in the stele (Figure 7).
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Figure 7 | SOS1 transporters operating in the stele load Na+ into the xylem, increasing Na+ and water transport to the shoot. (A) Na+ transport to the shoot after 10 days of exposure to NaCl for a range of plasma membrane Na+/H+ antiporter spatial distributions, showing the effect of having either no plasma membrane antiporters in the mature stele (light blue circles) or plasma membrane antiporters also operating in the mature stele (dark blue circles). (B) Water transport to the shoot after 10 days of exposure to NaCl for a range of plasma membrane Na+/H+ antiporter spatial distributions. (C) Na+ loading into the xylem via plasma membrane Na+/H+ antiporters over time for a range of spatial distributions of these antiporters, including plasma membrane Na+/H+ antiporters in: all root tissues (solid green), all mature root tissues (dashed purple), mature epidermis and xylem parenchyma (dot-dashed orange), mature cortex and xylem parenchyma (dashed pink), all apex tissues and mature xylem parenchyma (short-dashed red), apical epidermis and mature xylem parenchyma (dotted green), and mature xylem parenchyma only (long-dashed brown). These fluxes would be negative if antiporters were unloading Na+ from the xylem. Simulations were conducted with a plasma membrane antiporter parameter of 10–7 m4 mol–1 s–1, and all other parameters as indicated in Tables S1 and S2. Simulations were conducted with 50 mM NaCl, 1.9 mM KCl, 0.5 mM Ca2+, and a pH of 5.5 in the external medium



Plasma membrane Na+/H+ antiporters in the mature outer root tissues restrict Na+ transport to the shoot, while antiporters in the apex have minimal effect (compare light blue circles in Figure 7A). Introducing plasma membrane Na+/H+ antiporters in the mature stele increases the amount of Na transported to the shoot in all scenarios (compare light and dark blue circles in Figure 7A). This leads to an increase in the amount of water transported to the shoot (compare light and dark blue circles in Figure 7B).

The xylem parenchyma plasma membrane antiporters are responsible for actively loading Na+ into the xylem transpiration stream for all scenarios in which antiporters are operating on the xylem parenchyma plasma membrane (see Figure 7C). As a result, the activity of plasma membrane antiporters in the stele leads to the increase in Na flux from the root to the shoot shown in Figure 7A.

These results indicate that the role of plasma membrane antiporters in the stele is to actively transport Na+ into the transpiration stream, leading to enhanced Na+ and water transport from the root to the shoot.

Shi et al.(2002) found that the shoot Na+ content was lower for sos1 mutants compared to wild-type plants at low external NaCl (25 mM), while at high external NaCl (100 mM), the shoot content was higher for sos1 mutants compared to wild-type plants. One explanation for these observations that Shi et al. (2002) proposed was that SOS1 transporters load Na into the xylem under low external NaCl but unload Na+ from the xylem at high external NaCl. However, we found that plasma membrane Na+/H+ antiporters load Na+ into the xylem for external NaCl concentrations ranging from 10 to 100 mM (see Figure 8A). Figure 8B shows that the model Na+ flux to the shoot is lower for sos1 mutants compared to wild-type plants after 1 day of exposure to low external NaCl (10 mM), while at higher external NaCl, the Na+ flux to the shoot is higher for sos1 mutants compared to wild-type plants. This does not require reversal of the direction of Na transport via the plasma membrane antiporters in the stele (see Figure 8A).
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Figure 8 | SOS1 transporters load Na+ into the xylem for a wide range of external NaCl concentrations. (A) Na+ loading into the xylem via plasma membrane Na+/H+ antiporters for wild-type scenarios and a range of external NaCl concentrations: 10 mM (dashed orange line), 25 mM (long-dashed pink line), 50 mM (dot-dashed purple line), 75 mM (dotted red line), and 100 mM (solid green line). (B) Na+ transport to shoot after 1 day of exposure to a range of external NaCl concentrations for sos1 (orange circles) and wild-type (blue circles) scenarios. Simulations were conducted with parameters as indicated in Tables S1 and S2 and with 1 mM KCl, 0.15 mM Ca2+, and a pH of 5 in the external medium.



The results in Figure 8B suggest that differences in Na+ accumulation in the shoots of wild-type plants and sos1 mutants would be small in the short term. The differences between the model Na+ fluxes to the shoot for these genotypes were also larger after 10 days of exposure to NaCl than after 1 day of exposure (results not shown), suggesting that long-term experiments may be more useful for identifying substantial differences between wild-type plants and sos1 mutants than short-term experiments.

Comparison With 24Na+ Efflux Measurements

Our finding that plasma membrane Na+/H+ antiporters are likely operating in the mature outer root tissues in Arabidopsis (see Figures 5 and 6) contradicts the conclusions of Hamam et al. (2016) that SOS1 transporters are responsible for significant Na+ efflux from the apex, but not the mature root. Their conclusions were based on their measurements of 24Na+ effluxes: 24Na+ effluxes from the apices of wild-type Arabidopsis roots were approximately three times higher than effluxes from mature root regions. In addition, effluxes from the apex of sos1 mutants were significantly reduced compared to the wild-type control, while effluxes from the mature root were only slightly reduced (Hamam et al., 2016). However, the total amount of Na+ effluxed from a cell is influenced by factors other than just the transporters directly responsible for efflux. For example, Figure 9 shows that even with identical plasma membrane Na+/H+ antiporter parameters in the outer mature root and the apex, the Na+ effluxes from these two root zones are different, and these fluxes behave differently over time. These differences could be related to other differences between the two root zones, including: the mature root contains functional xylem, and therefore, Na+ transport in this region is related to transpiration; the apex does not have active storage of Na+ in vacuoles; and there are different transporters and channels operating in the two zones.


[image: ]

Figure 9 | Na+ effluxes from root zones differ even if the plasma membrane Na+/H+ antiporters are operating uniformly across the root zones. (A) Initial Na+ effluxes after the introduction of 10 mM NaCl. (B) Na+ effluxes over a longer time frame. Na+ effluxes out of the apex (dashed lines) and mature zone (solid lines) are shown for wild-type (wt, blue) and sos1 (orange) scenarios. Simulations were conducted with parameters as indicated in Tables S1 and S2 and with 10 mM NaCl, 1 mM KCl, 0.25 mM Ca2+, and a pH of 6 in the external medium. Fluxes are expressed per gram fresh weight (FW) of the relevant root zone.



With identical plasma membrane Na+/H+ antiporter parameters in the two root zones, the model results are similar to the fluxes measured by Hamam et al. (2016) up to 3 h after the addition of 10 mM NaCl (Figure 9A), and after approximately 40 h of exposure to 10 mM NaCl (Figure 9B). For example, the Na+ effluxes out of the apex are larger than those out of the mature root, and the effect of the sos1 knockout is more apparent in the apex.

Comparing the Na+ effluxes from different root developmental zones is not straight forward, and the effluxes measured by Hamam et al. (2016) do not necessarily support the conclusion that SOS1 transporters do not contribute significantly to Na+ efflux from the outer cells of the mature root.

Discussion

SOS1 Transporters Exclude Na+ From Root Cytosols and Load Na+ Into the Xylem

Our simulations show that SOS1 transporters in the outer mature root exclude Na+ from the mature root cytosols and hence the symplast, thus preventing Na+ loading to the shoot. The transporters also exclude some Na+ from apical root cytosols. SOS1 transporters in the mature stele load Na+ into the xylem for all the external NaCl concentrations simulated (10 to 100 mM NaCl) and have minimal effect on the root cytosolic Na+ concentrations. This active loading of Na+ into the xylem counteracts the osmotic stress due to high soil salinity and increases the transport of water to the shoot. SOS1 transporters in the apex, particularly in the epidermal cells, exclude Na+ from the apical cytosols but do not significantly exclude Na+ from the mature root.

SOS1 Xylem Loading Versus Unloading of Na+

We found no evidence that plasma membrane Na+/H+ antiporters function to retrieve Na+ from the xylem transpiration stream (for any of the external NaCl concentrations simulated). This refutes the active unloading role proposed by Shi et al. (2002), while supporting the thermodynamic analyses of Munns and Tester (2008) and Shabala and Munns (2017). The suggestion that SOS1 transporters load Na+ into the xylem under mild salt stress but unload Na+ under high salt stress (Shi et al., 2002) was based on the observation that under high salt-stress sos1 mutants had higher Na+ shoot contents relative to wild-type plants, while under mild salt stress, the reverse was true (Shi et al., 2002). However, we have provided evidence that the Na+ flux from the root to the shoot can be higher under high salt stress for sos1 mutants relative to wild-type roots, while under low salt stress, the reverse is possible, without requiring the direction of Na+ transport via SOS1 to reverse (see Figure 8). This observation can be explained by the competing functions of SOS1 transporters in the inner and outer regions of the mature root. The removal of SOS1 function on the plasma membranes of outer root cells would lead to increased Na+ transport to the shoot due to increased net uptake of Na+ into the root from the external medium, while the removal of SOS1 activity in just the stele would reduce the active loading of Na+ into the xylem and hence reduce the flux of Na+ to the shoot. As a result, the knockout of SOS1 in all root tissues could lead to either an increase or decrease in Na+ transport to the shoot without requiring the direction of Na+ transport through SOS1 transporters in the stele to reverse. This possible explanation of competing functions of SOS1 in different regions of the root was first identified by Shi et al. (2002) as an alternative to their proposal of reversible loading/unloading. However, despite the lack of direct experimental evidence (Shi et al., 2002), the alternative explanation of reversal of the direction of transport via SOS1 has been more commonly cited.

Our biophysical model offers an explanation for the counterintuitive use of energy to load Na+ into the transpiration stream: enhanced water transport from the root to the shoot. Na+ loading into the transpiration stream increases the osmotic pressure in the xylem, thus helping the root to maintain water uptake even in the presence of a high osmotic pressure in the external medium due to high soil NaCl concentrations. SOS1 activity in the stele could also lead to an enhancement in water transport in addition to that shown with our model, because transport of Na+ to the leaves may allow for energetically efficient osmotic adjustment in the leaves (Munns and Tester, 2008; Shabala and Mackay, 2011; Shabala, 2013; Shabala and Munns, 2017). While this function is important under transpiring conditions, it could be critical when the plant is not transpiring but is still in contact with saline soil as leakage of water out from the root may otherwise result. Active loading of Na+ into the transpiration stream could also contribute to slightly lowering the accumulation of Na+ in the root.

Where Are SOS1 Transporters Operating in Roots?

Our model predictions suggest that SOS1 antiporters are operating in: the apex, most likely in the epidermis, at least one tissue in the mature outer root, and in the mature stele. It is instructive to find that predictions of the location of SOS1 transporter activity in the mature outer root tissues does not match the spatial distribution of SOS1 expression identified by Shi et al. (2002). However, the finding does agree with data available through the Arabidopsis eFP browser: Brady et al. (2007) found that SOS1 expression was highest in root hair cells along the length of the root. On the other hand, these patterns of expression were identified under non-saline conditions. Since SOS1 mRNA has been found to be significantly up-regulated in roots exposed to salt stress (Shi et al., 2000), it may be more relevant to consider the pattern of SOS1 expression in the presence of salt stress. In roots exposed to 140 mM NaCl for 1 h, SOS1 was most highly expressed in the cortex (Dinneny et al., 2008); however, these results did not distinguish between cell types in different developmental zones. Hence, measurements of the spatial distribution of SOS1 gene expression have led to mixed results. In addition, post-transcriptional and/or post-translational regulations would result in an indirect relationship between indicators of promoter expression and the actual functional location of SOS1 (Shabala et al., 2005). The combined application of a comprehensive biophysical model and physiological experiments may be more beneficial for determining the location of SOS1 transporter activity in roots.

Using model simulations, we have reconciled the conflicting physiological evidence currently available for the location of SOS1 transporter activity. Due to the different transport processes active in different root developmental zones, the available 24Na+ efflux measurements (Hamam et al., 2016) cannot conclusively demonstrate that SOS1 is inactive in the outer cells of the mature root. We have also shown that reasonable root Na+ contents can only be achieved if plasma membrane antiporters are operating in the mature outer root tissues of wild-type plants. This supports the conclusions of Shabala et al. (2005)—based on MIFE H+ and K+ flux measurements—that SOS1 transporters contribute to transport along the full length of roots.

Are Other Active Plasma Membrane Na+ Transporters Operating in Roots?

As mentioned earlier, to achieve reasonable agreement with experimental measurements of root Na+ content using our sos1 model, a low rather than zero level of plasma membrane Na+/H+ antiporter activity is required. This suggests either that there is some residual SOS1 activity present in sos1 mutants, or there is an alternative mechanism responsible for the active Na+ efflux from the plasma membranes of outer root cells. Interestingly, plasma membrane vesicles isolated from sos1 leaves still had some Na+/H+ antiporter activity, although the source of this activity is unknown (Qiu et al., 2002).

The possibility of an alternative active Na+ effluxer has exciting ramifications for improving our understanding of salt transport. This transporter would need to be acting in the outer root tissues in order to significantly affect the root Na+ content (see Figure 5), and the activity level of this transporter would presumably be lower compared with SOS1 when the latter transporters function normally. AtNHX8 was a promising candidate for this active efflux role as it is expressed in root cells and has a similar structure to SOS1. However, An et al. (2007) demonstrated that AtNHX8 is a Li+/H+ plasma membrane antiporter that does not transport Na+. It is possible that a member of the CHX family of transporters could instead fulfill this role. To date, only AtCHX21 has been identified to transport Na+. However, AtCHX21 has been found to operate on the plasma membrane of endodermal cells transporting Na+ into the stele (Hall et al., 2006). To date, no other active Na+ effluxer has been confirmed to operate on the plasma membranes of outer root cells (Plett and Møller, 2010; Shabala and Munns, 2017).

Implications for Achieving Enhanced Salt Tolerance

Based on the various locations and corresponding functional outcomes of the SOS1 transporter scenarios that we have studied, it seems highly likely that overexpressing SOS1 in only the outer root tissues would lead to lower root cytosolic Na+ concentrations, potentially resulting in improved salt tolerance. In addition, overexpressing SOS1 in the outer root cells and knockout or downregulation of SOS1 in just the stele would lead to reduced Na+ flux to the shoot. Given that a reduced Na+ flux to the shoot following the overexpression of AtHKT1;1 in the stele led to an improvement in salt tolerance (Møller et al., 2009), it is likely that the former tissue-specific changes to the expression of SOS1 would similarly lead to improved salt tolerance. However, we have also shown that Na+ transport to the shoot is important in order for the plant to maintain water uptake under salt stress. Therefore, the combination of changes in SOS1 expression suggested above could potentially result in such low levels of Na+ transport to the shoot that the plant’s reduced ability to take up water would negate any benefits in reduced Na+ toxicity in the leaf. Worse still, there could be a loss of water due to a negative electrochemical water potential under non-transpiring conditions (see Arsova et al. (2019)). Our results highlight the importance of considering the tradeoff between Na+ exclusion and water uptake.

Comments on Experimental Comparisons

It is to be expected that any realistic biophysical model will occupy a position in a large parameter space due to the large number of transporters and channels that contribute to the salt-stress response of roots. It follows that, for a model to predict meaningful outcomes, the parameters governing the transport mechanisms that feature must reflect those of actual transport processes occurring in real roots. We have identified reasonable parameter values by comparing the predictions of our comprehensive biophysical model with many experiments, measuring a wide range of variables (including Na+ and K+ root content; xylem concentrations of Na+, K+, and anions; and epidermal membrane potentials) for both wild-type Arabidopsis and sos1 mutant roots.

Although our comprehensive biophysical model is an approximation to the complex transport system operating in real roots, the optimized model predictions compared well with experimental data found under a wide range of conditions. On the other hand, the sizable difference between the optimized model results and the experimental data that was found with the anion concentration in the xylem of a salt-stressed root deserves some discussion. At present, Cl– is the only mobile anion in our model, and therefore, this nominal “Cl– ion” plays the role of all free anions present in an actual plant root. Consequently, the concentrations predicted for this sole anion were as required to satisfy the constraint of electroneutrality. In a physical root, all anions contribute to this requirement (inversely as their valency). However, our anion concentrations in Figure 4 are compared here with the explicitly measured concentrations of only two monovalent anions (Cl– and [image: ]). Adding [image: ] transport may enable the model to better capture the differences between the anion concentrations in the unstressed and salt-stressed scenarios. Nevertheless, the model predictions suggest that selective experimental determination of specific anions may overlook other neutralizing ion contributions. What is clear, however, is that the discrepancy between the model and experimental anion xylem concentrations does not substantially affect the model results or conclusions regarding the location and function of SOS1 transporters.

Unfortunately, not all of the available data for sos1 mutants was useful for the optimization process. The only xylem ion concentrations currently available for sos1 mutants were measured using excised roots (Shi et al., 2002). Interestingly, using our model based on parameters for a transpiring root but applied to an excised root (modeled by removing transpiration), we were unable to obtain Na+ xylem concentrations comparable to those measured by Shi et al. (2002) for sos1 mutants (see Figure S3). However, it is likely that transport functions for excised roots differ from roots of intact, transpiring plants. The processes driving transport into the xylem in excised roots are poorly understood (Wegner, 2017), and this is an area for future investigation using our model.

Additional experimental measurements, such as measurements of cytosolic Na+ concentrations in different Arabidopsis root tissues and ion concentrations in the root xylem of intact sos1 mutant plants could help to further verify our model predictions and shed additional light on the functions of SOS1 transporters.

Future Work

Our focus here has been on modeling ion and water transport in Arabidopsis plants, due to the availability of suitable experimental data. Consequently, the parameter values that we have identified are tuned to Arabidopsis and may not be transferrable to other species. However, our comprehensive biophysical model can be easily adapted to represent species other than Arabidopsis, by altering the number of model tissue layers, the model root geometry, and inclusion of other processes as required (see, for example, Munns et al. (2019a) and Arsova et al. (2019)). It is therefore possible, as more experimental data becomes available, to investigate whether the outcomes predicted here are germane to only Arabidopsis or have wider applicability.

SOS1 regulation is another interesting aspect of SOS1 function that could be investigated in the future using our model. For example, SOS1 activity has been shown to be up-regulated by the protein kinase complex SOS2–SOS3 (Qiu et al., 2002; Quintero et al., 2002, Quintero et al., 2011). In this study, we did not explicitly model regulation of SOS1 transporter activity as the current model (without the added complexity of regulation) was a necessary first step toward understanding the role of SOS1 transporters. The availability of additional experimental data in the future would increase the feasibility of including this additional level of detail in the model, allowing the effects of the regulation of SOS1 activity to be explored in detail. However, it is possible to interpret our existing model results in light of SOS1 regulation. For example, different model antiporter transport parameter values (see Figure 5) can be viewed as representing different levels of SOS1 activation.

Our model includes transport of ions through numerous, interacting, transporters and channels (see Figure 2). One interaction that could be of particular interest for future model investigations is the unloading of Na+ from the xylem transpiration stream by HKT1;1 (Møller et al., 2009), which opposes the loading of Na+ into the xylem transpiration stream by SOS1 transporters, introducing the possibility of futile Na+ cycling across the xylem parenchyma plasma membranes. Transport of Na+ through HKT1;1 is already included in our model (see the section Model Description), so the model could be used in the future to explore in detail how these transporters interact.

Conclusions

Based on our model simulations and new interpretations of existing experimental data, SOS1 transporters are likely to be operating in the stele and at least one tissue type in the outer mature root of Arabidopsis, as well as in at least the epidermal cells of the apex. We have shown that SOS1 transporters in the outer cells of the mature root restrict the level of Na+ in root cell cytosols and limit the flux of Na+ to the shoot. In contrast, SOS1 transporters in the mature stele actively load Na+ into the xylem, enhancing the flux of both Na+ and water to the shoot. In the root apex, it is sufficient for SOS1 transporters to operate in the epidermis to prevent the toxic build-up of Na+ in apical cell cytosols.

We have demonstrated that mathematical modeling is a crucial tool for understanding the complex, interacting, transport processes contributing to salt tolerance.
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Ionotropic glutamate receptors (iGluRs) are ligand-gated cation channels that mediate fast excitatory neurotransmission in the mammalian central nervous system. In the model plant Arabidopsis thaliana, a family of 20 glutamate receptor-like proteins (GLRs) shares similarities to animal iGluRs in sequence and predicted secondary structure. However, the function of GLRs in plants is little known. In the present study, a serine site (Ser-860) of AtGLR3.7 phosphorylated by a calcium-dependent protein kinase (CDPK) was identified and confirmed by an in vitro kinase assay. Using a bimolecular fluorescence complementation and quartz crystal microbalance analyses, the physical interaction between AtGLR3.7 and the 14-3-3ω protein was confirmed. The mutation of Ser-860 to alanine abolished this interaction, indicating that Ser-860 is the 14-3-3ω binding site of AtGLR3.7. Compared with wild type, seed germination of the glr3.7-2 mutant was more sensitive to salt stress. However, the primary root growth of GLR3.7-S860A overexpression lines was less sensitive to salt stress than that of the wild-type line. In addition, the increase of cytosolic calcium ion concentration by salt stress was significantly lower in the glr3.7-2 mutant line than in the wild-type line. Moreover, association of 14-3-3 proteins to microsomal fractions was less in GLR3.7-S860A overexpression lines than in GLR3.7 overexpression line under 150 mM NaCl salt stress condition. Overall, our results indicated that GLR3.7 is involved in salt stress response in A. thaliana by affecting calcium signaling.

Keywords: Arabidopsis, glutamate receptor, kinase, phosphorylation, 14-3-3, root, salt, calcium



Introduction

Abiotic stresses, such as flooding, drought, cold, salt, and heat stresses, limit plant growth and reduce crop yield. Among these, salt stress affects plants the most because of both osmotic and ion toxicity effects. Plants respond to the osmotic effect of salt stress by accumulating compatible solutes to adjust osmotic potential. Using a salt exclusion strategy, plants reduce salt in the cytosol through sodium proton (Na+) antiporters. For example, salt overly sensitive 1 (SOS1) is regulated by SOS2 and SOS3 and transports Na+ out of plant cells (Zhu, 2001). In addition, plants respond to salt stress through specific signal transduction pathways. Abscisic acid (ABA)–related gene expression is up-regulated and controls salt stress responses in plants under salt stress (Shinozaki and Yamaguchi-Shinozaki, 2007; Kudla et al., 2010).

The Arabidopsis genome contains about 57 putative cation-selective channels (Véry and Sentenac, 2002). Among calcium (Ca2+) channels, there are Ca2+ influx channels that are thermodynamically passive and Ca2+ efflux channels that are thermodynamically active. Cyclic nucleotide-gated channels, glutamate receptor-like channels (GLRs), and two-pore channels have been reported for Ca2+ influx in previous studies (Frietsch et al., 2007; Tapken and Hollmann, 2008), while Ca2+ exchanger antiporters and P-type ATPase pumps have been reported for Ca2+ efflux (Pittman et al., 2002; Shigaki et al., 2006). To maintain Ca2+ concentration in the cytoplasm, the functioning of influx and efflux channels is in a dynamic equilibrium.

In mammals, GLRs play essential roles in cell-to-cell communication in the nervous system. In Arabidopsis thaliana, 20 GLRs (AtGLRs) share substantial similarity in protein sequence and predicted secondary structure with animal ionotropic glutamate receptor (iGluR) subunits (Lam et al., 1998). Sequence similarities are shared among all known iGluR subunits, including the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA), kainate receptor, N-methyl-d-aspartate (NMDA), and δ-receptors, suggesting that they also share a similar architecture. In plant cells, exogenous amino acids trigger a large, transient increase in cytosolic Ca2+ concentration (Dennison and Spalding, 2000; Stephens et al., 2008). In this case, the function of plant GLRs is similar to that of iGluRs (Chiu et al., 1999). However, the biological roles of GLR subunits in plants have not been clearly defined.

Ionotropic glutamate receptors are integral membrane proteins composed of four large subunits (homo-tetramers or hetero-tetramers) that form a central ion channel pore. The first evidence of this quaternary structure was provided by a single particle image of recombinant and native AMPA receptors obtained by electron microscopy (Safferling et al., 2001; Tichelaar et al., 2004). Arabidopsis GLR channel structures have three transmembrane domains and an ion-pore loop when subunits combine into a functional tetramer (Colquhoun and Sivilotti, 2004) and, similar to iGluRs, present a putative ligand-binding domain formed by the interactions of the S1 and S2 domains.

Arabidopsis phenotypes resulting from mutations in or altered expressions of GLRs have provided different information. While AtGLR1.1 is involved in carbon/nitrogen (C/N) sensing (Kang and Turano, 2003), AtGLR3.2, AtGLR3.3 and AtGLR3.6 mediate leaf to leaf wound signaling (Mousavi et al., 2013); AtGLR3.6 also affects primary and lateral root development through cell cycle control (Singh et al., 2016; Toyota et al., 2018). Although AtGLR3.2, AtGLR3.3, and AtGLR3.4 affect lateral root development via Ca2+ signaling in the phloem (Vincill et al., 2013), the overexpression of AtGLR3.1 affected stomata closing behavior without affecting cytosolic Ca2+ (Cho et al., 2009). Under abiotic stress, AtGLR3.4 showed sensitivity to touch and cold (Meyerhoff et al., 2005). Alterations in pollen tube growth in glr1.2 mutants (Michard et al., 2011) and root gravitropism in glr3.3 mutants (Miller et al., 2010) might be related to impaired amino acid–gated Ca2+ signaling. Moreover, in glr1.2 mutants, D-serine increased Ca2+ cytosolic concentration in the pollen tubes (Michard et al., 2011). Thus, the biological functions of GLRs in plants are not clear.

In plants, Ca2+ stimulates protein kinase activities through Ca2+-dependent protein kinases (CDPKs). The activities of CDPKs were first documented in pea (Pisum sativum) by Hetherington and Trewavas (1982). These unique enzymes are found in plants and some protozoa, and are characterized as Ca2+ sensors in plants. The CDPKs are encoded by a large multigene family consisting of 34 genes in Arabidopsis (Arabidopsis Genome Initiative, 2000) and 29 genes in rice (Oryza sativa). According to the conserved kinase domain sequence, CDPKs belong to a superfamily consisting of seven types of serine-threonine protein kinases, namely, CDPKs, CDPK-related kinases (CRKs), phosphoenolpyruvate carboxylase kinases (PPCKs), PEP carboxylase kinase-related kinases, calmodulin-dependent protein kinases, Ca2+ and calmodulin-dependent protein kinases, and sucrose nonfermenting-related serine/threonine-protein kinases (Hrabak et al., 2003). The protein sequences of CRKs are most similar to that of CDPKs.

The 14-3-3 proteins were initially discovered in mammalian brain tissues (Moore and Perez, 1967) and were named based on their chromatography elution and starch–gel electrophoresis profiles. In Arabidopsis, transcripts have been detected for 12 of the 15 14-3-3 genes (GF14/phi, GF14/chi, GF14/omega, GF14/psi, GF14/upsilon, GF14/lamda, GF14/nu, GF14/kappa, GF14/mu, GF14/epsilon, GF14/omicron, and GF14/iota) (Rosenquist et al., 2001; Sehnke et al., 2002). The 14-3-3 proteins can form either homodimers or heterodimers (Chang et al., 2009) and are scaffold proteins that can bind many proteins (Jaspert et al., 2011). In eukaryotes, 14-3-3 proteins regulate diverse cellular functions through hundreds of different protein–protein interactions. The biological functions of 14-3-3 proteins include kinase-mediated signal transduction, growth and development signaling, response to stress, and change of client protein activity (Kidou et al., 1993; Broadie et al., 1997; Camoni et al., 1998; Sehnke et al., 2002).

In plants, glutamate receptors are reported to be nonselective cation channels (NSCCs), which play a role in Ca2+ influx. Previous studies showed the biological functions of glutamate receptors in root elongation and abiotic stress responses. However, the functions of GLRs in plants are relatively unknown. Here, we identified and confirmed the phosphorylation site of AtGLR3.7, which can be phosphorylated by CDPK in vitro. The protein–protein interaction analyses carried out confirmed 14-3-3ω binding. We also investigated the biological function of AtGLR3.7. Results from the phenotyping of glr3.7 mutants showed that AtGLR3.7 is involved in salt stress response in Arabidopsis.




Materials and Methods



Plant Materials and Growth Conditions

All experiments were performed using A. thaliana Columbia ecotype (Col-0, wild type). Two glr3.7 transfer DNA (T-DNA) insertion mutants, namely, glr3.7-1 (SALK_022757) and glr3.7-2 (SALK_103942), were ordered from ABRC (Arabidopsis Biological Research Center, http://abrc.osu.edu/), and GLR3.7 overexpression (OE) lines (OE 5-6 and OE 10-2 and the serine point-mutated to alanine SA 10-2 and SA 15-6 lines) were generated by transgenics using the pEarleyGate104 vector. Seeds were surface sterilized with bleach [6% bleach: double distilled water (ddH2O) = 3: 7], and 0.02% Triton X-100 was applied for surface sterilization for 7 min followed by washes with sterilized ddH2O three times. Sterilized seeds were kept in darkness for 3 days at 4°C, then sown on solid half-strength Murashige and Skoog (MS) medium with 0.8% agar, and finally grown under long-day photoperiod conditions (16 h of light/8 h of darkness) at 22°C.




Fusion Peptide Design and Construction

Forward and reverse primers around 50 to 60 nucleotides long were ordered to be self-ligated by temperature gradient and had sticky end of AscI and NotI restriction enzyme recognition site and APG amino acids after restriction enzyme recognition site. After phosphorylated by polynucleotide kinase at 5′ end for 30 min, the double strand primer was constructed into NRV vector harboring glutathione-S-transferase (GST), red fluorescence protein (RFP), and Strep-tags as previously described (Curran et al., 2011) (Supplementary Table S1) and transformed into BL21 for fusion peptide expression.




Purification of GST-Tagged and 6His-Tagged Recombinant Proteins

Escherichia coli was incubated in the 40 mL 2xYT medium containing 200 μg ampicillin at 37°C overnight and then 400 mL 2xYT medium was added at 37°C for 3 h. After incubation, 220 μL isopropyl β-d-1-thiogalactopyranoside (IPTG, 1 M stock, 230 mg/ml) was added with final concentration of 0.5 mM and incubated 3 h at 28°C. The cells were centrifuged at 3,300 × g (Beckman Coulter J2-MC, USA) for 30 min under 4°C. The supernatant was discarded, and then 20 mL of lysis buffer containing 20 mM Tris pH 8.0, 500 mM NaCl, 10% glycerol, 0.5 mg/ml lysozyme, and 1 mM phenylmethylsulfonyl fluoride was added for 15 min. The cells were transferred to the 50 mL falcon tube and stored at −80°C. The cells were incubated in water around 40°C for dissolving, and the sonicator (Misonix XL2020, USA) was used to break the cells. After sonication, the cells lysate was centrifuged at 9,000 × g (Beckman Coulter J2-MC, USA) for 30 min under 4°C, and then supernatant was transferred to the new 50 mL falcon tube. One mL of GST-binding beads was added, which was washed with GST binding buffer containing 20 mM Tris pH 7.5, 100 mM NaCl, and 10% glycerol three times, and the solution was shaken for 1 to 3 h in the cold room. The GST binding beads were centrifuged, and the 10 mL Tris buffer (50 mM, pH7.5) was added to wash the beads, and the solution was transferred to the biospin columns (Bio-Rad); 1.5 mL 50 mM Tris buffer was used (pH 8.0), which contains 10 mM glutathione (30 mg/10 mL) to elute the recombinant proteins, and the elution was collected by a centrifugal filter (Amicon Ultra 30 K; Millipore). For 6His recombinant protein purification, E. coli was incubated in 40 mL 2xYT medium containing ampicillin (50 μg/mL) and shaking at 37°C overnight. Overnight culture was inoculated at 400 mL 2xYT with shaking at 37°C for 3 h and then induced with 0.5 mM IPTG and continue to grow at 28°C for 3 h. The cells were harvested by centrifugation at 9,000 × g (Beckman Coulter J2-MC, USA) for 30 min. The cell pellet was resuspended in lysis buffer and then stored at −80°C. The cells were thawed in 40°C water, sonicated, and then centrifuged for 30 min at 9,000 × g (Beckman Coulter J2-MC, USA). The supernatant was incubated with Ni-NTA resin (GE) at 4°C for 2 h and washed with first wash buffer containing 20 mM Tris pH 8.0, 10 mM imidazole, 500 mM NaCl, and 10% glycerol, and second wash buffer containing 20 mM Tris pH 8.0 and 100 mM NaCl. 6His recombinant proteins were eluted with 1.5 mL elution buffer containing 20 mM Tris pH 8.0, 300 mM imidazole, and 100 mM NaCl. The elution was collected with a centrifugal filter (Amicon Ultra 30 K; Millipore). Protein concentration measurement using Protein Assay Dye was based on the Bradford method (Cat. 500-0006; Bio-Rad).




In Vitro Kinase Assay

It was reported that a synthetic peptide corresponding to the C-terminus of AtGLR3.7 was phosphorylated by CDPKs in vitro (Curran et al., 2011). In order to identify the phosphorylation site of AtGLR3.7, an in vitro kinase assay was carried out. According to the predicted conserved serine/threonine (Ser/Thr) residues, fusion peptides were designed for in vitro kinase assay (Supplementary Table S1). ACA2 and nitrate reductase can be phosphorylated by CDPKs (Douglas et al., 1998; Hwang et al., 2000), and its recombinant fusion peptides containing the phosphorylation sites were used as positive controls. Purification of GST-tagged kinases (GST-CDPK3-6H and GST-CDPK16-6H) and substrates (wild-type and mutant variants of GST-GFP-Strep-tagged fusion peptides, as shown in Supplementary Table S1), and the in vitro kinase assay were carried out as previously described (Curran et al., 2011). Cold ATP (50 μM, spiked with 1.25 μCi [γ-32P] ATP) was added to the reaction solution consisting of 30 ng purified CDPK, 3 μg fusion protein substrate, and 10 μL kinase reaction buffer, containing 20 mM Tris pH 7.5, 10 mM MgCl2, 1 mM EGTA pH 8.0, and 1.1 mM CaCl2, to start the kinase reaction. This reaction occurred at room temperature for 15 min, and it was stopped by adding 2 μL sodium dodecyl sulfate (SDS) sample buffer. All samples were loaded into a 12% SDS–polyacrylamide gel electrophoresis (PAGE) for electrophoresis, and γ-32P–labeled signals were normalized to the amount of protein, as determined from Coomassie brilliant blue stained gels after running SDS-PAGE. The γ-32P–labeled signals were detected on Typhoon 9400 image analyzer (GE Healthcare).




Site-Directed Mutagenesis

Because the GLR3.7 fusion peptides contained three potential phosphorylation sites (Ser-859, Ser-860, and Thr-858), point mutations were created by site-directed mutagenesis of either Ser or Thr to alanine (Ala) to identify at which site the phosphorylation occurred (Supplementary Table S1). Site-directed mutagenesis was performed using the QuikChange Lightning kit (Stratagene). Two complementary oligonucleotides containing the desired mutation, flanked by unmodified nucleotide sequences, were designed. Mutated nucleotides were amplified by polymerase chain reaction (PCR), and 2 μL of DpnI restriction enzyme was added directly to each amplification reaction and incubated at 37°C for 5 min to digest the parental supercoiled double stranded DNA (dsDNA). The DpnI-treated DNA (2 μL) was then transformed into DH5α competent cells.




Isolation of Arabidopsis Protoplasts

Arabidopsis protoplasts were isolated as previously described (Yoo et al., 2007). The leaves from 4-week-old plants were excised and treated with an enzyme solution (20 mM MES pH 5.7, 0.4 M mannitol, 20 mM KCl, 1% cellulose R10, 0.25% macerozyme R10, 20 mM KCl, 10 mM CaCl2, 5 mM β-ME, and 0.1% bovine serum albumin) at room temperature for 2 h. The enzyme solution containing Arabidopsis protoplasts was filtered through Miracloth and centrifuged in a 15-mL tube at 100 × g for 3 min (KUBOTA 2420) to pellet the protoplasts. The supernatant was removed, and the protoplasts were washed three times with W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, MES pH 5.7, and 5 mM glucose). The protoplasts were resuspended in MMG solution (MES pH 5.7, 0.4 M mannitol, and 15 mM MgCl2) to 2.5 × 105 protoplasts per milliliter before polyethylene glycol (PEG)–mediated transformation.




Bimolecular Fluorescence Complementation

A previous study showed that GLR3.7 could be a client of 14-3-3ω in Arabidopsis (Chang et al., 2009). In bimolecular fluorescence complementation (BiFC) analysis, when two proteins interact with each other a yellow fluorescence signal is observed. Therefore, we used BiFC to confirm if GLR3.7 and 14-3-3ω have physical interaction. Because aminoacyclopropane-1-carboxylate synthase 7 (ACS7) and 14-3-3ω have been reported to interact in the cytosol (Yoon and Kieber, 2013; Huang et al., 2013), AtACS7 was used as the positive control. The BiFC analyses were carried out as previously described (Yoo et al., 2007; Liu et al., 2012). The open reading frame of AtGLR3.7 was amplified from cDNA and then inserted into the pEarleyGate201-YN or pEarleyGate202-YC vector driven by the 35S promoter (from Keqiang Wu’s lab, National Taiwan University) that was fused to yellow fluorescent protein (YFP)-N or YFP-C, in frame. Plasmids (YFP-N and YFP-C; 10 μg) and protoplasts (200 μL) were transferred to a 15-mL round-bottom tube and gently mixed before the addition of 110 μL PEG solution followed by incubation at room temperature for 10 min. The PEG solution containing protoplasts was then diluted with 550 μL W5 solution and gently mixed. Protoplasts were centrifuged at 100 × g for 3 min (KUBOTA 2420) to pellet the protoplasts. The supernatant was removed, and the protoplasts were washed two times with W5 solution, resuspended in 1 mL W5 solution in each well of a six-well tissue culture plate, and incubated at room temperature. After 12 to 16 h, YFP fluorescence was detected by confocal microscopy (TCS SP5; Leica).




Quartz Crystal Microbalance

The quartz crystal microbalance (QCM) analyses were carried out as previously described (Matsunaga and Ueda, 2010). Briefly, 500 μL of 1% SDS was added to the sensor, and after 3 min, ddH2O was used to wash the sensor. PIRANHA solution (99% H2SO4: 30% H2O2 = 3:1; 3 μL) was then added to the sensor, and after 5 min, ddH2O was used to wash the sensor. This procedure was repeated twice. The sensor was moved into the AFFINIX QN μ molecular interaction analyzer (Initium Inc.), and the basic frequency was measured. Phosphate-buffered saline (PBS; 500 μL) was added to the sensor, and after the frequency stabilized, the GST-GLR3.7 protein was added to the sensor until the sensor coating saturated. The sensor was washed twice with PBS, and 500 μL of this buffer was then added to the sensor. The 6His-14-3-3ω recombinant protein was added to the sensor, and the dissociation constant (Kd) value was measured using AQUA software (Initium Inc.).




β-Glucuronidase Histochemical Analysis

For the β-glucuronidase (GUS) histochemical assay, the promoter region upstream of the start codon (2,000 bp) of AtGLR3.7 was amplified and cloned into the binary vector pMDC163 using the Gateway cloning system (Thermo Fisher Scientific). The resulting construct (proAtGLR3.7::GUS) was transformed into Arabidopsis Col-0 plants via the Agrobacterium tumefaciens strain GV3101. The expression of GUS in the T3 transgenic lines was observed by immersing the seedlings in GUS staining buffer (0.2% Triton X-100, 1 mM potassium ferrocyanide, 1 mM potassium ferricyanide, and 100 mM NaPO4, pH 7) containing 1 mM 5-bromo-4-chloro-3-indolyl-b-d-glucuronide (X-Gluc) and placing them under vacuum for 10 min. After incubation at 37°C for 8 to 16 h, the staining buffer was removed, and samples were cleared by sequential 70% (v/v) ethanol immersion.




Subcellular Localization of GLR3.7

The pEarleyGate 101 vector harboring 35S::GLR3.7-YFP was transformed into Nicotiana benthamiana by A. tumefaciens (GV3101) infiltration. Confocal microscopy (Delta vision, core; Applied Precision, Inc.) was used to observe the localization of the recombinant protein fused to YFP at the C-terminus of GLR3.7. AHA2 is a plasma membrane localization marker (DeWitt et al., 1996).




RNA Extraction and PCR

Leaf samples were ground into powder with liquid nitrogen, and 1 mL REzolTM C&T reagent (PROTECH) with 200 μL of chloroform was used to isolate total RNA. Samples were centrifuged at 12,000 × g (Sigma 1-15K, Sigma Centrifuges) for 15 min and the resulting supernatants were moved to new 1.5-mL tubes. After adding 500 μL of isopropanol, samples were centrifuged at 12,000 × g (Sigma 1-15K) for 10 min. The resulting pellets were washed with 75% ethanol, resolved by diethyl pyrocarbonate (DEPC)-H2O, and 2 μg of each total RNA pellet were used for cDNA synthesis with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The same amount of cDNA (2 μg) was used for semiquantitative PCR.




Primary Root Phenotype

Seedlings were grown vertically on half-strength MS medium with 0.8% agar for 4 days. Four-day-old seedlings were transferred to half-strength MS medium containing 125 mM NaCl and grown vertically for 6 days (16 h of light/8 h of darkness). Primary root length was then measured using ImageJ software (http://rsbweb.nih.gov/ij/).




Aequorin Bioluminescence

It is known that salt stress induces an increase in intracellular Ca2+ concentration, which in turn triggers a series of signal transmission reactions (Lynch and Lauchli, 1988; Lynch et al., 1989). Previous studies have also found that the cytosolic Ca2+ concentration was significantly lower in the glr3.4 line than in Col-0 under salt-treated condition (Cheng et al., 2018). However, it is unclear whether GLR3.7 is involved in the regulation of cytosolic Ca2+ concentration. In the present study, 5-day-old seedlings were treated with 150 mM NaCl, and the aequorin (AEQ) luminescence test was used to determine Ca2+ concentration. AEQ Ca2+ reporter line was introduced for cytosolic Ca2+ concentration measurement (Singh et al., 2016). Seeds of cross lines (AEQ × OE7-3, AEQ × glr3.7-1, AEQ × glr3.7-2) were placed on half-strength MS medium and grown at long-day photoperiod condition (16 h light/8 h darkness) and 25°C for 5 days. On a 96-well plate, three 5-day-old seedlings per cell were soaked in 100 μL reconstitution buffer (2 mM MES [pH 5.7], 10 mM CaCl2, 10 μM coelenterazine [ALFA]) and cultured at 25°C in the dark, overnight. After two washes with coelenterazine-free buffer (2 mM MES [pH 5.7], 10 mM CaCl2), seedlings were soaked in 100 μL of coelenterazine-free buffer for 1 h and kept at 25°C in the dark to keep the seedlings in equilibrium for about 5 min. After removing 50 μL of the coelenterazine-free buffer solution, 50 μL (twice the final concentration of NaCl or glutamate) of treatment buffer (2 mM MES [pH 5.7], 10 mM CaCl2, 300 mM NaCl or 2 mM glutamate) was added. When the reaction terminated, 100 μL of discharge buffer (1 M CaCl2/20% ethanol) was added to react with the remaining AEQ. When the cold reading reached 1% of the highest value, the detection was stopped (Li et al., 2013). The luminescence measured 30 s before the salt treatment was used as the control value. Luminescence was measured in the Varioskan lux multimode microplate reader (Thermo Fisher Scientific), and all buffers were added to the specified well using an autoinjector. The instrument was set to detect luminescence every 1 s, and each detection time was 500 ms. The total detection time was 1 to 3 min. Relative luminescence units were transformed into cytosolic Ca2+ concentrations (pCa) based on: 0.332588 (−log k) + 5.5593, where k = is the luminescence at every second/total luminescence (Allen et al., 1977; Knight et al., 1996).




Purification of Microsomal Fractions

Arabidopsis seedlings were suspension cultured in media containing 0.5 × MS medium supplemented with 0.5% sucrose, pH 5.7 at twilight (25°C/16-h photoperiod, 10 μE m-2 s-1 light) to enrich root growth for 2 weeks followed by 150 mM NaCl salt treatment for 3 days. Microsomal fractions were isolated as previously described (Hsu et al., 2009; Chang et al., 2012). Concentrations of membrane proteins were measured using the Bradford method.




Western Blot

Anti-YFP antibody (catalog 66002-1-lg; Proteintech) (1:2,000) and anti–14-3-3 antibody (catalog AS12 2119; Agrisera) (1:2,000) were used to detect YFP and 14-3-3 proteins of membrane fractions. Polyvinylidene fluoride (PVDF) membrane (catalog 162-1077; Bio-Rad) was cut to fit the SDS-PAGE. The PVDF membrane was steeped in 100% methanol for 5 min. After composing the transfer sandwich cassette, transferring time was set for 1.5 h and current for 400 mA. Then 1× PBST buffer with 5% milk (Anchor, Taiwan) was used to blocking the PVDF membrane for 30 min. After blocking, the primary antibody was added to 10 mL 1× PBST with 5% milk (dilute 2,000 times) shaking overnight at 4°C. Then the membrane was washed by 1× PBST with 5% milk for three times. Secondary antibody was added to 10 mL 1× PBST with 5% milk (dilute 5,000 times) shaking 1.5 h at room temperature. Then the membrane was washed by 1× PBST with 5% milk for three times. Then 1× PBST without 5% milk was used to wash 5 min twice. The ECL reagents (Enhanced Luminol Reagent Plus, lot 275-081201; Oxidizing Reagent Plus, lot 265-081201; Blossom) was mixed 500 μL (1:1) well. The ECL mixed reagents were added into the membrane and detected by Luminescent image system (Wealtec KETAC, USA).




Statistical Analyses

Each experiment was repeated at least three times. Values are expressed as the mean ± standard deviation in gene expression analysis and phenotypic analyses. Statistical analysis was carried out using Student t test and one-way analysis of variance (ANOVA) with post hoc Tukey honestly significant difference test.





Results



Ser-860 of GLR3.7 Is Phosphorylated by AtCDPKs In Vitro

The fusion peptide containing the fragment of GLR3.7 P0 (RYRRMERTSSMPRA) was labeled by γ-32P in the autoradiogram (Figure 1). The results indicated that the GLR3.7 fusion peptide could be phosphorylated by recombinant G-CDPK16-6His (Figure 1A), G-CDPK34-6His (Figure 1B) and G-CDPK3-6His (Figure 1C) in vitro, individually. The kinase assay results indicated Ser-860 of AtGLR3.7 in the P1 fusion peptide as the phosphorylation site. The inactive kinase G-CDPK16-6His was introduced, and almost no phosphorylation of GLR3.7 P0 was detected, confirming that the phosphorylation of GLR3.7 P0 was due to CDPK16 activity (Supplementary Figure S1). In conclusion, Ser-860 of AtGLR3.7 was phosphorylated by CDPK3, CDPK16, and CDPK34 in vitro.



[image: ]

Figure 1 | The site of AtGLR3.7 phosphorylated by AtCDPKs in vitro. Recombinant fusion peptides G-P0 (RYRRMERpTpSpSMPRA), G-P1 (RYRRMERpTpSAMPRA), G-P2 (RYRRMERpTApSMPRA), and G-P3 (RYRRMERApSpSMPRA) were used as substrates, and three recombinant kinases (G-AtCDPK16-6His, G-AtCDPK34-6His, and G-AtCDPK3-6His) were used to perform the kinase assay in vitro. The molecular weights of all fusion proteins were about 55 kD. The fusion peptide phosphorylation signal is marked with an arrowhead. The kinase autophosphorylation signal was about 100 kD. (A) The GLR3.7 fusion peptides were phosphorylated by G-AtCDPK16-6His in vitro. G-Di19-2-2 WT is also a fusion protein in which GST is fused with a peptide (DVLKSEQKEMpSYREDPY) recognized by G-AtCDPK16-6His; G-Di19-2-2 MT is similar to G-Di19-2-2 WT, but Ser was mutated to Ala. (B) G-NR is a fusion peptide in which GST is fused with a peptide of nitrate reductase (TLKRTApSTPFM) recognized by G-AtCDPK34-6His; G-NRV is a vector-only protein containing GST, RFP, and Strep-tags. (C) G-ACA2 is a fusion peptide in which the GST protein is fused with a peptide (RFRFTANLpSKRYEA) recognized by G-AtCDPK3-6His; G-ACA2 MT is similar to G-ACA2 but Ser was mutated to Ala. The results indicated that the fusion peptide of P1 could not be phosphorylated by CDPK, and Ser-860 of GLR3.7 is an in vitro CDPK phosphorylation site. 
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Figure 2 | Protein–protein interaction between GLR3.7 and 14-3-3ω revealed by BiFC. Coexpression of cEYFP and nEYFP (negative control), nEYFP and 14-3-3ω-cEYFP (negative control), 14-3-3ω-nEYFP and cEYFP (negative control), 14-3-3ω-cEYFP and ACS7-nEYFP (positive control), 14-3-3ω-nEYFP and ACS7-cEYFP (positive control), nEYFP and GLR3.7-cEYFP (negative control), GLR3.7-nEYFP and cEYFP (negative control), GLR3.7-nEYFP and 14-3-3ω-cEYFP, GLR3.7-cEYFP and 14-3-3ω-nEYFP, and GLR3.7 and 14-3-3ω for testing interactions in Arabidopsis leaf protoplasts. The YFP signals were observed by confocal microscopy. DAPI was used to stain nuclei, and PIP2A-m-cherry to detect the plasma membrane. The blue signal indicates the nucleus stained with DAPI. The PIP2A-m-cherry is colocalized to the plasma membrane and also showed a blue signal. The red signal indicates chlorophyll autofluorescence; the YFP, DAPI, PIP2A-m-cherry, chlorophyll, and bright field signals are displayed. Based on transient expression results, GLR3.7 can physically interact with 14-3-3ω on the plasma membrane. ACS7 was used as the positive control for 14-3-3ω interaction (Huang et al., 2013).






Protein–Protein Interaction Between GLR3.7 and 14-3-3ω Was Confirmed Using BiFC

Our results indicated that GLR3.7 could physically interact with 14-3-3ω in the plasma membrane based on the results of the transient expression assay on Arabidopsis leaf protoplasts. In addition, using A. tumefaciens, we transiently expressed GLR3.7 in tobacco (N. benthamiana) epidermal cells and detected protein–protein interaction between GLR3.7 and 14-3-3ω by observing yellow fluorescent signals on the plasma membrane (Figure 3). AHA2 is a used as a positive control of 14-3-3 binding (Jahn et al., 1997). However, when Ser-860 was mutated to Ala, the yellow fluorescent signal on the plasma membrane disappeared (Figure 3), indicating that Ser-860 of GLR3.7 is the 14-3-3ω binding site.
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Figure 3 | Physical interaction between GLR3.7 and 14-3-3ω in Nicotiana benthamiana in a transient expression assay. Protein–protein interaction was observed in the epidermal cells of N. benthamiana. Coexpression of (A) AHA2-YFPN and 14-3-3ω-YFPC (positive control), (B) GLR3.7-YFPN and YFPC (negative control), (C) GLR3.7-YFPN and 14-3-3ω-YFPC, and (D) GLR3.7 S860A-YFPN and 14-3-3ω-YFPC. The YFP signal was detected via the high-resolution live cell imaging system DeltaVision Core (Applied Precision, Inc.). The PIP2A-m-Cherry red fluorescent signal indicated plasma membrane. The Merge signal is the overlapping image of PIP2A-m-Cherry and YFP signals.






In Vitro 14-3-3ω Binding Assay Confirmed the Physical Interaction Between 6His-14-3-3ω and GST-GLR3.7

Most 14-3-3ω client interactions are thought to be promoted by phosphorylation of a target-binding site on the client. So far, three 14-3-3ω binding modes have been found: Mode-1 (K/R xx Sp/Tp x P) and Mode-2 (K/R-4-x-3-x-2-x-1-Sp/Tp-x+1-P+2), described by Muslin et al. (1996), and Mode-3 (Y-1TpV+1), described by Maudoux et al. (2000), where x represents any amino acid, and Sp/Tp is the phosphorylated site. Interestingly, the AtGLR3.7 phosphorylation site mapping indicated that Ser-860 fits into the conserved 14-3-3ω Mode-1, according to Scansite software (https://scansite4.mit.edu/4.0/#home) prediction. The Ser-860 of GLR3.7 had been pointed out as a 14-3-3ω binding site (Wudick et al., 2018), but it was predicted that it is the site for both CDPK phosphorylation and 14-3-3ω binding.

To further confirm whether Ser-860 of GLR3.7 is a 14-3-3ω binding site, the QCM analysis was carried out in an independent experiment. The recombinant fusion peptide GST-GLR3.7 P0 was coated on the sensor first, and then 6His-14-3-3ω protein was injected into the PBS buffer. If the recombinant peptide GST-GLR3.7 P0 could physically interact with 6His-14-3-3ω, the frequency of the sensor would change. Results showed that GST-GLR3.7 P0 interacted with 6His-14-3-3ω in vitro (Figure 4A), whereas GST-GLR3.7 P1 did not (Figure 4C). The GST vector was used as the negative control (Figure 4D). Our results supported the observation that Ser-860 is a 14-3-3ω binding site.
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Figure 4 | Protein–protein interaction between GST-GLR3.7 P0 and 6His-14-3-3ω revealed by using Quartz Crystal Microbalance. (A) G-P0 fusion peptide was coated on the sensor. (B) G-P0-phosphorylated fusion peptide was coated on the sensor. (C) G-P1 fusion peptide was coated on the sensor. (D) GST vector-only protein was coated on the sensor. The 6His-14-3-3ω protein was injected into the buffer separately (arrowhead). The frequency change was analyzed by AFFINIXQN software. Kinetic analysis of in vitro protein–protein interaction between recombinant protein GST-AtGLR3.7 P0 and 6His-14-3-3. QCM data of protein–protein interaction between 6His-14-3-3ω and GST-GLR3.7 P0 were analyzed by AQUA software, and Kd values were calculated. (E) The nonphosphorylated G-GLR3.7 P0 and 6his-14-3-3ω Kd were 1.77 × 10−6 M. (F) The phosphorylated G-GLR3.7 P0 and 6his-14-3-3ω were 2.31 × 10−9 M.




Quartz Crystal Microbalance data of protein–protein interaction between 6His-14-3-3ω and GST-GLR3.7 were further analyzed by AQUA software, which revealed a Kd value of 1.77 × 10−6 M (Figure 4E). A previous study showed that 14-3-3ω is a scaffold protein that can interact with clients that have already been phosphorylated (Muslin et al., 1996). Our results also showed that phosphorylated G-GLR3.7 (Figure 4B) could physically interact with 6His-14-3-3ω in vitro with a Kd as low as 2.31 × 10−9 M (Figure 4F).




Promoter-GUS Assay

A previous study on transgenic plants harboring GUS driven by the AtGLR3.7 native promoter, and examining a variety of different tissues and different stages of development, showed that AtGLR3.7 is expressed in the cells of developing embryos, seedlings, and fully mature plants and flowers (Roy et al., 2008). In the present study, the GUS line driven by the 2-kb AtGLR3.7 promoter displayed GUS activity in radicle, hypocotyl, vascular tissues of leaves, primary roots, and lateral roots (Figures 5A, B).
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Figure 5 | β-Glucuronidase (GUS) expression pattern of proGLR3.7::GUS in 3-day-old seedlings. (A) β-Glucuronidase expression in different tissues, including the radicle of 1-day-old seedlings (a), hypocotyl (b), leaf vein of 3-day-old seedlings (c), primary root (d), and lateral root of 5-day-old seedlings (e). Scale bars = 100 μm. (B) GUS expression in root hairs of the maturation zone near the root tip. Scale bars = 50 μm. (C) Root hairs on the maturation zone far from the root tip, where GUS expression was weak. Scale bars = 100 μm.






AtGLR3.7 Is Localized to the Plasma Membrane

The GLR proteins were found to be plasma membrane proteins (Lam et al., 1998). In order to further confirm whether AtGLR3.7 is actually localized to the plasma membrane, transient expression of GLR3.7 protein in N. benthamiana was carried out. The PIP2A-m-cherry was used as a plasma membrane marker (Nelson et al., 2007). As expected, the GLR3.7 protein is localized to the plasma membrane based on our transient assay, as its fluorescence signal overlaps with that of PIP2A (Figure 6).
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Figure 6 | Subcellular localization of AtGLR3.7 in the epidermal cells of Nicotiana benthamiana in a transient expression assay. Expression of (A) AHA2-YFP (control), (B) GLR3.7-YFP, (C) GLR3.7 S860A-YFP, and (D) empty vector-YFP (negative control). The YFP signal was detected via the high-resolution live cell imaging system DeltaVision Core (Applied Precision, Inc.). The PIP2Am-Cherry red fluorescent signal indicates the plasma membrane. The Merge signal is the overlapping image of PIP2Am-Cherry and YFP signals.






Seed Germination of glr3.7-2 Is More Sensitive to Salt Stress

To study the functions of GLR3.7 in planta, two glr3.7 T-DNA insertion mutants, glr3.7-1 and glr3.7-2, were developed with T-DNA insertion sites at introns 1 and 2, respectively (Supplemental Figure S2A). The semiquantitative reverse transcriptase–PCR showed that glr3.7-1 is a knockdown line, whereas glr3.7-2 is a knockout line (Supplemental Figures S2 B, C). In a previous study, a glr3.7 mutation line showed higher germination sensitivity under 150 mM NaCl treatment, by delaying germination time, than the wild type (Col-0) (Cheng et al., 2018). In the present study, we tested whether GLR3.7 is involved in seed germination under salt stress. Our results showed that glr3.7-2 mutant strains significantly delayed seed germination at 72 and 84 h under salt stress condition in comparison to Col-0 (Figure 7B), which is consistent with the results from a previous study (Cheng et al., 2016). In addition, we also performed phenotyping of cpk16-1 knockout mutant (SALK_020716) under salt stress condition. Treatment condition is the same as above. Results showed that glr3.7-2 mutant strains significantly delayed seed germination at 72, 84, and 96 h under salt stress condition. These suggest that CPK16 and GLR3.7 are truly involved in salt stress response (Supplementary Figures S3A, B).
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Figure 7 | Seed germination of the glr3.7-2 mutant line is more sensitive to salt stress than that of Col-0. Seeds of both lines were plated on half-strength MS medium containing H2O (control) or 125 mM NaCl for seed germination. Germination rate was observed every 12 h. (A) Seed germination rate. (B) Quantitative statistical analysis of seed germination rate: germination rate in the salt-treated group divided by the germination rate in the control group. The results were statistically analyzed by Student t test (mean ± SD, N = 3, total n ≥ 341, *P < 0.05).






Primary Root Growth of GLR3.7 Ser-860A Lines Is Less Sensitive to Salt Stress

To test whether GLR3.7 is involved in primary root growth under salt stress, seedlings were grown on half-strength MS medium for 4 days and then moved to half-strength MS medium containing H2O (control) or 125 mM NaCl, in which they were grown vertically for 6 days. Under the 125 mM salt stress condition, the primary root growth of the Ser-860A (Ser-860 point-mutated to Ala) overexpression lines SA 10-2 and SA 15-6 was less sensitive than that of other lines (Figure 8B). Relative primary root length (treatment/control) of SA 10-2 and SA 15-6 was around 60%, which was significantly higher than that of the GLR3.7 overexpression lines OE 5-6 and OE 16-5 and wild type, suggesting that phosphorylation of Ser-860 may affect primary root growth under salt stress.
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Figure 8 | Primary root growth of GLR3.7-S860A overexpression lines is less sensitive to salt stress than that of Col-0. After 4 days of growth on half-strength MS medium, seeds of Col-0, glr3.7-2, GLR3.7 OE 5-6 and OE 16-5, and GLR3.7-S860A SA 10-2 and SA15-6 lines were transferred to half-strength MS medium containing H2O (control) or 125 mM NaCl. The seedlings were grown vertically for 6 days. (A) Primary root length of seedlings. (B) Quantitative statistical analysis of relative root length: root length in the salt-treated group divided by root length in the control group. The results of this experiment were statistically analyzed by Student’s t-test (mean ± SD, N ≥ 3, total n ≥ 26, *P < 0.05, **P < 0.01), and one-way ANOVA with post hoc Tukey honestly significant difference test (significantly at P < 0.05).






Increase of Cytosolic Ca2+ Concentration by Salt Stress Is Significantly Lower in the glr3.7-2 Mutant Line

Before the salt stress treatment, no significant increase was detected in the cytosolic Ca2+ concentration (Supplemental Figures S4A–C, Figure 9). However, after salt stress treatment, Col-0 showed a significant increase of the cytosolic Ca2+ concentration, but this increase was significantly lower in the mutant line glr3.7-2 (Figure 9B). This indicated that GLR3.7 is involved in the regulation of cytosolic Ca2+ concentration under salt stress.
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Figure 9 | Increase of cytosolic calcium ion concentration by salt stress is lower in glr3.7-2 mutant line than in Col-0. (A) Five-day-old seedlings of Col-0 aequorin transgenic line, GLR3.7 OE line crossed to aequorin line, glr3.7-1 mutant line crossed to aequorin line, and glr3.7-2 mutant line crossed to aequorin line were subjected to 150 mM NaCl salt treatment. An aequorin bioluminescence assay was performed to measure the changes in cytosolic calcium ion concentration induced by the 150 mM NaCl treatment. (B) Quantitative analysis of cytosolic calcium ion concentration from the highest peak point in (A). The control value corresponds to the cytosolic calcium ion concentration before NaCl treatment. The results of this experiment were statistically analyzed by one-way ANOVA with post hoc Tukey honestly significant difference test (mean ± SD, N = 3, total n = 24, significantly at P < 0.05).






Association of 14-3-3 Proteins to the Microsomal Fractions Isolated From Salt-Treated GLR3.7-S860A Overexpression Lines Is Less Than GLR3.7 Overexpression Line

To determine whether association of 14-3-3 proteins to microsomal fractions in SA 10-2 and SA 15-6 is different from OE 5-6 and OE 16-5, microsomal fractions of 150 mM NaCl salt-treated-GLR3.7 overexpression lines, OE 5-6 and OE 16-5, and GLR3.7-S860A overexpression lines, SA 10-2 and SA 15-6, were isolated and subjected to Western blot. Results showed that under salt stress condition, association of 14-3-3 proteins to the microsomal fractions isolated from salt-treated GLR3.7-S860A overexpression lines SA 10-2 and SA 15-6 is less than GLR3.7 overexpression line OE 16-5 (Figure 10). This suggests that the phosphorylation of S860 is affected by salt stress.
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Figure 10 | Western blot of association of 14-3-3 proteins to the microsomal fractions isolated from salt-treated GLR3.7-S860A overexpression line. C, control; NaCl, 150 mM NaCl salt treatment. Arrow indicates 14-3-3 isoforms detected by anti-14-3-3 antibody in Western blot. Col-0 was used as a control.







Discussion

Calcium, as a second messenger, is a ubiquitous signaling molecule in eukaryotic cells. The cytosolic Ca2+ signals that participate in nearly all aspects of plant growth and development encode information as binary switches or information-rich signatures (Spalding and Harper, 2011). Signaling occurs when the cell is stimulated to release stored Ca2+ or when Ca2+ enters the cell through the ion channels on the plasma membrane. In plants, Ca2+ levels can be regulated by Ca2+-binding proteins that function as Ca2+-signal sensors, which detect Ca2+ alterations by binding with domains such as EF hands (Dodd et al., 2010). These Ca2+ sensors include calmodulins, CDPKs, calcineurin B-like proteins (CBLs), and CBL-interacting protein kinases (Batistic and Kudla, 2004; DeFalco et al., 2009). A previous study showed that a fragment of AtGLR3.7 could be phosphorylated by CDPK in vitro (Curran et al., 2011). Accordingly, in the present study, we found that GST-GLR3.7 can be phosphorylated by recombinant CDPK16, CDPK34, and CDPK3 in vitro (Figure 1). In addition, our results showed that Ser-860 of AtGLR3.7 is a Ca2+-dependent phosphorylation site.

So far, three consensus phosphorylation motifs of CDPKs are known. The first consensus phosphorylation motif is φ-5-X-4-Basic-3-X-2-X-1-S, where the underlined S is phosphorylated, X is any residue, and φ is a hydrophobic residue (Bachmann et al., 1996; Huang and Huber, 2001; Harper and Harmon, 2005). The second consensus phosphorylation motif is Basic-9- Basic-8-X-7-Basic-6-φ-5-X-4-X-3-X-2-X-1-S-X+1-Basic+2. The third motif is φ-3-R-2-φ-1-S-φ+1-x- K+3-R+4 (Hernández-Sebastià et al., 2004). In the present study, the Ser-860 of AtGLR3.7 was phosphorylated according to the first CDPK phosphorylation motif. The phosphorylation site of GLR3.7 was not reported before, and it appears to be novel. In Arabidopsis, mutation of CPK3 was found to affect seed germination rate under salt stress condition (Mehlmer et al., 2010). cpk3 mutants exhibited salt-sensitive phenotype. In our study, cpk16-1 knockout mutant lines showed salt stress-related phenotypes (Supplementary Figure S3B). Since GLR3.7 Ser-860A overexpression lines is less sensitive to salt stress in terms of primary root growth, the phosphorylation of AtGLR3.7 by CDPKs may be important in salt stress responses. However, whether AtGLR3.7 is a CDPK substrate, and Ser-860 is the phosphorylation site in vivo is critical. We have tried using membrane shaving followed by mass spectrometry analyses as previously described (Hsu et al., 2009), but did not detect phosphorylation site of AtGLR3.7 probably due to limitation of the technique. This requires further studies.

It has been reported that AtGLR3.7 may be a client of At14-3-3ω (Chang et al., 2009). The 14-3-3ω proteins are scaffold proteins that can interact with a phosphorylated protein and change the target protein activity (Sehnke et al., 2002). In animals, the activity of NMDA can be regulated by 14-3-3ω (Chen and Roche, 2009). The binding of 14-3-3ω proteins causes changes in client conformation, activity, localization, and association within larger protein complexes (Paul et al., 2012). However, there was no report on the interaction between At14-3-3ω and AtGLR3.7 in Arabidopsis, which was confirmed in the present study (Figure 2). We also found that CDPK phosphorylation and 14-3-3ω binding sites are overlapped, which is in agreement with CDPKs mediating 14-3-3ω binding in plants. For example, Nicotiana tabacum CDPK1 phosphorylation at Ser-114 represses shoot growth and promotes 14-3-3ω binding (Ormancey et al., 2017). In fact, 14-3-3 proteins were found to be associated with membrane proteins (Bunney et al., 2002). For example, 14-3-3 proteins bind the C-terminus phosphorylated Tyr residue of the plasma membrane H+–ATPase (Jahn et al., 1997; Fuglsang et al., 1999; Jelich-Ottmann et al., 2001). In addition, 14-3-3 proteins bind to potassium channel KAT1 in plants (Saponaro et al., 2017). In the present study, we found 14-3-3 association is less in AtGLR3.7 Ser-860A overexpression lines than GLR3.7 overexpression line under salt stress condition. This might indirectly explain the importance of AtGLR3.7 Ser-860 phosphorylation in 14-3-3 binding under salt stress condition.

Evidence is emerging for the NSCC function of AtGLR. The research about ion channel activity of glutamate receptors is still limited in planta. Arabidopsis plants overexpressing AtGLR3.2 under the control of the 35S promoter showed symptoms of Ca2+ deficiency and hypersensitivity to potassium (K+) and sodium (Na+) ion concentrations (Kim et al., 2001). Antisense AtGLR1.1 plants did not show hypersensitivity to K+ and Na+ compared with wild-type plants, but high levels of Ca2+ led to higher inhibition of their root growth (Kang and Turano, 2003). In Arabidopsis seedlings, AtGLR1.4 has been shown to function as a nonselective Ca2+-permeable cation channel and to mediate methionine-induced depolarization (Tapken et al., 2013). Altogether, these findings suggest that plant GLRs function in Ca2+ and monovalent cation transport and may form constitutively active ion channels. In Xenopus species oocytes, AtGLR3.7 has been successfully expressed and appears to function as a constitutively active channel catalyzing the voltage-independent movement of Na+, K+, and Ca2+ across the plasma membrane (Roy et al., 2008). Although we detected a lower increase of cytosolic Ca2+ concentration under salt stress (Figure 9) in glr3.7 mutants than in Col-0, we did not assay channel activity changes for GLR3.7, which requires further study in the future.

In rat cerebellar granule cells, 14-3-3ω can interact with NMDA receptors and supports neuronal survival (Chen and Roche, 2009). Addition of 14-3-3ω proteins strongly increased the thiamin pyrophosphokinase 1 activity in a dose-dependent manner in Arabidopsis (Latz et al., 2007). Moreover, 14-3-3ω proteins are found to be involved in primary root growth regulation under abiotic stress conditions (van Kleeff et al., 2014). The quadruple mutant lines of Arabidopsis 14-3-3ω isoforms exhibited altered primary root growth under salt and mannitol treatments (van Kleeff et al., 2014). It was found that 14-3-3ωs play a positive role in primary root growth under normal condition, but a negative role under abiotic stresses (van Kleeff et al., 2014). In the present study, we found that the Ser-860 of GLR3.7 is a 14-3-3ω binding site. Mutation of this site to Ala affects primary root growth under salt stress. It is possible that the binding of 14-3-3ω inhibited primary root length under salt stress, thereby supporting the findings of van Kleeff et al. (2014). However, whether binding of 14-3-3ω affects the activity of AtGLR3.7 in Arabidopsis and whether AtGLR3.7 channel activity affects Ca2+ transport to regulate root growth requires further studies.

Glutamate receptors have been reported to be involved in seed germination in plants. In Arabidopsis, mutation of GLR3.4 led to more sensitivity to ABA and affected seed germination (Cheng et al., 2018). Repression of GLR3.5 led to higher sensitivity to ABA and delayed seed germination, whereas overexpression of GLR3.5 led to reduced sensitivity to ABA and earlier seed germination (Kong et al., 2015). Our results showed that GLR3.7 could also be involved in the regulation of seed germination (Figure 7), although this might be ABA-dependent or not. In glr3.4 mutants, cytosolic Ca2+ concentration increased less than in wild-type seedlings under salt stress (Figure 9), consistent with that previously reported by Cheng et al. (2018).

Glutamate receptors were found to be involved in root growth and development. In Arabidopsis, GLR3.6 regulates primary and lateral root development through regulating the cell cycle control gene KRP4, a Kip-related protein (Singh et al., 2016), and GLR3.2 and GLR3.4 may form a protein complex that regulates lateral root initiation (Vincill et al., 2013). In rice, mutation of GLR3.1 led to short-root phenotype (Li et al., 2006). However, these effects were found under normal conditions. In the present study, we observed changes in the root phenotype of the GLR3.7 (S-860A) overexpression line under salt stress (Figure 8). Because GLR3.7 diverged evolutionarily from other Clade III members (Chiu et al., 2002), it might have specialized in regulating primary root growth under abiotic stress conditions.
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Rice (Oryza sativa) is a staple food that feeds more than half the world population. As rice is highly sensitive to soil salinity, current trends in soil salinization threaten global food security. To better understand the mechanistic basis of salinity tolerance in rice, three contrasting rice cultivars—Reiziq (tolerant), Doongara (moderately tolerant), and Koshihikari (sensitive)—were examined and the differences in operation of key ion transporters mediating ionic homeostasis in these genotypes were evaluated. Tolerant varieties had reduced Na+ translocation from roots to shoots. Electrophysiological and quantitative reverse transcription PCR experiments showed that tolerant genotypes possessed 2-fold higher net Na+ efflux capacity in the root elongation zone. Interestingly, this efflux was only partially mediated by the plasma membrane Na+/H+ antiporter (OsSOS1), suggesting involvement of some other exclusion mechanisms. No significant difference in Na+ exclusion from the mature root zones was found between cultivars, and the transcriptional changes in the salt overly sensitive signaling pathway genes in the elongation zone were not correlated with the genetic variability in salinity tolerance amongst genotypes. The most important hallmark of differential salinity tolerance was in the ability of the plant to retain K+ in both root zones. This trait was conferred by at least three complementary mechanisms: (1) its superior ability to activate H+-ATPase pump operation, both at transcriptional and functional levels; (2) reduced sensitivity of K+ efflux channels to reactive oxygen species; and (3) smaller upregulation in OsGORK and higher upregulation of OsAKT1 in tolerant cultivars in response to salt stress. These traits should be targeted in breeding programs aimed to improve salinity tolerance in commercial rice cultivars.

Keywords: root, H+-ATPase, potassium, sodium, Na+/H+ exchanger, reactive oxygen species



Introduction

Soil salinization is a major abiotic constraint for crop productivity worldwide (Munns and Gilliham 2015; Yang and Guo 2018). About 50% of cultivated lands are estimated to be affected by salinity; this proportion is expected to increase, due to global climatic changes and increased use of low-quality irrigation water for crop production (Pitman and Läuchli, 2004; Shabala, 2013; Suzuki et al., 2016).

Rice (Oryza sativa L.) is one of the world’s most important cereal crops accounting for over 20% of all calories in the human diet (Schatz et al., 2014). Rice plants are also highly sensitive to salinity stress, and the progress in breeding rice for salinity tolerance has been rather modest, due to the complex physiological, biochemical, and molecular mechanisms conferring this trait (Ismail and Horie, 2017; Li et al., 2017; Formentin et al., 2018). Salt simultaneously causes osmotic and ion toxicity stress, as well as leads to various plant nutritional disorders and oxidative stress on plants. As a result, depending on their habitat and severity of stress, plants have evolved various strategies to minimize the damage associated with salt. These mechanisms include osmotic adjustment, Na+ exclusion and sequestration, and K+ retention in the cytosol, control of xylem ions loading, and oxidative stress tolerance (Ashraf et al., 2008; Adem et al., 2014; Bose et al., 2014a; Chakraborty et al., 2016). All of these mechanisms should be considered in the genetic design of a salt-tolerant rice plant.

Na+ is a major toxic element in saline-affected soil. Several studies have revealed that salt-tolerant rice cultivars accumulate less Na+ in leaves and shoots than that in salt-sensitive rice cultivars (Golldack et al., 2003; Lee et al., 2003; Lin et al., 2004; Ren et al., 2005; Cotsaftis et al., 2011). Thus, it is not surprising that the main thrust of breeders has been directed towards the traits enabling Na+ exclusion from the shoot (Fukuda et al., 2004; Anil et al., 2007; Kavitha et al., 2012). At the cellular level, Na+ exclusion from the root uptake is mediated by the gene salt overly sensitive 1 (SOS1) that encodes plasma membrane (PM)-localized Na+/H+ exchanger (Horie et al., 2009; Henderson et al., 2015) in root epidermis. The operation of SOS1 Na+/H+ exchanger is driven by a proton gradient generated by PM H+-ATPase (Blumwald et al., 2000). SOS1 gene is also found to be expressed in the root stele (Shi et al., 2002), where it may mediate xylem Na+ loading (Zhu et al., 2016; Zhu et al., 2017). El Mahi et al. (2019) reported that OsSOS1 regulates both net root Na+ uptake and long-distance Na+ transport to shoots in rice. This causes a potential dilemma, as any attempt to enhance Na+ extrusion to the rhizosphere by increasing SOS1 transcript level may come with a caveat of increasing xylem Na+ loading (Ishikawa and Shabala, 2018). An important research question is therefore: how do O. sativa handle this dilemma? This is further complicated by the distinct anatomy of the rice root as well as the occurrence of apoplastic bypass flow that plays an important role in mediating Na+ movement in rice (Yeo et al., 1987; Ochiai and Matoh, 2002; Krishnamurthy et al., 2011; Faiyue et al., 2012; Flam-Shepherd et al., 2018). Tu et al. (2014) found that salt-tolerant tetraploid rice plants formed less aerenchyma and possessed a thicker barrier in the endodermis, thus blocking deleterious ion transport to pericycle cells, as compared to salt-sensitive diploid rice. In this context, does SOS1-mediated Na+ exclusion from cytosol play a major role in rice salinity tolerance?

Superior K+ retention in salt-stressed roots is positively correlated with salt tolerance in a larger number of plant species (reviewed in Wu et al., 2018a). Salt stress causes significant membrane depolarization in root cells (by 50–80 mV, depending on stress severity; Shabala et al., 2016 and references therein). This depolarization activates outward-rectifying K+-selective (GORK) channels and explains the massive K+ loss reported upon acute salinity treatment from roots of several plant species, including Arabidopsis (Shabala et al., 2005; Shabala et al., 2006), barley (Chen et al., 2007a; Shabala et al., 2016), Populus euphratica (Sun et al., 2009; Chen and Polle, 2010; Zhao et al., 2016), and mangrove species (Lu et al., 2013; Lang et al., 2014). At the same time, Coskun et al. (2013) has concluded that K+ efflux is a poor predictor of salt tolerance in rice. However, this conclusion is derived from the use of an indirect method to estimate K+ efflux involving radio tracer 42K flux analysis that relies on several assumptions related to compartmentation analysis. To the best of our knowledge, no direct evaluation of the role of root K+ retention as a component of salinity tissue tolerance mechanism in rice has been conducted.

Salt stress also induces overaccumulation of reactive oxygen species, which causes oxidative stress (Miller et al., 2010). Plant roots harbor a large array of reactive oxygen species (ROS)-activated nonselective cation channels (Demidchik, 2018). These channels are permeable to K+ and may represent another major pathway mediating K+ efflux under salt stress (Demidchik, 2014, Shabala and Pottosin, 2014). What is the role of ROS-activated K+ channels in relation to salinity tolerance in rice?

By depolarizing the plasma membrane, salt stress also reduces, or makes it thermodynamically impossible for K+ uptake to occur through inward-rectifying K+ channels (Shabala and Cuin, 2008), increasing the role of high affinity K+ uptake systems in K+ acquisition. In rice, the K+ transporter genes OsHAK1 and OsHAK5 are induced by salt stress, mediating K+ uptake and transport to maintain a high K+/Na+ ratio under salt stress (Yang et al., 2014; Chen et al., 2015); however, this process is not observed in barley (Shabala and Cuin, 2008; Boscari et al., 2009). These results suggest that rice might possess distinctive pathways for K+ homeostatic modulation. What are these pathways, and what role does K+ retention play in salinity tolerance in rice?

This study aimed to provide the answers to some of these questions and investigated the relative contribution of each of these described mechanisms to salt tolerance in three contrasting rice cultivars. By combining electrophysiological [a noninvasive microelectrode ion flux estimation (MIFE) technique] and molecular [quantitative reverse transcription PCR (qRT-PCR)] approach, we have explored the cell-type-specific mechanisms underlying differences in responses to salinity stress in these cultivars. Our data suggests that K+ retention plays a prominent role in conferring genetic variability in salinity tolerance trait in rice, and is conferred by orchestrated regulation of several mechanisms, both at transcriptional and functional levels.




Materials and Methods



Plant Materials, Growth Conditions, and Stress Treatments

Three different rice (O. sativa) cultivars, Koshihikari, Doongara, and Reiziq, were used in this study. Koshihikari is a japonica genotype, whereas Reiziq and Doongara are Australian commercial indica varieties. Seeds were obtained from the Western Sydney University and multiplied in a glasshouse at Tasmanian Institute of Agriculture facilities in Hobart. Seeds were germinated in deionized water in a growth chamber at 28°C in the dark for 2 days. Uniformly germinated seeds were then transferred to the hydroponics system and grown in International Rice Research Institute nutrient solution (Yoshida, 1976) at 28°C/25°C (day/night) under a 14 h/10 h photoperiod for 3 weeks. Seedlings were then exposed to salt stress by adding 0, 50, and 100 mM NaCl to the hydroponic solution. The solution was renewed every 3 days. After 15 days of salinity exposure, plants agronomical characteristics were measured, and plants were sampled for analysis of ion content in the roots and shoots.




Measurement of Root Length, Plant Height, and Plant Biomass

Root length and plant height were measured using a ruler. Fresh weight (FW) was determined using an electronic balance immediately after cutting. Fresh samples were then washed with deionized water and dried at 70°C to a constant weight (DW). Water content (WC) of each plant was determined as a percentage as WC = (FW − DW)/(FW) × 100.




Chlorophyll Content and Fluorescence Measurement

Leaf chlorophyll content was quantified using a SPAD-502 chlorophyll meter (Konica Minolta, Osaka, Japan). Measurements were taken from the middle part of the first fully developed leaf. Chlorophyll fluorescence measurements were conducted on the same leaves as Soil–Plant Analyses Development (SPAD), using the OS-30p portable chlorophyll fluorometer (Opti-Science Inc., Tyngsboro, MA, USA). Leaves were dark-adapted for 20 min before the measurements. Initial (Fo), variable (Fv), and maximum (Fm) chlorophyll fluorescence characteristics were recorded. The photochemical efficiency of PSII was then calculated as the ratio of Fv/Fm.




Tissue Na+ and K+ Content

Dry rice root and shoot samples were ground into powder and digested with 98% H2SO4–30% H2O2. The digested samples were diluted with distilled water, and Na+ and K+ content were determined using a flame photometer (PFP7, Jenway; Bibby Scientific Ltd., Stone, UK). The Na+ translocation coefficient from roots to shoots was calculated as Na+ content in the root divided by Na+ content in the shoot.




Viability Staining and Anatomical Analysis of Roots

Five-day old rice seedlings were treated with 100 mM NaCl for 48 h, and then the primary roots were sampled and used for viability staining and anatomical analysis. The viability of root cells was determined by using the fluorescein diacetate (FDA)–propidium iodide (PI) double staining method as described by Chakraborty et al. (2016). Root cells viability is represented by the relative intensity of the green fluorescence signal and calculated as: CTCF = integrated density − (selected area × background mean intensity). Root cross-sections were excised at 1.5 mm from the root apex. Roots were sectioned by using a paraffin embedding method and anatomical structure observed by an optical microscope (BX51; Olympus, Tokyo, Japan).




MIFE Noninvasive Ion Flux Measurements

Net fluxes of H+, K+, and Na+ were measured using the noninvasive microelectrode MIFE technique (University of Tasmania, Hobart, Australia; Shabala et al., 1997). The theory of MIFE measurement and ion-selective microelectrode fabrication and calibration processes have been described previously (Shabala and Shabala, 2002; Shabala et al., 2006). Rice seeds were germinated in Petri dishes with deionized water in a growth chamber at 30°C in the dark. After 2 days, germinated seeds were grown in filter paper rolls set inside containers with basic solution media (BSM: 0.5 mM KCl, 0.1 mM CaCl2, 0.2 mM NaCl) for 3 days. Plants with roots length 40–60 mm were used for ion flux measurements. For each treatment, net ion fluxes were measured from the elongation (1200–1500 µm from the root apex; Takehisa et al., 2012) and mature (1.2–1.5 cm from the root apex) zones of at least six individual roots.




Transient Ion Flux Kinetics

The rice root was immobilized horizontally in a measuring chamber containing 30 ml BSM solution for 30 min prior to measurements, with the shoot in the air and the root–shoot junction below the solution level. Measurements were conducted at room temperature (23 ± 1°C). Net ion flux was first measured for 5 min in BSM solution, to record steady state initial flux values. The appropriate test solution (either 100 mM NaCl or 10 mM H2O2) was then administered, and transient ion flux responses were measured for another 30 min. H2O2 (10 mM) was selected as a physiologically relevant treatment (e.g. a concentration typically found in salinized root tissues; Huang et al., 2019) including rice (Feng et al., 2013). A delay of 2 min is caused by the act of replacing the BSM solution in the measuring chamber with the appropriate treatment solution to achieve the non-stirred layer required in MIFE measurements and thus appears as a gap in the graphs. Net fluxes of ions were calculated using MIFEFLUX software from recorded voltage outputs, assuming cylindrical root geometry, as described elsewhere (Shabala et al., 1997).




Quantification of Na+/H+ Exchanger Activity in Rice Roots

A so-called “recovery protocol” (Cuin et al., 2011) was used to quantify the operation of PM-based Na+/H+ exchangers in the root elongation and mature zones. Five-day-old rice seedlings were treated with 100 mM NaCl for 24 h in darkness, to accumulate salt and activate Na+ efflux systems. Prior to measurement, the root was quickly and thoroughly rinsed with 10 mM CaCl2 solution for 1 min to remove apoplastic NaCl. The root was then transferred into a clean chamber containing Na-free BSM solution and kept for 30 min. Net steady Na+ fluxes were then measured in each zone for 3–5 min. As shown previously in pharmacological (Wu et al., 2019) and genetic studies (Cuin et al., 2011), Na+ fluxes measured by employing this protocol reflect the functional activity of SOS1-like Na+/H+ exchangers in the plasma membrane of epidermal root cells.




Pharmacological Measurements

About 30–60 min prior to 100 mM NaCl or 10 mM H2O2 treatment, rice roots were pretreated for 1 h with one of the following blockers: 1 mM sodium orthovanadate (vanadate), a known blocker of PM H+-ATPase; 1 mM amiloride, an inhibitor of the PM Na+/H+ exchanger activity; 20 mM TEA, a known blocker of K+-selective PM channels. All inhibitors were prepared in background BSM solution.




Gene Expression Analysis

To determine relative gene expression levels, 5-day-old rice seedlings were exposed to 100 mM NaCl for 0, 1, and 48 h. The root tip (0–2 mm from the root apex), encompassing the root cap, meristem, and elongation zone was excised with a scalpel, and the remaining root system beyond 0–10 mm from the root apex was considered the mature zone (Figure S1). Three independent technical replicates, each containing a pool of 10 plants, were sampled for qRT-PCR validation. Total RNA was extracted from roots using TRIzol reagent (Invitrogen, Carlsbad, CA) and reverse-transcribed using MMLV Reverse Transcriptase (Promega, Madison, WI, USA) according to the manufacturer’s instructions. qRT-PCR was performed using GoTaq qPCR Master Mix (Promega, Madison, WI, USA) on a CFX 96 Real Time System RT-PCR system (Bio-Rad, Hercules, CA, USA). The 2−ΔΔCT method was used to determine the relative expression levels of the studied genes, related to SOS pathway, K+ channels and transporters, and PM H+-ATPase (Livak and Schmittgen, 2001). Three independent biological replicates (each made of 10 individual plants) were used in this experiment. The primers used for qRT-PCR analysis are listed in Table S1.




Statistical Analyses

The IBM SPSS Statistics software was used to perform all statistical analysis. Significant differences between treatments were assessed using Duncan’s multiple range test at a significance level of 0.05 or 0.01. All data in tables and figures are means ± standard error (SE).





Results



Morphological Responses of the Three Rice Cultivars to Salt Stress

Salinity stress resulted in a significant reduction in plant height, root length, tiller number, FW and DW of shoot and root, and WC in all cultivars (Table 1, Figure 1). Cultivar Koshihikari was the most sensitive of all the three, showing 42% and 57% reduction in plant height and tiller number, respectively, when grown in the presence of 100 mM NaCl (Table 1). Compared to Koshihikari, Reiziq and Doongara showed lower reduction in shoot DW under salt stress and performed similarly at a moderate concentration of salinity (50 mM); under the more severe treatment (100 mM NaCl), variety Reiziq’s performance was the best (Figures 1B, C). Consistent with these findings were measurements of chlorophyll content and efficiency of operation of PSII in salt-grown plants, with SPAD and Fv/Fm parameters being more reduced in Koshihikari compared with other cultivars (Figures 1D, E). Taken together, our results suggest that salinity stress tolerance in these cultivars occurs in the order: Reiziq > Doongara > Koshihikari.



Table 1 | Morphological growth change of three rice cultivars grown at three salinity levels for 15 days.
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Figure 1 | (A) Morphological growth differences of three rice cultivars (Reiziq, Doongara, Koshihikari) grown at three salinity levels (0, 50, and 100 mM NaCl) for 15 days, bars = 30 cm. Dry weight of shoot (B, C), leaf chlorophyll content [Soil–Plant Analyses Development (SPAD) value; D], and chlorophyll fluorescence (Fv/Fm; E) of three rice cultivars grown at three salinity levels for 15 days. Mean ± SE (n = 8). Data labeled by different letters are significantly different at P < 0.05.






Effect of Salt Stress on Na+ and K+ Content in Roots and Shoots

Na+ and K+ contents were determined in shoots and roots after 15 days of treatment with 50 and 100 mM NaCl (Figure 2). In the absence of NaCl, the three rice cultivars showed no differences in Na+ or K+ contents in roots (Figures 2A, B, D); shoot K+ content was slightly higher in Doongara (Figure 2C). Salt stress significantly increased Na+ content, but decreased K+ content, in shoots and roots of all the three rice cultivars compared to the nonsalt control (Figures 2A–D). Genotypic differences in Na+ and K+ contents under salt stress were more obvious in shoots than in roots, indicating a significant difference in shoot Na+ translocation among these cultivars. After exposure to 50 or 100 mM NaCl, tolerant varieties Reiziq and Doongara accumulated less Na+ and maintained higher K+ levels in shoots, compared to Koshihikari (Figures 2A, C). They also had significantly lower Na+/K+ ratios in shoots (Figure 2E) and lower Na+ translocation from roots to shoots, except the difference in Na+ translocation from roots to shoots between Doongara and Koshihikari exposed to 100 mM NaCl (Figure 2F).
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Figure 2 | Na+ and K+ contents in shoots (A, C) and roots (B, D), Na+/K+ ratio in soots (E), and Na+ translocation from roots to shoots (F) in the three rice cultivars grown at the three salinity levels for 15 days. Mean ± SE (n = 6). Data labeled by different letters are significantly different at P < 0.05.






Effects of Salt Stress on Root Cell Viability and Anatomical Structure in Root Elongation and Mature Zones

To investigate the effects of salt stress on rice root cell characteristics, we determined root viability by FDA/PI double staining method (Figure 3A). After 48 h of 100 mM NaCl treatment, there was a strong reduction in the root viability in both mature and elongation root zones. Cells in the elongation zone were more sensitive to salinity, and the extent of damage (as estimated by viability staining) inversely correlated with plant salinity tolerance (e.g. damage in Koshihikari > Doongara > Reziq) (Figure 3B). No significant (P < 0.05) genotypic differences in cell viability were detected in the mature root zone (Figure 3C). Exposure to salinity resulted in shrinkage of the pericycle and exfoliation of the root epidermal cells, and this effect was inversely proportional to salinity stress tolerance  (Figure 3D).
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Figure 3 | Viability staining of the elongation and mature root zones of the three rice cultivars exposed to 100 mM NaCl for 48 h. (A) One typical image is shown for each treatment/cultivar, bars = 100 μm. The intensity of the green fluorescent signal represents the root cell viability in the elongation (B) and mature (C) zones. Values are the mean ± SE (n = 15–20). (D) Anatomical structure in the rice root elongation zone (1.5 mm from the root apex) after the treatment of 100 mM NaCl for 48 h, bars = 50 μm. The black arrow indicates exfoliated root epidermis cells. The white arrow indicates a protective gap formed between the cortex cells and pericycle cells. Data labeled by different letters are significantly different at P < 0.05; ns, nonsignificant.






Differential Na+ Exclusion Capacity in Root Elongation and Mature Zones Under Salt Stress

Salinity stress tolerance is strongly associated with the ability of the plant to exclude Na+ from the cytosol (Munns and Tester, 2008). Accordingly, we have compared patterns of net Na+ fluxes from the elongation and mature zones of roots of three contrasting cultivars. A significant Na+ efflux was measured from epidermal cells in both root zones. In the elongation zone, net Na+ efflux was significantly higher in tolerant Reiziq and Doongara compared with salt-sensitive Koshihikari (Figure 4A). No significant (at P < 0.05) difference in net Na+ efflux was found between contrasting cultivars in mature root zone. Pharmacological experiments revealed that Na+ efflux in the elongation zone was significantly suppressed by amiloride, an inhibitor of PM Na+/H+ exchanger activity, and by sodium orthovanadate, a known blocker of PM H+-ATPase (Figure 4B), although in both cases the block was only partial.
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Figure 4 | Net Na+ effluxes from root elongation and mature zones of the three rice cultivars. (A) Roots were exposed to 0 (control) or 100 mM NaCl (NaCl) for 24 h and then transferred to basic salt media (BSM) solution without 100 mM NaCl for 30 min. Net steady-state fluxes were measured for 3–5 min. (B) Net Na+ effluxes were measured from elongation root zone of cultivar Reiziq without (control) or with inhibitors: 1 mM sodium orthovanadate (vanadate) (a known blocker of the plasma membrane H+-ATPase), 1 mM amiloride (an inhibitor of the plasma membrane Na+/H+ exchanger activity). Rice roots were pretreated with the inhibitors for 1 h. Quantitative reverse transcription PCR (qRT-PCR) analysis of the time-dependent expression pattern of OsSOS1 (C, D), OsSOS2 (E, F) in the root tips (C, E), and mature zones (D, F) of the three cultivars. Asterisk * or ** indicate a significant difference between tissues at P < 0.05 or P < 0.01, respectively.




To evaluate the role of SOS pathway in root Na+ exclusion, we quantified changes in the expression levels of OsSOS1 and OsSOS2 transcripts in the root apex and mature zones. Short-term salt stress did not induce any change in the expression of OsSOS1 that encodes for PM-localized Na+/H+ exchanger, whereas long-term (48 h) salinity exposure significantly upregulated OsSOS1 expression, with OsSOS1 expression being several folds higher in root tips than in the mature zone (~20-fold and 6-fold in elongation and mature zones, respectively; Figures 4C, D). In both zones, this upregulation was the strongest in the most tolerant cultivar Reiziq (Figures 4C, D). OsSOS2 transcripts were also significantly induced in both the root zones after 48 h of salt treatment (Figures 4E, F). Reiziq showed the highest induction (ca. 130-fold) in root tips. In mature zone, salinity-induced increase in OsSOS2 transcript levels was not significantly different between the cultivars.




K+ Transport in Root Epidermis in Response to NaCl and H2O2 Treatment

Acute NaCl stress resulted in a strong net K+ efflux in both root elongation and mature zones (Figures 5A, C); this efflux was ~3-fold higher in the elongation zone. In both root zones, peak K+ efflux inversely correlated with plant salinity tolerance (e.g. was highest in Koshihikari > Doongara > Reiziq). Salt-stimulated K+ efflux gradually recovered to the relative stable values as treatment time increased (Figure 5C). The steady K+ efflux observed in Reiziq, the most salt-tolerant cultivar, was significantly lower than that seen in the other two cultivars in both root zones. Pharmacological experiments showed that salt-induced K+ efflux was markedly inhibited by tetraethylammonium chloride (TEA), a general potassium channel blocker (>80% inhibition; Figure 5D) in the most salt-tolerant cultivar Reiziq.
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Figure 5 | Transient net K+ flux kinetics measured in the three rice cultivars from the elongation (A) and mature (C) root zones in response to 100 mM NaCl stress. (B) Steady K+ flux from roots 30 min after Na+ addition. (D) Transient net K+ flux kinetics in response to 100 mM NaCl measured from the root elongation zone of cultivar Reiziq pretreated with 20 mM tetraethylammonium chloride for 1 h (abbreviated as TEA), a known blocker of K+-selective plasma membrane channels. Values are the mean ± SE (n = 6–8). Quantitative reverse transcription PCR (qRT-PCR) analysis of the time-dependent expression pattern of OsGORK (E, F), OsAKT1 (G, H) in the root tips (E, G), and root mature zones (F, H) of the three cultivars. Asterisk ** indicates a significant difference between the tissues at P < 0.01.




OsGORK was significantly induced by salt stress in the three rice cultivars, in a time- and zone-dependent manner (Figures 5E, F). After 1 h of salt stress, OsGORK transcript levels did not change in elongation zone but decreased ca 2-fold in mature zone. Salinity treatment for 48 h resulted in 7 to 15-fold increase in OsGORK expression in elongation zone (Figure 5E); the expression level in the elongation zone was significantly higher than that in the mature zone (Figures 5E, F). This increase was highest in the salt-sensitive cultivar Koshihikari; this cultivar was also the only one showing a significant increase in OsGORK transcript in mature zone (Figure 5F). OsAKT1 transcript levels were also induced by salt stress (6 to 18-fold upregulation) in elongation zone, with strongest induction in salt-tolerant cultivar Reiziq (Figures 5G, H). The expression pattern of OsAKT1 was similar to that of OsGORK in root mature zones of all three cultivars.

Salinity exposure also results in a significant increase in ROS accumulation in plant tissues including roots (Munns and Tester, 2008; Bose et al., 2014b). Accordingly, we have compared a sensitivity of root epidermal cells to H2O2 treatment. H2O2 (10 mM) application increased K+ effluxes in both root zones, with ~2-fold stronger responses from the elongation zones than mature zones (Figures 6A, B). The magnitude of H2O2-induced K+ efflux was Koshihikari > Doongara > Reiziq, inversely correlating with salinity tolerance. As the genotypic difference in H2O2-induced K+ efflux may be causally related to the amount of endogenous enzymatic antioxidants, we have quantified CAT and APX activity in roots (Figures 6C, D). Salinity stress had no major impact on APX activity; CAT activity increased slightly (by 10%) upon salt treatment with 100 mM NaCl (Figure 6C). However, difference in CAT activity was physiologically small and could hardly account for the reported ~2.5-fold difference in the magnitude of H2O2-induced K+ efflux.
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Figure 6 | Net K+ fluxes from the root elongation (A) and mature zones (B) of the three rice cultivars after exposure to 10 mM H2O2 for 30 min. The changes of CAT (C) and APX (D) activity in the roots of the three rice cultivars exposed to three salinity levels for 48 h. Mean ± SE (n = 6). Data labeled by different letters are significantly different at P < 0.05.






Effect of Salt Stress on H+ Flux and Expression Levels of Genes Encoding PM H+-Atpase Activity in Different Root Zones

Higher salt load led to significant H+ efflux in both root zones of all cultivars (Figures 7A, C). Similar to K+ data, the magnitude of NaCl-induced H+ efflux was several-fold higher in the elongation zone. The magnitude of NaCl-induced H+ efflux correlated strongly with rice salinity tolerance and declined in the sequence Reiziq > Doongara > Koshikihari (Figure 7B). Pretreatment with sodium orthovanadate resulted in a major decrease in NaCl-induced H+ efflux (> 90% inhibition; Figure 7D), pointing out at the involvement of H+-ATPase as a major source of NaCl-induced H+ efflux.
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Figure 7 | Transient net H+ flux kinetics measured in the three rice cultivars from the elongation (A) and mature (C) root zones in response to 100 mM NaCl stress. (B) Average net H+ flux from roots calculated over the 30 min period after 100 mM NaCl addition. (D) Transient net H+ flux kinetics in response to 100 mM NaCl treatment measured from the root elongation zone of cultivar Reiziq pretreated with inhibitors: 1 mM sodium orthovanadate (vanadate), a known blocker of PM H+-ATPase; 1 mM amiloride, an inhibitor of the plasma membrane Na+/H+ exchanger activity. Values are the mean ± SE (n = 6–8). Relative expression of the genes OsA1 (E, F) and OsA7 (G, H) encoding the plasma membrane H+-ATPase in the root tips (left panels) and mature zones (right panels) of the three cultivars. Asterisk * or ** indicate significant difference between the tissues at P < 0.05 or P < 0.01, respectively.




To distinguish between transcriptional and functional regulation of H+-ATPase, we have investigated expression levels of the PM H+-ATPase genes OsA1, OsA2, OsA3, OsA7, and OsA8 in root tips and mature zones under salt stress (Figures 7E–H; Figure S2). OsA1 and OsA7 were significantly induced after 48 h of salt stress, especially in root tips; OsA7 expression in salt-tolerant Reiziq was about 1.5-fold higher than that in a salt-sensitive Koshihikari.





Discussion

The present study demonstrated high genetic variability in salinity stress tolerance between rice cultivars (Reiziq > Doongara > Koshihikari) and provided some insights into mechanistic basis of this phenomenon.



Root K+ Retention Is Critical for Salt Tolerance in Rice

Salt stress induces K+ efflux from roots (Shabala et al., 2005; Shabala et al., 2006; Sun et al., 2009; Lu et al., 2013; Lang et al., 2014; Zhao et al., 2016), and for many plant species a strong positive correlation between root K+ retention ability and salinity stress tolerance was reported (Wu et al., 2018a). However, the importance of this trait for rice was challenged by some authors based on the analysis of 42K+ kinetics in roots of different rice cultivars (Coskun et al., 2013). However, the above method is indirect and is based on many assumptions related to kinetics of 42K distribution between intracellular compartments (Lee and Clarkson, 1986; Siddiqi et al., 1991; Kronzucker et al., 1995). Here, we have utilized the MIFE K+-selective microelectrodes to directly measure net K+ efflux from rice roots in response to salinity treatment. Salt stress-induced K+ efflux was observed in both root elongation and mature zones (Figures 5A, B) and inversely correlated with salinity stress tolerance. Thus, root K+ retention is also a critical trait conferring salinity stress tolerance in rice as reported for other cereal species such as wheat (Cuin et al., 2008; Cuin et al., 2012) and barley (Chen et al., 2005; Chen et al., 2007a; Chen et al., 2007b; Wu et al., 2015).




Transcriptional Regulation of GORK and AKT K+ Channels Under Saline Conditions May be Essential for Stress Signaling

Electrophysiological and genetic studies have demonstrated that GORK channels are considered as one of the major pathways for salinity-induced K+ efflux from root cells (Shabala et al., 2016; Shabala, 2017). The results of our pharmacological experiments on rice (Figure 5D) are consistent with these findings, with TEA, a known blocker of K+-permeable PM channels, blocking >80% of NaCl-induced K+ efflux from rice roots.

OsGORK transcript levels were significantly induced in root tips 48 h after salt stress in each rice cultivar tested (Figure 5E). Although, in the light of importance of root K+ retention for salinity tolerance discussed above, this seems to be counterintuitive, it is also consistent with some recent reports that salinity stress upregulated GORK transcript levels in roots in barley (Adem et al., 2014) and Brassica species (Chakraborty et al., 2016). The physiological rationale for this induction of GORK transcripts by salt stress may be a signaling role of K+ efflux as a “metabolic switch” by providing inhibition of energy-consuming biosynthesis that releases energetic molecules for defense and reparation needs (Demidchik, 2014; Shabala, 2017; Rubio et al., 2019). However, the amount of K+ lost for signaling purposes should not compromise the plant’s nutritional demand for this element. From our data reported here, this dilemma is resolved by at least two possible ways. First, salt stress-induced increase in GORK transcripts is not as pronounced in tolerant cultivars as in salt-sensitive Koshihikari (a 2-fold difference; Figure 5E). Second, NaCl-induced increase in GORK transcript level is accompanied by a concurrent increase in the amount of OsAKT1 transcripts (Figure 5G). This increase is much more pronounced in tolerant varieties; as a result, the ratio in relative increase between AKT1 and GORK transcript levels was 2.4 in the most tolerant cultivar Reiziq; 2.14 in less tolerant Doongara; and only 0.43 in salt-sensitive Koshihikari. Thus, a “compensation mechanism” appears to exist in rice species, that might allow plants to use root K+ efflux for signaling purpose without compromising plant nutritional status. The efficiency of this compensation mechanism ultimately determines the extent of salinity stress tolerance.




Amiloride-Sensitive Na+/H+ Exchangers Play a Relatively Small Role in Na+ Exclusion from Rice Roots

The ability to extrude Na+ from roots has been widely accepted as an important determinant of salt tolerance in plant species (Munns and Tester, 2008). Rice is no exception. Compared to salt-sensitive cultivar Koshihikari, tolerant cultivars Reiziq and Doongara exhibited significantly higher Na+ extrusion but only in the root elongation zone (Figure 4A).

It is generally accepted that root Na+ extrusion is mediated by Na+/H+ exchanger from NHE/NHX family encoded by SOS1 (Shi et al., 2002) that is fueled by operation of the H+-ATPase pump. These Na+/H+ exchangers have a small conserved stretch of 14 residues in the fourth transmembrane segment, with the consensus LLPPI acting as the binding site for its inhibitor amiloride (Putney et al., 2002). Plant SOS1 exchangers also contain a region largely aligned to this conserved motif (Wu et al., 2019) and thus are sensitive to amiloride (Cuin et al., 2011; Wu et al., 2019). However, in this study, Na+ efflux was only partly inhibited by amiloride (28% suppression; P < 0.05), an inhibitor of Na+/H+ exchanger activity, and by sodium orthovanadate (37% suppression; P < 0.05), an inhibitor of H+-ATPase activity (Figure 4B). This is in a stark contrast to the previous findings on Arabidopsis (Shabala and Cuin, 2008) and wheat and barley, where Na+ efflux was inhibited by amiloride (> 80% inhibition) (Wu et al., 2018b; Wu et al., 2019). Also, SOS1 exchangers are predominantly located in the root apex (Shi et al., 2002), while in our study, net Na+ efflux was not different between elongation and mature zones in the salt-sensitive cultivar Koshihikari and was only 2-fold different in the other two (tolerant) cultivars (Figure 4A). Taken together, this data suggests that amiloride-sensitive Na+/H+ exchangers play a relatively small role in Na+ exclusion from rice roots. These findings were unexpected, as OsSOS1 has been genetically characterized as the sole Na+ efflux transporter to date in rice (EI Mahi et al., 2019). Consistent with our findings, we also found that salt induced a significant increase in OsSOS1 expression in all cultivars (~ 20-fold in elongation zone; ~ 6-fold in mature zone; Figures 4C, D). It appears that for some unknown reasons these transcriptional changes were not translated into the operation of SOS1 protein at the functional level.

In Arabidopsis, SOS1-mediates Na+/H+ exchange is controlled by a multifunctional protein kinase encoded by SOS2 (Qiu et al., 2002). However, changes in SOS2 expression did not correlate with genotypic difference in salinity stress tolerance in our cultivars (Figure 4E). Thus, it appears that the role of SOS signaling pathway and Na+ exclusion in rice differ significantly from that in Arabidopsis and other species. Also, it appears that findings from transcriptional studies cannot be directly extrapolated to predict operation of a specific transporter(s), calling for higher emphasis on the functional studies.




Anatomical Changes in Rice Roots

Exposure to salinity resulted in a shrinkage and a physical damage to the pericycle in a salt-sensitive cultivar (Figure 3). We believe that these anatomical changes might contribute to increased Na+ accumulation in the shoot (and, hence, loss of salt tolerance). Amongst all root cells, the pericycle cells are considered to possess the greatest ability to sequester Na+ and Cl- in vacuoles (Storey et al., 2003) so the loss of its integrity might come with a compromised ability for root tissue tolerance. The loss of pericycle integrity might also affect the rate of (uncontrollable) xylem Na+ loading. It was earlier reported that genome duplication in rice improved plants adaptability to saline conditions; to the large extent these beneficial effects were attributed to ultrastructural changes in the root anatomy and formation of the protective gap produced between the cortex cells and pericycle cells (Tu et al., 2014). The causal link between salinity-induced changes in the root anatomy, tissue-specific expression of specific ion transporters, and the modes of their operation, warrants a separate investigation.





Conclusion

In summary, our data suggests root K+ retention plays a prominent role in conferring genetic variability in salinity tolerance trait in rice, and is conferred by orchestrated regulation of several mechanisms, both at transcriptional and post-translational level. At the same time, it appears that SOS signaling pathway cannot explain the above genetic variability and is less essential for root Na+ exclusion in rice compared with other species.
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Plants need to maintain a low Na+/K+ ratio for their survival and growth when there is high sodium concentration in soil. Under these circumstances, the high affinity K+ transporter (HKT) and its homologs are known to perform a critical role with HKT1;5 as a major player in maintaining Na+ concentration. Preferential expression of HKT1;5 in roots compared to shoots was observed in rice and rice-like genotypes from real time PCR, microarray, and RNAseq experiments and data. Its expression trend was generally higher under increasing salt stress in sensitive IR29, tolerant Pokkali, both glycophytes; as well as the distant wild rice halophyte, Porteresia coarctata, indicative of its importance during salt stress. These results were supported by a low Na+/K+ ratio in Pokkali, but a much lower one in P. coarctata. HKT1;5 has functional variability among salt sensitive and tolerant varieties and multiple sequence alignment of sequences of HKT1;5 from Oryza species and P. coarctata showed 4 major amino acid substitutions (140 P/A/T/I, 184 H/R, D332H, V395L), with similarity amongst the tolerant genotypes and the halophyte but in variance with sensitive ones. The best predicted 3D structure of HKT1;5 was generated using Ktrab potassium transporter as template. Among the four substitutions, conserved presence of aspartate (332) and valine (395) in opposite faces of the membrane along the Na+/K+ channel was observed only for the tolerant and halophytic genotypes. A model based on above, as well as molecular dynamics simulation study showed that valine is unable to generate strong hydrophobic network with its surroundings in comparison to leucine due to reduced side chain length. The resultant alteration in pore rigidity increases the likelihood of Na+ transport from xylem sap to parenchyma and further to soil. The model also proposes that the presence of aspartate at the 332 position possibly leads to frequent polar interactions with the extracellular loop polar residues which may shift the loop away from the opening of the constriction at the pore and therefore permit easy efflux of the Na+. These two substitutions of the HKT1;5 transporter probably help tolerant varieties maintain better Na+/K+ ratio for survival under salt stress.

Keywords: salt sensitive, salt tolerant, HKT1;5, gene expression, amino acid substitution, molecular dynamics simulation, Na+/K+ ratio



Introduction

It has been predicted that food production will need to rise by 50% in the next 30 years to meet the demand of the growing population (Tian et al., 2016; Hunter et al., 2017). Since all cultivable lands are already in use, the only alternative is either to enhance productivity in existing land or to extend crop growth to marginal ones, such as those affected by salinity (Shahid and Al-Shankiti, 2013; Arzani and Ashraf, 2016; Dhankher and Foyer, 2018). Major food crop, i.e., rice, widely consumed in developing countries, is however sensitive to salinity, which is a major drawback for enhancing food production (Acosta-Motos et al., 2017).

Salinity stress harms plant yield mainly by osmotic stress and ion toxicity (Munns and Tester, 2008). During normal conditions, roots have lower water potential than the outside environment leading to an influx of water through channels known as aquaporin (Katsuhara et al., 2008; Chaumont and Tyerman, 2014). But during salt stress, soil water potential is reduced incapacitating the root’s ability to uptake water and causes water deficit (Pardo, 2010; Roy et al., 2014). The water deficiency signal is immediately transferred from root to shoot with a consequential reduction of turgor pressure and cell growth (Munns, 2005; Munns and Tester, 2008). This transmitted signal also lowers stomatal conductance and reduces biomass production and yield by promoting abscisic acid (ABA) formation (Munns, 2005; Munns and Tester, 2008; Roy et al., 2014). Over time, deficiency in water compounded by the influx of Na+ leads to ionic stress and toxicity. The term ion toxicity is used to refer to the impairment of cellular processes as a consequence of increased ion concentration, which is mainly due to excessive Na+ ions. Ion toxicity leads to inhibition of vital enzymatic reactions, photosynthesis, and protein synthesis (Yamaguchi et al., 2013; Hasanuzzaman et al., 2018). Besides photosynthetic processes are directly linked to biomass production and cellular reactions and therefore need to be protected from Na+ toxicity. Potassium (K+) is an essential macronutrient, similar to Na+ in terms of physiochemical properties (i.e., ionic radius and ion hydration energy). Therefore Na+ competes with K+ for many key enzymatic reactions. This competition for different enzymes that are activated by K+ results in disruption of cellular processes in roots and leaves (Almeida et al., 2017).

Protection mechanisms of plants against salinity stress have been elucidated by recent molecular and genetic studies (Al-Tamimi et al., 2016; Hussain et al., 2018; Yang and Guo, 2018; Akrami and Arzani, 2019). It has been suggested that maintenance of a high K+/Na+ or low Na+/K+ ratio is essential for the survival of plants under salt stress emphasizing on the regulation of Na+ transporters, water channels and signaling molecules in salt tolerance (Hilker and Schmülling, 2019; Wang et al., 2019). Many classes of Na+ transporters have been shown to play essential roles in Na+ homeostasis during salinity stress. Several classes of the transporters, NHX (sodium-hydrogen antiporter), HKT (high-affinity potassium transporter), CHX (cation-hydrogen exchanger), SOS1 (salt overly sensitive 1), and NSCC (non-selective cation channel) have shown significant involvement in Na+ transport through its sequestration in vacuoles (NHX, CHX), extrusion from cell circulation and recirculation (HKT), exclusion from root to soil (SOS1), and inclusion of Ca2+ (NSCC) to initiate signaling to compensate for the sodium load under saline conditions (Arzani and Ashraf, 2016; Quan et al., 2018; Yang and Guo, 2018; Arabbeigi et al., 2019; Bernstein, 2019). Improvement in salinity tolerance of crop plants has also been attributed to overexpression of some Na+ transporter genes (Liang et al., 2018).

The HKT family proteins are likely to be crucial during the salt stress tolerance response in plants (Munns and Tester, 2008; Roy et al., 2014; Ali et al., 2019). The first ever HKT gene found in a plant was TaHKT2;1 (earlier known as HKT1) gene from wheat (Schachtman and Schroeder, 1994). TaHKT2:1 functions in high affinity Na+–K+ co-transport but shows Na+ selectivity in presence of a millimolar [Na+] in Xenopus laevis oocytes and yeast (Genet et al., 1995). Although some plants (dicots) such as Arabidopsis thaliana have only one HKT gene, referred to as AtHKT1;1 (earlier known as AtHKT1), many plants (e.g., monocots) have multiple HKT genes (Ali et al., 2019).

The HKT family has several subclasses which exhibit a diversity of functions (Munns and Tester, 2008; Almeida et al., 2013; Roy et al., 2014). Based on the consensus reached in 2006, HKT has been classified into two groups depending on their transport characteristics and variable amino acid sequence with respect to the first pore domain (Platten et al., 2006). Members of the class 1 family have “selectivity filter” motif of Ser-Gly-Gly-Gly whereas class 2 have Gly-Gly-Gly-Gly (Mäser et al., 2002). The positioning of serine or glycine has crucial importance in the conductance ability. The presence of serine facilitates Na+ transport over other cations, while the presence of glycine allows transport of both Na+ and K+ depending on the external concentration of ions (Platten et al., 2006; Kronzucker and Britto, 2011). There are some notable exceptions to this rule which is observed in Oryza sativa OsHKT2;1, Eucalyptus camaldulensis EcHKT1;2, and Thellungiella salsuginea TsHKT1;2. Though OsHKT2;1 has Ser-Gly-Gly-Gly selectivity filter motif, it is defined as class 2 HKT family protein (Mäser et al., 2002; Haro et al., 2005). EcHKT1;2 transports both Na+ and K+ which is normally observed in case of class 2 HKT protein (Gassmann et al., 1996; Platten et al., 2006). TsHKT1;2 is also an exception as it is a two-way transporter moving K+ and Na+ in opposite directions (Mäser et al., 2002; Ali et al., 2016). Studies conducted on wheat showed that transport properties of TmHKT1;5 and TaHKT1;5 provide improved Na+ exclusion leading to improved salinity tolerance (Xu et al., 2018). This indicates that determination of substrate selectivity is not dependent on selectivity filter alone and other structural elements may also be involved.

The selective presence of variants of the class 1 HKT family protein in salt sensitive and tolerant varieties has led to hypotheses regarding the mechanism of plant protection against excess Na+ level (Gong et al., 2005; Wu et al., 2012; Vera-Estrella et al., 2014). The discovery of quantitative trait loci for the class 1 HKT transporter have shown how the accumulation of Na+ in leaves of wheat and rice is controlled in monocotyledonous plants (Mishra et al., 2016; Zhang et al., 2018). In rice, a specific variant of the transporter SKC1 was characterized and identified to be involved in maintaining shoot K+ concentration under NaCl stress in salt tolerant (Nona Bokra), but not in the salt sensitive (Koshihikari) variant. This SKC1 was found to match the amino acid sequence of OsHKT1;5 through homology search with existing database sequences (Ren et al., 2005). In Aegilops cylindrica, the AecHKT1;5 was found to be involved in shoot to root transport, combined with exclusion of excessive Na+ from the root (Arabbeigi et al., 2018). Mapping of HKT1;5 gene in barley using genome-wide association study approach provided evidence of the function in unloading of Na+ from xylem and thus controlling distribution in the shoots (Hazzouri et al., 2018). The rice OsHKT1;5 has been hypothesized to control Na+ flow in the recirculation process from xylem vessel into xylem parenchyma thereby facilitating shoot K+ homeostasis by maintaining the Na+/K+ ratio (Ren et al., 2005; Platten et al., 2013). Normal and heterologous expression analysis of the tolerant variant of the gene in Xenopus oocytes and Na+ and K+ accumulation in roots and shoots has confirmed this role of OsHKT1;5 in rice. Comparison between nucleotide differences of HKT1;5 of the salt tolerant variety Nona Bokra and sensitive variety Koshihikari has shown that four vital amino acid substitutions regulate the Na+ transport efficiency of HKT1;5. The authors did not however propose specific roles for the substituted amino acids (140 P/A/T/I, 184 H/R, D332H, V395L) (Ren et al., 2005). The topological study indicated that OsHKT1;5 has eight transmembrane domains and the amino acids variations lie in the loop regions between the domains. Two of these variations are in the loop between TMD2 and TMD3. The third one is in the loop between TMD4 and TMD5 and the last one is between TMD5 and TMD6 (Figure 1) (Ren et al., 2005).
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Figure 1 | OsHKT1;5 model with eight transmembrane domain based on hydrophobicity plot analysis. Residue substitutions between Nona Bokra and Koshihikari are indicated by asterisks. Diagram adapted from (Ren et al., 2005).




AtHKT1;1 and OsHKT1;5 which are expressed in xylem parenchyma cells maintain the flow of Na+ and K+ in opposite directions in the xylem sap (Horie et al., 2005; Ren et al., 2005). One hypothesis suggests that transport of Na+ by HKT1;5 into xylem parenchyma causes depolarization-activation of K+ channel (SKOR, shaker type outward-rectifying K+ channel and NOR, nonselective outward-rectifying channel) resulting in transportation of K+ into xylem sap (Horie et al., 2009). The  functional mechanism of HKT1;5 during salt stress is still a matter of debate due to some exceptions in transport activity of class 1 HKT transporters as seen in TsHKT1;2, and EsHKT1;2 (Gassmann et al., 1996; Ali et al., 2012). Another deviation was reported for the halophyte T. salsuginea TsHKT1;2 protein (HKT1), which is a two way transporter, and shows the ability to transport K+ along with Na+ in opposite directions (Mäser et al., 2002; Ali et al., 2016). In the present study, we checked the gene expression pattern of HKT1;5 in IR29, Pokkali, and P. coarctata as well as from seven microarray-based gene expression studies. Further, we collected the sequences of HKT1;5 from some accessions of O. sativa and their relatives, Oryza brachyantha, Oryza rufipogon, Oryza glaberrima, Oryza nivara as well as the wild halophytic rice P. coarctata (or the older nomenclature, Oryza coarctata), and searched for amino acid substitutions in genotypes known to be salt tolerant versus salt sensitive ones. We observed that two amino acids aspartate (332) and valine (395) present across the plasma membrane were conserved across salt tolerant genotypes (including halophytes), which represented two of the positions identified by Ren et al. (2005). This led us to hypothesize a model involving two amino acid substitutions across the membrane in the transporter OsHKT1;5 for efficient transport of Na+. The model shows how these two amino acids can confer salt tolerance in halophytes as well as rice genotypes by maintenance of an efficient Na+/K+ ratio in shoots.




Materials and Methods



Plant Growth Conditions and Treatments

From Teknaf (21.0557° N, 92.2040° E) and Bakkhali River estuary (21.447340° N, 92.003142° E) of Cox’s Bazar District P. coarctata was collected. One-month-old young P. coarctata already established in soil (net house of Plant Biotechnology Laboratory, University of Dhaka) were gently removed from soil and the roots placed in netted styrofoam floated in a hydroponic solution after washing off the soil in tap water. For the establishment of P. coarctata in the hydroponic system and Yoshida culture solution (Flowers et al., 1990) were used. Meanwhile the sensitive variety IR29 and tolerant variety Pokkali seeds were germinated and plants were kept in hydroponic system (Platten et al., 2013).

The seedlings of IR29 and Pokkali were grown in the hydroponic solution for 3 weeks. The shoots with roots and rhizomes of P. coarctata required about a month for stabilization and attained a height of around 10–15 cm (almost the same size as the seedlings of IR29 and Pokkali) in the hydroponic solution. The rice and P. coarctata plants were then subjected to salt stress (NaCl) at daily increment of 50 mM until day 2 (when it reached 100 mM) and day 4 (when it reached 200 mM). So, the tissue collected for RNA isolation were on 3rd day, 24 h after the application of the last 50 mM increment for 100 mM salt stress plants and on 5th day, 24 h after the application of the last 50 mM increment for 200 mM salt stress. The control plants were subjected to hydroponics without salt stress and tissue were collected on 3rd day for RNA isolation. For each condition, there were six biological replicates. The control plants were also used to check the tissue specific expression.




Ribonucleic Acid Extraction and Complementary DNA Synthesis

The roots and shoots of the seedlings (salt and controls) were harvested directly into liquid nitrogen for total RNA extraction. Total RNA was extracted from the shoots and roots using the TRIzol reagent (Ambion, Invitrogen) following the manufacturer’s protocol. cDNAs were synthesized from 1 μg total RNA (pre-treated by DNase I, Roche) of transgenic and non-transgenic root and shoot according to the Invitrogen two-step reverse-transcription (RT)-PCR manufacturer’s protocol.




Real-Time Quantitative Polymerase Chain Reaction Analysis

Quantitative real-time PCR (qPCR) was performed in a 10 μl reaction using SYBR Green (Bio‐Rad, USA) with gene-specific internal primers pairs (Supplementary Table 1) in a CFX96 TM Real‐Time PCR Detection System (Bio‐Rad, USA). PCR efficiency (90–95%) was verified and amplification specificity was validated by melt curve analysis at the end of PCR cycle. All reactions were performed with six biological and three technical replicates. The relative expression levels of HKT1;5 gene from different plants were calculated using the Pfaffl formula (ratio  = 2-ΔΔCt) method with elongation factor‐α (EF‐α) used as the normalization control. Here ΔΔCt = (ΔCt sample - ΔCt control); ΔCt sample = (ΔCt target - ΔCt ref) for all sampling times and NaCl concentrations; and ΔCt control = (ΔCt target - ΔCt ref) (Pfaffl, 2001).




In Silico Gene Expression Analysis

In current study, we have analyzed expression of HKT1;5 in different part of rice across biotic and abiotic stress based on mRNAseq (Supplementary Table 2) and microarray data (Supplementary Table 3) collected from Genevestigator (https://genevestigator.com/gv/). Moreover, we used this tool to analyze the relative expression of HKT1;5 gene under different salt stress conditions in rice (Hruz et al., 2008) (Supplementary Table 4).




Measurement of Na+, K+ Content

For the measurement of sodium and potassium concentrations in shoot and root, three biological replicates were collected at 0, 100, and 200 mM for each salt stress conditions, plants were washed in flowing tap water for 30 s, and the oven-dried plants from each biological replicate were ground and analyzed by a Flame Photometer 410 (Sherwood, UK) after 48 h of extraction with 0.05N HCl following the procedure described by Yoshida et al. (1971). At first the standard curve was plotted for both sodium and potassium using 10, 8, 6, 4, 2, 1, and 0.5 ppm sodium and potassium standard solutions. Machine values for the samples were plotted on the standard curve to get the ppm values of sodium and potassium content. Concentrations were calculated as percent of dry weight following the same calculation method used by Amin et al. (2016).

mmol per gram dry mass = (ppm value * dilution factor)/(equivalent weight * 1,000 * dry weight in gram)

The Na+/K+ ratio was measured dividing the sodium content by the potassium content. All statistical analyses were done using R software packages.




Statistical Analysis

The effect of variables of gene expression between salt concentrations were tested using the one-way analysis of variance (ANOVA) followed by mean comparisons through Tukey’s HSD post hoc test. P-values of p < 0.05 and p < 0.01 respectively were considered as significant and highly significant change against controls. Values are expressed as mean ± SEM (standard error of mean). The reproductive screening data were compared between all groups using a one-way analysis of variance (ANOVA), with a post hoc Tukey HSD analysis used for multiple pairwise comparisons. The software R was used for all analysis.




Retrieval of HKT1;5 Sequences and Finding Open Reading Frame of Nucleotide Sequence and Translating to Protein Sequence

HKT1;5 transporter sequences of salt tolerant and salt sensitive Oryza varieties were obtained by searching using the keyword “HKT1;5 and Oryza” from National Center for Biotechnology Information (NCBI) database (ncbi.nlm.nih.gov/). These are shown in Table 1. The Sequence Manipulation Suite (http://www.ualberta.ca/~stothard/javascript/) is a collection of freely available JavaScript applications for molecular biologists. ORF Finder looks for open reading frames (ORFs) in provided DNA sequences and returns ORFs along with protein translation (Stothard, 2000). We also collected 137 rice varieties and sequence accessions from 3,000 rice genome project and checked their tolerance ability under 120 mM salt stress for 2 weeks (Li et al., 2014).



Table 1 | Retrieval of protein and nucleotide sequences of HKT1;5 from different salt sensitive and tolerant cultivars.
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Multiple Sequence Alignment and Construction of Phylogenetic Tree

The retrieved sequences were subjected to multiple sequence alignment in MEGA7 software for locating any variant substitutions between salt sensitive and salt tolerant varieties. The CLUSTALW algorithm with default parameters was used to prepare the alignment (Kumar et al., 2016). For the analysis of evolutionary divergence, phylogenetic tree was constructed using maximum likelihood method in MEGA7 software where bootstrap value was set to 500 (Kumar et al., 2016).




Subcellular Localization Prediction and Transmembrane Properties

Subcellular localization was predicted using consensus results of localization predictor; i) Plant-PLoc (version 2) http://www.csbio.sjtu.edu.cn/bioinf/plant/ (Chou and Shen, 2010), ii) CELLO (version 2.5) http://cello.life.nctu.edu.tw/ (Yu et al., 2014). The MEMPACK prediction server which is a component of PSIPRED portal, was used to find out the transmembrane topology (Nugent et al., 2011; Buchan and Jones, 2019).




Homology Modeling and Structure Validation

Homology modeling of HKT1;5 transporter Nona Bokra (AFY08293.1) was performed using ExPASy server which is a web based environment for homology modeling (Gasteiger et al., 2003). Best six models (template ID: 3pjz.1.A, 6hra.1.A, 4j7c.1.I, 5but.1.E, 5mrw.1.A, 4j9u.1.A) were chosen based on identity and global model quality estimation (GMQE) coverage > 0.39 (Vieira-Pires et al., 2013). These models were further validated using ERRAT, Verify3D, PROCHECK, RAMPAGE (Colovos and Yeates, 1993; Laskowski et al., 1993; Eisenberg et al., 1997; Gelly et al., 2011). Ramachandran plot was made with the modeled structure using PROCHECK in order to validate the structure. The model was then submitted to the ProSA protein structure analysis tool to calculate z-score (Wiederstein and Sippl, 2007). The predicted structure was later superimposed on the template structure using Pymol for interactive view and calculation of RMSD (root mean square deviation) value (DeLano, 2002).




System Preparation and Simulation Details

The structure of the modeled tolerant variety Nona Bokra was capped with acyl and amide groups at the N- and C-terminal end respectively to neutralize the charged terminals using Chemistry at Harvard Macromolecular Mechanics (CHARMM) modeling and simulation suite (Brooks et al., 2009). The structure was refined again by minimization and then it was packed in a bilayer of 100 POPC lipids in each leaflet using the strategy of Kandt et al. (2007). The bilayer was built using CHARMM-GUI membrane builder (Jo et al., 2009) and then further equilibrated for 20 ns. The protein membrane system was solvated in TIP3P water (Jorgensen et al., 1983) layers of height ~ 25 Å at both ends of the assembly along Z-axis. After initial neutralization using potassium and chloride ions, two separate systems were prepared. One in 0.15 M KCl solution (NBK-I) and one in mixed salt solution of 0.15 M KCl and 0.15 M NaCl (NBK-II) to mimic the salt stress condition. The structure of the sensitive variety, Nipponbare, was obtained by mutating residues in Nona Bokra using CHARMM scripts and minimized. The sequence of Nipponbare and Nona Bokra are same except for 140, 184, 332, and 395 amino acid positions (Nipponbare : XP_015631953.1, Nona Bokra: AFY08293.1). Similar to the Nona Bokra, two systems at different salt mixtures were also prepared for Nipponbare (NPB-I: 0.15 M KCl; NPB-II: 0.15 M KCl and 0.15 M NaCl).

CHARMM36 force field parameters (Best et al., 2012); (Klauda et al., 2010) were used to describe protein and lipid molecules and all simulations were run in NAMD 2.12 simulation engine (Phillips et al., 2005). All the systems were minimized first and then equilibrated for ~ 2 ns with an integration time step of 1 fs in several cycles of isothermal-isobaric (NPT) simulations. Initially larger harmonic restraints were applied on peptide (10 kcal mol-1 Å-2 on backbone atoms and 5 kcal mol-1 Å-2 on side chain atoms) and lipid head-group atoms (5 kcal mol-1 Å-2) which were further reduced in subsequent cycles to relax the systems. Further, all the systems were run for 60 ns each with a time step of 2 fs after constraining all H-containing bonds using the SHAKE algorithm (Ryckaert et al., 1977). Temperatures were fixed at 303 K for all the simulation using Langevin dynamics with a damping constant of 1 ps-1 and pressure were maintained at 1 atm using Langevin piston method (Feller et al., 1995). The periodic boundary condition was enforced in all the simulations considered for the present study. Short range non-bonded interactions were estimated for atoms with 12 Å and long-range electrostatic interactions were taken care of using particle mesh Ewald method (Darden et al., 1993) with a grid size of 1 Å. Altogether, the four systems were simulated for 240 ns.





Results



The Tissue-Specific Expressions of HKT1;5

For investigating the trend of tissue specific gene expression of HKT1;5 in P. coarctata, Pokkali, and IR29, we performed qRT-PCR to test relative expression of HKT1;5 gene in shoots and roots of P. coarctata, Pokkali, and IR29 in control conditions without stress. The result showed the HKT1;5 is mainly expressed in roots compared to shoots as the expression is found to be lower in the latter (Figure 2A). This indicated the tissue specific positioning of HKT1;5 in roots. This result from the mRNAseq (Figure 2B) and microarray (Figure 2C) data analysis from Genevestigator software shows that expression of HKT1;5 is higher in roots compared to shoots based on the number of samples and expression level.
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Figure 2 | The relative expression levels of HKT1;5. (A) in roots and shoots of Porteresia coarctata, Pokkali, and IR29 under control condition (no additional NaCl). Elongation factor-α (EF-α) used as reference. Values are expressed as mean ± SEM (standard error of mean) and bars indicate SDs. * and ** denoted p 0.05 and p 0.01 respectively as compared to shoot. All expression analysis was performed with six biological and three technical replicates. Next, level of expression of HKT1;5 in different anatomical parts of rice based on (B) mRNAseq data (Supplementary Table 2) and (C) microarray based data (Supplementary Table 3) extracted from Genevestigator expression analysis tools (https://genevestigator.com/gv/) shows preferential expression of HKT1;5 in roots.






The Expression Patterns of HKT1;5 in Roots Under Different Concentrations of Sodium Chloride

The expressions of HKT1;5 in roots were investigated under different concentrations of NaCl (Figure 3A). HKT1;5 was induced by 100 mM NaCl in a similar pattern for IR29 and Pokkali after 24 h. It was observed that the increase in expression of HKT1;5 was induced by around 2.4 fold under 100 mM NaCl in IR29 and Pokkali compared to control. Despite this similar induction of HKT1;5, IR29 is unable to survive in 100 mM salt stress for more than 2 weeks, whereas Pokkali can survive (Singh and Sarkar, 2014). At 200 mM NaCl, IR29 survives only 3–4 days, while Pokkali up to 10 days. At 24 h, the expression of IR29 was observed to drop whereas in Pokkali it continued to increase by 1.2 fold compared to control, providing an explanation of why 200 mM NaCl stress is lethal for IR29 survival and the plant enters a death cycle. The halophyte P. coarctata on the other hand can survive under salt stress up to 400 mM salt stress (Jagtap et al., 2006). Under 100 and 200 mM the expression of HKT1;5 in P. coarctata showed gradual increase and the value reached 7.5 fold increase under 200 mM stress compared to control. Microarray-based expression analysis based on 22 different conditions (Supplementary Table 4) revealed that HKT1;5 gets upregulated in roots under salt stress in different sensitive and tolerant varieties of rice and the expression is found to be downregulated in shoots (Figure 3B). This provides insights into the important role it plays during salt stress in roots of rice.
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Figure 3 | (A) The relative expression levels of HKT1;5 in IR29, Pokkali, and P. coarctata under 100 and 200 mM NaCl after 24 h. All expression analysis was performed with six biological and three technical replicates. Elongation factor-α (EF-α) used as internal reference. Experiments were repeated at least three times values are given as mean ± SEM.* and ** denoted p 0.05, p 0.01 and ns indicate no significance respectively as compared to control. (B) Different expression pattern of HKT1;5 extracted from microarray based data from Genevestigator expression analysis tools (https://genevestigator.com/gv/) (Supplementary Table 4).






Different Na+/K+ Ratio Maintenance at 24 h in Root and Shoot

At 24 h, the Na+ content was found to increase in salt sensitive IR29 under 100 and 200 mM salt stress in root and shoot, but the pattern was slightly different to that of salt tolerant Pokkali (Figure 4A). Similarly K+ concentration was found to increase in shoots and decrease in roots both in IR29 and Pokkali, indicating transport of some K+ from root to shoot (Figure 4B). The red, green, and blue color denotes 0, 100, and 200 mM salt stress conditions in the figure. The ratio of Na+/K+ ratio was found to be lower for IR29 (denoted by dark red) compared to that of Pokkali (denoted by yellowish green) but it appeared that both plants were unable to maintain this lower ratio at the higher salt concentration (Figure 4C). On the contrary, P. coarctata (denoted by dark blue), can maintain lower Na+/K+ ratio in both roots and shoots under the higher stress of 200 mM after 24 h in contrast with that of IR29 and Pokkali (Figure 4C).
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Figure 4 | Different measurement of (A) Na+ content, (B) K+ content, and (C) Na+/K+ ratio under 100 and 200 mM salt stress conditions at 24 h in IR29, Pokkali, and P. coarctata rice variety in root and shoot. The measurements were taken from three biological replicates for each condition.






Categorization of Retrieved HKT1;5 Sequences Based on Salt Tolerance

In this study, 23 sequences of Oryza genotypes among which 14 were retrieved as nucleotide sequences and 9 were obtained as amino acid sequences from NCBI databases. Among them 13 are considered as tolerant, 1 moderately tolerant, and 5 as sensitive varieties according to the literature cited below. Tolerance ability of O. brachyantha is unavailable (Walia et al., 2007; Platten et al., 2013; Mishra et al., 2016; Tiwari et al., 2016). PUSA basmati 44 has a score of 5 at the 10th day of screening under 150 mM salt stress which was therefore considered as a moderately tolerant variety (Mishra et al., 2016). VSR 156 has a low susceptibility index value of 1.15 which indicates its high tolerance capability. For example, Pokkali, a tolerant variety has a susceptibility value of 4.35 (Mishra et al., 2016). New plant type varieties NPT rice was launched at IRRI to increase the yield potential through improvement of plant type which include several agronomic traits such as large panicles, few unproductive tillers from tropical japonica variety and for this reason these varieties can be categorized as sensitive to salt stress (Khush, 1995; Peng et al., 1999). The tolerance ability of the rest of the species is cited in Table 1.




Multiple Sequence Alignment of Retrieved Proteins Reveal Substitution in Particular Sites of HKT1;5

Among the total of 23 sequences of HKT1;5 downloaded, 9 nucleotide sequences were translated to proteins using ORF Finder tool for further alignment and other analysis. ClustalW program in MEGA software generated many conserved regions between the sequences as well as various substitutions in different places. Among the many substitutions present, four (140 P/A/T/I, 184 H/R, D332H, V395L) were selectively present in all salt tolerant varieties as shown for Nona Bokra previously (Ren et al., 2005). Although Ren et al. showed substitution in 332 and 395 position but in our study due to different alignment parameter and gap opening the position changed to 333 and 396 respectively. But we will denote 332 and 395 in here for better understanding.

From this alignment result, it can be observed that the first two substitutions (140 and 184) are not conserved. Alanine and Proline both are seen in salt tolerant and salt sensitive plants in position 140 whereas threonine and isoleucine is seen in O. coarctata and Oryza brachyantha respectively. Similarly, arginine is also present at position 184 in salt tolerant and salt sensitive plants alike. In some tolerant varieties, histidine is also seen in position 184 (Figure 5). Therefore, these substitutions appear to be inconclusive to serve any role in HKT1;5 for conferring salt tolerance in plants.
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Figure 5 | Multiple sequence alignment partial result of salt sensitive and salt tolerant rice varieties (Table 1). Amino acid sequence alignment results for (A) 140 to 184, (B) 310 to 360, and (C) 370 to 410 is provided. Changes in the position 140, 184, 332, and 39 has been marked with a black box. (A) In 140 position substitution is seen between aspartic acid, proline, isoleucine, and threonine and in 184 position arginine to histidine. (B) In 332 position aspartic acid to histidine substitution and (C) in 395 position valine to leucine substitution was observed. The latter two substitutions are present only in the sensitive genotypes.




From our multiple alignment results, we found that aspartate substitution at 332 is conserved in addition to the valine at position 395 in all salt tolerant accessions, including the halophyte, wild salt tolerant rice, O. coarctata (Figure 5). Furthermore, we collected 137 accessions from the 3,000 rice genome project and checked for their SES score after 120 mM salt stress for 14 days as well as nucleotide substitution from RICE SNP-Seek database (Li et al., 2014; Mansueto et al., 2016). This shows that sensitive varieties have cytosine in 994 and 1,183 position (corresponding to His and Leu, respectively) whereas tolerant varieties have guanine (Table 2 and Supplementary Table 5). Moreover, the presence of aspartate at 332 and valine at 395 position is observed in tolerant wheat TmHKT1;5 and TaHKT1;5 but due to their wide sequence diversity the amino acid positions were not the same and therefore they could be aligned over a short distance only (Supplementary Figure 2) (Munns et al., 2012).



Table 2 | Nucleotide substitution between salt sensitive and tolerant variety.
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Phylogenetic Analysis Shows Close Evolutionary Relationship

Phylogenetic analysis shows close evolutionary relationship among different HKT1;5 proteins (Figure 6). The salt sensitive plants and salt tolerant plants were grouped into separate clades showing that there are differences in tolerant and sensitive varieties. It was also observed that plants with distant relationships but which are salt tolerant (such as the halophyte O. coarctata and Oryza glaberrima) have the same substitutions that are found in tolerant rice. We have therefore proposed a hypothetic model to explain the role of two specific amino acids of HKT1;5 to maintain high Na+/K+ ratios in plants which show salt tolerance.
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Figure 6 | Phylogenetic analysis of the retrieved HKT1;5 protein sequences of salt sensitive and salt tolerant variety. Here salt sensitive and tolerant varieties remain clustered in separate clades, indicative of their close relatedness with respect to function. Species such as Oryza coarctata and Oryza bhachyantha also clustered together, which are distantly related otherwise. The sensitive varieties are marked using brackets “}”.






Molecular Modeling and Structure Validation of HKT1;5

Quality of all the models (Supplementary Figure 3) are assessed using various methods and the results are summarized in Supplementary Table 6. The validation process of ERRAT is by statistical relation of non-bonded interactions among different atom types based on their characteristics atomic interactions with other atoms (Colovos and Yeates, 1993). This software assesses overall quality of the model with 0.01 and 0.05 level of significance. Generally high resolution structure models show overall quality to be 95% or higher and low resolution quality to be around 91% (Colovos and Yeates, 1993). Our predicted models show values from 67.78 to 84.94%. The best model was model 3 in this regard compared to others. Verify3D determines the compatibility of predicted model with own amino acid sequences by assigning a structural class based on its location and environment and results comparing it with good structure (Bowie et al., 1991). From this analysis, the best model was found to be model 3 with score of 70.06 compared to others. Rampage result of model 3 was found to be better than model 4.

Based on the sequence identity, GMQE, Verify3D, ERRAT Rampage results, the best model was chosen to be model 3 (template ID 4j7c.1.I) (Supplementary Figure 4A) compared to other plausible models (see Materials and Method).

The root mean square deviation (RMSD), which is the mean standard deviation of atomic coordinates between model and template structure, was found to be 2.768 Å using PyMol software where RMSD < 3 Å is taken as a good fit (Chothia and Lesk, 1986). In addition to this, the distribution of different amino acids in Ramachandran plot was checked to validate the structure (Supplementary Figure 4B and Supplementary Table 7). There are ~ 80% residues in the favored region which is not indicative of a good quality structure, yet one thing worth mentioning that the Ramachandran outliers are mostly in the large exterior loop region (~110–200). The sequence of residue 110–200 was also predicted to be extracellular loop by PSIPRED (using MEMSAT-SVM transmembrane helix prediction map) (Nugent and Jones, 2009; Buchan and Jones, 2019). Using such low sequence identity, proposition of a good model was never expected, rather the objective of the homology modeling was to get an overview of the structural arrangement of the protein inside the membrane, position of suggested critical residues (395Val and 332Asp) in the structure and be able to study dynamics to look at the regulation of those residues over ion permeation. The CELLO and PSIPRED results showed that the protein is a plasma membrane protein with eight transmembrane region validating earlier experiments that it stays in between xylem vessel and xylem parenchyma. The z-score was found to be -5.32.




Aspartic Acid and Valine Positioned in the Opposite End of the Predicted 3D Structure of HKT1;5

Analysis of 3D structure of HKT1;5 showed that Aspartic acid (at position 332) and valine (at 395 position) are in the opposite end of the embedded protein in the transmembrane region and close to the channel or pore for movement of either Na+ or K+, due to which substitution in this position has an immense effect on the functioning of the HKT1;5 protein (Figure 7). The position of valine HKT 1;5 is at the opening of the channel toward xylem vessel and aspartic acid is located close to the opening of the channel toward xylem parenchyma. Conservation of these positions among several sequences and their topological map along the channel structure seems to be strategic toward maintaining Na+/K+ and conferring salt tolerance ability.
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Figure 7 | 3D structure of Nona Bokra (orange cartoon) embedded in a membrane bilayer (membrane head-group P and N atoms are shown in blue and tan beads). The position of Val395 and Asp332 (shown in sticks) are just at the opposite end of the channel.






Narrow and Rigid Selectivity Filter for Sensitive Variety

The selectivity filter of the HKT1;5 protein is made of Ser76, Gly264, Gly391, and Gly495 in both sensitive and tolerant variety (red spheres in Figure 8), which selectively transports the Na+ ion through the channel from xylem vessel to xylem parenchyma. As these four residues are mainly placed at four short loops called P-loops (Horie et al., 2001) present within the pore, dynamics of these loops can be crucial for the filter pore structure and dynamics. In addition, residue 395 is placed in the vicinity of one of the selectivity filter residue, Gly391 and as both share the same P-loop, dynamics of residue 395 itself can be critical to characterize the selectivity filter structure and dynamics. From molecular dynamics (MD) simulation trajectories, it was observed that the pore through selectivity filter is narrower (Figures 8A, B) in sensitive variety in comparison to that of the tolerant variety (Figures 8C, D). Not only that, visual inspection suggests that the selectivity filter residues were much flexible in tolerant variety in comparison to sensitive Nipponbare. This was further validated by plotting the centre of mass of side chain atoms, in selectivity filter residues from last 20 ns of each trajectory in XY plane and corresponding Z-positions using color gradient (Figure 9).
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Figure 8 | Membrane embedded structures (top view) of Nipponbare (A) and Nona Bokra (C). The protein is shown in orange cartoon and membrane is represented using P (tan sphere) and N atoms (blue spheres). The selectivity filter residues are shown in red spheres and marked with black circle. These selectivity filter residues and residue 395 of both the proteins are amplified in (B) and (D). The filter pore is narrower for Nipponbare compared to Nona Bokra.
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Figure 9 | Centre of mass of side chain atoms of selectivity filter residues (Ser76, Gly264, Gly391 and Gly495) are calculated from last 20 ns of each trajectory and plotted in XY plane. Z-positions are projected on the XY plane using color gradient. All the X, Y, and Z distributions are centered around (X, Y, Z) = (0, 0, 0). (A and B) contain only KCl solution; (C , D) contain mixed salt solution (NaCl and KCl).




In only KCl solution, there isn’t much difference in Z-axis spread. In XY-plane, Nipponbare (salt sensitive) fluctuates mostly in Y-axis (Figure 9A) whereas Nona Bokra (salt tolerant) residues are spread over a much broader region (Figure 9B), relatively. For the systems in mixed salt solution (Figures 9C, D), the distributions brings much more clarity to the difference in selectivity filter dynamics, where Nipponbare (salt sensitive) residue distribution is rigid and spatially dense (Figure 9C), in comparison to the much broader fluctuation of Nona Bokra (salt tolerant) residues in all the directions (Figure 9D). These results are all indicative of a more rigid and narrow pore of Nipponbare (salt sensitive) in comparison to Nona Bokra (salt tolerant). This flexible and wide passage through the selectivity filter of Nona Bokra (salt tolerant) is expected to cause Na+ efflux more easily in comparison to the rigid and narrow pore of Nipponbare (salt sensitive). However, it is not clear yet that why such difference appears between these two varieties. As mentioned earlier, this could be due to the residue at position 395. The contact probability of residue 395 with all the other residues has been calculated over the trajectory of KCl solution systems and plotted in (Figure 10). Formation of contact is defined if any two heavy atoms from any two residues are within 4.2 Å of each other and the probability is calculated as the fraction of time a contact was stable in a trajectory, and so it varies from 0 (that contact was not formed even once between two residues) to 1 (contact was stable throughout the trajectory). In Nipponbare, 395Leu is able to make contact with many hydrophobic residues (e.g. 358Phe, 363Trp, 383Met, 408Tyr, 496Phe) with significant stability (Figure 10A). This network may impose a restriction to the P-loop which accommodates 395Leu as well as one of the selectivity filter residue, i.e. 391Gly. So, restriction in the P-loop may add rigidity to the flexibility of the selectivity filter. In contrast, though there are few stable contacts (e.g. 272Leu, 363Trp, 383Met), 395Val of Nona Bokra is unable to make efficient stable hydrophobic contacts due to its reduced side chain length (Figure 12B). That can be the reason for flexible and wide pore through selectivity filter residues. The rigidity imposed by position 395 has also been suggested previously (Cotsaftis et al., 2012).
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Figure 10 | Contact probability of residue 395 with all the other residues of Nipponbare (A) and Nona Bokra (B). There are more number of local contacts (residue ~ 350–410) with significant probability involving 395Leu in comparison to Nona Bokra. Local crowding around residue 395 is represented in inset of the probability plots following the same representation of Figure 10. Surrounding residues are shown in cyan sticks.






Extracellular Loop Motion Regulated by Residue 332

According to our model, residue 332 lies around the constriction pore, and in close proximity to the large extracellular loop (residue ~110–200). Considering the fact that the confidence on the model is not satisfactory, the trajectory showed that the dynamics of the large loop around the constriction pore can be important for the passage of ions. As the loop consists of many polar residues, it can trap ions if it folds around the pore opening as it appeared to be the case for Nipponbare (Figure 11A). This can make the passage of Na+ comparatively difficult for Nipponbare which can be severe under salt stress. On the other hand, in case of Nona Bokra, the loop is more dynamic and away from the pore opening (Figure 11B) which can be beneficial to the efflux of Na+ under any condition. Again, contact probability was calculated between residue 332 and other residues and plotted in Figure 12. In Nipponbare, 332His interacts locally with many surrounding residues and is not involved in many distant interactions (Figure 12A) due to its smaller size and rigidity. On the contrary, 332Asp of Nona Bokra is flexible and polar and thus involved in significant interactions with many polar residues (~ residue 180–190) of the loop. It cannot be concluded here that the involved polar contacts are exclusively involved in the swap out of the loop from the vicinity of pore opening, yet this can be one possible reason for the distinct loop dynamics.
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Figure 11 | Representative conformation of the extracellular loop in (A) Nipponbare and (B) Nona Bokra. Representation is similar to previous graphics.
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Figure 12 | Contact probability of residue 395 with all the other residues of Nipponbare (A) and Nona Bokra (B). Contact of 332 Asp with loop residues are shown in inset of (B).







Discussion



HKT1;5 Mediate Na+ Unloading From Xylem Vessels in Roots Dominantly Under Salt Stress

HKT1;5 is a vital transporter protein that recirculates Na+ to maintain the homeostasis of Na+/K+ in higher plants (Schachtman and Schroeder, 1994; Munns and Tester, 2008; Horie et al., 2009). In rice this transporter is identified as the mediator for Na+ retrieval from xylem to xylem parenchyma in rice (Ren et al., 2005) and wheat (Byrt et al., 2007). Our study based on microarray data, mRNAseq data and real time expression analysis showed that its presence is more in root compared to that of the shoot. One group showed that, OsHKT1;5 helps in the exclusion of Na+ from leaves by transferring Na+ from xylem sap in roots (Cotsaftis et al., 2012). In wheat TmHKT1;5-A and TaHKT1;5-D found to be expressed in roots but not in leaves and their gene expression gradually increased with higher levels of salt stress (Byrt et al., 2007; Munns et al., 2012). Our current study results with IR29 (salt sensitive), Pokkali (salt tolerant), and Porteresia coarctata (halophyte) showed that HKT1;5 is expressed mainly in roots and it was upregulated by 100 mM salt stress. The increase in expression of the P. coarctata transporter was comparatively much higher with the gradual increase (100 and 200 mM) of salt stress indicating its important role during stress tolerance in the recirculation process of Na+. Although Pokkali and P. coarctata are able to survive in 100 mM stress, IR29 cannot, despite showing similar increase at 24 h in relative expression change of 2.4 fold comparable to Pokkali.




Balancing Na+ and K+ Ions Under Salt Stress Is Crucial for Plant Survival

The survival of plants largely depends on the balancing of Na+/K+ although the complete mechanism involved in this process are still not clearly elucidated. With the increase of salt stress, the salt sensitive and tolerant variety try to mediate the homeostasis of Na+ by retrieving it from xylem vessel into xylem parenchyma by HKT1;5 (Ren et al., 2005). It was observed here that despite similar gene expression change, sensitive IR29 is unable to survive, at 100 mM stress, while tolerant Pokkali does. Higher Na+ content was found in the shoot in IR29 compared to Pokkali. This indicates that Na+ could not recirculate from shoot to root easily in IR29 as opposed to the situation in Pokkali leading to higher Na+/K+ ratio in the shoot of the former. This points to species-specific Na+ toxicity threshold that would hamper normal functioning in shoot (Maggio et al., 2001; Chen et al., 2007). Plants that are continuously exposed to their habitat-specific coastal salt such as the halophyte P. coarctata, however has the ability to maintain low cytosolic Na+/K+ ratio in presence of high salt stress which is explained by the continued overexpression of HKT1;5 with the gradual increase in salt stress. Previous studies showed that, under 120 mM salt stress for 7 days, salt tolerant varieties were found to be able to maintain better Na+/K+ ratio in shoots compared to salt sensitive ones (Supplementary Figure 1, data collected from DeLeon et al. (2015). These results are also corroborated in earlier studies which demonstrated that growth and yield of plants are correlated with toxic ion accumulation in shoots but not in roots (Dalton et al., 2000).

An important question therefore arises whether the change in gene expression is the only vital factor for the survival of these plants or whether specific amino acids are playing important roles within the transporter protein structure.




Two Amino Acid Substitution Model of the Oryza Species HKT1;5 Transporter

The 3D structure shows that the position of the two substitutions (395Leu/Val and 332Asp/His) are in the opposite end of the transporter channel (Figure 7). Strategic position of these two amino acids might be playing a decisive role for the tolerant variety to survive but not in sensitive varieties. The selectivity filter of the HKT1;5 protein consist of 76Ser-264Gly-391Gly-496Gly in both Nona Bokra (salt tolerant) and Nipponbare (salt sensitive), and all are accommodated in four P-loops (Horie et al., 2001). This filter selectively transports Na+ across the membrane. Results from the MD simulation study show that Val/Leu at the 395 position is crucial to the dynamics of selectivity filter as 391Gly (filter residue) shares the same loop as 395Val/Leu. In sensitive variety, 395Leu forms an intricate residual network where many of the residual contacts are stabilized by Van der Waals interaction with the surrounding hydrophobic amino acids. This network possibly restricts the loop motion which would eventually reduce flexibility of 391Gly. This could be the possible reason for the narrow and rigid pore in sensitive variety, i.e. Nipponbare. Whereas, in tolerant variety (Nona Bokra), presence of Valine makes the positon 395 less prone to get stabilized by hydrophobicity which causes more flexibility to the subsequent P-loop and eventually to Gly391. This probably makes the selectivity filter more flexible and wide for favorable permeation of Na+ as suggested by Cotsaftis (Cotsaftis et al., 2012). In rice, this would translate into more flexible movement of Na+ from xylem sap into xylem parenchyma in tolerant variety (Figure 13) leading to its net decrease in the transpiration stream and resulting in lower toxicity in plants. This Na+ eventually moves out of root cell into the soil in all likelihood, by the help of other transporters such as SOS1.



[image: ]

Figure 13 | Location of OsHKT1;5 (circled) and two amino acid substitutions working together to give tolerance against salt stress. High salt concentration in soil allows Na+ to enter through root and transport throughout the plant via the xylem vessel and is recirculated back to the root through phloem (Maathuis, 2013). OsHKT1;5 functions by transporting Na+ out of xylem vessel into xylem parenchyma (efflux) minimizing the harmful effects to the plant due to Na+ accumulation. Presence of valine instead of leucine in position 395 and of aspartate in place of histidine (at position 332) allows for greater transfer rate of Na+ out of xylem vessel into the root xylem parenchyma (1, 2).




This standalone model however may not provide the full picture unless we discuss another important substitution (i.e. at position 332) that probably plays an important role as well, in the functioning of HKT1;5 under high salt stress.

The presence of 332 positon is at the opening of HKT1;5 to the xylem parenchyma part of plant root. Sequence alignment showed that this position has either histidine (sensitive) or aspartic acid (tolerant) and this is in the vicinity of large extra cellular loop, enriched with polar residues, at the parenchyma side of the root (Figure 11). In a sensitive variety, presence of histidine 395 leads to few local and less polar interactions with the surrounding amino acids causing the loop residues to spread out. The loop can freely fold and get lodged around the opening of constriction pore due to polar interaction with the membrane polar head-groups (Figure 11A). This would eventually create hindrance in the clearance of Na+ that has already transported through the pore from the opposite end. In contrast to that, aspartic acid in Nona Bokra (salt tolerant) at the same position, can get involved in polar interaction with the loop residues, impacting the loop dynamics in such a way that that it shifts away from the vicinity of the constriction pore and makes the efflux of Na+ easier. Transportation of Na+ into xylem parenchyma from the xylem sap causes membrane depolarization activating some transporters such as SKOR (stelar K+ outward rectifying), OsHAK5, OsHAK1, OsAKT, thus allowing K+ to be transported in the opposite direction and into the xylem sap (Very and Sentenac, 2003; Assaha et al., 2017). This movement of K+ would in effect maintain the Na+/K+ ratio.

The structural confidence of our model is not high due to lower level of similarity between the template and predicted protein. However, in absence of solved protein structures of this family of proteins and subsequent experimental data, the present approach can be important to get an overview of a plausible mechanism of action for the HKT1;5 transporter. Notwithstanding such limitations, the present study which suggests a model based on two amino acid substitutions working together to enable salt tolerant varieties to remove toxic Na+ and maintain a low Na+/K+ ratio seems possible. Firstly, the presence of 395Val at the side of xylem vessel enables Na+ efflux through a wide and flexible pore. Secondly, the presence of 332Asp at the side of xylem parenchyma of root clears the way for the already inserted Na+ from the xylem vessel end by controlling the dynamics of extracellular loop. The Na+ can then move out of the cell through the SOS1 transporter. These two amino acid substitutions working together in sync may enable salt tolerant varieties to survive in the salt stress environment as modeled.





Conclusion

Functional and structural studies regarding OsHKT1;5 transporter genes and proteins are limited. In this study we have analyzed gene expression of IR29, Pokkali, and P. coarctata to check the tissue specificity, relative expression ability of Na+/K+ ratio maintenance. Although the expression could be checked under longer time interval which might provide a detailed response pattern of HKT1;5. Further, we have analyzed 23 sequences collected from NCBI and 137 sequences from 3,000 genome project of salt tolerant, salt sensitive and their wild relative rice genotype. Our study revealed that the two substitutions, working synchronously, namely, leucine to valine in position 395 and histidine to aspartate in position 332 only in the tolerant genotypes including a distant halophyte may have an important function in providing salt tolerance. However, this will need to be validated experimentally. In phylogeny analysis a clear distinction of OsHKT1;5 between salt sensitive and salt tolerant varieties was also observed. As more sequences of HKT1;5 genes, including those of halophytes are collected and compared, the importance of these two amino acids in distinguishing between salt sensitive and tolerant genotypes can be further confirmed and validated in future studies. It may be pointed out here that while comparing distant species the localized positioning of two amino acids within the membrane may be more important than overall sequence alignment. Thus, the introduction of aspartate replacing histidine and valine replacing leucine in HKT1;5 transporters proposes a model for an altered ion selectivity and uptake kinetics. This change in two amino acids may help species with a particular lineage acquire improved salt tolerance over a long evolutionary period.
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SUPPLEMENTARY FIGURE 1 | Na+/K+ ratio of salt senstitive( green) and salt tolerant (blue) varieties under 120mM salt stress for 7 days.


SUPPLEMENTARY FIGURE 2 | Multiple Sequence alignment partial result of 3 salt sensitive, 3 salt tolerant rice and 2 tolerant wheat varieties. Amino acid sequence alignment results for 324 to 404 is provided. The presence of Aspartate at 332 and Valine at 395 position is also observed in tolerant wheat TmHKT1;5 and TaHKT1;5.


SUPPLEMENTARY FIGURE 3 | Different models of HKT1;5 generated based on different templates.


SUPPLEMENTARY FIGURE 4 | Structure validation (a) 3D structure best predicted model of HKT1;5 (b) Ramachandran plot of the model structure (c) Using ProSA protein structural analysis tool the Z-score was found to be -5.32.
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Soil salinity is a major environmental stress on crop growth and productivity. A better understanding of the molecular and physiological mechanisms underlying salt tolerance will facilitate efforts to improve crop performance under salinity. Sugar beet is considered to be a salt-tolerant crop, and it is therefore a good model for studying salt acclimation in crops. Recently, many determinants of salt tolerance and regulatory mechanisms have been studied by using physiological and ‘omics approaches. This review provides an overview of recent research advances regarding sugar beet response and tolerance to salt stress. We summarize the physiological and molecular mechanisms involved, including maintenance of ion homeostasis, accumulation of osmotic-adjustment substances, and antioxidant regulation. We focus on progress in deciphering the mechanisms using ‘omic technologies and describe the key candidate genes involved in sugar beet salt tolerance. Understanding the response and tolerance of sugar beet to salt stress will enable translational application to other crops and thus will have significant impacts on agricultural sustainability and global food security.
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Introduction

Soil salinity is a major environmental stress that affects agricultural production worldwide. Globally, about 960 million hectares of arable land are affected by excess salt levels (Munns and Tester, 2008; Deinlein et al., 2014; Jha et al., 2019). The adverse effects of an annual salinity increase of ∼1-2% are exacerbated by global climate change, poor irrigation practice, and improper fertilizer utilization (Zhu, 2016). Furthermore, the human population is expected to reach 9.6 billion by 2050 (Shabala et al., 2015). The additional food required to feed this growing population has imposed great pressures on existing natural resources. Therefore, improving plant salt tolerance is useful for improving agricultural production and food security. Salinity causes ionic imbalance, osmotic stress, and secondary stresses, e.g., oxidative stress. These stresses have a substantial impact on crop life from seed germination to vegetative growth to reproduction and seed filling. Plant responses to salt stress include a decrease in leaf expansion, stomatal closure, inhibition of photosynthesis, and reduced biomass (Zhang and Shi, 2013). On the other hand, plants have evolved a large number of physiological and biochemical processes to adapt to salt stress. In general, the adaptive responses of plants to salt stress can be grouped into three categories: osmotic stress tolerance, ion exclusion, and tissue tolerance to salinity (Yang and Guo, 2018a).

Sugar beet (Beta vulgaris L.) belongs to the order Caryophyllales, which lies at the basal taxa of core dicots. It is an important root crop in the world for sugar production, where its tap roots are used. The world production of sugar from sugar beet in 2018 was approximately 42 million metric tons, accounting for nearly 30% of the world sugar supply (FAO). In addition to its use in the sugar industry, it is a major source for animal feed and the production of bioethanol as renewable energy (Magaña et al., 2011). A wild ancestor of sugar beet is Beta maritima L. (sea beet), which grows naturally along the Atlantic coasts of Western Europe and the coasts of Mediterranean countries (Doney et al., 1999). To survive in these habitats, sea beet has developed structural and physiological strategies to regulate the distribution of salt and other solutes and to increase water content (Daoud et al., 2003). Many sugar beet cultivars inherited the salt tolerance trait from their ancestor and are considered salt-tolerant glycophytes. Sugar beet can tolerate up to 500 mM sodium chloride (NaCl) for seven days without losing viability (Yang et al., 2012). Moreover, it has been found that when the electrical conductivity (EC) of soil reached 7.0 dS m-1 (≈67 mM NaCl), the yield of sugar beet was not affected (Marschner, 1995). With the completion of the genome sequencing of sugar beet (Dohm et al., 2013), it is considered to be an excellent crop model for studying salt tolerance mechanisms.

Previous studies have mainly focused on the physiological responses of sugar beet to salt stress. Recently, more and more studies have focused on elucidating the molecular mechanisms of salt tolerance using different ‘omics tools, such as RNA sequencing (Lv et al., 2018; Skorupa et al., 2019), proteomic analysis (Wakeel et al., 2011a; Yang et al., 2012; Yu et al., 2016), and metabolomic analysis (Hossain et al., 2017a). These large-scale studies have rapidly delivered new knowledge and important insights into the molecular processes of salt tolerance in sugar beet (Table 1). However, to date, there has been no critical review of the recent advances toward understanding the molecular and physiological mechanisms of sugar beet salt tolerance. This review article aims to fill this knowledge gap by providing an overview of recent progress made in the field of sugar beet salt tolerance, including its physiological and molecular mechanisms as revealed by ‘omics technologies and the genes targeted for genetic improvement and molecular breeding for crop salt tolerance.



Table 1 | Major ‘omic studies of salt stress tolerance in sugar beet using different technological platforms.
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Effects of Salt Stress

Although sugar beet is salt-tolerant compared to other crops, it is sensitive to salinity at the germination and early seedling stages (Kaffka and Hembree, 2004; Sadughi et al., 2015). Water uptake and availability is essential for seed germination and early seedling growth. Salt stress causes a significant reduction in water availability, decreases the mobilization of stored reserves, and affects the structural organization of proteins, leading to poor germination (Sadughi et al., 2015). However, the usual long lag time of sugar beet seeds in salinized soil may initiate seed priming (AboKassem, 2007; Sadeghian and Yavari, 2010), enabling germination at a salinity level of 12 dS m-1 (≈115 mM NaCl), which does not significantly affect seed germination compared to control conditions (Jafarzadeh and Aliasgharzad, 2007; Khayamim et al., 2014). When the salinity level reached 16 dS m-1 (≈150 mM NaCl) or a combination of different salts compositions (Mg2SO4/NaCl/Na2SO4/CaCl2) were imposed, sugar beet seed germination was found to be significantly inhibited (Jafarzadeh and Aliasgharzad, 2007). Presumably, decreased osmotic potential caused by high salt concentration inhibits water imbibition in seeds. The establishment of sugar beet seedlings is more susceptible to salinity inhibition than is seed germination. For example, the root length is significantly decreased at an EC of 4 dS m-1 (≈38 mM NaCl) (Jafarzadeh and Aliasgharzad, 2007). It was also reported that the hypocotyl length and number of normal seedlings were negatively correlated with the increase of salt level. Therefore, long roots and hypocotyls and a low percentage of abnormal seedlings (as defined by the International Seed Testing Association, 1985) may be used as indexes for identifying salt-tolerant genotypes of sugar beet (Khayamim et al., 2014).

Chlorophyll is the major pigment in plant photosynthesis and is responsible for absorbing and transforming light energy. Chlorophyll content is thus an important physiological indicator of plant salt-stress damage. The content of chlorophyll in sugar beet was decreased by 38.4% at 280 mM NaCl (EC≈33 dS m-1) but did not change under mild salinity (EC = 5.5 dS m-1 ≈55 mM NaCl.) (Hajiboland et al., 2009; Wang et al., 2017). In addition, the net photosynthesis rate and stomatal conductance showed similar change trends to those of the chlorophyll level under the above two salt-stress conditions. Rubisco, which is directly involved in CO2 fixation, is a determining factor for carbohydrate accumulation in plants. Its activity was obviously decreased under salt stress in comparison with control (Hossain et al., 2017b; Wang et al., 2017). These adverse effects eventually lead to decreases in the leaf area, growth, and root yield of sugar beet.

Salt stress also affects the uptake and accumulation of mineral nutrients in sugar beet. For example, high salinity increases the phosphate content of sugar beet in a dose-dependent manner. Excessive accumulation of phosphorus may lead to phosphorus poisoning, growth retardation, and necrosis in plants (Zhou et al., 2008). Nitrate reductase (NR) is a key enzyme in plant nitrogen acquisition and is responsible for the synthesis of nitric oxide (NO), a key signaling molecule in plant cells (Chamizo-Ampudia et al., 2017). NR activity was found to be significantly inhibited by NaCl in young and old leaves of sugar beet. The degree of decrease in the enzyme activity was greater with increasing salt concentration (Ghoulam et al., 2002). The reduction of NR activity was mainly due to the excess accumulation of salt in the cytoplasm. However, direct links between salt and NR regulation are not known. Another report showed that salinity induced lower nitrogen assimilation in sugar beet at the end of its growth season compared to earlier in the season (Hajiboland et al., 2009). Although this situation caused sugar beet to have a lower dry matter and shoot mass, the weight of the storage root and the sugar content increased significantly because of a change in the partitioning of organic materials in favor of the roots.




Primary Mechanisms of Salt Tolerance in Sugar Beet



Accumulation of Osmotic Adjustment Substances

Osmotic stress is the primary form of stress suffered by plants when subjected to salt stress. Osmotic adjustment is vital for the alleviation of the osmotic imbalances caused by salt stress and for maintaining cell turgor (Liang et al., 2018). It involves cellular solute accumulation in response to a decrease in the water potential of the environment. Although sugar beet is sensitive to salinity at seed germination and early seedling stage (see the previous section), established plants exhibit a high osmotic adjustment capacity, as reflected by the accumulation of organic and inorganic osmolytes under salt stress (Katerji et al., 1997; Wu et al., 2015a). Several studies have found that glycinebetaine (GB), choline, free amino acids, and proline accumulated in sugar beet leaves with increasing NaCl concentrations in the growth medium (Ghoulam et al., 2002; Yamada et al., 2009; Wu et al., 2013a). High levels of GB (>20 mmol g FW-1) in young leaves of sugar beet were detected under normal growth conditions (Yamada et al., 2009). In contrast, the contents of GB in old leaves, cotyledons, hypocotyls, and roots were low. GB is primarily synthesized in old leaves and is translocated into young leaves (Yamada et al., 2009). As a result, high accumulation of GB was observed in the new leaves of sugar beet, especially under salt-stress conditions (Russell et al., 1998; Yamada et al., 2009). GB clearly plays a key role in the osmotic adjustment of sugar beet (Waditee et al., 2007). GB is synthesized via a two-step reaction catalyzed by choline monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH) (Chen and Murata, 2002). CMO catalyzes the first step, which is the rate-limiting step in GB synthesis (Hibino et al., 2002). Antisense BvCMO transgenic sugar beets with suppressed levels of BvCMO protein exhibited decreased GB synthesis and became more susceptible to salt stress compared to wild-type plants (Yamada et al., 2015). On the other hand, transplastomic tobacco plants over-expressing the BvCMO gene accumulated GB and exhibited increased tolerance to salt stress (Zhang et al., 2008). Thus, BvCMO has the potential to be used in genetic engineering to improve plant salt stress tolerance. GB was found to be transported by proline transporters using a transmembrane proton gradient (Yamada et al., 2011). Whether the transport and distribution of GB in different plant tissues affects plant salt tolerance needs further investigation.

Proline is another important osmolyte in plant cells, and its cellular levels can be used as a physiological index of plant salt stress tolerance in many species (Per et al., 2017; De la Torre-González et al., 2018). However, the importance of proline accumulation in sugar beet under salt stress for osmotic adjustment is still under debate. It is noteworthy that shoot proline concentrations were significantly higher in salt-tolerant cultivars than in salt-sensitive cultivars under control or salt-stress conditions (Ghoulam et al., 2002; Wu et al., 2013a). It was speculated that high proline contents in the salt-tolerant sugar beet genotypes could be induced by cellular demand for osmotic adjustment and membrane stabilization. However, from a quantitative point of view, the contribution to osmotic adjustment by the accumulated proline appeared to be small compared to GB. Furthermore, inorganic salt ions may play a more important role than proline in osmotic adjustment. It was reported that sugar beet seedlings accumulate high levels of ions such as Na+, K+, and Cl- in their shoots, which are involved in effective osmotic adjustment under salt-stress conditions (Wu et al., 2015b).




Redox Regulation of Salt Tolerance

Salt stress induces the accumulation of cellular reactive oxygen species (ROS), such as superoxide radical (O2−), hydrogen peroxide (H2O2), and hydroxyl radical (·OH), that are generated by plant photosynthetic and respiratory electron transport systems, xanthine oxidases, and NADPH oxidases. Usually, cellular ROS levels are regulated by both non-enzymatic antioxidants and enzymatic antioxidants (Apel and Hirt, 2004; Baxter et al., 2014; Ben Rejeb et al., 2015). Interestingly, H2O2 levels in sugar beet were found to be lower under long-term salinity than under control conditions (Hossain et al., 2017b). This result is quite different from the responses of other crop species, which exhibit salt-stress-induced ROS accumulation (Mittler et al., 2004). It is speculated that sugar beet is efficient in adjusting the cellular redox environment under salinity. The expression of superoxide dismutases (SOD) (e.g., Cu-Zn-SOD, Mn-SOD, and Fe-SOD) and peroxiredoxins (Prx) were increased under salt stress (Hossain et al., 2017b). The induced expression of these antioxidant-related genes helps to remove accumulations of ROS. In the meantime, transcription of respiratory burst oxidase homolog (RBOH) isoforms, the major ROS-generating NADPH oxidases, were significantly suppressed under salinity. These mechanisms of maintaining low ROS accumulation help to mitigate oxidative stress and facilitate normal cellular metabolism for the growth and development of sugar beet under salt stress.

Changes in antioxidant enzymes involved in salt stress tolerance have also been investigated in the cultivated sugar beet B. vulgaris and its wild salt-tolerant relative B. maritime. The activities of SOD, peroxidase (POX), ascorbate peroxidase (APX), catalase (CAT), and glutathione reductase (GR) in B. maritime were obviously higher than in B. vulgaris (Bor et al., 2003). APX is one of the major members in the anti-oxidation system that scavenges the excess H2O2 caused by salt stresses (Guan et al., 2015). APX can convert H2O2 into H2O with ascorbic acid (ASA) as the electron donor. Interestingly, the expression of BvAPX was up-regulated under salt stress in the leaves of both B. maritime and B. vulgaris. However, a much longer duration of salt stress was required to induce APX gene expression in the salt-tolerant B. maritime compared to in the salt-sensitive varieties (Dunajska-Ordak et al., 2014). The highly efficient osmotic regulation in B. maritime may account for the delayed induction of APX expression. Peroxidase (POX) is another well-known antioxidant enzyme that protects plant cells from oxidative damage, and its enzymatic activity was induced in the roots of sugar beet under stress conditions (Pradedova et al., 2014). Recently, it was reported that the level of POX gene transcription under salt stress was related to the elevated levels of acetylation in H3K9 and H3K27 sites in sugar beet (Yolcu et al., 2016). In B. vulgaris and B. maritime, the acetylation patterns were significantly different. Unlike the cultivated B. vulgaris, the main acetylation site of the salt-tolerant wild species is H3K9. These studies indicate that the antioxidant system plays a key role in determining sugar beet salt tolerance, and epigenetics appears to regulate the antioxidant system at the transcriptional level.




Maintaining Ion Homeostasis

When plants are exposed to a saline environment, Na+ can enter cells through non-selective cation channels and K+ transporters (Ward et al., 2003). Thus, maintaining ion homeostasis is imperative for plants to adapt to salt stress (Nadeem et al., 2019). Usually, plants eliminate excessive Na+ from the cytosol via the plasma membrane or tonoplast Na+/H+ antiporters (NHX) to maintain an optimal cytosolic Na+ level (Zhu, 2003; Olías et al., 2009). These Na+/H+ antiporters use the electrochemical gradient of protons across the tonoplast or plasma membrane to move Na+ into the vacuole or outside the cell, respectively (Blumwald, 2000). It has been suggested that the activity of vacuolar Na+/H+ antiporters is significantly different in salt-tolerant versus salt-sensitive plants. Compared with salt-sensitive plants, NHX transcription in salt-tolerant plants is much more strongly induced (Yokoi et al., 2002; Gong et al., 2010). Furthermore, tonoplasts of salt-tolerant sugar beet exhibited high tonoplast NHX activity, which was directly related to the salt stress tolerance of B. vulgaris cell cultures (Blumwald and Poole, 1987; Wu et al., 2019). The transcription of BvNHX1 was significantly increased under salt stress. This pattern of increase was consistent with elevated BvNHX1 protein and vacuolar NHX activity (Xia et al., 2002). Another study showed that the sugar beet BvNHX1 gene was modulated by MYB transcription factor(s), which were responsible for activating its expression upon salt exposure (Adler et al., 2010). Interestingly, overexpression of tonoplast NHXs in sugar beet was shown to improve salt stress tolerance (Yang et al., 2005; Liu et al., 2010). The transgenic sugar beet accumulated high levels of potassium and low levels of salt in the roots. Furthermore, the transgenic sugar beet exhibited higher soluble sugar content and yield in storage roots under saline conditions than the wild type (Liu et al., 2015). Simultaneously with the activation of vacuolar BvNHX under salt stress, the transcription of vacuolar H+ pump V-H+-ATPase was also enhanced (Kirsch et al., 1996). This coordinated regulation of both NHX and V-H+-ATPase in sugar beet constitutes an efficient mechanism underlying vacuolar salt sequestration and salt tolerance in sugar beet (Kirsch et al., 1996).

The restriction of K+-efflux is another important mechanism underlying the salt tolerance of sugar beet. Plasma membrane (PM) H+-ATPase was found to be involved in restricting K+ efflux under salt-stress conditions (Sun et al., 2010; Shabala et al., 2016). A previous study compared the effect of salt stress on PM H+-ATPase activity in salt-sensitive maize and salt-tolerant sugar beet (Wakeel et al., 2011b). Although high concentrations of salt can inhibit PM H+-ATPase activity, the activity in the salt-tolerant sugar beet was less affected than that in maize. At low concentrations of salt, the PM H+-ATPase activity in sugar beet was not affected, while an obvious decrease of activity was detected in maize. These results indicate that PM H+-ATPase in sugar beet is relatively stable under salt stress and can maintain a high level of cellular K+. In addition, apoplastic pH, which is determined by the H+-ATPases, was not affected in sugar beet under salt stress (Kirsch et al., 1996; Wakeel et al., 2010). According to the acid-growth theory, lower apoplastic pH allows extension growth by increasing cell wall extensibility. Therefore, the relatively stable PM H+-ATPase under salt stress ensures an acid-growth condition for sugar beet.





‘Omics Technologies for Discovering the Genes, Proteins and Metabolites Involved in Salt Tolerance

To date, many studies have focused on utilizing ‘omics tools to explore salt-tolerance mechanisms in plants. The ‘omics tools include genomics, transcriptomics, proteomics, and metabolomics, which allow large-scale discovery of candidate genes, proteins, and metabolites involved in plant salt stress tolerance (Sun et al., 2017; Lei et al., 2018). Recently, several important genes, proteins and metabolites related to salt tolerance in sugar beet have been reported (Table 1). Here we describe how the ‘omics results help to improve understanding of the salt-tolerance mechanisms in sugar beet.



Transcriptomic Study of Salt Tolerance in Sugar Beet

In the early days, the polymerase chain reaction (PCR)-based suppression subtractive hybridization (SSH) method was adopted to compare gene expression patterns between ‘tester’ and ‘driver’ populations (Wang et al., 2005). A number of differentially expressed genes related to salt-stress tolerance were identified in different plant species by the SSH technique (Baldwin and Dombrowski, 2006; Ouyang et al., 2006). In our previous work, a single chromosome from B. corolliflora was introduced into the cultivated B. vulgaris through the traditional crossing of distant species. One of the hybrid lines, BvM14, containing chromosome 9 of B. corolliflora was obtained (Figure 1). It showed characteristics of apomixis and tolerance to salt stress (Li et al., 2010). BvM14 tolerated up to 500 mM NaCl treatment (Figure 1). The SSH method was applied to explore changes in the transcriptional profiles of the BvM14 plants under salinity (Ma et al., 2017). Tester and driver cDNAs were synthesized from BvM14 root and leaf mRNA extracted from control and salt-stress plants. A total of 36 differentially expressed genes were identified and annotated in BvM14 roots and leaves under salt stress. Most of the genes were involved in metabolism and photosynthesis. For example, one of the differentially expressed genes, S-adenosylmethionine synthetase 2 (BvM14-SAMS2), is an important enzyme in the synthesis of S-adenosylmethionine (SAM), a precursor of polyamines. It was suggested that polyamines may be involved in determining plant responses to abiotic or biotic stresses. As expected, transgenic Arabidopsis plants overexpressing BvM14-SAMS2 exhibited strong salt and H2O2 tolerance compared to the wild type (Ma et al., 2017). Another salt-responsive gene, BvM14-cystatin, identified by the SSH method, was also isolated from sugar beet and overexpressed in Arabidopsis. The transgenic plants showed enhanced salt tolerance (Wang et al., 2012). Taken together, these studies showed that the SSH technique was useful for identifying key genes involved in sugar beet salt tolerance in the early days.
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Figure 1 | Generation of sugar beet M14 and its phenotype under salt stress. (A) Breeding process of sugar beet M14 (B. vulgaris genome plus chromosome No. 9 from B. corolliflora). (B) Growth status of sugar beet M14 under salt stress for seven days.




Recently, high-throughput sequencing tools developed to monitor gene expression patterns have made it possible to systemically explore how plants cope with salt stress (Sun et al., 2013; Bushman et al., 2016). In order to determine a broad spectrum of genes involved in BvM14 salt tolerance, comparative transcriptomics analysis was performed to identify differentially expressed genes in the leaf and root samples of BvM14 seedlings at 0, 200 and 400 mM NaCl conditions (Lv et al., 2018). GO and KEGG enrichment analyses found that a large proportion of the differentially expressed genes were concentrated in redox balance, signal transduction, and protein phosphorylation. In addition, the differentially expressed genes of BvM14 under salt stress were very different in the leaves and in the roots. This result indicates that the BvM14 roots and leaves have different adaptation mechanisms for coping with salt stress. Moreover, the genes involved in the ROS scavenging system, such as APX, SOD, thioredoxin (TRX), glutathione S-transferase (GST), monodehydroascorbate reductase (MDAR), and glycolate oxidase (GOX), showed significant differences in sugar beet under salt stress compared to control. This result indicates that the plant antioxidant system plays an important role in regulating sugar beet salt tolerance.

As sea beet (B. maritima) displays elevated salt-tolerance compared to the cultivated beet (B. vulgaris), a study also investigated the transcriptomic responses to acute salt stress imposed to excised leaves of sea beet. Differentially expressed genes involved in osmoprotection, molecular chaperoning, and redox protein synthesis were identified and may play a key role in determining salt tolerance in sea beets (Skorupa et al., 2016). Recently, another study using RNAseq was published that explored transcriptional patterns related to salt responses in sugar beet (B. vulgaris) and its wild ancestor sea beet (Skorupa et al., 2019). Two kinds of salt treatment strategies were applied: either a gradual increase in salt concentration (salt-stress) or sudden exposure to salinity (salt-shock). Interestingly, sugar beet exhibited more significant transcriptomic changes to maintain homeostasis than sea beet. In addition, salt shock induced greater transcriptomic changes than salt stress, and salt shock led to a larger number of up-regulated genes compared to salt stress. Moreover, this study also confirmed that sugar beet inherited salt-tolerance traits from sea beet and that bHLH transcription factors are candidate regulators of salt-stress responses in sugar beet (Skorupa et al., 2019).




Proteomic Study of Salt Tolerance in Sugar Beet

Although some of the salt-responsive genes have been identified in sugar beet using high-throughput RNA sequencing, transcriptomic data does not often correlate with the results of proteomic data due to posttranscriptional, translational, and posttranslational regulations (Chen and Harmon, 2006; Li et al., 2015; Walley et al., 2016). Therefore, it is imperative to employ proteomics to investigate global protein level changes under salt stress. Previously, two sugar beet cultivars with contrasting salt tolerance were selected to compare their proteomes’ response to salt using an isobaric tag for a relative and absolute quantification (iTRAQ)-based proteomic approach (Wang et al., 2019). This study indicated that salt-sensitive and -tolerant sugar beet cultivars exhibited different changes in proteomic profiles under salt stress. Several proteins involved in protein modification, the tricarboxylic acid cycle, cell wall synthesis, and reactive oxygen species scavenging showed differential changes between the sensitive and tolerant cultivars, indicating that these pathways may participate in the salt tolerance of sugar beet. Some potential markers for further engineering of salt tolerance in sugar beet have been identified, such as late embryogenesis abundant (LEA) proteins, abscisic acid-stress ripening protein 1 (ASR1), and S-adenosylhomocysteine synthase. Furthermore, salt-responsive characteristics of the salt-tolerant sugar beet BvM14 were studied under 0, 200, and 400 mM NaCl conditions using two-dimensional difference gel electrophoresis (2D-DIGE) and gel-free iTRAQ approaches (Yang et al., 2012; Yang et al., 2013). Differentially expressed proteins involved in photosynthesis, respiration, the antioxidant system, methionine metabolism, and GB synthesis were all increased in the roots and leaves of BvM14. The results indicated that enhancement of photosynthesis and methionine metabolism, accumulation of compatible organic solutes and antioxidative enzymes, and increase in ion uptake/exclusion were the main regulatory mechanisms underlying salt tolerance in BvM14. One of the differentially expressed proteins, BvM14-glyoxalase I, was found to exhibit a two-fold increase in leaves in response to salt treatment. BvM14-glyoxalase I was ubiquitously expressed in different tissues of BvM14 and displayed increased levels under salt, mannitol, and oxidative stresses (Wu et al., 2013b). To investigate the functions of BvM14-glyoxalase I, it was constitutively expressed in Nicotiana tabacum. The transgenic plants showed marked tolerance to methylglyoxal, salt, mannitol, and H2O2. Another differential protein in BvM14, S-adenosylmethionine decarboxylase (BvM14-SAMDC), is a key rate-limiting enzyme involved in plant polyamine synthesis. Recently, the gene encoding the BvM14-SAMDC protein was cloned from BvM14 leaves (Ji et al., 2019). When BvM14-SAMDC was overexpressed, increased levels of spermidine (Spd) and spermin (Spm) and high activities of antioxidant enzymes were observed compared to in the wild type. Interestingly, expression levels of RbohD and RbohF, which play a role in ROS production, were significantly decreased in the transgenic plants (Ji et al., 2019). This study indicates that biosynthesis of Spm and Spd contributes to sugar beet salt stress tolerance through enhanced antioxidant activities and decreased ROS generation.

Plant cells have extensive membrane systems that play a key role in regulating responses and adaptation to salt stress. To understand the essential functions of membrane systems, an iTRAQ-based comparative proteomic study was conducted using microsomes of sugar beet BvM14 plants under control and salt-stress conditions (Li et al., 2015). This study revealed that plasma membrane ATPase 11 and vacuolar ATPase subunit H were increased in response to salt stress. These proteins were involved in generating a proton gradient for ion transport across the plasma membrane and vacuolar membrane, respectively. Increasing the levels and activity of the ATPases may be an effective strategy for Na+ sequestration and osmotic adjustment under salt stress.Protein phosphorylation is one of the most widespread post-translational regulations in plant cell signaling under salt stress (Hubbard and Cohen, 1993; Tanou et al., 2012). Changes in the phosphoproteome of BvM14 plants under short-term salt stress were analyzed using label-free quantitative proteomics (Yu et al., 2016). Several key kinases were found to exhibit significant changes under salt stress, including mitogen-activated protein kinases (MAPKs), 14-3-3s, receptor kinases, and calcium-dependent protein kinases (CDPKs). In addition, the phosphorylation of peroxiredoxin and several other proteins was a novel and intriguing discovery. Furthermore, sugar beet casein kinase 2 (CK2) was induced by salt stress and has been proved critical to salt tolerance in Saccharomyces cerevisiae (Kanhonou et al., 2001). With the exception of phosphorylation, other post-translational modifications have rarely been studied in sugar beet and should be an exciting subject for future research.




Metabolomic Study of Salt Tolerance in Sugar Beet

Global metabolic changes can reflect protein activities and physiological responses to different environmental stresses in plants. Therefore, metabolomics is an important functional genomics tool that complements genomics and proteomics (Clément et al., 2018; Ghatak et al., 2018). However, metabolomic analysis of sugar beet stress responses has been rare. Using gas chromatography-mass spectrometry (GC-MS), Hossain et al. (2017a) analyzed metabolic changes in the whole leaves and chloroplasts of sugar beet in response to salt stress. Metabolites involved in the Calvin-Benson cycle, glycolysis, and the citric acid cycle exhibited significant decreases in leaves under salt stress. In contrast, the levels of glycolate and serine increased significantly. This result indicates that photorespiratory metabolism is enhanced in the salt-stressed sugar beet. In addition, arabinose, glycolate, inositol, malate, mannitol, and putrescin were found to accumulate in both chloroplasts and extra-chloroplastic space to help maintain the chloroplast biochemical processes through osmotic adjustment. This study also found high levels of the metabolite polyamine putrescine in the chloroplasts, which may play an important role in the acclimation of sugar beet to high salinity stress. The result is consistent with the findings at the transcriptomic level (Ma et al., 2017) and proteomic level (Ji et al., 2019). Since GC-MS profiles primarily central metabolites, liquid chromatography-MS-based untargeted metabolomics approaches (Geng et al., 2016; Geng et al., 2017) may greatly enhance the coverage of the sugar beet metabolome.





Discussion

Soil salinization is increasingly problematic and has become a prime concern for global crop production and food security. During evolution, sugar beet has developed various adaptations to combat salt stress, such as osmotic adjustment and osmoregulation, activation of antioxidant defense systems, control of ROS accumulation, and maintenance of ion homeostasis (Figure 2). Although sugar beet is more salt-tolerant than other crops, high concentrations of salt significantly affect its yield and quality. There is an immense need to create new sugar beet varieties with stable and high yield in highly saline environments. In the past two decades, several salt tolerance determinants and signaling pathways have been identified in sugar beet, and some of the key candidate genes have been screened for improving sugar beet salt tolerance, such as CMO, which is involved in the biosynthesis of GB (Table 2, Figure 2). Sugar beet salt tolerance is a quantitative trait that is controlled by multiple genes. However, there are few reports on molecular markers and quantitative trait loci (QTLs) associated with salt tolerance. Studies of the salt-overly-sensitive (SOS) pathway and MAPK-related cascades have provided important information about Na+ efflux, osmotic, and oxidative stress signaling in the reference plant Arabidopsis thaliana (Yang and Guo, 2018a; Yang and Guo, 2018b). Whether these signal transduction pathways play a key role in determining salt tolerance in sugar beet still needs further study. Moreover, many determinants involved in sugar beet tolerance have not been studied in sufficient detail, such as salt-stress signal perception and crosstalk, developmental regulation, and the most important osmotic regulator(s) for salt-tolerance, etc. To date, transcriptomics and proteomics have facilitated our understanding of the nodes and edges in the salt-stress molecular networks, but metabolomics, epigenetics, and multi-omics integrative studies are still lacking. In addition, studies using sugar beet genetic resources (e.g., BvM14) and functional characterization of promising molecular markers for salt-stress tolerance will greatly advance this exciting field of research, which has great potential in agricultural applications.
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Figure 2 | Schematic presentation of the potential mechanisms underlying salt stress tolerance in sugar beet. Red-highlighted genes or proteins play key roles in determining the salt tolerance of sugar beet. Sugar beet can improve its salt tolerance through the following regulation strategies: regulation of gene expression, accumulation of osmotic-adjustment substances, vacuolar salt sequestration, regulation of polyamine synthesis, and antioxidant regulation. NHX, Na+/H+ antiporters; SOD, superoxide dismutases; Prx, peroxiredoxins; POX, peroxidase; APX, ascorbate peroxidase; CAT, catalase; GR, glutathione reductase; SAMDC, S-adenosylmethionine decarboxylase; RBOH, respiratory burst oxidase homologue; GPX, glutathione peroxidase; CK2, casein kinase; NSCC, non-selective cation channels; HKT, high affinity transporter; GST, glutathione S-transferase, MDAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase; MDA, monodehydroascorbate; ROS, reactive oxygen species; AOX, alternative oxidase.





Table 2 | Candidate genes for improving salt tolerance in sugar beet.
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Salinity stress hinders the growth potential and productivity of crop plants by influencing photosynthesis, disturbing the osmotic and ionic concentrations, producing excessive oxidants and radicals, regulating endogenous phytohormonal functions, counteracting essential metabolic pathways, and manipulating the patterns of gene expression. In response, plants adopt counter mechanistic cascades of physio-biochemical and molecular signaling to overcome salinity stress; however, continued exposure can overwhelm the defense system, resulting in cell death and the collapse of essential apparatuses. Improving plant vigor and defense responses can thus increase plant stress tolerance and productivity. Alternatively, the quasi-essential element silicon (Si)—the second-most abundant element in the Earth’s crust—is utilized by plants and applied exogenously to combat salinity stress and improve plant growth by enhancing physiological, metabolomic, and molecular responses. In the present review, we elucidate the potential role of Si in ameliorating salinity stress in crops and the possible mechanisms underlying Si-associated stress tolerance in plants. This review also underlines the need for future research to evaluate the role of Si in salinity stress in plants and the identification of gaps in the understanding of this process as a whole at a broader field level.
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Introduction

Soil salinity is one of the major abiotic stress that hinders crop growth and productivity worldwide (Ahmad et al., 2019b). It has been reported that approximately 20% of irrigated land is salt-affected, which represents one-third of food-producing land (Shrivastava and Kumar, 2015; Gregory et al., 2018). Further to this, half of all the fertile land will be affected by salinity by the middle of the 21st century (Shahid et al., 2018). The salt-affected areas are increasing at a rate of 10% annually for various reasons, including low precipitation, the weathering of native rocks, high surface evaporation, poor cultural practices, and irrigation using saline water (Shrivastava and Kumar, 2015). This issue has been further aggravated by the continued trends in global warming and climatic changes. Thus, enhancing crop plant tolerance to abiotic stresses is an important challenge to overcome deteriorating food production system and to meet the demand of food supply for ever-increasing world population (Shah and Wu, 2019). To ensure sustainable food supply, a considerable 50% increase in the grain yields of major crop plants such as wheat, rice, and maize (Godfray et al., 2010; Shrivastava and Kumar, 2015) is required. However, soil, which represents a major ecosystem that often operates at a subsistence level in the growth of crops, is often compromised by salinity.

Salinity stress affects the morphological, physiological, and biochemical processes of plants (Singh and Chatrath, 2001; Ashraf, 2004). High salinity not only decreases plant growth, biomass, yield, photosynthesis, and water use efficiency, but also leads to physiological drought and ion toxicity in plants, thus reducing agricultural productivity and yields (Shahid et al., 2018). Salinity stress also causes ionic imbalances, the osmotic effect, water use insufficiency, and nutrient (e.g. N, Ca, K, P, Fe, and Zn) deficiency, which ultimately leads to oxidative stress in plants (Rehman et al., 2019). Reactive oxygen species (ROS) are produced in plant cells under normal physiological conditions, either in a radical or non-radical form (Winterbourn, 2019). However, excessive ROS production leads to oxidative damage to the proteins, lipids, nucleic acids, and plasma membrane of the cell. During normal cellular metabolism, the plant produces several antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione peroxidase (GPX), glutathione reductase (GR), and ascorbate peroxidase (APX) for the detoxification of ROS. In addition to high ROS production, salinity stress significantly reduces the uptake of phosphorus (P) and potassium (K), while increasing the uptake of toxic elements such as sodium (Na+) and chlorine (Cl-), which have negative effects on plant growth and productivity. High concentrations of Na+ create osmotic stress, which consequently leads to cell death (Munns, 2002; Ahanger et al., 2017). Photosynthesis machinery is also affected by salinity stress, mainly due to the reduction in the leaf area, stomatal conductance, and chlorophyll levels, and to a lesser extent by the decrease in photosystem II efficiency (Netondo et al., 2004). Any mechanisms that maintain optimal K+/Na+ ratios, nutrient concentrations, and ROS production in plants are thus likely to provide effective resistance against salinity stress (Assaha et al., 2017).

Various mitigation and adaptation approaches have been used to overcome these negative impacts of high soil salinity (Wang et al., 2019). The use of different approaches to alleviate the negative effects of salinity is likely to ensure the sustainable production of food, but salinity stress management is very challenging due to its multigenic and quantitative nature (Ahmad and Rasool, 2014). Strategies have been reported for the amelioration of the negative effects of salinity on plants, such as developing salt-tolerant crops, transgenic varieties, plant growth-promoting bacteria, endophytes, the leaching of salt from the root zone, and micro-jet irrigation to optimize the use of water (Chanchal Malhotra et al., 2016; Ibrahim et al., 2016). However, very little knowledge still exist about the mineral status and dynamics of plants and their salinity tolerance (Manchanda and Garg, 2008).

The exogenous application of silicon (Si) has been a recent eco-friendly approach to enhance the salinity stress response in plants (Almeida et al., 2017). Silicon is the second-most abundant element on Earth, making up 27.7% of the Earth’s crust, second only to oxygen. It occurs naturally in the form of complex silicate minerals, either in crystalline, amorphous, or poorly crystalline phases (Sommer et al., 2006; Frew et al., 2018). Most soils contain an Si concentration ranging from 14 to 20 mg Si/L (Montpetit et al., 2012; Vivancos et al., 2015). Silicon is available in the form of silicic acid (Si(OH)4) in soil solutions in a concentration range of 0.1–0.6 mM (Luyckx et al., 2017). Plant roots absorb Si in the form of monosilicic acid via aquaporin-type channels (NOD26-like intrinsic proteins, NIPs; Deshmukh et al., 2013). However, the translocation and movement of Si is a very slow process, thus amendment with exogenous soluble Si is needed in order to ameliorate stress conditions and improve the yields of crops. In the early 1900s, Si was recognized as one of the 15 most important elements needed for plant life (Debona et al., 2017). All plants grown in soil contain a certain level of Si in their tissues, as reported for more than 44 angiosperm clades that represent over 100 orders or families (Debona et al., 2017). Many terrestrial plants accumulate a noticeable concentration of Si (Etesami and Jeong, 2018) while, in most dicots, less than 0.1% Si is found based on dry weight. A large number of grass species have the capacity to accumulate up to 10% of Si (Vivancos et al., 2015), with rice the most effective Si accumulator (Kaur and Greger, 2019). Si is coming to the fore as a true “Cinderella” element (Artyszak, 2018), gaining interest among scientists from across the world because of its effective role in plant physiology, nutrition, and defense response. The valuable role of exogenous Si on plant growth and yield has been well-documented in the literature, but its true potential lies in the amelioration of abiotic and biotic stresses (Rodrigues and Datnoff, 2015; Khan et al., 2018; Wu et al., 2019).

The available literature has clearly described the role of Si in combating abiotic and biotic stresses in plants; however, it has still not been listed as an essential element for plants because no clear evidence has been presented, unlike other essential elements. Numerous studies have reported that Si increases plant resistance against biotic and biotic stresses (Epstein, 1999; Ma and Takahashi, 2002; Ma and Yamaji, 2006), such as salt and drought (Zhu and Gong, 2014; Rizwan et al., 2015), extreme temperature stress (Ma, 2004), nutrient deficiency (Marafon and Endres, 2013), aluminum toxicity (Galvez and Clark, 1991; Shen et al., 2014; Pontigo et al., 2015; Pontigo et al., 2017), disease resistance (Van Bockhaven et al., 2012; Marafon and Endres, 2013), and resistance to damage by wild rabbits (Cotterill et al., 2007). It also contributes to plant growth in different ways by enhancing multiple adaptive responses, such as antioxidant activity, mineral uptake, organic acid anion and phenolic compound exudation, the photosynthesis rate, the accumulation of compatible solutes, water status, and hormonal regulation (Barcelo et al., 1993; Cocker et al., 1998; Kidd et al., 2001; Al-Aghabary et al., 2005; Shahnaz et al., 2011; Shen et al., 2014; Sivanesan and Jeong, 2014; Kim et al., 2016; Kim et al., 2017; Tripathi et al., 2017; Ahanger et al., 2018; Ahmad et al., 2019a) and significantly reducing the adverse effects of salinity on chlorophyll levels and plant biomass (Seal et al., 2018). Despite this, most of these findings are scattered and need to come up with a comprehensive image of progress made on this topic. There have been some recent review articles published on Si, such as those by Etesami and Jeong (2018) and Malhotra and Kapoor (2019), but they do not address the crosstalk of physio-molecular functions in response to salinity stress. In this review, we focus on studies that have investigated plant metabolism and physiology under salinity stress and have elucidated the complex mechanisms and interactions involving Si in the amelioration of the detrimental effect of salinity on crops.




Plant Physiology Under Salinity Stress

High salinity can increase the uptake of Na+ and Cl- from the soil, consequently suppressing the transport of other essential nutrients such as N, P, K, and Ca (Shrivastava and Kumar, 2015; Safdar et al., 2019). The resulting ionic and secondary stresses, such as nutritional imbalances, disturb the overall osmotic balance, resulting in physiological drought, i.e. the prevention of water uptake (Riaz et al., 2019). In the case of halophytic plants that are resistant to sodium toxicity, osmotic stress is a possible reason for the inhibition of their growth. Photosynthesis is also affected by salinity because of the reduction in chlorophyll content, stomatal conductance, and leaf area. Photosystem II is also primarily affected by salinity (Najar et al., 2019). Salinity affects reproductive development by inhibiting microsporogenesis, elongating stamen filaments, accelerating programmed cell death, and promoting the senescence of fertilized embryos and ovule abortion (Suo et al., 2017). Under saline conditions, the absorption of atmospheric carbon dioxide is reduced, leading to greater stomatal closure and the lower utilization of NADPH via the Calvin cycle (Suo et al., 2017). These conditions favor the electron acceptor behavior of molecular oxygen, leading to the accumulation of ROS. High ROS levels can damage essential macromolecules necessary for the normal growth of plants by altering their metabolism via oxidative lipids, nucleic acids, and protein damage (Figure 1). ROS are produced continuously during normal metabolic events in peroxisomes, mitochondria, and the cytoplasm (Saini et al., 2018). Other processes that are affected by salt stress include stem and root growth, ion transport, plant morphology, the enzymatic activity of solutes, cell structure maturation, and nutrient uptake. A significant reduction in stem height and root length has also been observed for cases of high osmotic stress (Shrivastava and Kumar, 2015). In response to higher concentrations of NaCl in the soil, sodium uptake by the roots is enhanced while phosphorus, nitrogen, magnesium, and potassium uptake is lowered significantly, leading to the disruption of the intracellular ionic balance (Jayakannan et al., 2013). Under these circumstances, plant roots cannot absorb enough water and significant energy is required to adjust the osmotic balance via compatible solute accumulation (Acosta-Motos et al., 2017).
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Figure 1 | Higher ROS levels in plants under salinity stress conditions. Toxic levels of ROS stunt plant growth by inhibiting the electron transport chain, and photosynthesis in plastids, and by causing mutations in DNA and damaging mitochondria. 









Plant Cellular Mechanisms That Improve Tolerance to Salinity Stress

The salt tolerance level varies from species to species and even different cultivars, whereas the individual plants of the same cultivar would show a variation. Some species such as redbay, Anemopsis californica, and Quercus geminate are more resistant to high levels of salt (Roy et al., 2014), while others, such as Schoenus spp., Polypogon viridis, and Juncus spp. are sensitive or even hypersensitive to low salinity levels (Gibson et al., 1984). The biochemical and physiological mechanisms underlying plant salinity tolerance can be divided into those that minimize osmotic stress and ion imbalances and those that act on secondary effects caused by this stress, such as imbalances in plant nutrition and oxidative stress. The principle mechanisms are ion homeostasis, ion uptake and transport, the biosynthesis of compatible solutes and osmo-protectants, antioxidant enzyme activation, antioxidant and polyamine synthesis, nitric oxide (NO) generation, and hormonal alterations. Past research that has elucidated these mechanisms is briefly summarized below.



Significance of Ion Homeostasis in Plant Tolerance to Salinity

Under salinity stress, plants accumulate high levels of Na+ and Cl- compared to other cations like K+ and Ca2+ (Tavakkoli et al., 2010), creating physiological problems and ion imbalances (James et al., 2011; Hasegawa, 2013; Ahmad et al., 2018). Neither halophytes nor glycophytes can tolerate high salt concentrations in the cytoplasm. H+ pumps (Na+/H+ antiporters) are responsible for the transport of Na+ ions from the cytoplasm to the vacuoles. The vacuolar membrane has two types of H+ pump, i.e. vacuolar-type H+-ATPase (V-ATPase) and vacuolar pyrophosphatase (V-PPase; Graus et al., 2018). V-ATPase pumps occur in high numbers in plant cells. H+ pumps are responsible not only for maintaining solute homeostasis under normal conditions but also for facilitating secondary transport and vesicle fusion. However, during stress, the survival of plants is determined by the action of V-ATPase pumps (Bozza et al., 2019). Otoch et al. (2001) reported that V-ATPase pump activity increased in Vigna unguiculata seedlings (a hypocotyl) when exposed to salinity, while V-PPase pump activity was inhibited under similar conditions. In Suaeda salsa (a halophyte), the activity of V-ATPase pumps was upregulated while that of V-PPase pumps were downregulated (Wang et al., 2001a). Hence, both H+ pumps are responsible for maintaining solute homeostasis at the cellular level (Graus et al., 2018).

Several studies have reported that salt plays a role in the Salt Overly Sensitive (SOS) pathway, which consists of the three proteins SOS1, SOS2, and SOS3. The cytoplasmic membrane Na+/H+ antiporter encodes SOS1, which plays an important role in the regulation of Na+ efflux at the cellular level (Numan et al., 2018). However, SOS1 is also essential for the regulation of the long-distance diffusion of Na+ between the roots and shoots (Abbas et al., 2017). In saline conditions, the overexpression of SOS1 increase salt tolerance levels (Fan et al., 2019). The salinity stress activates the Ca2+ signaling pathway, which consequently stimulates the production of threonine/serine kinase encoded by the SOS2 gene, which consists of a regulatory domain on the C-terminal and a catalytic domain on the N-terminal (Zhu, 2016). The third gene SOS3 encodes a myristoylated Ca2+ binding protein that contains a myristoylation site on the N-terminus. This site is very important for the conferral of salinity resistance on plants (Ishitani et al., 2000). The SOS2 protein consists of a FISL motif on the C-terminal, composed of 21 amino acids, and provides an interaction site for the binding of Ca2+ to the SOS3 protein (Köster et al., 2019). The interaction between the SOS2 and SOS3 proteins triggers protein kinase activation. This activated protein kinase is responsible for the phosphorylation of SOS1 protein and eventually leads to an increase in the efflux of Na+ and a decrease in Na+ ion toxicity (Figure 2).
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Figure 2 | SOS pathway under salinity stress. The transport of ions across the membrane is conducted by various carrier proteins, e.g. channel proteins, antiporters, and symporters. The ion hemostasis (Na+, K+, and Ca2+) in the cell is crucial for its survival under salt-stress conditions.






The role of SOS1 in controlling ion homeostasis has been demonstrated through a combination of biochemical, genetic, and physiological analyses. Using yeast mutant strains and isolated plasma-membrane vesicles, SOS1 was first shown to be able to specifically transport Na+ out of cells under salt stress (Qiu et al., 2002; Shi et al., 2002). These proteins not only regulate ion hemostasis but are also essential for the regulation of pH homeostasis, vacuole functions, and membrane vesicle trafficking (Oh et al., 2010). In addition to the SOS stress signaling pathway, another method of developing resistance to salinity stress has been reported for many plants that maintain a minimum ion concentration in the cytosol. During stress conditions, membranes and their linked components maintain the ion concentration in the cytoplasm by regulating ion transport across the membrane (Sairam and Tyagi, 2004).




Role of Antioxidants Under Salinity Stress

Plant salt stress can negatively affect the electron transport chain (ETC) in mitochondria and chloroplasts by unbalancing or completely distorting the regulation process (Numan et al., 2018). Molecular oxygen acts as an electron acceptor, which can lead to the overproduction of ROS, including hydroxyl radicals, singlet oxygen, superoxide radicals, and H2O2. ROS are powerful oxidizing compounds that can damage the plasma membrane and endomembrane systems (Ahanger and Agarwal, 2017; Foyer, 2018). However, they also act as signals of stress, thus activating the antioxidant enzymes SOD, GPX, APX, CAT, and GR and non-enzymatic compounds (e.g. glutathione, non-protein amino acids, ascorbic acid, and phenolic compounds) to sustain a balanced level of ROS in cells under both normal and stress conditions (Caverzan et al., 2016; Ahanger et al., 2018). These enzymes are responsible for removing ROS that have accumulated in plants due to salinity stress. Tuteja et al. (2013) reported that the proteins DESD-box helicase and OsSUV3 dual helicase increase the tolerance to salinity by maintaining or improving photosynthesis and antioxidant enzyme machinery. Thus, understanding the mechanisms that regulate ROS signaling at the cellular level during stress can provide a more powerful approach for developing resistance to high salt levels.




Role of Nitric Oxide (NO) in Salt Tolerance in Plants

Nitric oxide (NO) is small volatile gaseous molecule that is essential for the maintenance of various physiological and biochemical mechanisms at the cellular level in plants, e.g. root growth, stomata closure, respiration, stress signaling, ﬂowering, cell death, seed germination, and stress responses (Besson-Bard et al., 2008; Zhao et al., 2009). Under stress conditions, NO either directly or indirectly regulates many genes involved in developing tolerance to salinity stress, including various redox-related and antioxidant enzyme genes (e.g. GPX, GR, SOD, CAT, and APX), and suppresses lipid peroxidation or malondialdehyde (MDA), consequently restoring normal plant growth (Bajguz, 2014). NO increases plasma membrane expression and/or tonoplast H+-ATPase and H+-PPase to maintain a high K+/Na+ ratio in the cytoplasm in response to salinity (Sung and Hong, 2010; Zhang et al., 2017). NO also assists the cell in accumulating various compatible solutes, such as proline, organic osmolytes, and soluble sugars, to facilitate cell turgor and balanced water acquisition (Guo et al., 2005).




Improved Salinity Tolerance via the Accumulation of Compatible Solutes

Salinity stress promotes the accumulation of compatible solutes or osmolytes, a set of chemically altered organic compounds that are polar or uncharged in nature that do not affect the biochemical processes of the cell at high concentrations (Ashraf et al., 2011; Vyrides and Stuckey, 2017). They generally include mannitol, proline (Hoque et al., 2007; Nounjan et al., 2012; Tahir et al., 2012), glycine betaine (Khan et al., 2000), sugar (Ford, 1984; Wang and Nii, 2000), raffinose oligosaccharides, and N-containing compounds such as amino acids, polyamines, and polyols (Saxena et al., 2013). Organic osmolytes are produced in variable amounts between diﬀerent plant species. For example, the quaternary ammonium compound beta-alanine is found only in a few species belonging to the Plumbaginaceae family (Hanson et al., 1994), whereas proline accumulation occurs in a diverse range of plants (Saxena et al., 2013). The concentration of compatible solutes is regulated either by irrevocable synthesis or by a process of degradation and synthesis. The rate at which compatible solutes accumulate in the cell is determined by the external osmolarity, and the current understanding of the mode of action of these solutes includes providing osmotic adjustment via continuous water inﬂux, stabilizing proteins and the cell structure, and scavenging ROS when under salt stress (Turkan, 2011).

Of the nitrogen-containing compounds, some amino acids accumulate to higher levels under salt stress. The concentration of arginine, cysteine, and methionine decrease under salt stress, whilst that of proline increases (El-Shintinawy and El-Shourbagy, 2001). These amino acids play a vital role in the salt stress response by instigating K+ homeostasis, leading to a plant’s adaptation to salinity by reducing NaCl-induced K+ efflux (Cuin and Shabala, 2007). Of these, proline has a substantial role, and its concentration rises significantly in many plants. Additionally, glycine betaine is another primary osmoprotectant, synthesized in response to salinity stress by many plants. It maintains the osmotic cell status to improve the response to abiotic stress (Kumar et al., 2018). For example, Rahman et al. (2002) reported the positive eﬀect of glycine betaine on the ultrastructure of Oryza sativa seedlings when exposed to salt stress.




Phytohormone Regulation Under Salinity Stress

Phytohormones play an important role in plant growth and development under both normal and stressful conditions. In the literature, they are often regarded as plant growth regulators (compounds that derive from plant biosynthetic pathways; Peleg and Blumwald, 2011). Several hormones such as abscisic acid (ABA), indole acetic acid (IAA), salicylic acid (SA), brassinosteroids (BR), cytokinins (CKs), ethylene (ETHY), gibberellic acid (GA), and jasmonic acid (JA; Iqbal et al., 2014) have been reported to regulate plant growth and development in a coordinated fashion by either acting locally or being transported to another site within the plant (Fahad et al., 2015). Harsh conditions disrupt the production and distribution of hormones that may promote specific protective mechanisms in plants (Eyidogan et al., 2012; Fahad et al., 2015). Thus, plant stress-related hormones have an important role in mediating plant responses to abiotic stress, by which plants attempt to avoid or survive stressful conditions and in doing so exhibit reduced growth so that the plant can focus its resources on withstanding the stress.

ABA acts as a cellular signaling or stress hormone, and exogenous application has been suggested for increasing salt tolerance (Sah et al., 2016). Endogenous ABA accumulates in various plants, especially in osmotic and salt stress conditions (Sah et al., 2016). ABA improves tolerance, partly due to the accumulation of ions and compatible solutes (such as proline and sugar) in the vacuoles of the root, neutralizing the uptake of Na+ and Cl- (Chen et al., 2001; Gurmani et al., 2011; Cho et al., 2018). Similarly, the increased production of ABA can ameliorate the negative eﬀect of stress on photosynthesis. Fricke et al. (2004) reported that the increase in the ability of xylem to uptake water under saline conditions is hindered by ABA homeostasis. However, the role of ABA in the regulation of important cellular signals has been clearly demonstrated, controlling the expression of many important water and salt deficit responsive genes such as cinnamyl alcohol dehydrogenase, 9-cisepoxycarotenoid dioxygenase, zeaxanthin oxidase, molybdenum cofactor sulfurase, and ABA-aldehyde oxidase through a calcium-dependent phosphorylation pathway (Dubos and Plomion, 2003; Ryu and Cho, 2015).

Another important hormone is GA; GA3 regulates ion uptake and the homeostasis of hormones under saline conditions in Lycopersicon esculentum and T. aestivum (Maggio et al., 2010). Similarly, Maggio et al. (2010) reported that GA3 applied to tomato plants reduced stomatal resistance and enhanced the water status. Iqbal and Ashraf (2013) reported that GA3 treatment under saline conditions modulated ion uptake and partitioning and hormone homeostasis in wheat. It has also been reported that plant phytohormones such as indole IAA respond to salinity stress in crop plants (Fahad et al., 2015). Additionally, IAA levels in the root system fall significantly after NaCl treatment in Triticum aestivum (Sakhabutdinova et al., 2003), Oryzasativa (Dunlap and Binzel, 1996), and Esculentum L. (Smirnoff, 1997). It has been observed that the activity of JA increased under salinity stress (Farhangi-Abriz and Ghassemi-Golezani, 2018). For example, JA treatment recovered the negative effect of salt on seedling development and photosynthetic activity in several cultivar crops (Yoon et al., 2009; Javid et al., 2011). These results are strongly indicative of the positive role of JA in salt stress responses in plants.

Other phytohormones, such as BR and SA, also play an important role in plant abiotic stress responses (Wani et al., 2016). SA controls different features of plant responses to stress via widespread signaling with other growth hormones (Horváth et al., 2007; Jayakannan et al., 2013). Undesirable salinity eﬀects may be alleviated by BR (Ashraf et al., 2010b; El-Mashad and Mohamed, 2012). The application of BR enhances the antioxidant activity of SOD, POX, APX, and GPX and the accumulation of non-enzymatic antioxidant compounds (tocopherol, ascorbate, and reduced glutathione; El-Mashad and Mohamed, 2012; Iqbal et al., 2014; Simura et al., 2018) (El-Mashad and Mohamed, 2012). Indeed, a stress signal triggers signal transduction cascades in plants, with phytohormones acting as baseline transducers (Fahad et al., 2015).





Silicon Uptake, Transport, and Assimilation in Plants

The concentration of Si in soil is similar to that of macronutrients assimilated by plants (Sommer et al., 2006), but it cannot be directly absorbed (Mitani et al., 2005). Furthermore, Si absorption, accumulation, and transport capacity differ significantly between species (Ma and Takahashi, 2002). Generally, the concentration of monosilicic acid ranges from 0.1 to 0.6 mM in soil solutions in which Si is present as an uncharged monomeric molecule at pH 9. Many factors, such as temperature, pH, the presence of cations, water conditions, and the organic compounds present in solution directly influence solvable silicic acid formation in the soil and indirectly affect the accumulation rate in plants (Liu et al., 2003). The lower availability of Si in the soil was reported to be the probable reason for decreasing rice yields (Meena et al., 2014). Tropical and subtropical soils have low Si levels due to de-silication caused by weathering and leaching processes (Epstein, 1999), while an estimated 210–224 million tons of Si are taken out annually from the world’s arable soils (Meena et al., 2014).

All plants contain Si in considerable amounts in all parts such as the roots, shoots, and leaves but various levels are found in different species (Takahashi et al., 1990). The roots take up Si in silicic acid form and it is transported to the rest of the plant using active, passive, and rejective transport. Based on the take-up capacity of Si, plants are categorized as high, intermediate, or non-Si accumulators (Marafon and Endres, 2013; Table 1). Previously, the active uptake of Si has been demonstrated in different plants such as rice (Klotzbucher et al., 2018), wheat (Rains et al., 2006), maize (Mitani et al., 2009), and barley (Chiba et al., 2009), while tomato limits the transport of Si from the roots to shoots (Wang et al., 2015a). Liang et al. (2005a) and Mitani and Ma (2005) reported different results for cucumber plants. Liang et al. (2006) also reported both active and passive transport in rice, maize, sunflower, and wax gourd. These findings suggest that both the passive diffusion of silicic acid and transporter-mediated uptake are involved in the radial root transport of Si, with transporter-mediated Si uptake an energy-dependent process because metabolic inhibitors and low temperatures inhibit Si transport (Liang et al., 2006; Feng et al., 2011). Furthermore, these results suggest that the occurrence of both types of transporters is somehow dependent on the species and concentration of Si in the soil. Hence, the differences in Si uptake reported for cucumber plants might be due to the coexistence of both active and passive uptake in various cultivars or due to the concentration of Si in the soil.








	
Table 1 | Plant categories based on Si uptake capacity (Bakhat et al., 2018).





	
> 1.5% Si High accumulator


	
1.5%–0.5% Intermediate accumulator
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After absorption by the roots, Si is transported to other parts of the plant via the xylem of the roots (Ma and Yamaji, 2008). With the loss of water from a plant, inorganic amorphous oxides of silicic acid crystalize and precipitate, forming solid silica bodies called opal phytoliths that accumulate in the extracellular or intracellular spaces of plants, e.g. in the cell wall and trichomes (Ma et al., 2006; Cooke and Leishman, 2011). However, the mechanisms that prevent silicic acid polymerizing in the cell wall are not clear. Recently, it has been reported that the low silicon (Lsi1, Lsi2, and Lsi6) genes are responsible for Si uptake in the roots and its distribution to other organs in barley, rice, cucumber, and maize (Wang et al., 2015b). The Lsi2 gene is expressed in the root endodermis and is considered a putative anion transporter (Ma et al., 2007; Mitani et al., 2011). On the other hand, the Lsi1 and Lsi6 transporters belong to the aquaporin family and have a major role in Si distribution in shoot and root tissue (Mitani et al., 2011). Furthermore, proton-driven transport activity has been reported in the Lsi2 transporter (Ma et al., 2007), and it works as an Si/H+ antiport. The leaf epidermis and cell walls accumulate 90% of the total absorbed Si, which accounts for 10% of the dry weight of grass shoots (Yoshida, 1965; Ma and Takahashi, 2002; Raven, 2003). Silica that has accumulated intracellularly in the cytoplasm and vacuoles is stable even after plant decomposition and is abundant in soils (Lins et al., 2002). A schematic model of the Si transport system in rice is presented in Figure 3.
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Figure 3 | A schematic representation of Si uptake, transport, and accumulation in rice. Silicic acid from the soil solution is absorbed by the roots and transported to the root exodermis by the influx transporter (Lsi1) and subsequently released to the apoplast by the eﬄux transporter (Lsi2). Subsequently, it enters the root endodermis via Lsi1 and is released to the stele portion of the root via Lsi2. Finally, silicic acid is translocated by an unknown transporter into the xylem and transported to the shoots via the transpiration stream. In the leaves, silicic acid is unloaded by another influx transporter (Lsi6) and localized in the xylem parenchyma cells of leaf sheaths and leaf blades. In the shoots and leaves, Si is transformed from an aqueous form (silicic acid) to solid amorphous silica (SiO2–nH2O) and primarily deposited in the cell walls of different tissues, such as leaf epidermal cells. Modified from Yan et al. (2018).







Silicon-Mediated Mechanisms Involved in Increasing Salinity Tolerance in Crops

Previous studies have reported the significant regulatory role of Si in numerous plant physiological processes under salinity stress (Rios et al., 2017). In fact, the many different complex biological functions reported by different studies suggests that the mechanisms by which Si improves the salt tolerance of plants have not been well studied. However, an improvement in the salt tolerance of different plant species following the exogenous application of Si has been reported, including in wheat (T. riaestivum L.; Tuna et al., 2008), barley (Hordeum vulgare L.; Liang et al., 2005a), maize (Zea mays L.), rice (Oryza sativa L.; Yeo et al., 1999), soybean (Glycine max; Lee et al., 2010), canola (Brassica napus L.; Haddad et al., 2018), spinach (Spinacia oleracea L.), cucumber (Cucumis sativus L.; Khoshgoftarmanesh et al., 2014), and tomato (Lycopersicon esculentum L.; Romero-Aranda et al., 2006), as summarized in Table 2. The exogenous application of Si improves plant growth either directly, i.e. by blocking the transport of Na+ ions into the plant, or indirectly, i.e. by activating different physiological processes to ameliorate the effect of salinity stress. The current understanding of the mechanisms underlying the Si-based mitigation of salinity-induced stress and its interaction with crops is shown in Figure 4.





Table 2 | Effect of exogenous Si on plant stress tolerance mechanisms in various plant species under salinity stress.
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Figure 4 | Schematic representation of silicon crosstalk with plants tolerance mechanisms during salinity stress.






Exogenous Si Regulation of the Antioxidant Machinery to Increase Salinity Stress Tolerance in Crops

The overproduction of ROS under salinity stress poses a threat to cells due to lipid peroxidation, protein oxidation, nucleic acid damage, enzyme inhibition, and the activation of programmed cell death pathways (Gill and Tuteja, 2010; Liang et al., 2018). To scavenge ROS, antioxidant enzymes such as CAT, SOD, and GPX, enzymes in ascorbate glutathione (AsA-GSH) cycles such as GR, MDHAR, APX, and DHAR, and non-enzymatic antioxidant molecules (ascorbate, alkaloids, flavonoids, phenolic compounds, proline, glutathione, α-tocopherol, and carotenoids) are activated (Kim et al., 2011; Wang et al., 2015b; Ahmad et al., 2019a). Several researchers have reported enhanced activity of the antioxidant machinery in plants to counteract oxidative stress induced by salinity (Zaefyzadeh et al., 2009; Chen et al., 2011). In a similar context, Si has been reported to alleviate the adverse effect of salinity by strengthening the antioxidant defense ability of crops.

The application of Si restores normal metabolism by reducing lipid peroxidation in maize, barley, and grapevine rootstocks (Liang et al., 2003; Moussa, 2006; Soylemezoglu et al., 2009; Kim et al., 2017). The reduction in lipid peroxidation under stress is thought to be the result of the maintenance of antioxidant enzyme production in plants. Hasanuzzaman et al. (2018) reported that the exogenous application of Si (1 mM) enhanced the activity of APX, MDHAR, GR, GST, DHAR, GPX, and CAT and raised AsA and GSH levels in Brassica napus. Similarly, higher production of SOD, CAT, and POD has been reported in Abelmoschus esculentus under salinity stress (Abbas et al., 2015). Recently, Ahmad et al. (2019a) described higher activity levels of SOD, CAT, APX, and GR in Si-treated Vigna radiata L. exposed to salinity stress. Gong et al. (2005) reported that Si application strengthens the antioxidant defense system and maintains normal physiological processes. Saqib et al. (2008) explained that Si enhanced the activity of antioxidative enzymes and reduced plasma membrane permeability.

To date, various studies have described enhanced antioxidant machinery in Si-treated plants under salinity stress. In Glycyrrhiza uralensis, the addition of Si increased POD and SOD activity and condensed MDA concentration (Li et al., 2016). However, the effect of Si on the antioxidant system is dependent on time, the concentration of Si, the severity of stress, and plant species. This can be illustrated by the results reported for two cultivars (‘Jinlu 4’ and ‘Jinyan 4’) of cucumber (Cucumis sativus L.). It was found that GPX and SOD activity decreased significantly in both cultivars under salt stress. In both varieties, Si did not affect GPX activity on the fifth day; however, activity increased significantly on the tenth day of treatment. Zhu et al. (2004) thus demonstrated that the activity of SOD, GPX, APX, DHAR, and GR increased with the application of Si under salt stress, but an increase in CAT activity was not observed. Liang et al. (2003) observed that CAT enzymatic activity increased in barley on day 2 under salt stress compared with the control regardless of whether Si was applied or not. On the day 4 and 6 of salt treatment, CAT activity reduced, but the addition of Si significantly rescued CAT activity. For grapevine plants under salt stress, the addition of Si did not affect SOD activity and reduced CAT activity, whereas APX activity was unchanged or increased depending on the cultivar (Soylemezoglu et al., 2009).

The studies suggest that Si supplementation can reduce the adverse effects of salinity by regulating the antioxidant defense system, which consequently decreases lipid peroxidation and ultimately maintains membrane integrity and decreases plasma membrane permeability. The literature suggests that Si-treated and non-Si treated plants exhibit different responses under salinity stress and that Si improves antioxidant activity, thus playing a protective role against salinity stress. Although important advances have been achieved in recent years, gaps still remain in the understanding of the interaction between exogenous Si and the plant antioxidant machinery. It should be noted that most of these results are from hydroponics experiments and require field trials. In addition to this, the effect of supplemented Si is known to be dependent on plant species, time, and organ, but the effect of Si on different isoforms is still not clear. Furthermore, most studies describe the effect of exogenous Si on antioxidant enzymes at a protein level. Hence, there is a need for comprehensive research to clearly demonstrate the interaction of exogenous Si with different isoforms of antioxidant enzymes at the protein and mRNA levels. If Si plays an active role in regulating ROS scavenging, it should be further specified when, where, and how this occurs (e.g. by regulating stress acclimation proteins and enzymes or by regulating the expression of the genes involved in managing ROS levels). Plants are affected not by a single stress factor but rather by a combination of harsh conditions. Elucidating the combination of salinity-induced changes in soil chemistry or in environmental contamination such as heavy metals is pivotal to understanding the interaction of exogenous Si with the antioxidant system. In the future, advanced imaging and ecophysiolomics techniques can lead to a better understanding of this interaction. Advanced approaches such as functional genomics, live-cell imaging, proteomics, and metabolomics will offer detailed insight into Si interactions with the antioxidant machinery.




Silicon-Induced Reduction in Salinity Toxicity by Hindering the Uptake of Na+ From the Roots

Prolonged exposure to a high-salinity environment results in higher levels of Na+ and Cl- and lower levels of other cations such as K+ and Ca+2, leading to a shift in the ion balance (Halperin and Lynch, 2003; Ahmad et al., 2019a). This ultimately results in changes to the K+/Na+ ratio in plants (Khan et al., 2000; Wang and Han, 2007). High concentrations of Na+ adversely affect plant metabolism and growth and lead to the overproduction of ROS (Mahajan and Tuteja, 2005). Recently, it has been reported that Si can ameliorate ion toxicity arising from salinity stress by enhancing K+ and reducing Na+ uptake (Tuna et al., 2008). It has been shown in several crops that the application of Si significantly reduces the accumulation of Na+ in the roots and hinders its translocation to sensitive plant tissues, consequently raising the K+/Na+ ratio.

The regulation of the K+/Na+ ratio is a well-reported mechanism by which Si alleviates Na+ ion toxicity (Tuna et al., 2008). Silicon accumulates in the form of phytoliths or discrete silica bodies in different parts of the plant, e.g. the roots, leaves, and stem (Figure 5). This deposition takes place beneath the cell walls of the roots, where discrete Si bodies bind with Na+, resulting in the increased uptake of K+ and the reduced transport of Na+ to the upper regions of the plant. A study by Tahir et al. (2006) on the two wheat genotypes Auqab 2000 and SARC-5 found an increase in K+ ion concentrations and a decrease in Na+ ion concentrations following Si application under salt stress. Silicon has also been shown to play a role in Na+ ion detoxification by increasing the binding of Na+ to cell walls in both the salt-resistant wheat genotype SARC-1 and the salt-sensitive 7-Cerros (Saqib et al., 2008). Similarly, the exogenous application of Si decreases Na+ ion levels in alfalfa (Medicago sativa L.) roots but not in the shoots, though K+ levels notably increased in the shoots (Wang and Han, 2007). In rice, Gong et al. (2006) reported a dramatic reduction in Na+ concentrations in the shoots of salt-stressed plants following the application of Si. Gunes et al. (2007b) reported lower Na+ and Cl- translocation from the roots to shoots in tomato plants following the application of Si. This mechanism has been reported by several studies, as shown in Table 2. Many nutrients have exhibited synergistic effects in wheat (Khan et al., 2015b) and facilitated its uptake within the plant body. Similarly, Si has demonstrated a synergistic effect with K+ by increasing its concentration within plant cells, such as in maize (Khan et al., 2015a) and wheat (Tahir et al., 2012).
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Figure 5 | Accumulation of Si in different parts of plants. Silicon accumulates in the form of phytoliths or discrete silica bodies in different parts of a plant, e.g. the roots, leaves, and stems. This deposition takes place beneath the cell wall of the roots, where the discrete bodies of Si bind with the Na+, resulting in the increased uptake of K+ and the reduced transport of Na+ to the upper regions of the plants.




The Na+/H+ antiporter is also known to play a vital role in maintaining low Na+ concentrations. This occurs with the removal of Na+ from the cytosol or its compartmentalization in vacuoles (Yue et al., 2012). Gene SOS1 encodes plasma membrane Na+/H+ antiporters and has been cloned from Arabidopsis (Shi et al., 2000). The plasma membrane uses energy from ATP hydrolysis to pump H+ out of the cell, thereby generating an electrochemical H+ gradient, which is the main force driving Na+/H+ antiporter function. Tonoplast Na+/H+ antiporters play a role in Na+ compartmentation and are driven by H+-ATPase and H+-PPase in tonoplasts (Shi et al., 2000; Yamaguchi et al., 2013). Liang (1999) observed lower plasma membrane H+-ATPase activity in salt-stressed barley roots, but higher activity was observed following the application of Si to plants. Increased H+-ATPase levels facilitate Na+ export from the cell. Na+ compartmentation also plays an important role in preventing Na+ toxicity (Yamaguchi et al., 2013). Liang et al. (2005b) reported that the activity of H+-ATPase and H+-PPase in the tonoplast cells of barley roots was stimulated by the addition of Si under salt stress. This facilitates Na+ compartmentalization in vacuoles by tonoplast Na+/H+ antiporters. Mali and Aery (2008) reported that Si increases K+ uptake by increasing H+-ATPase activity in both hydroponics and soil. Recently, Soleimannejad et al. (2019) reported that Si improves plasma membrane activity by lowering electrolyte leakage, possibly via greater H+-ATPase activity, which could assist in Na+ secretion and exclusion from sensitive tissues. Therefore, under salt stress, the application of Si may lead to an increase in K+ levels and a decrease in Na+ levels in the cytoplasm due to H+-ATPase activity in the plasma membrane and tonoplasts and H+-PPase activity in tonoplasts. However, whether Si directly regulates the transport activity or expression of the Na+/H+ antiporter under salt stress remains unclear. In tomato, the addition of Si had no significant effect on Na+ and Cl- concentrations in leaves, though it improved the storage of water in plants (Romero-Aranda et al., 2006). Tuna et al. (2008) reported that Si increased water content in wheat plants under saline conditions, whereas there was no effect on unstressed plants. The hydrophilic nature of Si to some extent may contribute to water restoration in salt-stressed plants.

These studies suggest that Si might alleviate the adverse effects of salinity by preventing Na+ uptake by the roots and subsequent movement to the shoots. The current literature suggests that the application of Si can provide protection against salinity stress and thus increase the yield and productivity of various crops. Silicon hinders Na+ translocation to aerial parts of a plant either by depositing Na+ in epidermal cells, creating a barrier to ion movement, or forming a complex between freely available Na+ and Si ions. However, some studies have linked the Si-mediated increase in tolerance to salinity with the activity of tonoplast H+-ATPase and H+-PPase in roots and plasma membrane H+-ATPase. The regulation of the K+/Na+ ratio by exogenous Si is thought to be a key mechanism in the Si-mediated increase in salt tolerance in crops. However, the effect of Si on Na+ dynamics across membranes and through extracellular spaces in plants needs to explored further. Many determinants have not been studied in sufficient detail in salt-stressed plants with or without the addition of Si, such as the Na+ signal perception process. Moreover, it is unclear whether the reduction in Na+ levels with the addition of Si is due to changes in the root structure and/or a reduction in the transpiration stream in the xylem, so this needs to be studied in more species. Moreover, the current literature lacks mRNA-level evidence for the role of Si in the regulation of the K+/Na+ ratio. More experiments are required to investigate the mechanisms involved in the regulation of this ratio in plants following the exogenous application of Si under saline conditions.




Salinity Tolerance, Compatible Osmolytes, and the Role of Silicon

Of the widely accepted mechanisms for tolerance that have evolved to enable a plant to avoid the deleterious effects of stress, compatible solute accumulation marks a key position. Researchers have long sought to understand the role of compatible solutes that accumulate upon exposure of a plant to salinity stress, including proline (Kaur and Asthir, 2015), polyamines (PAs; Liu et al., 2015), carbohydrates (Negrao et al., 2017), glycine betaine (Hussain et al., 2018), and polyols (Parida and Das, 2005). These solutes are chemically diverse, uncharged in neutral pH, water-soluble, and accumulate in high concentrations during stress without inhibiting normal biochemical reactions (Zhang et al., 2004). They interact with membrane proteins or other protein complexes due to their hydrophilic nature. However, this interaction occurs without disturbing the normal structure and role of the protein (Bohnert and Shen, 1998). Compatible osmolytes are known to stabilize functional proteins, enzymes, protein complexes, and the membrane under salinity stress (Rajasheker et al., 2019). Osmotic adjustment has been shown to be an important component of stress tolerance, and the accumulation of osmoprotectants such as proline, glycine betaine, gamma-aminobutyric acid (GABA), and sugars has been regularly observed in different plant systems (Ashraf and Foolad, 2007; Chen and Jiang, 2010). The genetic engineering of metabolic conduits for a number of compatible solutes such as proline, glycine betaine, sorbitol, mannitol, and trehalose has led to the successful development of transgenic plants that exhibit increased resistance to drought stress, high salinity, and the cold (Bhatnagar-Mathur et al., 2008; Reguera et al., 2012). Interestingly, various studies have suggested that the application of exogenous Si can enhance the salinity stress tolerance of various crops by regulating the synthesis of compatible osmolytes (Seckin et al., 2009). Al-Huqail et al. (2017) reported that the application of Si protects Talh trees (Acacia gerrardii Benth) from the negative effects of high concentrations of salt by increasing the production of proline and glycine betanin, which help the plants to maintain their metabolic activity by conserving water levels in their tissues. However, several studies have shown that the levels of proline are lowered by the addition of Si in various species under salt stress, such as grapevine (Soylemezoglu et al., 2009), soybean (Lee et al., 2010), wheat (Tuna et al., 2008), barley (Gunes et al., 2007a), and sorghum (Yin et al., 2013). Lower levels of proline in salt-stressed plants following the addition of Si indicates the alleviation of stress damage. Yin et al. (2013) reported that the short-term application of Si significantly enhanced the levels of sucrose and fructose in sorghum plants under salt stress. Similarly, Si reversed the lower concentrations of the PAs putrescine and spermine in the roots of salt-stressed cucumbers (Wang et al., 2015b). Higher glycine accumulation following the application of Si illustrates its effect in modifying osmotic capacity and antioxidant levels in okra under saline conditions (Abbas et al., 2015). Recently, Yin et al. (2019) reported that the application of Si increases the accumulation of polyamines such as spermidine and spermine in cucumber plants. Their study suggested that enhanced polyamine accumulation might play a role in modulating the antioxidant defense system and reducing oxidative stress, thus increasing the salt tolerance of cucumber plants.

Silicon-mediated osmotic adjustment under salinity stress to protect subcellular structures has been considered a major mechanism underlying Si-based salinity stress tolerance; however, it is still debated whether higher osmolyte accumulation benefits crop yield (Seeraj and Sinclair, 2002). A variety of studies have reported conflicting results for the interaction between Si and compatible osmolytes such as proline. Some studies have concluded that the application of Si reduces the accumulation of compatible osmolytes such proline in different plants in the presence of salt, claiming that the lower synthesis of proline following the addition of Si reflects the alleviation of stress damage. On the other hand, other studies have found a higher accumulation of proline due to Si. Hence, more research is needed to clarify the relationship between the exogenous application of Si and the metabolism of compatible solutes and water transport.




Silicon-Induced Improvement in Salinity Tolerance in Crops by Restoring the Rate of Photosynthesis

Photosynthesis is a fundamental process that takes place in the chloroplasts, resulting in the transformation of sunlight into energy to fuel a plant’s biochemical activities (Gong et al., 2010). The growth and productivity of plants largely depend on photosynthesis. From the large volume of data available on Si-induced improvement in shoot growth and net photosynthetic rate, it is reasonable to speculate that Si may maintain a high photosynthetic rate in salt-stressed plants. Previous reports have confirmed that salinity stress adversely disturbs the ultrastructure of chloroplasts, e.g. the dilation of thylakoid membranes and grana (Parida and Das, 2005), consequently disrupting the growth rate and productivity of plants.

Positive effects of Si on chlorophyll biosynthesis and photosynthetic machinery under abiotic stress have been widely reported. For example, under salinity stress, the exogenous application of Si has been found to improve photosynthesis in many species. Detmann et al. (2012) described the mechanisms behind the positive effect of Si on rice plants by analyzing photosynthetic gas exchange parameters alongside transcriptomic and metabolomic profiling. It was concluded that the rate of photosynthesis and the primary metabolism of a plant is enhanced by the application of Si. Silicon mitigates saline stress by maintaining stomatal conductance, transpiration, net photosynthesis, membrane permeability, and chlorophyll levels, which is partly due to the higher K+ ion concentrations and lower Na+ ion levels induced by the presence of Si in salt-stressed environments (Coskun et al., 2016). Tuna et al. (2008) reported that the application of Si to salt-stressed wheat restored chlorophyll levels. In barley, the application of Si increased chlorophyll levels and photosynthetic lead cell activity with or without salt stress (Nikolic et al., 2019). Advantageous effects of Si on the photosynthetic apparatus and pigments have also been observed in Spartina densiflora (Al-Aghabary et al., 2005; Mateos-Naranjo et al., 2013). Parveen and Ashraf (2010) studied various photosynthetic parameters, such as the net CO2 assimilation rate, stomatal conductance, the internal CO2 concentration in leaves, and the rate of transpiration in maize cultivars and reported that the exogenous application of Si improved all parameters under non-saline and saline regimes. Research on barley (Hordeum vulgare L.), rice (Oryza sativa L.), sugarcane (Saccharum officinarum L.), and wheat (Triticum aestivum L.) crops has shown that Si deposited in leaves is able to improve the potential and efficiency of photosynthesis by opening the angle of the leaves, decreasing self-shading, and keeping the leaf erect, thus it plays an important role in increasing the growth and yield of crops (Soratto et al., 2012).

The application of Si also improves plant photosynthetic machinery under salinity stress either by lowering ion toxicity and ROS accumulation to maintain the structure and function of the organelles that are responsible for photosynthesis or by increasing stomatal conductance, the transpiration rate, and the number and size of the stomata. In addition, Zhu et al. reported that the application of Si reduces starch and soluble sugar levels in cucumber leaves while increasing starch levels in the roots. This is because salinity stress increases the accumulation of photosynthetic products such as sucrose and starch in the leaves by affecting their transport and allocation, causing feedback inhibition of the photosynthesis process. However, the available literature lacks strong evidence for the role of Si in the synthesis, translocation, and allocation of photosynthetic products. Thus, advance molecular biology, proteomics, and advanced imaging techniques should be employed to further explore the mechanisms by which Si affects carbohydrate metabolism.

In conclusion, Si modifies the gas exchange process, decreases Na+ accumulation, enhances chlorophyll levels, scavenges ROS, and regulates carbohydrate metabolism, all of which ultimately enhances the photosynthesis of salt-stressed plants. However, this improvement depends on the plant species, salt-stress levels, and the application levels of the Si. Further studies are required to understand the role of exogenous Si in carbohydrate metabolism and its positive effect on photosynthesis under salinity stress. In addition, in-depth research is required to collect strong evidence for the involvement of Si in the improvement of the photosynthetic machinery under both salinity stress and combined stress, such as salinity in conjunction with heavy metals, drought, or heat.




Silicon and the Regulation of Endogenous Phytohormones Under Salinity Stress

The impact of silicon on endogenous phytohormones in response to stress conditions has been widely reported. The effect of Si on endogenous phytohormones such as GA, ABA, JA, ET, SA, BR, and IAA has commonly been studied in the context of the response to stress situations (Fahad et al., 2015). Although the protective role of these hormones has been studied extensively for a variety of stress types, the crosstalk between Si and phytohormones under salinity stress is poorly understood. However, studies have reported that the application of Si might enhance stress resistance by modifying phytohormone homeostasis (Van Bockhaven et al., 2012).

ABA is a stress hormone that affects gene expression (Parida and Das, 2005) in response to salt stress (Wang et al., 2001b; Dodd and Davies, 2010). The short-term application of Si downregulated JA and upregulated ABA after 6 and 12 h in rice plants under stress. The application of Si in combination with salt stress transiently increased the expression of the ABA biosynthesis-related genes zeaxanthin epoxidase and 9-cis-epoxicarotenoid oxygenase 1 and 4 (ZEP, NCED1, and NCED4) compared to salt stress alone in rice (Kim et al., 2014b). The findings of the study conducted by Kim et al. (2011) on Oryza sativa suggest that the exogenous application of Si can modulate salinity-induced stress by regulating the phytohormonal response of plants, e.g. the upregulation of ABA (Maillard et al., 2018), with the effects dependent on time. However, the link between salt tolerance and Si-mediated changes in plant hormones has yet to be investigated. Lee et al. (2010) reported that ABA levels increase in soybean plants under salt stress but decrease when Si is applied. Furthermore, it was concluded that GA levels decrease under salt stress but increase with the application of Si. In soybean plants, Si alleviates the negative effects of NaCl on the growth of plants by enhancing endogenous GA3 and lowering ABA levels (Lee et al., 2010). Adverse NaCl effects are reduced significantly with the application of Si by increasing bioactive gibberellin (GA1 and GA4) levels, but the levels of JA, which increase under salinity stress, decline sharply when plants are supplemented with Si (Zhang et al., 2018). Another report demonstrated that JA and SA concentrations decrease and increase, respectively, in Si-treated soybean plants under salt stress (Kim et al., 2014a). Thus, the regulatory effect of Si on salt tolerance levels in crop plants via the regulation of endogenous phytohormone signaling has been proposed. However, further research is required to clarify the relationship between Si, stress tolerance, and phytohormonal signaling, particularly with SA, JA, ETHY, BR, and melatonin.





Conclusion and Future Prospects

Saline environments have adverse effects on plant growth and yields worldwide. Plants respond to high-salinity stress using various mechanisms, including the regulation of Na+ uptake and translocation, the activation of their antioxidant defense system, compatible solute accumulation, osmotic regulation, the regulation of phytohormone synthesis, and the induction of various stress-signaling cascades. All of these responses play an important role in plant adaptation to salt stress. Silicon has been proven to increase tolerance to salinity stress by regulating various biochemical and physiological processes, such as the Na+ balance, water status, reactive oxygen species, photosynthesis, phytohormone levels, and compatible solutes in plants.

Various studies have shown that Si supplementation benefits the development of different plant species, specifically when they are exposed to ecological stresses. Of the various Si-mediated salinity stress tolerance mechanisms, the available literature suggests that the application of exogenous Si (i.e. foliar and root application) improves salinity tolerance in plants either by enhancing the activity of antioxidant enzymes or blocking Na+ uptake and translocation. Furthermore, we conclude that the positive effect of exogenous Si depends on a plant’s stress tolerance levels, which vary between species. This might be due to the differences in Si uptake capabilities among different species. Despite this, the effect of Si on plant stress tolerance generally depends on Si concentration, stress intensity and duration, Si application methods, and the cultivation methods used for experimental materials (e.g. soil culture or hydroponics).

It is known that approximately 20% of irrigated land is salt-affected which is one-third of all food-producing land. It has been estimated that about half of all fertile land will be affected by salinity by the middle of the 21st century. To overcome salinity stress in the future, Si-mediated salt tolerance mechanisms will help to enhance salt stress tolerance in various crop plants. However, many determinants and regulatory mechanisms have not been studied in detail and thus need further elucidation. This paper suggests the following future research recommendations and prospects for Si-mediated salt tolerance in plants:

	1.	With the development of advanced omics technologies, more detailed research is required to explore Si-mediated salt tolerance at the transcriptome, proteome, and metabolome levels. 

	2.	SOS pathways have a vital role in salinity stress tolerance. However, the interaction of exogenous Si with plant SOS signaling pathways and other salt stress sensors remains obscure.

	3.	Most previous research has studied the role of Si in salt stress on its own and in the short-term. However, in nature, plants are exposed to multiple stresses simultaneously. Establishing stress tolerance over a longer period of time would be ideal for predicting and reacting to changing global climatic conditions, especially where one form of stress leads to another. Thus, the role of Si in long-term plant responses under multiple stresses requires in-depth research.

	4.	More work is needed to analyze the regulatory mechanisms of Si in salt-induced osmotic stress. Efforts should be made to clearly demonstrate how Si regulates osmotic adjustment under salinity stress. The genetic engineering of metabolic conduits for a number of compatible solutes, such as proline, glycine betaine, and sorbitol, could also be used to produce salt-tolerant plants.

In addition, Si-associated molecular and transcriptional changes at the plant level are yet to be elucidated, including the various metabolomic and proteomic changes in different plant organs. Currently, the mechanisms underlying the Si-mediated alleviation of salt stress in plants is poorly understood at the molecular and genetic levels. In addition, more focus is needed on the effects of Si under field conditions rather than greenhouse or laboratory studies.
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Salinity threatens agricultural production systems across the globe. While the major focus of plant researchers working in the field of salinity stress tolerance has always been on sodium and potassium, the transport patterns and physiological roles of Cl− in plant salt stress responses are studied much less. In recent years, the role of Cl− in plant salinity stress tolerance has been revisited and has received more attention. This review attempts to address the gap in knowledge of the role of Cl− transport in plant salinity stress tolerance. Cl− transport, Cl− exclusion, vacuolar Cl− sequestration, the specificity of mechanisms employed in different plant species to control shoot Cl− accumulation, and the identity of channels and transporters involved in Cl− transport in salt stressed plants are discussed. The importance of the electrochemical gradient across the tonoplast, for vacuolar Cl− sequestration, is highlighted. The toxicity of Cl− from CaCl2 is briefly reviewed separately to that of Cl− from NaCl.

Keywords: Cl− exclusion, Cl− transport, ion channels and transporters, salinity stress tolerance, vacuolar Cl− sequestration



Introduction

Soil salinity affects nearly 50% of all irrigated land in the world, and is a major constraint to crop yield (Fita et al., 2015). To meet the projected demand of feeding 9.3 billion people by 2050, global agricultural production must be increased by 60% from its 2005–2007 levels (van Ittersum et al., 2016). Therefore, understanding the mechanisms that underlie plant salt tolerance, especially its ion transport-related traits, is important, since it would allow the breeding of salt tolerant crops and thus mitigate the possible food shortage in the future.

Traditionally, adverse effects of soil salinity have been attributed to with Na+ toxicity, prompting the majority of studies on this topic (Munns and Tester, 2008; Horie et al., 2012; Deinlein et al., 2014; Maathuis, 2014; Wu et al., 2015; Hanin et al., 2016; Wu et al.,, 2018a). However, an increase in Na+ content (Munns and Tester, 2008; Wu, 2018) is always accompanied by Cl– accumulation (Tavakkoli et al., 2010) and K+ loss (Wu et al., 2018b) in plants exposed to salt (NaCl) stress. K+ is the major inorganic nutrient cation in non-halophytes (Dreyer and Uozumi, 2011), and plays important roles in plant cell activities (Anschütz et al., 2014; Shabala and Pottosin, 2014; Wu et al., 2018c) and stress responses (Wang et al., 2013). Cl− is a plant micronutrient and regulates leaf osmotic potential, and turgor, and stimulates growth in plants (Franco-Navarro et al., 2016). However high Cl− solutions are toxic, and impair photosynthesis and growth (Tavakkoli et al., 2010; Tavakkoli et al., 2011). Specific reasons for these detrimental effects are much less understood than those of Na+, but the excessive accumulation of Cl− in chloroplasts is one effect (Seemann and Critchley, 1985; Geilfus, 2018b).

In recent years, the role of Cl− in plant salinity stress tolerance has attracted more attention. The role of Cl− in halophytes was reviewed by (Bazihizina et al., 2019). They suggest that rather than targeting Cl− exclusion, a better way to breed salt tolerant crops would be to improve the selectivity of the broadly selective anion-transporting proteins. Cl− as an essential micronutrient and its beneficial role in plants (Raven, 2017; Wege et al., 2017), the role of Cl− in organelle development (Geilfus, 2018a; Geilfus, 2018b), and control of Cl− transport in plants (Li et al., 2017b) have been recently reviewed. Moreover, it is suggested nowadays that Cl– is a beneficial macronutrient for plants (Franco-Navarro et al., 2016; Franco-Navarro et al., 2019). Unlike the above-mentioned recent reviews, the present mini review is focused on the main traits related to controlling Cl− transport, and its role in plant salt tolerance.




Cl–, a Largely Overlooked Ion in Plant Salt Tolerance

Cl– is an essential micronutrient in plants. In some plant species e.g. soybean, and woody plants such as avocado, Cl– showed more significant toxic effect than Na+ since they are better at excluding Na+ from the leaf blades than Cl– (Munns and Tester, 2008). The toxicity threshold of Cl– is estimated to be 15-50 and 4-7 mg per gram dry weight for Cl– tolerant and sensitive species, respectively (Xu et al., 1999). Besides its roles in photosynthesis and in membrane potential stabilization, Cl– also regulates enzyme activities in the cytoplasm and is involved in turgor and pH regulation (Teakle and Tyerman, 2010). Low Cl– (< 5 mM) resulted in increased leaf area and biomass in tobacco plants (Franco-Navarro et al., 2016), whereas high Cl– (> 120 mM) resulted in decreased biomass production in barley plants (Tavakkoli et al., 2011). Whereas high Cl– (over 4 mg g–1 FW) shows toxicity due to interference with PSII quantum yield and photosynthetic electron transport rate (Tavakkoli et al., 2011; Carillo et al., 2019), Cl− in a range of 0.2–2 mg g–1 FW (fresh weight) can function in the stabilization of the oxygen-evolving complex of photosystem II, in the maintenance of electrical potential in cell membranes, regulation of tonoplast H+-ATPase and enzyme activities (Marschner 1995; Broadly et al., 2012; Carillo et al., 2019). In tobacco, up to 4 mg g–1 FW, Cl– can be important for the maintenance of water homeostasis (Franco-Navarro et al., 2016).

For most crop plants, Na+ is more toxic than Cl–. Salinity stress in some plant species, e.g. soybeans and woody plant species such as citrus, is due to more pronounced Cl− toxicity (White and Broadley 2001). Such species are comparatively effective in excluding Na+, but do not prevent Cl– from accumulating to toxic levels in leaves (Munns and Tester, 2008). It is known that Na+ toxicity is due to the similarity of the hydrated ionic radii of Na+ to that of K+, and is thus in competition with K+ for binding sites on enzymes that depend on K+ for activation. This is clearly not the case of Cl–. Antagonism between Cl– and NO3– can result in a reduction in the uptake and storage of nitrogen (Li et al., 2017b), which is the important source for protein synthesis and many metabolism products. At high concentrations of Cl–, limited nitrogen supply as a result of antagonism between Cl– and NO3– could be a reason for its toxicity in salinized plants. In the presence of high Cl–, a decrease of shoot NO3– to Cl– ratio is correlated with a significant shoot biomass reduction in Arabidopsis, and the overexpression SLAH1 (a homologue of the slow type anion channel SLAC1) (Qiu et al., 2016) (Cubero-Font et al., 2016). Li et al. (2017b) recently proposed that the NO3–/Cl– ratio might be used as a salt tolerance indicator, similar to the K+/Na+ ratio.




CaCl2 Based Cl– Toxicity in Ornamental and Horticultural Plant Species

Besides sodium salts, a wide range of other dissolved salts (e.g. those of Mg2+ and Ca2+ salts) are also present in saline soils (Tavakkoli et al., 2010). When reclaimed water is used for irrigation, (Wang et al., 2017), B3+, Ca2+, Cl–, Na+, and SO42– and their salts may be prevalent (Martinez and Clark, 2012; Nackley et al., 2015). In this context, there is potential for Cl− toxicity to arise from CaCl2 instead of NaCl. Further, Cl− toxicity may arise from the use of Cl− salts, (such as KCl and CaCl2), as fertilizers. For example, to decrease the accumulation of nitrate in leafy vegetables, (to meet EU directives), calcium Cl− is sometimes substituted for calcium nitrate (Carillo et al., 2019). Low level Ca2+ (below 10 mM) is known to ameliorate NaCl induced salinity stress symptoms in many plant species, e.g. Arabidopsis (Shabala et al., 2006), rice (Rahman et al., 2016), wheat (Al-Whaibi et al., 2012), barley (Cramer et al., 1991), and Calligonum mongolicum (Xu et al., 2017), etc. However, under moderate CaCl2 treatment (above 20 mM), greater Cl– toxicity was observed in some ornamental, (e.g. Callistemon citrinus and Viburnum lucidum), and horticultural species, (e.g. Ocimumu basilicum), (Borghesi et al., 2013; Collaa et al., 2013; Borgognone et al., 2014; Carillo et al., 2019; Cirillo1 et al., 2019). These studies showed that CaCl2 salinity is able to induce ion imbalance and hyperosmotic stress even more severe than that of NaCl, strongly reducing plant growth and yield. These results can be partly attributed to the toxic effects of Cl–, (since CaCl2 has twice the Cl− that the same number of moles of NaCl carries), for which the uptake and transport to leaves could be less controlled than that of Na+ (Collaa et al., 2013) in these studied ornamental and horticultural plant species.




Channels and Transporters in Cl– Transport

To date, the most commonly reported gene families for Cl− channels are characterized as slow anion channels (SLAC channels), Cl− channels (CLC), and aluminium activated malate transporters (ALMT transporters) (Skerrett and Tyerman, 1994). Seven CLCs (AtCLCa to AtCLCg, channels or transporters), localized in various intracellular membranes including the tonoplast (AtCLCa, AtCLCb, AtCLCc, and AtCLCg), thylakoid membrane (AtCLCe), and Golgi membrane (AtCLCd and AtCLCf), were found in Arabidopsis (Barbier-Brygoo et al., 2011; Herdean et al., 2016a). Other possible Cl− candidate channels (including the putative one) are mechanosensitive channels (Maksaev and Haswell, 2012; Hamilton et al., 2015), AtVCCN1 (Herdean et al., 2016b), VvNRT1.4, and VvNAXT1 (Henderson et al., 2014). For Cl− transporters, ALMT (aluminium-activated malate transporters) (De Angeli et al., 2013), CCC (cation chloride co-transporter) (Colmenero-Flores et al., 2007), DTX/MATE (detoxification efflux carrier/multidrug and toxic compound extrusion transporters) (Zhang et al., 2017), and AtNPF2 (Li et al., 2017b) are reported to be involved in Cl− transport in salinized plants.

Besides Na+ toxicity, salinity (both Na+ and Cl–) also causes osmotic stress in plants. Cl– influx has been observed in plant cells subjected to salinity (Shabala et al., 2005). Interestingly, hyperosmotic stress also induced net Cl– uptake in bean mesophyll cells (Shabala et al., 2000). This leads to the question of whether the mechanosensitive channels might play a direct or indirect role in Cl– transport in plant cells under salt stress. Falke et al. (1988) identified the first mechanosensitive Cl− channel in tobacco protoplasts. Maksaev and Haswell (2012) found that MSL10 (mechanosensitive channel-like 10) shows a preference for Cl– over Na+ (6:1) and might be involved in Cl– efflux to relieve the membrane tension once the channel opens. MSL8 (Cl– over Na+, 6.3:1) was also found to sense and respond to changes in Arabidopsis pollen hydration, and also to germination associated membrane tension (Hamilton et al., 2015). The role of mechanosensitive channels in Cl– transport in plant salt stress responses should be studied in greater detail.

The channels and transporters involved in Cl− transport in plants under salt stress are summarized in Figure 1. Interesting topics with a potential for future study include dissecting the possible role and contributions of Cl– transport in plant overall salt tolerance, identifying specific channels/transporters involved in Cl– transport, and establishing which contribute to salt tolerance, as well as investigating a possible link to other signalling events e.g. Ca2+ and ROS waves.
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Figure 1 | The proposed schematic showing channels and transporters involved in Cl− transport in plants under salinity stress. 






Regulation of Cl– Transport in Plant Salinity Stress Response



Controlling Shoot Cl– Accumulation: The Role of Root and Shoot Cl– Exclusion Differs Between Plant Species

Cl− in soil presents mainly as Cl–, and its movement within the soil is largely determined by water flows (White and Broadley, 2001). Compared to the advanced study of Na+ transport, much less data is available for Cl– transport in plants under salinity. Teakle and Tyerman (2010) summarized several traits of Cl– movement related to plant salt tolerance: 1) reduced net Cl– uptake by roots, 2) reduced net xylem loading of Cl–, 3) intercellular compartmentation of Cl–, 4) intracellular compartmentation of Cl–, and 5) phloem recirculation and translocation within the plant. Efficient exclusion of Cl– from either roots or shoots could avoid excessive accumulation of Cl– in plant tissues.

A significantly lower shoot Cl– concentration was found in salt tolerant barley varieties than in sensitive ones (Tavakkoli et al., 2011), suggesting that controlling the accumulation of shoot Cl– is important for overall salt tolerance. However, whether this is due to root Cl– exclusion or shoot Cl– exclusion still needs to be answered. A question also remains over the differences that may exist between plant species. Chen et al. (2013) showed that wild type soybean has stronger root Cl– exclusion (efflux) than the relatively salt sensitive cultivated soybean varieties, suggesting the important role of root Cl– exclusion in soybean salt tolerance. In citrus rootstocks, tolerance in salt tolerant species, which have significantly lower shoot Cl–, is mostly conferred by superior root resistance to Cl– uptake (Moya et al., 2003). This is further demonstrated by Brumos et al. (2010). In barley, to the contrary, less accumulation of shoot Cl– in salt tolerant than sensitive species (Tavakkoli et al., 2011) may not be due to root Cl– exclusion. It has been shown that although cytosolic and vacuolar Cl– concentration is not different between salt tolerant and sensitive barley varieties, a 73% higher (P < 0.001) apoplast Cl– in root cortical cells was found in salt sensitive compared to tolerant barley varieties (Flowers and Hajibagheri, 2001). Also, a strong and positive correlation was found between grain yield and transcripts of HvSLAH1 and HvSLAC1, (anion channels that mediate Cl− efflux), in barley leaves (Liu et al., 2014). This suggests that shoot Cl– exclusion in barley is associated with overall salt tolerance. Shoot Cl− exclusion is also associated with salt tolerance in some other species, e.g. grapevine, Lotus, and Glycine etc. (Teakle and Tyerman, 2010). Significantly lower xylem Cl– was found in relatively salt tolerant varieties compared to salt sensitive varieties of durum wheat (Line 149 vs Tamaroi) (Läuchli et al., 2008), and Lotus corniculatus (L. tenuis vs L. corniculatus) (Teakle et al., 2007). Overall, the mechanisms controlling shoot Cl– accumulation evidently do differ between plant species.




Shoot and Root Cl– Exclusion: Which Channels or Transporters Play the Major Roles?

To date, the topic of key transporters and channels involved in shoot and root Cl− exclusion is still not yet fully explored. In terms of breeding salt tolerant species, knowing the key transporters and channels controlling Cl− exclusion could be very helpful. For example, overexpression of the genes SOS1, (encoding a key Na+/H+ antiporter for Na+ extrusion from cytosol to apoplast), (Yang et al., 2009; Yue et al., 2012), and NHX1, (encoding a key K+, Na+/H+ exchanger for sequestrating Na+ from cytosol to vacuole), (Apse et al., 1999; Zhang and Blumwald, 2001; Chen et al., 2007; Gouiaa et al., 2012), resulted in increased overall salt tolerance in many plant species. Pyramiding with the approach proposed by Bazihizina et al. (2019), (that of improving the selectivity of the broadly selective anion-transporting proteins), may yield enhanced Cl− exclusion ability and be an important strategy for breeding salt tolerant crops.

SLAC1, a channel located in the plasma membrane, is highly permeable to malate and Cl− (Negi et al., 2008). Transgenic overexpression of AtSLAC1 in tobacco BY-2 cells enhanced cryptogein (an elicitor able to induce ROS production)-induced Cl− efflux (Kurusu et al., 2013). Plants with a mutation in slac1, (the gene for SLAC1 which mediates Cl− efflux), also showed increased Cl− content in guard cells (Negi et al., 2008). Together, these reports suggest that SLAC1 is an anion channel which is involved in Cl− exclusion. SLAH1, a homologue of SLAC1, modulates shoot Cl− accumulation, and thus salt tolerance, in Arabidopsis (Cubero-Font et al., 2016; Qiu et al., 2016). It has been shown that the upregulation of the genes HvSLAH1 and HvSLAC1 in leaves is linked with higher barley grain yield in the field (Liu et al., 2014).

Besides SLAC1, CLC channels/transporters and ALMT transporters might also play a role in Cl− exclusion. Herdean et al. (2016a) proposed that the thylakoid Cl− channel AtCLCe functions in Cl− homeostasis. Wei et al. (2016) showed that by regulating Cl− accumulation, the GmCLC1 channel confers enhanced salt tolerance in soybean. The ALMT (aluminium activated malate transporter) protein family is unique to plants and is able to mediate anion fluxes across cellular membranes (Barbier-Brygoo et al., 2011). At high external Cl−, the permeability ratio of TaALMT1, (Piñeros et al., 2008), and ZmALMT2 (Ligaba et al., 2012), towards malate and Cl− is around 1, suggesting that these channels might be able to mediate a substantial amount of Cl− efflux. AtALMT12, a plasma membrane targeted anion transporter, is mainly permeable to Cl− and nitrate and is involved in stomatal closure (Meyer et al., 2010). Furthermore, Li et al. (2017a) found that AtNPF2.5 (NRT1/PTR Family protein), a Cl– permeable transporter predominantly expressed in root cortical cells, modulates Cl− efflux from roots. Mutation of the AtNPF2.5 gene in Arabidopsis resulted in impaired root exclusion and thus a higher shoot Cl– accumulation (Li et al., 2017a). Overexpression of this gene might increase root Cl– exclusion and thus may allow enhancement of overall salt tolerance in plants. Further, besides its role in limiting shoot Na+ accumulation, the endoplasmic reticulum located transporter GmSALT3 (encoded by “salt tolerance-associated gene on chromosome 3”) (Guan et al., 2014) was found to be involved in leaf Cl− exclusion in soybean under salinity stress (Liu et al., 2016). Moreover, the possibility of involvement of the CCC (cation chloride co-transporter) family in Cl− exclusion cannot be completely ruled out. For example, a ccc2 mutant showed significant higher shoot Cl− than wild type Arabidopsis, and shoot Cl− content was significantly reduced in the ccc2 lines expressing VviCCC under salt stress, thus suggesting its role in shoot Cl− exclusion (Henderson et al., 2015). Overall, the current literature suggests that, among the above-mentioned Cl− channels and transporters, SLAC1 and NPF2.5 are most likely to play an important role in shoot and root Cl− exclusion.




Vacuolar Cl– Sequestration: Another Possible Component for Plant Salt Stress Tolerance?

The vacuole is an organelle that occupies up to 90% of the volume of plant cells (Gao et al., 2015). Depending on the plant species, cell type, and measurement method, reports of electrical difference across the tonoplast vary from -31 to +50 mV (Ginsburg and Ginzburg, 1974; Mertz and Higinbotham, 1976; Rona et al., 1980; Kikuyama, 1986; Miller et al., 2001; Wang et al., 2015). This electrochemical gradient across the tonoplast could possibly facilitate movement of Cl– from the cytosol to the vacuole through channels or transporters, even if vacuolar Cl– is higher than that of the cytosol. Furthermore, the rise of Ca2+ has been seen to cause a transient change in both the plasma membrane and tonoplast potentials in Nitella (Kikuyama, 1986). Furthermore, tonoplast potential is shown to be +9 in barley root cells treated with 0.5 mM CaSO4, and +35 mV when treated with 1 mM KCl + 0.5 mM CaSO4 (Mertz and Higinbotham, 1976), thus demonstrating the variability of tonoplast potential according to media. Under saline conditions, the tonoplast potential could be changed to be more negative or positive. Tonoplast potential in barley leaf mesophyll cells grown in non-saline conditions has been reported to be -4 mV, whereas it waxed negatively to -7 mV in barley plants subjected to salinity, (although this is still close to 0) (Cuin et al., 2003). It is thus shown that a more negative tonoplast potential exists in salt grown plants, which would allow for a more efficient active transport of Cl− from the cytosol into the vacuole. The changes of tonoplast membrane potential induced by salinity may vary significantly between plant species, and cell types. A direct measurement of tonoplast potential in salt grown plants, of a species that is more intolerant to Cl– than Na+, would help answer the question of the importance of vacuolar Cl– in overall salt tolerance. If tonoplast potential is around zero in plants under salt stress which means the driven force for operating active transport is limited, then the movement of Cl− will be predominantly dependent on the Cl− gradient between the cytosol and vacuole, which may not allow the vacuole to sequestrate a large amount of Cl−. In terms of Cl– vacuolar sequestration, after salt stress onset a certain time points (the time point could be varied in plant species and cell types), vacuolar Cl– concentration is higher than cytosol and thus the ion channels with the nature of “downhill” activity will not be able to help in the vacuolar sequestration process. In this case, vacuolar sequestration of Cl– is not likely to happen over a considerable period of time and is thus hardly an important component for plant salt tolerance. This challenges the proposed hypothesis that plants can store Cl– in vacuoles to maintain cytosolic ion homeostasis, since in the above case, without the active transport of Cl–, it cannot be moved from the cytosol to vacuole against the proposed Cl– gradient (high Cl– stored in vacuole). Possibly, with the high cost of ATP, Cl− transporters might play a role in this process. With tens of negative or positive tonoplast potentials, the expense on ATP for active Cl– transport by Cl− transporters can be significantly reduced and thus can allow plants to have a longer time period of vacuolar Cl– sequestration under salt stress. We argue here that if some plant species have tens of negative or positive tonoplast potentials under saline conditions, vacuolar Cl– sequestration could be one of the components of overall salt tolerance. Further studies are required to answer the above questions.

The location of AtCLCa, AtCLCb, AtCLCc, AtCLCg, and AtALMT9 Cl− channels and transporters are known in the tonoplast, (De Angeli et al., 2013; Wei et al., 2015), and hints at the possible contribution of the vacuolar sequestration of Cl- to salt tolerance in plants. Overexpression of the tonoplast located AtCLCc results in higher Cl− accumulation and increased overall salt tolerance in the overexpression line in wild type Arabidopsis (Nguyen et al., 2016; Hu et al., 2017). Also, overexpression of GmCLC1 in soybean hair roots results in more Cl− sequestration in roots and thus less Cl− being transported to the soybean shoot (Wei et al., 2016). AtALMT9, (a malate-activated Cl− channel located in the tonoplast), is involved in vacuolar Cl– sequestration and is required for stomatal opening (De Angeli et al., 2013). Furthermore, AtALMT9 is transcriptionally up-regulated under salt stress, and almt9 knockout mutants have reduced shoot accumulation of Cl− (Baetz et al., 2016). Altogether, the above results suggest that vacuolar Cl– sequestration might be another component for overall plant salt tolerance. However, large scale experiments are still needed to validate this supposition.





Inconsistent Results of Cl– Content in Plant Species With Contrasting Salinity Tolerance: the Importance of Intracellular Distribution of Cl– in Plant Salt Tolerance

It has been argued that plant salt tolerance is related to the ability to regulate both Na+ and Cl– transport to avoid toxicity (Tavakkoli et al., 2011). Under salinity stress, the most tolerant Brassica species showed less accumulation of Cl– in the leaf than the sensitive one (Chakraborty et al., 2016). Interestingly, a significantly lower shoot Cl– concentration was found in the salt sensitive bread wheat variety Krichuaff, than in the tolerant variety Berkut, under mild saline conditions (Genc et al., 2010). Also, Cl– concentration in the xylem sap extracted from cut stems is significantly lower in melon, (which is relatively salt sensitive), than in pumpkin grafted on melon (which is relatively salt tolerant) (Edelstein et al., 2011). With the knockout of the vacuolar Cl– channel ALMT9, which is highly expressed in the vasculature of shoots and roots, a reduced accumulation of Cl- in the shoot was observed, showing that vacuolar Cl– loading is crucial in controlling whole-plant ion movement during exposure to salinity (Baetz et al., 2016). The inconsistent relationship between Cl- accumulation and genotypic salt tolerance suggests that the intracellular distribution of Cl– is also important for plant salt tolerance. This is again in support of the viewpoint that vacuolar sequestration of Cl– is important in salt tolerance of plants.




Conclusion

Compared with well-studied Na+ and K+, knowledge on Cl– in plant responses to salt stress is relatively limited. In this review, we argue that vacuolar Cl– sequestration could play a role in salt tolerance, at least in plant species that have either positive or negative tonoplast potential amounting to tens of mV. We also suggest that the key channels/transporters of Cl– exclusion in plants under saline condition still need to be investigated. The restriction of shoot Cl– accumulation, both by root and/or shoot Cl– exclusion, in different plant species is discussed in this review. Further, the toxicity of Cl– originating from CaCl2, (which is particularly relevant to horticultural crops and ornamental plants), is briefly reviewed, and compared with the toxicity of Cl– from NaCl.
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During early periods of salt stress, reduced stomatal opening can prevent water loss and wilting. Abscisic acid (ABA) signal plays an important role in this process. Here, we show that cucumber grafted onto pumpkin exhibits rapid stomatal closure, which helps plants to adapt to osmotic stress caused by salinity. Increased ABA contents in the roots, xylem sap, and leaves were evaluated in two grafting combinations (self-grafted cucumber and cucumber grafted onto pumpkin rootstock). The expression levels of ABA biosynthetic or signaling related genes NCED2 (9-cis-epoxycarotenoid dioxygenase gene 2), ABCG22 (ATP-binding cassette transporter genes 22), PP2C (type-2C protein phosphatases), and SnRK2.1 (sucrose non-fermenting 1-related protein kinases 2) were investigated. Results showed that a root-sourced ABA signal led to decreased stomatal opening and transpiration in the plants grafted onto pumpkin. Furthermore, plants grafted onto pumpkin had increased sensitivity to ABA, compared with self-grafted cucumbers. The inhibition of ABA biosynthesis with fluridon in roots increased the transpiration rate (Tr) and stomatal conductance (Gs) in the leaves. Our study demonstrated that the roots of pumpkin increases the sensitivity of the scion to ABA delivered from the roots to the shoots, and enhances osmotic tolerance under NaCl stress. Such a mechanism can be greatly exploited to benefit vegetable production particularly in semiarid saline regions.

Keywords: salt tolerance, abscisic acid, stomata, grafting, cucumber, rootstock



Introduction

Salinity is one of the major limitations of crop production worldwide. More than 800 million hectares of agricultural land suffer from soil salinity (Rengasamy, 2010). Plant growth responds to salt stress in two phases, namely, the osmotic phase that inhibits water uptake by roots due to osmotic pressure in soil and subsequent ionic phase, during which the level of accumulated toxic ions in plants exceeds the threshold level and leads to ion toxicity or ion imbalance (Munns and Tester, 2008).

Sodium is one of the most common toxic ions existing in soil. Although several membrane transporters involved in Na+ uptake and transport in plants are well studied, most salinity-related studies are focused on investigating the ionic phase and discussing the control of Na+ transport (Fraile-Escanciano et al., 2010; Oh et al., 2010), K+/Na+ balance (Venema et al., 2002; Yue et al., 2012), and Na+ compartmentation (James et al., 2006; Bassil et al., 2011; Wu et al., 2019).

Several studies found that stomata play an important role in salt stress tolerance (Chen and Gallie, 2004; Rajendran et al., 2009; Rahnama et al., 2010). Stomata regulate transpirational water loss in plants (Wilkinson and Davies, 2002) and control carbon dioxide assimilation rate (Duan et al., 2015). Thus, stomatal conductance is a reliable indicator for evaluating plant salt tolerance. Using this indicator, Rahnama et al. (2010) found a positive correlation between relative stomatal conductance and relative growth rate in durum wheat. This correlation indicates that a plant that can hold its stomata opening has good salt tolerance. Nevertheless, under salt stress, limited stomatal opening can prevent water loss and wilting (Li et al., 2017; Hedrich and Shabala, 2018). Stomatal closure in the early periods of salinity stress has the same function as that in drought conditions (Munns, 2011).

Recently, the mechanism of abscisic acid (ABA) perception and signal transduction has been well studied in Arabidopsis thaliana (Lucas et al., 2013; Osakabe et al., 2014; Mittler and Blumwald, 2015). ABA is a prominent chemical signal that controls stomatal movement during the early period of stress (Sah et al., 2016). Under salinity conditions, Cl− and Na+ induce the increase in leaf tissue ABA concentrations in plants exposed to 50 mM of these ions for 2 h; this result suggests that the early accumulation of ABA is useful in maintaining cell turgor (Geilfus et al., 2018). However, arguments related to ABA transport from the roots to the shoots and the regulation of stomatal movement still exists (Grondin et al., 2015; Cai et al., 2017; Li et al., 2018). Some reports support the view that root-sourced ABA leads to stomatal closure in the shoots (Davies et al., 2005; Jiang and Hartung, 2008). However, that root-to-shoot ABA transport is not the only way to induce stomatal responses. Grafting experiments have been conducted to determine the source of ABA in drought-induced stomatal closure. Some of these experiments proposed that leaf-sourced ABA is also necessary for stomatal closure under stress conditions (Holbrook et al., 2002). Apart from ABA concentration, ABA sensitivity in response to water deficit or salinity in the leaves affects stomatal movement (Wilkinson and Davies, 2002; Liu et al., 2015). Li et al. (2011) found that stomatal sensitivity to a root-sourced ABA signal gradually increased from the base to the apex along the vine of grapevine. Interestingly, the sensitivity of stomatal movement to ABA are affected by the type of roots. Cucumber with luffa as rootstock is more sensitive to ABA than cucumber as rootstock (Liu et al., 2015). Thus, in addition to ABA biosynthesis, the increased sensitivity of stomata to ABA might play an important role in rootstock-induced salt tolerance.

Our previous research showed that grafted cucumber onto pumpkin rootstock improved the salt tolerance of cucumber (Liu et al., 2012b; Lei et al., 2014; Niu et al., 2017). In this process, the limitation of Na+ uptake and transport from the roots to the shoots play critical roles. Most of the results regarding Na+ restriction by rootstock were obtained after prolonged salt treatments (from days to weeks). However, a recent report indicated an earlier rootstock-sourced signal (within several hours) triggered stomatal closure and contributed to enhanced salt tolerance by reducing water loss (Niu et al., 2018). Nevertheless, the mechanism behind this quick stomatal closure remains unknown.

In the present study, we evaluated photosynthetic parameters and ABA level in two grafting combinations (self-grafted cucumber and cucumber grafted onto pumpkin rootstock). Through ABA biosynthesis inhibitor experiments, we showed that root sourced ABA production confers salt tolerance on grafted cucumber plants by triggering stomatal closure within the first few hours of salt stress and optimizing plant ionic and water balance.




Materials and Methods



Grafting With Different Rootstocks

The experiment was carried out in a growth chamber at Huazhong Agricultural University, Central China. A salt-sensitive cucumber (Cucumis sativus L.) cv. Jinchun No. 2 (abbreviated as “C”) was used either as a scion or rootstock, and a salt-tolerant pumpkin (Cucurbita moschata Duch.) cv. Chaojiquanwang (abbreviated as “P”) as a rootstock. Two grafting combinations were used in this study: self-grafted cucumber plants (C/C) and pumpkin-grafted cucumber plants (C/P).

Seeds were soaked in distilled water for 6 h and incubated in the dark at 30°C until germination. The rootstocks were sown 4 days earlier than the cucumber scion. When rootstock seedlings developed one true leaf, the cucumber seedlings were grafted onto them by using the “hole insertion grafting” method described by Lee et al. (2010). After 7 days, the grafted plants were transferred to plastic containers (six seedlings per container) containing 8 L of full-strength Hoagland’s solution. The nutrient solution was replaced every 3 days and continuously aerated. At the four-leaf stage, the grafted plants were used for subsequent experiments.




Salt Treatment and ABA Biosynthesis Inhibitor Application

The process of stomatal closure in the two grafting combinations were investigated. NaCl was added in the nutrient solution until a final concentration of 75 mM was obtained. Photosynthesis parameters were monitored 0, 0.5, 1, 3, 6, 24, 48, and 120 h after the commencement of the salt treatment. ABA content in the leaves and roots was measured.

In the inhibitor experiments, ABA inhibitor fluridon (Flu) (CAS:59756-60-4, Sigma Aldrich) at a concentration of 50 μM was sprayed on the leaves (5 ml per plant), whereas roots of others were submerged with 50 μM fluridon (Flu) for 6 h and then transferred to Hoagland’s solution containing 75 mM NaCl. An equal amount of water was applied as the control.

After 1 and 3 h, the photosynthetic parameters and ABA content were determined, respectively.




Determination of Photosynthesis Parameters

Photosynthetic rate (Pn), transpiration rate (Tr), intercellular CO2 concentration (Ci), and stomatal conductance (Gs) were detected from the second recently expanded leaf with an open gas exchange system (Li-6400, Li-Cor, Inc., Lincoln, NE, USA). The assimilatory chamber was controlled to maintain the leaf temperature at 28°C, CO2 concentration at 360 μmol mol-1, and photosynthetic photon-flux density at 600 μmol m-2 s-1. Five replicates per treatment were measured between 08:30 and 11:30 AM.




Xylem Sap Collection

Xylem sap was collected according to the method described by Liu et al. (2015) with some modifications. Briefly, stems were cut 2 cm above the grafting junction between the scion and rootstock with a razor blade, and then the rootstock was exposed to the pressure chamber set to 0.5 MPa. Contamination from injured cells at the cut surface was prevented by discarding the first two droplets of the xylem sap. Then, xylem sap was collected for 20 min with a micropipette from the cutting surface into ice-chilled Eppendorf tubes. The collected sap samples were frozen immediately in liquid nitrogen and stored at −80°C until analysis.




Determination of ABA Content in the Leaves, Roots, and Xylem Sap

The samples were ground to a fine power in liquid nitrogen with a mortar and pestle then mixed with 750 μl cold extraction buffer (methanol: water: acetic acid, 80:19:1, v/v/v) supplemented with internal standards (10 ng 2H6ABA) (Olchemin). The samples were placed on a shaker for 16 h at 4°C in the dark, and then centrifuged at 10,000 rpm for 15 min at 4°C. The supernatants were combined and filtered by using a nylon filter (Nylon 66; Jinteng Co., Ltd, Tianjing, China). The filtrate was dried by evaporation under nitrogen gas flow at room temperature, and then dissolved in 200 μl of methanol. Liquid chromatography was carried out with an ultra-fast liquid chromatography-electrospray ionization tandem mass spectrometry (UFLC-ESI-MS) with an auto sampler (Shimadzu Corporation, Kyoto, Japan) as reported by Liu et al. (Liu et al., 2012a).



Stomatal Aba Sensitivity Experiment

The effect of rootstock on the stomatal sensitivity to ABA in scion leaves was investigated by observing stomatal movements with the second recently expanded leaf from the top of the two grafted combinations. The stomatal movements were measured by the method described by Liu et al. (2015) with some modifications. Briefly, epidermal strips were peeled from the abaxial surface with forceps, and mesophyll cells were removed from the epidermis with a single-edge industrial razor blade. The epidermal strips were submerged into stomatal opening buffer (10 mM KCl, 7.5 mM iminodiacetic acid, and 10 mM MES, pH 6.2, adjusted with KOH) for 2 h under fluorescent light (100 μmol m−2 s−1) and then incubated for 3 h in stomatal opening buffer supplemented with 0, 10, 20, 50, or 100 μM ABA before the stomatal openings were observed.





Total RNA Extraction and Gene Expression Analysis

Total RNA was isolated from the roots with a TransZol reagent (TransGen Biotech, Inc., Beijing, China) according to the manufacturer’s instructions. After extraction, the total RNA was dissolved in the diethylpyrocarbonate-treated water. The cDNA template for the quantitative real-time PCR (qRT-PCR) was synthesized from 1 μg of total RNA with HiScript II Select RT SuperMix for qPCR (Vazyme, Piscataway, NJ, USA).

For qRT-PCR analysis, we amplified the PCR products in triplicate by using 1×Top Green qPCR SuperMix (TransGen Biotech, Inc., Beijing, China) in 10 μl qRT-PCR assays. The PCR was performed with ABI Prism® 7000 (Applied Biosystems, USA), and the cycling conditions were as follows: denaturation at 94°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s, annealing at 55°C for 15 s, and extension at 72°C for 15 s. The specific primers (Table S1) were designed based on the published mRNA of Cucurbita moschata on Cucurbit Genomics Database (http://cucurbitgenomics.org) by using Primer 5 software. The relative gene expression was calculated as previously described by Livak and Schmittgen (2001).





Results



Cucumber Grafted Onto Pumpkin Showed More Rapid Stomatal Closure than Self-Grafted Cucumber Under Salinity Stress

Salt treatment apparently reduced the Pn of pumpkin grafted and self-grafted cucumber plants by 14% and 25%, respectively, after 6 h of treatment (Figure 1A). However, Pn was recovered by up to 70% compared with the controls after prolonged treatment (24 h) in both grafting combinations. After 120 h of salt treatment, the Pn of C/P was 4.1 times of that of C/C (C/C almost died). Consistent with Pn, Tr and Gs showed a similar decline in the early period of salt treatment, but their responses were faster than the response of Pn. Minimum Tr and Gs were attained after 1 h of salt treatment. Interestingly, the C/P presented more rapid stomatal closure than self-grafted cucumber plants under salinity during the first 1 h of salt treatment (Figures 1B, C).
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Figure 1 | Time course of photosynthetic rate (A), transpiration rate (B) and stomatal conductance (C) in the leaves of pumpkin-grafted cucumber (C/P) and self-grafted cucumber (C/C) plants after 75 mM NaCl treatment. Data are presented as the mean of six biological replicates ( ± SE), points with an asterisk indicate a significant difference from the untreated control (P 0.05) at the same sampling time according to t-test.







Higher Concentration of ABA Was Detected in the Leaves Compared With Roots

In response to salt stress, ABA accumulation was observed in the leaves and roots of the C/P and C/C plants after salt treatment (Figures 2A, B). An apparent increase in ABA accumulation in the leaves was detected 1 h after exposure to salinity conditions and peaked at 3 h in C/P and 12 h in C/C. Compared with ABA contents in the leaves, the ABA contents in the roots sharply increased at 3 h in C/P and 24 h in C/C. The seedlings showed a higher ABA levels in the leaves than the roots throughout the observation period (120 h).
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Figure 2 | Abscisic acid (ABA) accumulation in the leaves (A) and root (B) of the pumpkin-grafted cucumber (C/P) and self-grafted cucumber (C/C) after 75 mM NaCl treatment (NaCl) or non-salinity condition (Control). Data are presented as the mean of three biological replicates. ( ± SE), points with an asterisk indicate a significant difference from the untreated control (P 0.05) at the same sampling time according to t-test.






Inhibition of ABA Biosynthesis in the Roots Compromises Salinity-Induced Rapid Stomatal Closure in Pumpkin-Grafted Cucumber

Flu is an efficient inhibitor that blocks the biosynthesis of ABA in plants (Hossain et al., 2011; Li et al., 2019). To study the relationship between ABA synthesis and stomatal movement, we determined the changes in photosynthetic parameters in C/C and C/P plants with foliar or root application of Flu. The results showed that the response for stomatal movement was tissue specific. Leaves pretreated with Flu decreased the Pn of the C/C and C/P plants but only reduced the Tr in the C/P plants. By contrast, root pretreatment with Flu showed a pronounced reverse effect on Tr and Gs, and the Gs in Flu-treated plants was 5.5 times of that in non-Flu-treated C/P plants exposed to salinity stress (Figures 3B, C). In other words, the stomatal closure repressed by ABA inhibitor treatment was more extensive in the roots than in the leaves.
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Figure 3 | Effect of abscisic acid (ABA) synthesis inhibitor Flu on photosynthetic rate (A), transpiration rate (B) and stomatal conductance (C) of pumpkin-grafted cucumber (C/P) and self-grafted cucumber (C/C) after 1 h of NaCl treatment. The seedlings were pretreated with Flu on leaves (NaCl+Flu-L) or on roots (NaCl+Flu-R), respectively. Data are presented as the mean of six biological replicates ( ± SE). Different letters indicate significant differences (P 0.05) according to the Duncan’s multiple test.






ABA Inhibitor Treatment with Root Caused a Reduced Level of ABA in Roots, Xylem Sap, and Leaves in Pumpkin-Grafted Cucumber

To study the mechanism by which rootstock ABA levels affect stomatal movement in the scion, we measured the ABA levels in the roots, xylem sap, and leaves with or without Flu-pretreatment. NaCl treatment obviously increased the ABA content of the roots, xylem sap, and leaves (Figures 4A–C). These results were consistent with the ABA trends shown in Figure 2. The ABA levels in the xylem sap under NaCl treatment were 1.93 and 2.93 times of those in the control plants of C/C and C/P, respectively (Figure 4B). Flu-treatment alone had no significant effect on ABA levels in the leaves, but the ABA content in the xylem sap of C/P slightly increased compared with that of non-Flue-treated C/P plants (Figure 4B). Flu-pretreatment significantly reduced the ABA levels in the leaves, roots, and xylem sap of C/C and C/P under salinity stress conditions. In the three plant samples, Flu had the strongest inhibitory effect on roots that presented 34.70% and 11.30% ABA concentrations compared with the ABA concentrations of non-inhibitor-treated C/C and C/P plants, respectively.
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Figure 4 | Effect of abscisic acid (ABA) synthesis inhibitor Flu on ABA contents of the leaves (A), xylem sap (B), and roots (C) of the pumpkin-grafted cucumber (C/P) and self-grafted cucumber (C/C) plants after 3 h of NaCl treatment. Data are presented as the mean of three biological replicates ( ± SE). Different letters indicate significant differences (P 0.05) according to the Duncan’s multiple test.






Increased ABA Sensitivity Was Observed for Pumpkin Grafted Cucumber Plants

The rootstock-promoted stomatal closure depends on an increased sensitivity to ABA under salinity. The detached leaves from C/C and C/P were used in the measurement of stomatal movement under different concentrations of exogenously applied ABA. The results showed that the stomatal opening was decreased with increasing ABA concentration (Figure 5B). Notably, ABA at the concentration of 20 μM apparently induced stomatal closure in C/C and C/P plants. However, the aperture value was 0.39 (width/length) in C/C and only 0.1 in C/P plants (Figure 5B). These results suggested that stomata in C/P plants had an increased sensitivity to ABA compared with C/C plants.



[image: ]

Figure 5 | The effect of abscisic acid (ABA) concentration on stomatal opening in detached abaxial epidermal strips of pumpkin-grafted cucumber (C/P) and self-grafted cucumber (C/C) plants. The fields are provided by a optical microscope (OLYMPUS CX31) under 100× magnification (A) and stomatal aperture are calculated with width/length (B). Data are presented as the mean of six biological replicates ( ± SE). Different letters indicate significant differences (P 0.05) according to the Duncan’s multiple test. Scale bar in Figure 5A = 10 μm.






ABA Synthesis Related Genes Expression Pattern

The relative expression levels of four genes related to ABA synthesis or signaling pathway were measured by qRT-PCR (Figures 6A–D). NCED2 and ABCG22 have similar response pattern in both grafting combinations. An increased expression of these two genes was observed during the first several hours (6 h with NCED2 and 1 h with ABCG22) in the roots. However, the expression of both genes decreased after reaching the peak and finally recovered again after 24 h. NCED2 and ABCG22 did not show increased expression in the leaves and showed increased expression only after prolonged salt treatment. The difference between the expression patterns of NCED2, ABCG22, and SnRK2,1 was induced by salt stress only in the leaves, and the peak in C/C lagged behind compared with C/P.
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Figure 6 | Transcript abundance of abscisic acid (ABA) biosynthesis related genes [NCED2 (A),PP2C (B),ABCG22 (C) and SnRK2,1 (D)] in the leaves (L) and roots (R) of pumpkin-grafted cucumber (C/P) and self-grafted cucumber (C/C) plants. Data are presented as the mean of three biological replicates ( ± SE), points with an asterisk indicate a significant difference from the untreated control (P 0.05) at 0 h according to t-test.







Discussion



Rapid Stomatal Closure Might Be an Alternative Strategy to Overcome Salt Stress

Grafting cucumber onto resistant rootstocks improves plant tolerance to salinity; however, enhanced tolerance in grafted seedlings has been attributed to Na+ restriction (Lei et al., 2014). Herein, we found that cucumber plants grafted onto pumpkin had more rapid stomatal closure than self-grafted cucumber plants. This mechanism may contribute to the enhanced adaptability of plants to early osmotic stress under salinity condition (Shu et al., 2016; Li et al., 2018).

Stomata respond to rapid changes in the water potential of a soil solution. Stomatal conductance can be used as a screening trait for osmotic stress tolerance when stomatal response is induced by osmotic pressure outside the roots rather than by Na+ accumulation in the leaves. Photosynthesis was reduced first by the stomatal limitations, and nonstomatal effect was not observed in the first few hours or days after salt treatment or until Na+ or Cl− accumulated in leaves by up to nearly 250 mM (James et al., 2006). In our previous work, we observed that the seedlings did not accumulate Na+ to toxic levels (not more than 5 mgg−1, DW) until 24 h (Niu et al., 2018). The present study showed that the seedlings close their stomata within the first hour after salt treatment (Figure 1). This result shows that quick stomatal response is induced by osmotic stress rather than Na+ accumulation. Previous studies showed that rapid reduction in stomatal aperture and transpiration in response to salinity is not due to the osmotic pressure of the salt alone because nonionic osmoticum have a similar effect (Tardieu et al., 2015). According to our previous study, we observed that NaCl and isosmotic sorbitol induce rapid stomatal closure during the first 4 h of salt treatment (Niu et al., 2018).

Hydraulic signals under salinity stress may dominate and trigger the response of stomata in the leaves and plants under water stress (Christmann et al., 2007). Until now, our knowledge regarding the mechanism of grafting-induced early period salinity tolerance is incomplete. In this study, pumpkin grafted cucumber plants had a quick stomatal response under salinity conditions compared with self-grafted cucumber plants. Cucumber grafted onto pumpkin have an increased ability to sense salinity stress compared with self-grafted cucumber plants.




Root or Leaf, Who Is the Key Position to Induce the Stomata Closure?

The enhanced ABA level in the leaves and xylem sap of the two grafting combinations suggests that cucumber and pumpkin might have the similar osmotic stress response mechanism (Figure 4). Several works related to ABA and stomatal movement were performed, but whether ABA transported from the roots to the shoots regulates stomatal movement remains disputable (Davies et al., 2005; Schachtman and Goodger, 2008; Wilkinson and Davies, 2010). In this study, the two grafting combinations shared a similar ABA responding trend, and remarkable increase of ABA was detected in leaves compared with roots (Figure 2). These results indicated that ABA concentration at the action site (leaf) should be considered as the real ABA signal that promotes stomatal closure. Similar results were found in maize; the ABA concentration significantly increased in the leaves of salt-resistant maize SR03; this change was not observed in salt-sensitive hybrid lector (Zörb et al., 2013). However, ABA inhibitor experiments showed that the Flu-pretreatment of roots lead to more acute limited stomatal closure than the Flu-pretreatment of leaves (Figures 3A–C). This finding indicated that the root-synthesized ABA could be an initial signal triggers the stomatal closure action in leaves. ABA-related genes expression in the roots and leaves provides some clues (Figure 6). Most genes involved in ABA biosynthesis were activated in the roots during the first 12 h of salt treatment. By contrast, except SnRK2,1, no gene was activated in the leaves. We speculated that the long-distance ABA signal motivated the stomata action in leaves. ABA accumulation in the roots induced by salt stress and triggered by osmotic stress leads to ABA accumulation in the leaves. Similar results were found in citrus. The tetraploid citrus clones show an increased tolerance to drought compared with the diploid ones by up-regulating the expression of genes involved in long-distance ABA signaling in the roots (Allario et al., 2013). A significantly reduced ABA in the xylem sap was observed after the roots were subjected to Flu pretreatment (Figure 4). This observation was consistent with previous study on Arabidopsis, in which stomatal responses were correlated with ABA content in the xylem rather than the ABA content in the leaf, suggesting the importance of ABA as a long-distance signaling hormone in the xylem (Jiang and Hartung, 2008). Notably, Flu pretreatment in the roots cannot completely inhibit increase in ABA level under salinity condition. Thus, the other parts of plants may have the same ability to synthesize ABA. Vascular tissues are important to ABA biosynthesis under dehydration stress.




Mechanism of Increased Stomatal Sensitivity to ABA in Pumpkin Grafted Cucumber Plants

We presume that the reason that makes C/P plants to close stomata earlier than the C/C plants is the enhanced responsiveness of the scion to ABA. This hypersensitivity to ABA is related to enhanced tolerance to salt through the regulation of stomatal closure and expression of stress-related genes. Plants exposed to osmotic stress utilize the ABA signaling transduction pathway to initiate the expression of defense genes (Kumar et al., 2017). The overexpression of some stress-related genes, such as OsZIP72 and OsABI5, results in abiotic-stress tolerance and causes transgenic plants to be hypersensitive to exogenous ABA (Lu et al., 2009). In our study, stomatal movement in response to salinity in the leaves of C/P plants was associated with increased sensitivity to ABA, as evidenced by the decreased rate of concentration-mediated stomatal closure (Figure 5). ABA sensing and signaling are mediated by several key proteins, such as PP2C and SnRK2 (Yoshida et al., 2015). According to a previous study, the improved ABA sensitivity of stomata in luffa grafted cucumber is associated with the differential expression of these two genes (Liu et al., 2015). SnRK2 interacts with several proteins, including kinases, phosphatases, transcription factors, and metabolic enzymes, and stomatal opening mediated by KAT1 might be negatively regulated by phosphorylation by SnRK2 (Yoshida et al., 2015). During this process, a slow anion channel (SLAC1) may play important role (Jones et al., 2014).

However, how these genes alter the sensitivity of grafted plants to ABA requires further investigation.





Conclusion

We demonstrate that pumpkin rootstock obviously improves the osmotic stress tolerance of cucumber scion under salinity stress conditions. In this process, rootstock-sourced ABA serves as a key signal to mediate rapid stomatal closure in the cucumber scion, thus preventing wilting in the early period of salinity stress. We also observed that the plants of both grafting combinations shared a similar ABA synthesis and response pattern. The increased sensitivity of stomata to ABA in the leaves plays an important role in the action of rapid stomatal closure. Alterations in the expression of some key genes involved in ABA biosynthesis, perception, signaling, and transport were found to be associated with rootstock-mediated salt tolerance. This quick responsive mechanism can be useful in improving agricultural production particularly in salt affected areas.
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Brassinosteroids (BRs) are a group of plant steroid hormones that play important roles in regulating plant development. In addition, BRs show considerable functional redundancy with other plant hormones such as gibberellins (GAs). BRASSINAZOLE RESISTANT1 (BZR1) and BRI1-EMS-SUPPRESSOR1 (BES1) transcription factors are negative feedback regulators of BR biosynthesis. This study provides evidence for the roles of MdBZR1 and MdBZR1-2like in promoting GA production. These results also show that BRs regulate GA biosynthesis to improve salt tolerance in apple calli. Moreover, this research proposes a regulatory model, in which MdBZR1 and MdBZR1-2like bind to the promoters of GA biosynthetic genes to regulate their expression in a BR-dependent manner. The expression of key GA biosynthetic genes, MdGA20ox1, MdGA20ox2, and MdGA3ox1 in yeast helps to maintain normal growth even under intense salt stress. In summary, this study underscores the roles of MdBZR1 and MdBZR1-2like in improving salt tolerance by regulating GA biosynthesis in apple calli.

Keywords: brassinosteroids, gibberellins, MdBZR1, MdBZR1-2like, salt stress, MdGA20ox2, MdGA3ox1



Introduction

Brassinosteroids (BRs) are sterol-derived phytohormones that regulate plant growth and development; their structures are similar to animal steroid hormones (Mitchell et al., 1970; Husna et al., 2018). The pathway of BR signaling from cell surface to the nucleus by transcription factors had been established by previous genetic and biochemical studies (Clouse, 2011; Wang et al., 2014). BR biosynthesis depends on a phosphorylation-dependent signaling pathway (Wang et al., 2012). In Arabidopsis, the BRASSINOSTEROID INSENSITIVE-1 (BRI1) receptor kinase functions at the first step of BR signaling. In the absence of BR, BRI1 is associated with BRI1 KINASE INHIBITOR-1 (BKI1) to inactivate BRI1. BR-INSENSITIVE-2 (BIN2) is a GSK3-like kinase that has been proposed to function in early BR signaling. In the absence of upstream BR signals, two BR-responsive transcription factors, BRASSINAZOLE RESISTANT-1 (BZR1) and BRI1-EMS-SUPPRESSOR-1 (BES1), are phosphorylated by BIN2, causing BZR1 and BES1 to be trapped in the cytoplasm due to the loss of their DNA binding abilities (Kim et al., 2018). In the presence of BRs, the binding of BR to BRI1 induces the phosphorylation of BRI1 by its receptor kinase BRI1-ASSOCIATED RECEPTOR KINASE1 (BAK1), leading to the disassociation of BKI1 and BRI1. This causes BRI1 to pass the signal to BR SIGNALING KINASE1 (BSK1) and CONSTITUTIVE DIFFERENTIAL GROWTH1 (CDG1) via direct phosphorylation, thereby promoting the binding of BRI1 SUPPRESSOR1 (BSU1) phosphatase to BIN2 (Kim et al., 2016). BSU1 then inactivates BIN2 through dephosphorylation, allowing BZR1/BES1 activation by PROTEIN PHOSPHATASE 2A dephosphorylation (Tang et al., 2011). BZR1/BES1 functions as a negative regulator of BR biosynthesis by feedback inhibiting DWF, CPD, ROT3/CYO90D1, and BR6ox1/BR6ox2/OsBRD, which are involved in BR biosynthesis (Wang et al., 2002; Yin et al., 2002; Zhao and Li, 2012).

Gibberellins (GAs) are mainly produced by the methylerythritol phosphate pathway from geranylgeranyl diphosphate (Kasahara et al., 2002). GA biosynthesis is regulated by GA20-oxidase (GA20ox), GA3-oxidase (GA3ox), and GA2-oxidase (GA2ox) (Lin et al., 2011). Trans-geranylgeranyl diphosphate is converted to GA12 aldehyde by an upstream GA biosynthetic pathway. GA20ox-overexpression in rice and citrus increases the level of bioactive GAs (Oikawa et al., 2004; Fagoaga et al., 2007). In addition, overexpression of the Arabidopsis GA20ox gene in kenaf leads to increased GA production, thereby enhancing the growth and fiber quality of kenaf (Withanage et al., 2015). Overexpression of NtGA3ox in tobacco influences GA content, suggesting that GA3ox plays an important role in maintaining GA homeostasis (Gallego-Giraldo et al., 2008).

Other genes—including many transcription factors—affect GA biosynthesis by regulating the expression of GA20ox and GA3ox. In tobacco, the bZIP transcription factor RSG influences GA biosynthesis by feedback regulating NtGA20ox1 (Fukazawa et al., 2011). Overexpressing AtIAA17 in Arabidopsis suppresses AtGA3ox transcription and leads to reduced level of bioactive GA4 (Shi et al., 2017). AtWOX14 overexpression promotes GA3ox expression and suppresses GA2ox expression in Arabidopsis, leading to the accumulation of bioactive GAs (Denis et al., 2017).

BRs regulate cell development in many processes, including seed germination, stem elongation, seedling development, root growth, flower organ development, fruit development, and senescence (Kurepin et al., 2016). GAs exert profound and diverse functions on plant growth and development by regulating vegetative growth, flower induction, flower and fruit development, seed germination, and reserve mobilization (Hooley, 1994). BR deficiency has been shown to associate with the dwarf and deetiolated phenotypes in Arabidopsis (Clouse et al., 1996; Li et al., 1996), which are similar to those caused by the lack of bioactive GAs (Koornneef and Veen, 1980; Wilson and Somerville, 1995).

Interactions between hormones occur in various cell types and organs throughout the life cycle of plants. Likewise, the joint effect of different hormonal signals allows the plants to respond to various environmental changes (Grauwe et al., 2005). Similarly, BR signals coordinate with other hormonal signals to regulate endogenous developmental programs and help the plant to adapt to changing environments (Fridman and Savaldigoldstein, 2013). REPRESSOR OF ga1-3 (RGA) negative regulators of both the GA signaling pathways, BZR1 and RGA as mediators of signaling crosstalk between BRs and GAs, adjustment DELLAs in order to regulation of plant growth (Fukazawa et al., 2014). Previous studies in Arabidopsis have also shown that BRs control seed germination by regulating GA biosynthesis (Unterholzner et al., 2015).

Here, we report that MdBZR1 and MdBZR1-2like could bind to the promoters of both MdGA20ox2 and MdGA3ox1 and enhance their expressions in apple. Overexpression of MdBZR1 and MdBZR1-2like increased the GAs content in apple calli. Moreover, this study also found that the activities of GA20ox and GA3ox increased in response to salt stress. Salt stress negatively regulates GA biosynthesis and represses seed germination in soybean (Shu et al., 2017), whereas exogenous GA (GA4 + 7) application could promote the germination of Leymus chinensis seeds under salt stress (Wu et al., 2016). Here, this research probe into the molecular basis of how BR signaling regulates plant growth—the presence of BRs release MdBZR1 and MdBZR1-2like to upregulate the expression of MdGA20ox2 and MdGA3ox1, which promotes GA biosynthesis and enhances salt tolerance in apple.




Materials and Methods



Plant Materials, Growth Conditions, and Treatment

Wild-type (WT) “Orin” apple calli were sub-cultured at 20 day intervals on Murashige and Skoog (MS) medium containing 0.5 mg·L−1 6-benzylaminopurine and 0.5 mg·L−1 2,4-dichlorophenoxy acetic acid at 25°C in the dark. The calli were subsequently used for genetic transformation and phenotypic analysis. The seeds of WT apple were used for the transient expression of MdBZR1 and MdBZR1-2like genes.

Tissue-cultured WT plantlets of Malus domestica “Gala2” were sub-cultured monthly on MS medium supplemented with 0.5 mg·L−1 6-benzylaminopurine and 0.2 mg·L−1 3-indoleacetic acid at 25°C under a 16 h-light/8 h-dark photoperiod (the long-day condition). Twenty-day old sub-cultured apple seedlings were subjected to the 24-Epibrassinolide (EBR) and salt treatments. EBR is a highly active analog of the BRs (Wang et al., 2019) and is often used to test the response of plant tissues to BR exposure. We exposed tissue-cultured apple seedlings to four treatments for 15 days, including water (control), 100 nM EBR, 100 mM NaCl, and 150 mM NaCl.




Identification of the Target Genes

The nucleotide sequences of the MdBZR1 (GenBank accession number: MDP0000157809), MdBZR1-2like (GenBank accession number: MDP0000410792), MdGA20ox1 (GenBank accession number: MDP0000280240), MdGA20ox2 (GenBank accession number: MDP0000248981), and MdGA3ox1 (GenBank accession number: MDP0000316943) genes were obtained by BLASTx searches against the M. domestica genome using the sequences of their homologous genes as query sequences in Arabidopsis thaliana.




RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using a FastPure Plant Total RNA Isolation Kit (for polysaccharide- and polyphenol–rich tissues) (Vazyme Biotech Co., Ltd, Nanjing, China) with RNase-free Dnase (TaKaRa, Dalian, China) added to avoid DNA contamination. First-strand cDNAs were synthesized from 1 μg of RNA using a PrimeScript RT kit with gDNA Eraser (TaKaRa). Primer 3 (http://bioinfo.Ut.ee/primer3-0.4.0/) was used for primer design (Wang et al., 2018). Primer sequences of MdBZR1, MdBZR1-2like, MdGA20ox1, MdGA20ox2, MdGA3ox1, and MdActin (NCBI accession: EB136338), are shown in Table S1.




Vector Construction and Plant Transformation

The full-length cDNAs of MdBZR1, MdBZR1-2like, MdGA20ox1, MdGA20ox2, and MdGA3ox1 were used to construct over expression vectors. We constructed the 35S::BZR1-GFP and 35S::BZR1-2like-GFP recombinant vectors and transformed them into Agrobacterium tumefaciens. An empty 35S::GFP vector was used as the control. Primers used for vector construction are shown in Table S1. We incubated 15-day-old apple calli with Agrobacterium thalli harboring the constructs for 30 min. Transgenic apple calli were identified by assessing the transient expression of GFP and samples testing positive for the presence of the overexpression vectors were used for further analysis.

The sequence of MdBZR1 and MdBZR1-2like were amplified using primers MdBZR1-2like-IL60-F/R (Table S1). The resulting amplicons were cloned into the IL60-BS vector to generate the recombinant MdBZR1-IL60-2 and MdBZR1-2like-IL60-2 constructs. IL60-1 and MdBZR1-IL60-2 (MdBZR1-pIR) were co-transformed into apple seeds using a vacuum pump (FD-1D-50, BIOCOOL, Beijing, China), as were IL60-1 and MdBZR1-2like-IL60-2 (MdBZR1-2like-pIR. The qRT-PCR and gibberellic acid oxidase assays were performed on 5-day-old apple seedings after transiently expression MdBZR1 and MdBZR1-2like.




Electron Microscopy

Transgenic calli of WT in EBR treated, 35S::MdBZR1 and 35S::MdBZR1-2like were cut into 1–2 mm2 pieces and examined under an electron microscope. All samples were fixed in 3.5% glutaraldehyde (prepared in a phosphoric acid buffer, pH 7.2) and washed with 0.1 M phosphate-buffered saline. The samples were then briefly post-fixed in 1% osmium tetroxide and dehydrated in an ascending ethanol series (10%–70% ethanol). Next, the samples were subjected to endosmosis and embedded and polymerized in Epon 812 resin. Ultra-thin sections were cut using an LKB-V ultramicrotome and stained with uranium acetate and lead citrate. Finally, ultrastructure of the samples were examined using a JEOL-1200EX tunneling electron microscope (TEM; JEOL, Tokyo, Japan) (Chen et al., 2018).




HPLC-MS/MS Analysis of GAs Contents

In this experiment, endogenous GAs were extracted from the samples by isopropanol/water/hydrochloric acid, and the abundance of endogenous GA1, GA3, GA4, GA5, GA6, GA7, GA8, GA9, GA13, GA14, GA15, GA19, GA20, GA24, GA29, GA44, GA51, and GA53 was determined by 1290 UHPLC and mass spectrometry using the same equipment.




Enzyme Activity Assays

The activities of superoxide dismutase, catalase, peroxidase (POD), ascorbate peroxidase (APX), glutathione reductase, GA20-oxidase (GA20ox), GA3-oxidase (GA3ox), and GA2-oxidase (GA2ox) in transgenic apple calli and seeds were quantified using a Plant Enzyme-linked Immunosorbent Assay Kit (Bangyi Biotechnology, Shanghai, China) following the manufacturer’s protocol.




Malondialdehyde Assays

The method of Wang et al. was used for Malondialdehyde (MDA) measurements. Samples of 50 mg were homogenized in 1.8 ml 10% trichloroacetic acid and centrifuged for 20 min at 12,000×g (Wang et al., 2019). Then, 1 ml 10% trichloroacetic acid with 0.6% thiobarbituric acid was added to 1 ml of the supernatant. The mixture was heated in boiling water for 30 min, quickly cooled on ice, and centrifuged for 10 min at 1,600×g. The mixture’s absorbance at 532 (A532) and 600 nm (A600) was determined. Nonspecific absorbance at 600 nm was subtracted from A532. MDA concentration was calculated based on the adjusted A532 value with a MDA extinction coefficient of 155 mM−1 cm−1.




Salt Tolerance Assays

For the salt tolerance assay, the tissue-cultured apple plantlets on MS medium supplemented with 0 mM NaCl, 100 mM NaCl, and 100 mM NaCl + 100 nM GA3 for 15 days grew. The triphenyl tetrazole chloride method was used to determine tissue viability (Towill and Mazur, 1975).




MdGA20ox1, MdGA20x2, and MdGA3ox1 Transformation

We transformed the pYES2-MdGA20ox1, pYES2-MdGA20ox2, and pYES2-MdGA3ox1 constructs into Saccharomyces cerevisiae strain YPH500; the empty pYES2 vector was transformed as a control (An et al., 2018). The transformed strains of different concentrations were propagated on YPD medium supplemented with 0, 150, and 300 mM NaCl.




Yeast One-Hybrid (Y1H) Assay

To conduct the Y1H assay, we first cloned the open reading frames of MdBZR1 and MdBZR1-2like into the pGADT7 vector. The promoters of MdGA20ox2 and MdGA3ox1 were cloned into the pHIS2 vector with their native promoters. We co-transformed four pairs of constructs, namely pGADT7-MdBZR1/pHIS-MdGA20ox2, pGADT7-MdBZR1/pHIS-MdGA3ox1, pGADT7-MdBZR1-2like/pHIS-MdGA20ox2, and pGADT7-MdBZR1-2like/pHIS-MdGA3ox1, into yeast strain Y187 according to the manufacturer’s instructions (Clontech, Beijing, China). The transformed yeast strains were grown on SD/-Leu/-Trp and SD/-Leu/-Trp/-His/260mM 3-amino-1,2,4-triazole (3-AT) plates.




Promoter-GUS Analysis

The open reading frames of MdBZR1 and MdBZR1-2like were cloned into the pGreenII 62-SK vector. Next, the promoter fragments of MdGA20ox2 and MdGA3ox1 were cloned into the pCAMBIA1300-GUS vector. The two recombinant plasmids were then co-transformed into Agrobacterium thalli. Four combinations of constructs—35S-BZR1/35S-GA20ox2-GUS, 35S-BZR1/35S-MdGA3ox1-GUS, 35S-BZR1-2like/35S-GA20ox2-GUS, and 35S-BZR1-2like/35S-MdGA3ox1-GUS—were transformed into Agrobacterium thalli using a vacuum pump (FD-1D-50, BIOCOOL, Beijing, China). 35S/35S-GA20ox2-GUS and 35S/335S-GA3ox1-GUS were used as controls. The resulting apple calli were then cultured on solid MS media for 48 h at 25°C in the dark and histochemical staining was performed as previously described (Jefferson et al., 1987).




Statistical Analyses

Each treatment was repeated three times on three independent biological replicates and the data are presented as mean ± SE. To detect statistically significant differences, we used ANOVAs with Duncan’s multiple range tests used for multiple comparisons. P-values < 0.05 were considered statistically significant. All statistical comparisons were performed using SPSS for Windows version 19 (IBM SPSS Inc., Chicago, IL, USA).





Results



BR Signaling Regulates the Transcript Levels of MdGA20ox1, MdGA20ox2, and MdGA3ox1

In Arabidopsis, it has long been known that BRs and GAs function redundantly in many developmental programs, and the crosstalk between these two hormonal pathways occurs on the transcriptional level (Gallego-Bartolomé et al., 2012; Bernardo-García et al., 2014). Here, the result found that exogenously applied EBR led to increased MdBZR1 and MdBZR1-2like transcript levels and GA3 content (Figures 1A–C). The transcript levels of MdGA20ox1, MdGA20ox2, and MdGA3ox1 increased by over two folds in apple seedings treated by EBR compared with the non-treated control (Figures 1D–F). Taken together, these results suggest that that BR signaling presumably regulated MdGA20ox1, MdGA20ox2, and MdGA3ox1 expression via the transcriptional control of MdBZR1 and MdBZR1-2like.
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Figure 1 | BR signaling associate with the upregulation of MdGA20ox1, MdGA20ox2, and MdGA3ox1. (A) MdBZR1 relative expression level. (B) MdBZR1-2like relative expression level. (C) GA3 contents. (D–F) MdGA20ox1, MdGA20ox2, and MdGA3ox1 relative expression levels. Data are shown as mean ± SE of three independent replicates. Different letters indicate significant differences at p 0.05.






MdBZR1 and MdBZR1-2like Overexpression Promotes Cell Elongation in Apple Calli

qRT-PCR and PCR were used to determine the transcript levels of MdBZR1 and MdBZR1-2like in the three transgenic apple calli (Figures S1A, B). Morphology and cell microstructure analyses revealed promoted cell elongation in EBR-treated apple calli and transgenic apple calli compared with the WT (Figure 2A). Further measurements indicated that treatment with 100 nM EBR, MdBZR1 overexpression, and MdBZR1-2like overexpression all had promoting effects on cell elongation (Figures 2B, C). The aspect ratio of 35S::MdBZR1 and 35S::MdBZR1-2like apple calli was 2.5- and 2-fold greater than that of the WT, respectively (Figure 2D).



[image: ]

Figure 2 | Cell elongation in 35S::MdBZR1 and 35S::MdBZR1-2like calli (A) Microstructure of 35S::MdBZR1 and 35S::MdBZR1-2like apple calli. (B) Longitudinal analysis of apple calli cells. (C) Transverse analysis of apple calli cells. (D) The length/width ratio of apple calli cells. Data are shown as means ± SE of three replicates. Different letters indicate significant differences at p < 0.05.






MdBZR1 and MdBZR1-2like Promote GA Biosynthesis

The transcript levels of MdGA20ox1, MdGA20ox2, and MdGA3ox1 increased in 35S::MdBZR1 transgenic apple calli (Figure S2A). In addition, the transcript levels of MdGA20ox2 and MdGA3ox1 increased in 35S::MdBZR1-2like apple calli (Figure S2B). Previous work with Arabidopsis has demonstrated the involvement of GA20ox in the biosynthesis of GA12, GA15, GA24, and GA9 (Olszewski et al., 2002), whereas GA1 and GA3 are synthesized by GA3ox and then decomposed into GA51 by GA2ox (Olszewski et al., 2002). A total of 12 GAs in apple calli were identified (Table 1), and MdBZR1 overexpression led to increased levels of GA15, GA24, GA9, GA3, GA7, GA8, GA14,and GA19, but a reduced level of GA1 compared with the WT, and the levels of GA5 and GA6 remained unchanged. Moreover, 35S::MdBZR1-2like had increased levels of GA24, GA9, GA51, and GA14, and reduced the levels of GA15, GA3, GA1, and GA5; whereas GA6, GA7, GA8, and GA19 levels were unchanged.



Table 1 | GA levels in 35S::MdBZR1 and 35S::MdBZR1-2like apple calli.
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The results shown that the transcript levels of MdGA20ox1 and MdGA3ox1 in IL60-MdBZR1 seedlings were upregulated; similarly, those of MdGA20ox2 and MdGA3ox1 were increased in IL60-MdBZR1-2like seedlings (Figure 3A). Consistently, GA20ox activity was improved in IL60-MdBZR1 seedlings (Figure 3B). Specifically, the enzyme activities of GA20ox and GA3ox in IL60-MdBZR1 and IL60-MdBZR1-2like seedings were both ~1.5-fold higher compared with that of the control; whereas GA2ox enzyme activity was reduced in IL60-MdBZR1-2like seedlings (Figure 3B). A total of 14 GAs were detected in apple seedings (Table 2). The content of GA3, GA5, GA6, GA8, GA9, GA13, GA14, GA19, GA24, and GA51 in 35S::MdBZR1 seedlings were elevated than the WT. The GA3, GA8, GA9, GA13, GA14, GA15, GA19, GA20, GA24, and GA51 in 35S::MdBZR1-2like seedlings were increased compared with the WT.
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Figure 3 | Transient overexpression of MdBZR1 and MdBZR1-2like genes improves GA biosynthesis in apple seedings (A) The transcript levels of MdGA20ox1, MdGA20ox2, and MdGA3ox1 in 35S::MdBZR1 and MdBZR1-2like apple seedings. (B) The activities of GA20ox, MdGA3ox, and MdGA2ox in apple seedings. Data are shown as means ± SE of three replicates. Different letters indicate significant differences at p < 0.05.





Table 2 | GA contents in Il60-MdBZR1 and IL60-MdBZR1-2like apple seedings.
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MdBZR1 and MdBZR1-2like Bind to MdGA20ox2 and MdGA3ox1 Promoters

To investigate how MdBZR1 and MdBZR1-2like regulate MdGA20ox2 and MdGA3ox1, Y1H assay was performed. Yeast strains containing pGADT7-MdBZR1/pHIS2-MdGA20ox2, pGADT7-MdBZR1/pHIS2-MdGA3ox1, pGADT7-MdBZR1-2like/pHIS2-MdGA20ox2, or pGADT7-MdBZR1-2like/pHIS2-MdGA3ox1 grew normally in the selective medium (Figure 4A), indicating that MdBZR1 and MdBZR1-2like could bind to the promoters of MdGA20ox2 and MdGA3ox1. Results of the GUS-staining assay further validated this binding. The GUS staining of MdBZR1/MdGA20ox2-GUS, MdBZR1/MdGA3ox1-GUS, MdBZR1-2like/MdGA20ox2-GUS, and MdBZR1-2like/MdGA3ox1-GUS apple calli were darker than that of the control (Figure 4B).
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Figure 4 | Interactions between MdBZR1, MdBZR1-2like and the promoters of MdGA20ox2 and MdGA3ox1 in vivo. (A) Yeast One-Hybrid (Y1H) assay of the interaction between MdBZR1, MdBZR1-2like, and MdGA20ox2 and MdGA3ox1 promoters. The yeast strains were grown on SD/-Leu/-Trp and SD/-Leu/-Trp/-His/+260 mM 3AT (3-amino-1,2,4-triazole) medium. (B) GUS staining verification of the interactions between MdBZR1, MdBZR1-2like, and the promoters of MdGA20ox2 and MdGA3ox1 in apple calli.






MdGA20ox1, MdGA20ox2, and MdGA3ox1 Respond to Salt Stress

Tissue-cultured apple plantlets showed yellowing of leaves under salt stress (Figure 5A). Compared with the control, MdGA20ox1, MdGA20ox2, and MdGA3ox1 had increased transcript levels in tissue-cultured apple seedlings in response to salt stress (Figure 5B–D).
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Figure 5 | Responses of MdGA20ox1, MdGA20ox2, and MdGA3ox1 to NaCl stress in wild-type “Gala2” tissue-cultured apple seeding. (A) Morphology of the treatment apple seedings under salt stress. (B–D) Transcript levels of MdGA20ox1, MdGA20ox2, and MdGA3ox1 in “Gala2” tissue-cultured seeding under salt stress. Data are shown as means ± SE of three independent experiments. Different letters indicate significant differences at p < 0.05.






MdBZR1 and MdBZR1-2like Improve Salt Tolerance

Both the WT and transgenic apple calli were grown on media containing of 0 mM NaCl, 100 mM NaCl, and 100 nM + GA3 for 15 days. The growth of transgenic apple calli was significantly more robust than that of the WT in NaCl stress (Figure 6A). The fresh weight of 35S::MdBZR1 and 35S::MdBZR1-2like apple calli were significantly higher than that of the WT under 100 mM NaCl (Figure 6B). Interestingly, WT apple calli treated by NaCl + GA3 exhibited higher weight gain and triphenyl tetrazole chloride reductive intensity compared with those treated by NaCl alone (Figures 6B, C). MDA content is considered an indicator of stress level in plants (Wang at al., 2019). We found that the MDA concentration in WT apple calli treated by NaCl + GA3 and transgenosis apple calli in NaCl tretment were comparable to that without NaCl treatment (Figure 6D). POD and APX enzyme activities in 35S::MdBZR1, 35S::MdBZR1-2like apple calli were higher in NaCl treatment (Figures 6E, F). Similarly, the POD and APX of WT apple calli grown on NaCl + GA3 medium were also higher than those without NaCl (Figures 6E, F). By contrast, changes in superoxide dismutase, catalase and glutathione reductase activities were not significant (Figure S3).
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Figure 6 | Phenotypic analysis of 35S::MdBZR1 and 35S::MdBZR1-2like apple calli under salt stress. (A) Salt stress assays of 35S::MdBZR1 and 35S::MdBZR1-2like apple calli. All calli were grown on medium containing 0 mM NaCl, 100 mM NaCl, and 100 mM NaCl + GA3 for 15 days. (B) Fresh weight of apple calli. (C) Triphenyl tetrazole chloride (TTC) reductive intensity in apple calli. (D) MDA concentration in apple calli. (E) Peroxidase (POD) activity in apple calli. (F) Ascorbate peroxidase (APX) activity in apple calli. (G) GA20-oxidase (GA20ox) activity in apple calli. (H) GA3-oxidase (GA3ox) activity in apple calli. (I) GA2-oxidase (GA2ox) activity in apple calli. (J) Effects of MdGA20ox1, MdGA20ox2, and MdGA3ox1 overexpression on the growth of yeast strains in the presence of 0, 150, or 300 mM NaCl. Data are shown as means ± SE of three independent experiments. Different letters indicate significant differences at p < 0.05.




As shown in Figure 6G, GA20ox activity in 35S::MdBZR1 and 35S::MdBZR1-2like were higher in the presence than in the absence of NaCl. The enzyme activities of GA20ox and GA3oxs in WT apple calli were increased after NaCl + GA3 treatment (Figures 6G, H). However, GA3ox activity in 35S::MdBZR1 and 35S::MdBZR1-2like calli were higher than that in the WT calli when treated by NaCl (Figure 6H). Moreover, GA2ox activity in the calli of the two transgenic lines and WT showed no significant difference under salt stress (Figure 6I). Finally, yeast strains carrying the pYES2-MdGA20ox1, pYES2-MdGA20ox2, and pYES2-MdGA3ox1 constructs showed better growth than those transformed with the empty pYES2-vector (Figure 6J). Taken together, these results suggested that MdBZR1 and MdBZR1-2like improving salt resistance presumably by regulated GA biosynthesis in a way.





Discussion



GA Biosynthesis Is Regulated by BZR1 and BZR1-2like

The BR-deficient bri1 mutant exhibits dwarfism when grown under the light and etiolation when grown in the dark. This is presumably because the upstream BR signal and/or the bzr1-1D mutation promote cell elongation in the dark. When growing in the light, these plants show a dwarf phenotype that features short hypocotyls and petioles (Clouse et al., 1996; He et al., 2005). In general, the phenotypes of BR-deficient mutant resemble plants lacking sufficient GAs (Wilson and Somerville, 1995). A recent study has found that the transcript level of GA20ox1 reduced in bri1-1 but increased in bzr1-1D (Gallego-Bartolomé et al., 2012). Other studies have shown that in rice and Arabidopsis, BRs could induce GA20ox expression and regulate GA biosynthesis (Stewart Lilley et al., 2013; Tong et al., 2014). In line with these published data, we found that the transcript levels of MdBZR1, MdBZR1-2like, MdGA20ox1, MdGA20ox2, and MdGA3ox1, as well as the content of GA3 were elevated upon EBR application (Figure 1). Similarly, MdGAoxs expression also increased by various degrees in 35S::MdBZR1 and 35S::MdBZR1-2like calli compared with the WT (Figure S2). These results suggest a crosstalk between BR signaling and GA biosynthesis in apple, mediated by the binding of MdBZR1 and MdBZR1-2like to MdGA20ox2 and MdGA3ox1 promoters, thereby promoting GA biosynthesis (Figures 2–4).




Previous studies have shown that BES1 and BZR1 bind to E-box motifs (5′-ACnnGT-3′), G-box motifs (5′-CACGTG-3′), BRRE elements (5′-GCTG(T/C)G-3′), and non-E-box motifs (5′-AA(A/T)CAAnnnC(C/T)T-3′) in Arabidopsis (Sun et al., 2010; Yu et al., 2011; Unterholzner et al., 2015). However, the binding of MdBZR1 and MdBZR1-2like to the functional elements in MdGA20ox2 and MdGA3ox1 promoters warrants further study.




GA-BR Crosstalk Improves Salt Tolerance

Studies have shown that the BZR1 transcription factors regulate FER2- and FER3-mediated reactive oxygen species signaling, thereby increasing heat stress tolerance in tomatoes (Yin et al., 2018). In Brassica rapa, BZR-related genes are implicated in drought, cold, and salt stress responses (Saha et al., 2015). Furthermore, in Brassica napus, the crosstalk between BR and jasmonic acid pathways affects the regulation of plant growth, as jasmonic acid-related genes regulate cell wall composition and stress responses through BR signaling genes, such as BZR1/BES1 (Sahni et al., 2016). Consistently, we found that the overexpression of MdBZR1 and MdBZR1-2like promote salt resistance in ‘Orin’ apple calli (Figure 6).

The NaCl treatment significantly increases the expression of SlGA20ox1, SlGA3ox1, and SlGA3ox2 in tomato seeds (Nakaune et al., 2012). Similarly, we found that exogenously applied NaCl could increase the transcript levels of MdGA20ox1, MdGA20ox2, and MdGA3ox1 in tissue-cultured apple seedlings (Figure 5). Under salt stress, we observed enhanced GA20ox and GA3ox activities in 35S::MdBZR1 and 35S::MdBZR1-2like apple calli (Figure 6). GA20ox and GA3ox promote GA biosynthesis (Hedden and Thomas, 2012). However, exogenous GA application has been reported to increase the germination rate of Reaumuria soongorica seeds under salt stress (Niu et al., 2017). Similarly, we observed improved salt tolerance in 35S::MdBZR1, 35S::MdBZR1-2like, and WT apple calli upon GA3 application (Figure 6). The MdBZR1 and MdBZR1-2like genes expression levels and content of GA3 in apple calli with EBR were increased (Figure 1C). The levels of GAs, including GA3, were also increased in 35S::MdBZR1 or 35S::MdBZR1-2like transgenic apple calli (Tables 1 and 2). Moreover, the growth of MdGA20ox1-, MdGA20ox2-, and MdGA3ox1-transformed yeast strains were notably more robust compared with the control in NaCl-containing medium (Figure 6G). Taken together, these results suggest that MdBZR1 and MdBZR1-2like overexpression could moderately improve salt tolerance may in a MdGA20ox2- and MdGA3ox1-dependent manner.

Moosavi had reported that GA induces the defense response in plants and POD activity increased 4 weeks following the application (Moosavi, 2017). Similarly, our results show that GA could stimulate the innate anti-oxidation defense responses and improve the resistance of tomato plant against Meloidogyne javanica damage. The interaction between ascorbic acid and GA3 prevents the decrease in lipid peroxidation and enhances the activities of antioxidant enzymes, improving the Ni tolerance of soybean seedlings (Saeidi-Sar et al., 2007). Our findings are in line with previous studies—the GA + NaCl treatment led to decreased MDA content but improved POD and APX activities in 35S::MdBZR1, 35S::MdBZR1-2like, and WT apple calli (Figure 6). Future study should focus on how GA stimulates the innate anti-oxidation defense responses against salt stress.





Conclusions

In summary, we found that both MdBZR1 and MdBZR1-2like could bind to the promoters of MdGA20ox2 and MdGA3ox1, thereby regulating GA biosynthesis to alleviate the damage caused by salt stress in apple (Figure 7).



[image: ]

Figure 7 | Proposed model for the mechanism of MdBZR1 and MdBZR1-2like in regulating gibberellin biosynthesis to improve salt tolerance. Question marks indicate sections lacking experimental evidence.
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Sweet sorghum is a C4 crop with the characteristic of fast-growth and high-yields. It is a good source for food, feed, fiber, and fuel. On saline land, sweet sorghum can not only survive, but increase its sugar content. Therefore, it is regarded as a potential source for identifying salt-related genes. Here, we review the physiological and biochemical responses of sweet sorghum to salt stress, such as photosynthesis, sucrose synthesis, hormonal regulation, and ion homeostasis, as well as their potential salt-resistance mechanisms. The major advantages of salt-tolerant sweet sorghum include: 1) improving the Na+ exclusion ability to maintain ion homeostasis in roots under salt-stress conditions, which ensures a relatively low Na+ concentration in shoots; 2) maintaining a high sugar content in shoots under salt-stress conditions, by protecting the structures of photosystems, enhancing photosynthetic performance and sucrose synthetase activity, as well as inhibiting sucrose degradation. To study the regulatory mechanism of such genes will provide opportunities for increasing the salt tolerance of sweet sorghum by breeding and genetic engineering.
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Introduction

Soil salinization is a compelling environmental problem worldwide (Landi et al., 2017). Over ~6% of the world’s lands are saline and ~20% of irrigated lands are currently salt-affected (Song and Wang, 2015; Yuan et al., 2016a). Salt stress is an important factor determining plant growth and yields (Mahajan and Tuteja, 2005; Deng et al., 2015), by substantially affecting key biological processes, such as photosynthesis (Feng et al., 2014), energy metabolism (Song et al., 2016), protein synthesis, and lipid metabolism (Sui et al., 2010; Sui and Han, 2014; Sui et al., 2018). A limited number of crops can survive in saline land, which can lead to desertification (Flowers and Colmer, 2010). Another two limiting factors for the development of the economy in many developing countries are the shortage of cultivated land and energy crisis (IEA, 2019). At present, these developing countries are facing the problem of “large population and less land”. As a consequence, the development of biomass energy and feed crops is restricted by the reduction of cultivated land resources. If energy crops and feed crops with high salt tolerance can be widely planted on saline soils, it is of strategical importance to provide solutions for addressing the challenges of energy and food security.

Plants have evolved various adaptive mechanisms in response to salt stress, leading to survival in saline land. These mechanisms occur at multiple levels, the molecular level (Yuan et al., 2016b) and the physiological and biochemical levels (Guo et al., 2012; Kong et al., 2016; Leng et al., 2018). At the molecular level, many genes related to salt-stress responses are differentially expressed after plants sense the external salt-stress signals (Zhu, 2001). For example, OsCCC1 plays a significant role in K+ and Cl− homeostasis (Kong et al., 2011), overexpression of SsHKT1;1 (Shao et al., 2014), AtZFP1 (Han et al., 2014), SsCHLAPXs (Pang et al., 2011), and PcAPX (Cao et al., 2017) enhances plant salt tolerance. The differential expressions of these genes then drive the salt-stress responses at the physiological and biochemical levels (Cui et al., 2018). The first step is to block Na+ transport to shoots through apoplastic barriers, including Casparian bands and suberin lamellae (Krishnamurthy et al., 2011). The second step is to dilute Na+ in the cytoplasm through Na+ compartmentalization by transporting Na+ into the vacuole (Blumwald, 2000). The third step is to exclude Na+ outside using a Na+/H+ antiporter in the plasma membrane. The transport of Na+ from roots to leaves can also be restricted by a high-affinity K+ transporter (HKT) (Byrt et al., 2007; Byrt et al., 2014).

Sweet sorghum [Sorghum bicolor (L.) Moench], which was generated from grain sorghum, has been widely cultivated for animal feed production in tropical and subtropical regions and, in particular, has a large planting area in Asia, Africa, and many developing countries (Antonopoulou et al., 2008). India is the largest sorghum grower in the world, with 7.5 million hectares of lands for growing sweet sorghum, followed by Nigeria (7.6 million hectares) and Sudan (6.6 million hectares) (Rao et al., 2013). In America, about 2.6 million hectares were devoted to sorghum for grain and 153,780 hectares were used for sorghum silage (Getachew et al., 2016). In China, about 100,000 hectares of lands were used to plant sweet sorghum. Sweet sorghum has the characteristics of high photosynthetic efficiency (Guo et al., 2018a), high fermentable sugar content in stalks, and high salt tolerance (Vasilakoglou et al., 2011; Sui et al., 2015). As a C4 crop, it has the ability to produce high biomass under stress conditions. Its high nitrogen-use efficiency enables it to produce two to three times more biomass per harvest than the more commonly used silage crop such as maize (Xie and Xu, 2019). Compared with the original feed crops, sweet sorghum presents the advantages of possessing high temperature and drought tolerance levels, high yields, low soil fertility requirements, and good palatability and digestibility (Chen L. et al., 2018). It has been reported that the protein content in sweet sorghum leaves is up to 22% (Ferraris and Charles-Edwards, 1986). A meta-analysis of feeding experiments found that cows fed with sweet sorghum silage could produce more milk (1.64 kg/day/cow) with an improved quality compared with those fed with maize silage (Sánchez-Duarte et al., 2018). Additionally, most sorghum accumulates high amounts of tannins in the seeds. It has been shown that tannins can promote milk production, lambing percentage, and growth of wool, as well as reducing the risk of rumen bloat (Patra and Saxena, 2011). In an in vitro experiment, the supplement of 15 mg tannins in 500 mg of total oven-dried guinea grass reduced methane (CH4) production by 47% (Tan et al., 2011). These findings imply another important advantage of using sweet sorghum silage over other crops: lower methane production and lower damage to the atmosphere. Salt-tolerant sweet sorghum species have stable or increased Brix scores in their stems under salt-stress conditions (Sui et al., 2015). However, salt-sensitive sweet sorghum species often exhibit the decreased net photosynthetic rates and comprehensive utilization degrees of Brix. Salt resistance of sweet sorghum can be improved by the pivotal process of salt exclusion, which induces the accumulation of Na+ in the vacuoles of root parenchymata and limits Na+ transportation into shoots (Yang et al., 2018).

This review will focus on the physiological and biochemical responses of sweet sorghum to salt stress and the salt-tolerance mechanisms, and discuss how this crop plant can be used to improve saline land.



Physiological and Biochemical Responses of Metabolic Processes to Salt Stress

Many important metabolic processes are affected by salt stress at the physiological and biochemical levels. Generally, photosynthesis and growth rate of most plants would be inhibited by salt stress. The regulation of these metabolic processes in response to salt stress could modulate the ability of salt tolerance among sweet sorghum accessions.


Photosynthesis

Photosynthesis is the most important process occurs in the chloroplasts of higher plants. Solar energy can be converted into chemical energy by plants through photosynthesis. Photosynthesis includes light and dark reactions, each of which consists of a series of redox reactions related to energy capture and conversion (Liu, 2016). At the initial step of photosynthesis, light energy is captured by the peripheral light-harvesting complexes, which contain most of the chlorophyll and carotenoid pigments and are peripherally associated with photosystems (PSs) I and II (Figure 1A) (Galka et al., 2012). For many plants such as tomato, Zygophyllum xanthoxylum, and Phaseolus vulgaris, salt stress could affect the chloroplast structures and decrease the chlorophyll content resulting in the reduced photosynthetic rate (Sudhir and Murthy, 2004; Wydrzynski, 2008; Ma et al., 2012).




Figure 1 | Visualization of pathways related to the accumulation of sucrose in sweet sorghum under salt stress (Repaint refers to Sui et al., 2015). (A): Photosynthetic antenna systems and the light-harvesting process; (B): photosynthetic pathway (Sui et al., 2015); (C): pathway of the carbon fixation in photosynthetic organisms and sucrose biosynthesis.



The decrease in photosynthesis induced by salt stress could be relevant to the stomatal and/or nonstomatal factors in soybean seedlings (Jiao et al., 2017). Salt stress has direct and indirect effects on the chlorophyll content and photosynthetic efficiency of plants. The direct effects are achieved by regulating the activity and expression levels of enzymes involved in chlorophyll biosynthesis and photosynthesis (Figure 1B). The indirect effects are achieved by specific regulating pathways such as antioxidant enzyme systems. It has been reported that the maximum quantum yield of photosystem II (PSII; Fv/Fm), photochemical quenching coefficient (qP), and electron transport rate (ETR) substantially decreased, whereas non-photochemical quenching (qN) increased in sorghum under saline conditions (Netondo et al., 2004). In poplar (Populus spp.), salt stress could inhibit Fv/Fm due to the salt-induced increase of the minimal fluorescence (Fo) and the notable decline of the maximal fluorescence (Fm). It could also result in the decrease of qP but could greatly elevate the coefficient of nonphotochemical qN in the light-adapted state (Wang et al., 2007). In contrast, Fv/Fm was almost not affected by salt stress in rice, whereas qN increased in sensitive cultivars with the increasing salt stress (Dionisio-Sese and Tobita, 2000).

It was also reported that salt stress can affect water potential, stomatal conductance, and sugar accumulation to induce inhibition and ion toxicity (Feng et al., 2014). In salt-sensitive sweet sorghum, salt stress was revealed to significantly decrease the net photosynthetic rate, PSII photochemical efficiency, stomatal conductance, and intercellular CO2 concentration (Sui et al., 2015). In contrast, salt-tolerant sweet sorghum genotypes can still exploit certain mechanisms to minimize these responses throuth apoplastic barriers (Figure 2B). The mechanism of salt-tolerant sweet sorghum for maintaining high photosynthetic efficiency under salt stress may be related to the contributions of several pathways, such as maintaining the stability of the photosynthetic system and enhancing the efficiency of CO2 fixation. In the salt-tolerance and salt-sensitive genotypes, Fv/Fm and the actual PSII efficiency (ΦPSII) were reduced with increasing NaCl concentration, and the decrease was more significant in Roma which is sensitive to salt stress. The chlorophyll content in M-81E sweet sorghum was not altered greatly by 50 mM NaCl, whereas it decreased in Roma (Sui et al., 2015). No significant changes in the photosynthetic rate, stomatal conductance, and intercellular CO2 concentration were observed in M-81E under salt stress. However, these photosynthesis-related indicators in Roma were significantly influenced by salt stress. Additionally, many genes mapped to the photosynthesis pathway showed different expressions in Roma and all of them were down-regulated under salt stress (Sui et al., 2015). Most of these genes are related to the photosystem complexes, the connection between photosystems and light-harvesting proteins, and electron transport chain. Only a few genes in M-81E mapped to the photosynthesis pathway were affected by salt stress, and 2 genes related to the stable assembly of the oxygen-evolving complex and ATP synthase were up-regulated under salt stress (Sui et al., 2015). These results suggest that salt stress could affect the assembly of photosystems and reduce the efficiency of electron transport, resulting in the decrease of ATP and NADPH in plants under salt stress. These effects are particularly critical in salt-sensitive species, whereas salt-tolerant species can protect the formation of photosynthetic assemblies by increasing the expression of particular genes.




Figure 2 | Possible roles of salt resistance in sweet sorghum. (A): Cells of sweet sorghum firstly sense Na+ by an unknown sensor and change the content of intracellular hormones and Ca2+. The expression of some transcription factors, such as NAC, bHLH, MYB, is also initiated. These transcription factors then activate the expression of genes encoding proteins related to salt stress response such as SOS1, HKT1, NHX, ROS scavenging proteins, aquaporins, and some ion channels. (B): Physical barrier effect of root apoplastic barriers can block the apoplastic transpiration bypass flow of water and solutes.



Sweet sorghum possesses the C4 pathway of carbon fixation. CO2 is fixed initially in the mesophyll cells by phosphoenolpyruvate carboxylase (PEPC) to form malic acid. Malic acid can then diffuse into bundle sheath cells, where they are decarboxylated, and the released CO2 is then fixed by Rubisco (Hatch, 1987), the key enzyme in photosynthetic CO2 assimilation (Whitney et al., 2011). The phosphorylation of PEPC depends on the interplay of phosphoenolpyruvate carboxylase kinase (PEPC-k) and a 2A-type protein phosphatase (Carter et al., 1990; Vidal and Chollet, 1997). It has been reported that the PEPC-k content in leaves of sorghum could be induced by salt stress under both light and dark conditions, which contributes to the improvement of carbon fixation efficiency (Echevaria et al., 2001; García-Mauriño et al., 2003). NADP-Malate dehydrogenase (NADP-ME) is a critical enzyme of the C4 pathway, which catalyzes the oxidative decarboxylation of malic acid to provide CO2 to Rubisco. It has been shown that the expression of the gene encoding NADP-ME could be activated by salt stress (Sun et al., 2003; Liu et al., 2007). Recently, it has been revealed that NADP-ME in sweet sorghum is associated with salt tolerance. NADP-ME in M-81E sweet sorghum was activated by salt stress and overexpression of SbNADP-ME increased the photosynthetic capacity in Arabidopsis under salt stress (Guo et al., 2018b). The increase of NADP-ME may lead to an increase of CO2 and pyruvate levels, which enhanced the CO2 fixation efficiency. Additionally, NADPH can also participate in the reactive oxygen species (ROS) metabolism by providing power (Mittler, 2002). Møller reported that the NADPH-specific glutathione reductase (GR) can use NADPH to catalyze glutathione reduction for scavenging ROS (Møller, 2001).



Sucrose Synthesis, Metabolism, and Transportation

Sweet sorghum represents an excellent model for fermentative production due to the fact that its stem contains rich fermentable sugars, such as sucrose, fructose, and glucose (Almodares and Hadi, 2009). Sucrose is the main sugar accumulated through photosynthesis, accounting for ~85% of the total content, in the stems of sweet sorghum (Gnansounou et al., 2005; Kühn and Grof, 2010). The flow direction of triose phosphate formed during photosynthesis determines the distribution of photosynthetic products. It remains in the chloroplast stroma for the completion of the Calvin cycle or to be converted to starch or enters the cytoplasm via triose phosphate translocator and synthesizes sucrose under the action of a series of enzymes, such as sucrose phosphate synthetase (SPS), sucrose synthetase (SS), and invertase (INV). Sucrose is temporarily stored in the vacuoles or is exported using long-distance transport through the phloem (Figure 1C).

Plant organs are generally divided into the source and sink organs (Turgeon, 1989). A source organ possessing photosynthetic activities usually has a net output of light assimilation, which occurs in the mature leaf. Sucrose is the main source of carbon and energy in the epidermal tissue of plants. It is synthesized in the cytoplasm of leaves (source tissues) where it is loaded into the phloem and is transported to sink tissues (Guimaraes et al., 1997; Mccormick et al., 2010). Sucrose can be transported from the phloem to sink tissues through two pathways (Qazi et al., 2012). In sugarcane, the radial transfer of sucrose from the vascular bundles to parenchymal cells of the sucrose-storing internodes follows a symplastic pathway (Rae et al., 2005). While, in sorghum, it follows an apoplastic pathway (Tarpley and Vietor, 2007). Additionally, sucrose transporters (SUTs) are involved in the long-distance transport of sucrose through the phloem, fulfilling the loading and unloading functions. Among these SUTs, SUT1 is highly specific for sucrose transport in monocotyledonous plants (Scofield et al., 2007; Reinders et al., 2010; Slewinski and Robert and Braun, 2010). The expression of SUT1 in the internodes of sweet sorghum was lower than that in grain sorghum, which may reflect the reduced retrieval of sucrose in the phloem and consequently, an enhanced efflux into storage parenchymal cells (Qazi et al., 2012).

Many enzymes, such as SPS, SS, and INV, are tightly involved in sugar metabolism (Turgeon, 1989). SS can catalyze both the synthesis and the decomposition of sucrose (Schäfer et al., 2005; Hoffmann-Thoma et al., 2010). SPS takes part in the synthesis of sucrose phosphate, which can be converted into sucrose by the catalysis of sucrose phosphate phosphatase (Lunn and Macrae, 2003). INV plays a key role in the process of sucrose degradation and mainly catalyzes the decomposition of sucrose to monosaccharides (Lunn and Macrae, 2003).



Hormones

Hormones play essential roles in the germination, growth, and development of plants (Chen et al., 2013a; Li et al., 2015). Hormones and their signaling pathways are integrated to allow the triggering of appropriate cellular and physiological responses to adapt to stress circumstances (Ryu and Cho, 2015). To cope with abiotic stresses, several plant hormones regulate defense response reactions (Kazuo et al., 2009; Ahmad and Prasad, 2012). Plant hormones play important roles in responses to salt stress (Javid et al., 2011; Zeng et al., 2018). At the physiological and biochemical levels, sweet sorghum triggers an endogenous hormone-related signaling cascade after sensing external salt stress, which provokes downstream salt-stress responses. Under salt-stress conditions, sweet sorghum can restrict the transport of Na+ to the aboveground plant parts by salt exclusion and enhance the antioxidant system simultaneously, and resist the secondary oxidative stress caused by salt stress (Sui et al., 2015; Yang et al, 2018). These protective mechanisms allow sweet sorghum to maintain high photosynthetic efficiency under salt-stress conditions. Maintenance of high photosynthetic performance, up-regulation of genes functioning in sucrose synthesis (SPS and SS encoding genes), and down-regulation of genes related to sucrose degradation (INV-encoding genes) triggered by salt stress lead to the accumulation of sucrose of salt-tolerant sweet sorghum lines.

Among the known hormones, abscisic acid (ABA), jasmonate (JA), ethylene, and cytokinin (CK) have been demonstrated to mediate plant defense responses against abiotic stresses (Nakashima and Yamaguchishinozaki, 2013). One of the fastest responses to abiotic stress is the accumulation of ABA, which is a key regulator in the activation of plant cellular adaptation to drought and salt stresses (Chen et al., 2013b). The increased levels of ABA facilitate the binding to its receptor to initiate signal transduction, leading to cellular responses to stresses (Ng et al., 2014; Sah et al., 2016). Additionally, many other salt-stress-related pathways, such as proline accumulation and calcium signaling, are also physiologically linked to the ABA signaling pathway (Yang et al., 2017). CKs play roles in the regulation of plant responses to stress (Ha et al., 2012). Unlike ABA, CKs can play positive or negative roles under stress conditions (Zwack and Rashotte, 2015; Yang et al., 2017). Colebrook et al. (2014) illustrated that the gibberellin levels affect plant growth under several stress conditions. Although hormones are critical in the salt-stress responses of sweet sorghum, the key hormones functioning in the response reactions vary among sweet sorghum genotypes and possess distinct levels of salt tolerance. Yang et al. (2017) reported that in the salt-tolerant inbred line M-81E, ABA may play a key role in the salt-stress response. However, in salt-sensitive inbred lines, JA may act as the key regulatory hormone of salt stress. It is presumably that ABA and JA regulate the growth and development of sweet sorghum in different tissues of sweet sorghum. ABA plays roles in predominantly leaves whereas JA is active mainly in roots (Yang et al., 2017). It has been described that ABA modulates the degradation of PEPC-k in sorghum leaves by increasing kinase activity in the illuminated leaf of the non-stressed plant and decreasing PEPC-k activity in the dark (Monreal et al., 2007). These results indicated that the changes of ABA content in the leaves of salt-tolerant sweet sorghum variants may be related to the maintenance of high photosynthetic efficiency of sweet sorghum under salt stress.



Maintenance of Ion Homeostasis

Under salt stress, sorghum can operate osmotic regulation by transporting ions into vacuoles or accumulating soluble substances (Lacerda et al., 2003). Sweet sorghum can scavenge ROS through enzymatic and non-enzymatic antioxidant systems, adapting to secondary oxidative stress caused by salt stress (Chai et al., 2010). In addition, sweet sorghum can also accumulate Na+ in roots and limit the transportation of Na+ up to shoots under salt stress, which is called salt exclusion (Dai et al., 2014), an important salt-tolerance-related process in monocotyledonous crops, including rice, maize, and sweet sorghum. Plants having the characteristics of salt exclusion can accumulate Na+ in the vacuoles of root parenchyma and suppress Na+ transportation into shoots. Root apoplastic barriers consist of Casparian bands and suberin lamellae. The formation of apoplastic barriers can block the apoplastic transpirational bypass flow of Na+ (https://www.ncbi.nlm.nih.gov/pubmed/?term=Krishnamurthy%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19363620Krishnamurthy P et al., 2009; Yang et al., 2018) (Figure 2). Additionally, the high-affinity potassium transporter (HKT) plays important roles in retrieving Na+ transport from roots to shoots. Salt stress induces the expression of SbHKT1;4 in salt-tolerant inbred sorghum, and it is vital for balancing the ratio of Na+/K+ to improve plant growth (Wang et al., 2014). The combining effects of apoplastic barriers in roots and Na+ transport by HKTs lead to Na+ accumulation in roots. The accumulated Na+ is finally transported into the vacuoles through NHXs or out of root cells by the Na+/H+ antiporters in the plasma membrane (Yang et al., 2018) (Figure 2A).



ROS Scavenging

In plants, dynamic balance of the ROS content is essential for plant growth. However, when the ROS accumulation exceeds the tolerance of the cell, it will cause damage to plants by attacking membrane structure or mediating apoptosis (Xue et al., 2013). Salt stress can induce the accumulation of ROS, which could greatly affect plant photosynthesis, metabolism, signal transduction, and other physiological and biochemical processes. The antioxidant system is adopted in plants to scavenge ROS and free radicals to prevent damages caused by ROS (Sui et al., 2015). Antioxidant enzymes serve as important components of the antioxidant system to remove ROS in plants and increase plant resistance, allowing the maintenance of physiological growth and development. For instance, superoxide dismutase is used to scavenge O2−. by converting it to H2O2. Catalase is used to scavenge H2O2 by catalyzing it to H2O and O2 (Mittler, 2002). The expression of ROS-associated antioxidant enzymes is commonly induced by salt stress (Evelin et al., 2009; Xue et al., 2013). Sorghum could use these antioxidant enzymes to adapt to salt and drought stresses (Jogeswar et al., 2006).



Osmotic Stress

The responses of plants to salt stress are characterized by two phases. The first phase is determined by osmotic stress and the second phase is ionic stress (Munns, 1993). Plants are capable of adjusting their water balance in response to salt stress. Plants adapt to osmotic stress mainly by reducing transpiration and accumulating osmotic adjustment substances (Chen M. et al., 2018). It has been reported that sorghum accumulated proline and soluble carbohydrates after NaCl treatment for 20 days (Heidari, 2009). The accumulation of these substances reduced the water potential of sorghum and maintained the water-absorbing capacity under salt stress. The aquaporin proteins play important roles in transportation of water across biological membranes, which is crucial for plants to combat salt stress (Xin et al., 2014). In sweet sorghum, the aquaporin-encoding genes in both salt-tolerant and salt-sensitive lines were up-regulated under salt stress, which may promote water transport efficiency (Yang et al., 2018). Additionally, the stomatal conductance in leaves of sweet sorghum was notably decreased under salt stress, which plays an important role in reducing water loss through transpiration (Sui et al., 2015).




Responses to Salt Stress At Different Developmental Stages of Sweet Sorghum

Sweet sorghum has high salt tolerance (Vasilakoglou et al., 2011; Sui et al., 2015). However, the salt effects on sweet sorghum vary among species and occur in different developmental stages. Germination is the starting point for the growth and developmental processes for all crops. Therefore, high germination ability is important for crops in saline soils. The inhibition effects of salt stress on plant germination are mainly through two ways. Primarily, salt stress can drastically decrease the osmotic potential of the soil solution to retard water absorption of seeds. Additionally, salt stress can also cause the sodium and/or chloride toxicity to the embryo and alter protein synthesis (Panuccio et al., 2014). Seed germination is a major factor limiting the establishment of plant populations under saline conditions. Salt-tolerant sweet sorghum germplasms can maintain a good germination state under salt stress (Almodares et al., 2007; Patanè et al., 2009; Patanè et al., 2013). However, under salt-stress conditions, the germination of salt-sensitive sweet sorghum germplasms is significantly inhibited. The germination rate, germination index, germination energy, and fresh weights of roots and shoots were all decreased under salt stress, which result in low densities and low yields (Ding et al., 2018).

It has been reported that the increase in the Na+ concentration and the decrease in the K+ concentration in salt-sensitive sweet sorghum germplasms during salt stress could lead to the decreased levels of several synthesis and metabolism actions, such as photosynthesis and nutrient transport (Sui et al., 2015; Yang et al., 2018), impeding the growth of both roots and shoots (Almodares et al., 2014). These effects appear to be more significant in salt-sensitive sweet sorghum inbred (Yang et al., 2018). These implied that tolerance to salt stress in sweet sorghum may be related to the decrease of Na+ and Cl+ accumulation and the maintenance of K+ level.

Many of the screening experiments on sweet sorghum have been performed under controlled environmental conditions during the early developmental stages, such as germination and seedling stages. The salt tolerance of only a few germplasms under field conditions has been reported (Vasilakoglou et al., 2011; Fan et al., 2013) as the variation in environment (such as alternations in temperature and rainfall) would easily lead to the variation in the growth of sweet sorghum. A study of four sweet sorghum species in Northern Greece has revealed that sorghum grown in intermediate-salt soil (3.2 dS m−1) produced more juice and sugar, and have greater crop and ethanol yields than that grown in high-salt soil (6.9 dS m−1) (Vasilakoglou et al., 2011). Moreover, the physiological features of sweet sorghum grown in saline soil vary greatly among germplasms. As it has been reported, some physiological features such as seed emergence rate and growth rate of sweet sorghum decreased under salt stress. However, the plant height, stem width, seed emergence rate, and the total leaf area were significantly higher in salt-tolerant sweet sorghum germplasm than that in salt-sensitive counterparts (Ding et al., 2013). In addition, photosynthetic parameters and sugar content were also less affected in salt-tolerant sweet sorghum germplasm than that in salt-sensitive lines (Fan et al., 2013).



Responses of Metabolic Processes to Salt Stress At the Molecular Level

The responses of metabolic processes to salt stress at the physiological and biochemical levels are closely related to the regulatory expression of some encoding genes. Nowadays, many genes related to salt response in sweet sorghum have been identified and characterized (Buchanan et al., 2005; Sun et al., 2016; Casto et al., 2018). ABA is a key regulator of the activation of plant cellular adaptation to drought and salt stresses. Examination of the differential gene expression in Sorghum after exposure of seedlings to high salinity, osmotic stress, and ABA revealed that 89 genes were induced with one-fold changes bigger than 2 in shoots, and 84 genes were induced with two-fold changes in roots by salt and ABA treatments (Buchanan et al., 2005). Moreover, there is a great overlap in gene expression in response to salt and ABA treatments, which indicated that ABA signaling pathway plays an important role in sorghum in response to salt stress. It has been reported that salt stress can regulate the accumulation of endogenous ABA in sorghum and SbABI5 expression in sorghum roots is a key step in the ABA signaling pathway to improve salt tolerance (Sun et al., 2016). Under salt stress, the ABA synthesis-related gene Sb04g030640 was up-regulated in the leaves of salt-tolerant sweet sorghum inbred lines and was down-regulated in salt-sensitive inbred lines. However, genes related to ABA metabolism showed the opposite trends in the two inbred lines. Additionally, genes related to the ABA signaling pathway, such as PYR/PYL and PP2C, also possess different expression patterns. After treatment with NaCl, the PYL8-encoding gene Sb09g006700 was down-regulated in the roots of salt-sensitive Roma. By contrast, the DEGs-encoding gene PP2C was up-regulated in salt-sensitive Roma but was down-regulated in salt-tolerant M-81E (Yang et al., 2017). Genes involved in the synthesis, metabolism, and signal transduction of JA, indole-3-acetic acid, and CK in sweet sorghum were also expressed with various regulatory patterns under salt-stress conditions (Yang et al., 2017).

Root apoplastic barriers, consisting of Casparian bands and suberin lamellae, play pivotal roles in blocking the apoplastic bypass flow of water and ions into the stele and Na+ transport into shoots (Pignocchi and Foyer, 2003). Salt stress induces the strengthening of the root apoplastic barriers (Krishnamurthy P et al., 2009). The expression of genes related to apoplastic barriers in sweet sorghum was up-regulated under high salinity conditions (Yang et al., 2018), suggesting that the apoplastic barriers may take part in the salt response of sweet sorghum. HKTs have been proven taking part in retrieving Na+ from the xylem vessels thus restricting the transport of Na+ from roots to leaves. They are involved in the regulation of Na+ and K+ transportation and maintenance of Na+/K+ balance (Byrt et al., 2014). It has been reported that the expression of SbHKT1;4 was strongly up-regulated in salt-tolerant sorghum, correlating with an optimal balanced Na+/K+ ratio and enhanced plant growth (Wang et al., 2014). In sweet sorghum, the expression of SbHKT1;5 was enhanced both in salt-tolerant and salt-sensitive inbred lines after NaCl treatments, and SbHKT1;5 has a greater expression in the salt-tolerant M-81E (Yang et al., 2018).

In addition, the genes related to ROS scavenging, heat shock proteins, and osmoregulation solutes also showed differential expression in sweet sorghum under NaCl treatment (Yang et al., 2018). With the expression of these genes, the contents of proline, soluble protein, catalase, and peroxidase increased in sweet sorghum under NaCl treatment (Oliveira et al., 2011; Ngara et al., 2012). These accumulations may contribute to the increase of salt-resistance capability of sweet sorghum.

Under salt stress, the genes encoding photosynthetic proteins were also shown to present different expression regulations in distinct sweet sorghum genotypes. The genes encoding Lhca1 and Lhcb1-5 were down-regulated in both salt-tolerant and salt-sensitive sweet sorghum lines under salt stress (Sui et al., 2015). The expression levels of the genes encoding Lcha2-4 and Lchb6 dropped in salt-sensitive Roma under salt stress but did not change in salt-tolerant M-81E. Moreover, the genes Sb02g002830 and Sb09g021810 that are related to the stable assembly of the oxygen-evolving complex and ATP synthase were up-regulated, affecting the stability of the photosynthetic apparatus under salt-stress conditions (Sui et al., 2015). As a C4 plant, sweet sorghum uses NADP-malic enzyme, ribulose-bisphosphate carboxylase, phosphoenolpyruvate carboxylase, and pyruvate orthophosphate dikinase as the key enzymes in the dark reaction of photosynthesis. When treated with NaCl, the genes encoding these enzymes in sweet sorghum were down-regulated, indicating that salt stress reduced CO2 assimilation. However, genes encoding other enzymes involved in carbon fixation in photosynthetic organisms, such as NADP+-malate dehydrogenase, were extremely enhanced by salt stress in only salt-tolerant sweet sorghum genotypes. This could increase the levels of CO2, pyruvate, and NADPH, which enhance CO2 assimilation (Sui et al., 2015).

So far, the molecular mechanism of comprehensive salt responses in sweet sorghum has been largely unknown. It is necessary to draw great attention on the mechanism of salt tolerance and the functions of salt-tolerant genes/proteins in sorghum.



Genome-Wide and Genetic Engineering of Sweet Sorghum to Improve Salt Tolerance

The sequencing of the whole sorghum genome was completed in 2008 (Paterson et al., 2008). To date, 820 sorghum protein-encoding sequences have been registered (http://www.gramene.org). The molecular cytogenetic maps have also been completed using multiprobe FISH cocktails technology (Islamfaridi et al., 2002). Zheng et al. (2011) carried out the genome resequencing of sweet sorghum and Chinese sorghum strains using a second-generation high-throughput sequencing platform. In total, 95% of the sequences were mapped to the sorghum genome, and a large number of single-nucleotide polymorphisms were found (Zheng et al., 2011). The completion of the genome sequencing laid the foundation for in-depth study of functional genes in sweet sorghum. Many resistance-related genes, including those encoding key enzymes of some metabolic pathways, and genes important for biological productions have been characterized. Developing an efficient genetic transformation system is pivotal for molecular breeding and understanding the genetic control of plant physiology and development. It is especially necessary for the salt-tolerance breeding of sweet sorghum. Currently, the absence of an efficient sweet sorghum transformation protocol represents a major bottleneck in salt-tolerance genetic engineering (Raghuwanshi and Birch, 2010; Liu and Godwin, 2012).



Conclusion and Perspectives

To survive under salt stress, plants have developed multiple salt tolerance mechanisms. Briefly, sweet sorghum improves the Na+ exclusion ability to ensure a relatively low Na+ concentration in shoots. Additionally, salt-tolerant sweet sorghum can maintain a high sugar content in shoots, by protecting the assembly of photosystems, enhancing the biosynthesis of sucrose and inhibiting the degradation. However, many puzzles for understanding the sweet sorghum acclimation to salt stress remain to be elucidated, for example, the regulation of salt-tolerant pathways and their interactions, how to apply the theoretical research outputs to field for crop production. To address these puzzles, more advanced and in-depth studies are required. In the future, some techniques such as gene editing systems may be used to address these questions. It will promote biotechnological applications and molecular breeding of salt-tolerant crops, which can increase the usage of saline land and crop production.
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Brassinolide (BL) mediates various physiological processes and improves plant tolerance to abiotic stresses. However, the effects and mechanism of exogenous BL on the salt tolerance of apple seedlings remain unclear. Herein, we investigated the role of BL in the salt stress response of Malus hupehensis Rehd., a widely grown apple rootstock. Salt-stressed apple seedlings showed significant decline in chlorophyll content and photosynthetic rate, and the application of 0.2 mg/L exogenous BL alleviated salt stress and maintained photosynthetic capacity. Exogenous BL application can strengthen the activities of superoxide dismutase and catalase and thereby eliminates reactive oxygen species (ROS) production induced by salt stress and promote the accumulation of proline and soluble sugar, thus maintaining osmotic balance. Furthermore, exogenous BL application decreased Na+ accumulation and increased K+ content in shoots and roots under salt stress by regulating the expression levels of Na+(K+)/H+ antiporter genes (MhNHXs). MhBZR1 and MhBZR2, which are the key transcription factors in the BR signal transduction pathway, can directly bind to the promoter of MhSOS1 and MhNHX4-1, respectively, and inhibit their expression. Our findings would provide a theoretical basis for analyzing the mechanism of exogenous BL application on the salt tolerance of apples.
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Introduction

Soil salinity is a major type of abiotic stress that limits crop productivity and affects plant growth and development. More than 800 million hectares of land is affected by salinity, and this problem continues to worsen (Liang et al., 2018; Yang and Guo, 2018; Feng et al., 2019). Apples (Malus domestica Borkh.) are one of the most valuable horticultural fruit crops cultivated worldwide. The growth and productivity of apple trees is severely limited by salt stress in China, especially in the Yellow River Delta. The negative effects of salt stress on apple trees, as perennial crops, not only are limited to the current year but also extends to subsequent years (Navarro et al., 2003; An et al., 2018). Therefore, strategies for improving the salt tolerance of apple trees should be explored.

Under salt stress conditions, plants are typically stressed in three ways: osmotic stress, ionic stress, and oxidative damage (Yang and Guo, 2018). A low water potential causes water deficits in roots (Hasegawa et al., 2000). Excessive external and internal Na+ accumulation in the cytoplasm disrupts the homeostasis of Na+:K+ and evokes toxic ion effects. Oxidative damage is usually triggered by osmotic and ionic stress. Given that plants are sessile, they are inevitably affected by salt stress. After prolonged adaptation, plants gradually evolve a precise mechanism as a response to salt stress (Sun et al., 2015a; Mao et al., 2017). For example, a series of salt-responsive genes involved in salt stress signal transduction are activated in response to salt stress (Lopez-Gomez et al., 2016). Reactive oxygen species (ROS) induced by salt stress is alleviated by antioxidant systems, including antioxidants and antioxidant enzymes (Tofighi et al., 2017; Wu et al., 2017). The accumulation of osmolytes, such as sorbitol, proline, and lycine, is critical to osmotic balance (Shahid et al., 2014; Yusuf et al., 2017). Maintaining homeostasis of Na+ and K+ in cells by activating Na+ and K+ transporters is vital for plant salt stress tolerance (Azhar et al., 2017).

Cytosolic Na+:K+ ratio is one of the key features conferring salinity stress tolerance in plants, and this trait is often considered a potential screening tool for plant breeders (Poustini and Siosemardeh, 2004). The salt overly sensitive (SOS) pathway, which is essential for maintaining Na+ and K+ homeostasis in the cytoplasm and defense against salt stress, has been well identified and characterized (Zhu, 2002; Zhu, 2016). The SOS pathway is relatively specific for ionic transportation, in which high Na+ stress initiates a calcium signal that stimulates the SOS3–SOS2 protein kinase complex, which then activates the Na+/H+ exchange transporter SOS1, resulting in the exclusion of excess Na+ from plant cells, thereby enhancing salt detoxification (Qiu et al., 2004; Hu et al., 2016a). SOS1 belongs to the NHX-type Na+(K+)/H+ exchange family genes (NHXs), and the NHXs family is essential for Na+ and K+ balance in plants.

NHX proteins serve a primary role in ion homeostasis, which is an essential cellular process for salt stress response. The Arabidopsis genome encodes eight NHX homologs that have been grouped based on sequence similarities and functions into three distinct classes, namely, plasma membrane (NHX7 and NHX8), endosomal, or vesicular (NHX5 and NHX6; Bassil et al., 2011a; Bassil et al., 2011b), and into four vacuolar homologs, namely, NHX1, NHX2, NHX3, and NHX4 (Leidi et al., 2010). In apple trees, the overexpression of MdSOS1 can enhance salt tolerance and reduce Na+ content (Liu et al., 2012). Besides transport of Na+, AtNHX1 and AtNHX2 are reported to control vacuolar K+ homeostasis to regulate growth, flower development, and reproduction (Bassil et al., 2011a), and they are essential for active K+ uptake in the tonoplast for stomatal function (Barragan et al., 2012).

Plant hormones are essential endogenous molecules and signals involved in regulating plant development and tolerance to diverse stresses, including salinity stress (Ryu and Cho, 2015). The application of plant growth regulators, such as gibberellin 3 (GA3), salicylic acid (SA), and jasmonic acid (JA), is an effective approach for improving the salt tolerance of crops (Shahzad et al., 2018). Brassinolide (BL), as a highly active synthetic analog of brassinosteroids (BRs), play numerous important roles in plant growth and development (Clouse, 1996; Kim et al., 2009). The exogenous application of BL also has major effects on plants and mitigates the adverse effects of salt stress (Yusuf et al., 2012). Exogenous BL application can improve photosynthetic efficiency in different plant species under salt stress by increasing the levels of hormones, especially ZR, iPA, IAA, and SA, increasing gas exchange, enhancing antioxidant enzyme activities, and delaying plant senescence (Yusuf et al., 2012; Wu et al., 2017). In addition, exogenous BL can increase the protein levels and the expression of various salt-responsive genes to different levels (Sharma et al., 2013), but the mechanisms in which exogenous BL application induces the expression of salt-responsive genes remain largely unexplored.

Over the past decade, the BR signaling pathway has been explored in plants (Wang et al., 2012; Ye et al., 2012). In the presence of BRs, brassinosteroid-insensitive 2 (BIN2) is dephosphorylated by bri1-suppressor 1 (BSU1) and degraded by the 26S proteasome, which subsequently suppresses brassinazole resistant1 (BZR1) and bri1-ems-suppressor1 (BES1)/BZR2 by BIN2 (Yin et al., 2002). BZR1 and BES1 are the key transcription factors in the BR signaling pathway, and dephosphorylated BZR1 and BES1 can directly bind the E-BOX (CANNTG) and BRRE elements (CGTGT/CG) of the BR-related gene promoters to regulate the expression of these genes (Shahnejat-Bushehri et al., 2016). However, the molecular mechanism in which BZR1 and BES1 responds to salt stress remain unknown.

Apple trees are often subject to severe salt stress, resulting in a remarkable loss of apple production and quality. Several agronomic practices are employed to mitigate the adverse effects of salt stress. The exogenous application of BL can improve plant tolerance to salt stress in rice and tomato. However, the effects and mechanism by which BL affects the tolerance of woody plants to salt stress are not well documented. In the present study, we investigated the effects of different concentrations of exogenous BL on apple seedlings under salt stress. Then, we explored the potential physiological and molecular mechanisms by which BL influences antioxidative activity, osmotic balance, and ion homeostasis. This finding will enhance the applications and examination of the physiological role of BL under salt stress.



Materials and Methods


Plant Materials and Growth Conditions

Apple seeds (Malus hupehensis) were sown in wet vermiculite after cold stratification. Apple seedlings were grown at 23 ± 2°C in a 16/8 h light/dark cycle. Light intensity was approximately 100 µmol·m−2·s−1. Apple calli induced from “Orin” embryos were grown on MS medium containing 1.5 mg·L–1 2,4-dichlorophenoxyacetic acid and 0.4 mg·L–1 6-BA at 23 ± 2°C in darkness. The calli were subcultured every 2 weeks.



Salt Stress and Exogenous BL Treatment

One hundred eighty 1-month-old apple seedlings were randomly divided into five groups. The apple seedlings in group I were watered with a complete nutrient solution as the control, and group II was treated with 200 mM NaCl. Except for the same salt stress with group II, the seedlings in groups III, IV, and V were sprayed with 0.05, 0.2, and 1.0 mg/L of BL, respectively. BL (Solarbio, Beijing, China) was sprayed every 2 days. Each experiment was independently repeated three times.



Measurements of Chlorophyll Content and Photosynthetic Rate

For determination of chlorophyll content, a SPAD-502 chlorophyll meter (Konica Minolta, Tokyo, Japan) was used. The photosynthetic rate was measured using a LI-6400XT meter (LI-COR, Lincoln, USA). The light intensity was set at 500 µmol·m−2·s−1 at an approximately 50% humidity. The temperature was set at 22°C.



Measurements of ROS Levels and Malondialdehyde Content

H2O2 and O2·− staining was conducted as described by Zheng et al. (2017). The malondialdehyde (MDA) content of the leaves was detected using a plant MDA extraction kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



Detection of Antioxidant Enzyme Activities

A total of 0.1 g of leaves from apple seedlings were used for the detection of antioxidant enzyme activities. Superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activities were detected according to the plant SOD, POD, and CAT extraction kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer’s instructions.



Determination of Electrolyte Leakage and Osmolytes

A total of 0.5 g of leaves from apple seedlings were used for the detection of electrolyte leakage and osmolytes. Electrolyte leakage was determined as described previously (Ahmad et al., 2016). The proline content was determined as described by Wani et al. (2017). The absorbance was obtained at 520 nm by using a spectrophotometer (Yoke, Shanghai, China). Soluble protein and soluble sugar contents were determined as described by Qiu et al. (2019) and Sharma et al., 2019, respectively.



Determinations of Na+ and K+

A total of 0.5 g (dry weight) of shoots and roots from apple seedlings were used for the detection of Na+ and K+ contents. The concentrations of Na+ and K+ were measured by inductively coupled plasma-optical emission spectrometry (PerkinElmer, Waltham Massachusetts, USA) as described by Liang et al. (2017).



Quantitative Reverse Transcription Polymerase Chain Reaction Assay

Total RNA extraction and quantitative polymerase chain reaction (qPCR) assay were conducted as described by Zheng et al. (2017). MhActin (accession number: MDP0000774288) was used as an internal control. Primer sequences for qPCR were designed according to the coding sequence of MhNHXs and MhBZRs by using the Primer 5 software and checked using BLAST search in the apple genomic database. The primer sequences are shown in Table S1.



Cloning of MhBZRs Genes and the Prokaryotic Expression of Their Proteins in Escherichia coli

The MhBZR1 (MDP0000157809), MhBZR2 (MDP0000306427), MhBZR3 (MDP0000203462), MhBZR4 (MDP0000218271), MhBZR5 (MDP0000344348), and MhBZR6 (MDP0000130173) coding regions were cloned from M. hupehensis. The coding sequences of MhBZRs were amplified and ligated into the pGEX-6P-1 vector containing a GST tag. The primers are shown in Table S1. The GST-MhBZRs fusion proteins were expressed in E. coli (BL21) and purified using glutathione-sepharose 4B (GE Healthcare, Little Chalfont, UK).



Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assays (EMSA) were employed to detect a combination of the GST-MhBZRs proteins with the promoters of MhNHXs in which the MhNHXs promoter fragments containing the E-box (CANNTG) were produced using biotin-labeled (Invitrogen, Shanghai, China) or unlabeled oligonucleotide (to be used as a competitor). The primers are shown in Table S1. The EMSA reaction was performed as described by Zheng et al. (2018).



Detection of GUS and LUC Expression Assays in the Transiently Transformed Apple Calli

The MhSOS1 and MhNHX4-1 promoters were cloned from M. hupehensis and ligated into the pCAMBIA1301 vector, and the coding sequences of MhBZR1/MhBZR2 were amplified and ligated into the pMDC83 vector. The primers are shown in Table S1. 35S::MhBZR1/MhBZR2-GFP, proMhSOS1/MhNHX4-1::GUS (β-glucuronidase), and 35S::LUC were transiently transformed together into the Agrobacterium strain EHA105 for the transformation of apple calli. EHA105 carrying 35S::GFP, proMhSOS1/MhNHX4-1::GUS, and 35S::LUC was used as the control. The transient transformation of apple calli and the GUS and LUC expression assays were performed as described previously (Zheng et al., 2018).



Experimental Design and Statistical Analysis

All experiments were repeated three times according to a completely randomized design. The data were analyzed by ANOVA followed by Fisher’s LSD or Student’s t-test analysis. Statistically significant differences were indicated by P < 0.05. Statistical computations were conducted using SPSS (IBM, Armonk, NY, USA).




Results


Exogenous BL Treatment Improved the Salt Tolerance of Apple Seedlings

BL at different concentrations was sprayed on the leaves of M. hupehensis seedlings under 200 mM NaCl stress. As shown in Figure 1, the apple seedlings were seriously damaged, showing withered and chlorotic leaves under salt stress. At low (0.05 mg/L) and high BL concentrations (1.0 mg/L), the growth vigor of the seedlings was much better than those without BL treatment, but the leaves still withered noticeably. However, when 0.2 mg/L BL was applied to the apple seedlings, the growth of the seedlings under salt stress was similar to that of the control seedlings under normal conditions. Therefore, 0.2 mg/L BL was selected for further experiments.




Figure 1 | The phenotype resulting from the application of different concentrations of exogenous brassinolide (BL) (0.05, 0.2, and 1.0 mg/L) to Malus hupehensis under 200 mM NaCl stress at day 0 and day 16. Exogenous BL was sprayed on the leaves of apple seedlings every 2 days. Each experiment was independently repeated three times.





Effects of Exogenous BL Application on Chlorophyll Content and Photosynthetic Rate Under Salt Stress

As shown in Figure 2A, salt stress dramatically reduced the chlorophyll content from 41.2 SPAD to 30.0 SPAD but increased chlorophyll content to 37.6 SPAD upon exogenous BL application. The photosynthetic rate of apple seedlings sharply decreased from 8.0 to 1.2 µmol·m−2·s−1 under salt stress. When exogenous BL was applied, the photosynthetic rate of the apple seedlings reached 4.1 µmol·m−2·s−1 (Figure 2B).




Figure 2 | Effects of exogenous BL application on the chlorophyll content (A) and photosynthetic rate (B) of apple seedlings before and after salt stress. Each experiment was independently repeated three times. Data represent the means ± SD of three biological replicates. Different lowercase letters indicate significant differences, according to Fisher’s LSD (P < 0.05).





Effects of Exogenous BL Application on Oxidative Damage and Antioxidant Enzyme Activities Under Salt Stress

Salt stress significantly elevated the O2·− and H2O2 levels in the leaves of apple seedlings, whereas exogenous BL significantly reduced these levels (Figure 3A). Consistently, the MDA content under salt stress was twice that of the control group. When exogenous BL was applied, the MDA content recovered to the control level (Figure 3B).




Figure 3 | Effects of exogenous BL application on the levels of O2·− and H2O2 (A) and malondialdehyde (MDA) contents (B) under salt stress. Effects of exogenous BL application on the activities of superoxide dismutase (SOD) (C), peroxidase (POD) (D), and catalase (CAT) (E) under salt stress. The scale bars in (A) represent 1.0 cm. Each experiment was independently repeated three times. Data represent the means ± SD of three biological replicates. Different lowercase letters indicate significant differences, according to Fisher’s LSD (P < 0.05).



The activities of antioxidant enzymes SOD, POD, and CAT were measured. SOD activity was 1.33 U/mg protein under salt stress. When exogenous BL was applied, SOD activity increased to 1.42 U/mg protein (Figure 3C). CAT activity was only 14.9 U/mg protein after salt stress, and exogenous BL treatment increased CAT activity to 24.4 U/mg protein (Figure 3E). During POD activity, no difference was observed in the seedlings treated with or without exogenous BL (Figure 3D).



Effects of Exogenous BL Application on the Electrolyte Leakage and Osmolytes Under Salt Stress

As shown in Figure 4A, electrolyte leakage was sharply induced by salt stress but was reduced by 43.18% compared with that in the salt-treated plants alone when exogenous BL was applied.




Figure 4 | Effects of exogenous BL application on electrolyte leakage (A), proline content (B), soluble sugar content (C), and soluble protein content (D) under salt stress. Each experiment was independently repeated three times. Data represent the means ± SD of triplicate experiments. Different lowercase letters indicate significant differences, according to Fisher’s LSD (P < 0.05).



We measured the contents of osmolytes, including proline, soluble sugar, and soluble protein. The contents of proline, soluble sugar, and soluble protein were all significantly induced by salt stress (Figure 4). When exogenous BL was applied, the contents of proline and soluble sugar were increased compared with the apple seedlings under salt stress, and the content of soluble protein had no change.



Effects of Exogenous BL Application on the Na+ and K+ Contents Under Salt Stress

The Na+ and K+ contents in the shoots and roots were measured. As shown in Figure 5A, the content of Na+ was sharply induced by salt stress both in the shoots and roots. When exogenous BL was applied, the Na+ content decreased significantly. The K+ content increased in the shoots and roots due to salt stress and exogenous BL (Figure 5B). The Na+:K+ ratio was significantly increased under salt stress, and exogenous BL reduced sodium concentrations, increased potassium concentrations, and reduced the Na+:K+ ratio under salt stress in the shoots and roots (Figure 5C).




Figure 5 | Effects of exogenous BL application on Na+ content (A), K+ content (B), and the Na+:K+ ratio (C) in shoots and roots under salt stress. Each experiment was independently repeated three times. Data represent the means ± SD of three biological replicates. Different lowercase letters indicate significant differences, according to Fisher’s LSD (P < 0.05).





Effects of Exogenous BL Application on the Expression of the MhNHXs Family of Genes Under Salt Stress

A phylogenetic tree was constructed according to the amino acid sequences of MhNHXs and AtNHXs. As shown in Figure 6A, five MhNHXs genes homologous with AtNHX1, 2, 3, and 4; two MhNHXs genes homologous with AtNHX5 and 6; and the MhNHX7-1 (MhSOS1) gene, which is homologous with AtNHX7 (AtSOS1) and AtNHX8 were observed.




Figure 6 | Phylogenetic tree of the amino acid sequences of the NHX family in apple and Arabidopsis and effects of exogenous BL application on the expression of MhNHXs family genes in apple seedlings under salt stress. (A) The phylogenetic tree was constructed using MEGA5.2 software with the neighbor-joining method and a bootstrap test with 1000 iterations based on the amino acid sequences of NHXs in apple and Arabidopsis. (B) The effects of exogenous BL application on the expression level of MhNHXs (MhNHX1-3, MhNHX4-1, MhNHX4-2, MhNHX5-1, MhNHX5-2, and MhSOS1) in apple seedlings under salt stress. Each experiment was independently repeated three times. Data represent the means ± SD of three biological replicates. Different lowercase letters indicate significant differences according to Fisher’s LSD (P < 0.05).



The expression of the MhNHXs gene family was detected. The expression of MhNHX4-1, MhNHX5-1, MhNHX5-2, and MhNHX7-1 was induced by salt stress, whereas the expression of MhNHX1-3 and MhNHX4-2 was suppressed by salt stress. Notably, the expression of MhNHX1-3, MhNHX4-1, MhNHX4-2, MhNHX5-1, MhNHX5-2, and MhNHX7-1 was induced by exogenous BL (Figure 6B).



Effects of Exogenous BL Application on the Expression of the MhBZRs Gene Family Under Salt Stress

Six MhBZRs genes that were homologous with AtBZR1 and AtBZR2 were identified. qPCR results showed that MhBZR1 and MhBZR2 were suppressed by salt stress, and MhBZR3, 4, 5, and 6 were induced by salt stress. When exogenous BL was applied under salt stress, the expression levels of MhBZR1, 2, 3, and 5 were suppressed, whereas that of MhBZR4 was increased compared with the treatment without BL (Figure 7 and Figure S1).




Figure 7 | Effects of exogenous BL application on the expression levels of the MhBZRs gene family (MhBZR1, MhBZR2, MhBZR3, MhBZR4, MhBZR5, and MhBZR6) in apple seedlings under salt stress. Each experiment was independently repeated three times. Data represent the means ± SD of three biological replicates. Different lowercase letters indicate significant differences, according to Fisher’s LSD (P < 0.05).





MhBZR1 and MhBZR2 Directly Bind to the Promoter of MhSOS1 or MhNHX4-1 and Repress Their Transcription

EMSA was performed to examine the binding of the promoter of MhNHXs by MhBZRs. MhBZR1 was bound to the MhSOS1 promoter in vitro. The addition of 50×, 100×, and 200× unlabeled competitor reduced the detected binding of MhBZR1. Similar results confirmed that MhBZR2 can bind to the MhNHX4-1 promoter in vitro (Figure 8A).




Figure 8 | MhBZR1 and MhBZR2 bind to the promoter of MhSOS1 or MhNHX4-1 and inhibits their transcription, respectively. (A) Electrophoretic mobility shift assay (EMSA) results show the in vitro binding of MhBZR1 and MhBZR2 to the MhSOS1 and MhNHX4-1 promoters. The arrow indicates the position of a protein/DNA complex after the incubation of a biotin-labeled DNA probe and the GST-MhBZR1/MhBZR2 protein. Both the probes containing an E-box (CANNTG) was synthesized according to the sequence of the MhSOS1/MhNHX4-1 promoter. (B) The relative GUS activity normalized to luciferase (LUC) activity in transiently transformed apple calli overexpressing 35S::MhBZR1/MhBZR2-GFP, proMhSOS1/MhNHX4-1::GUS and 35S::LUC; 35S::GFP, proMhSOS1/MhNHX4-1::GUS and 35S::LUC were used as controls. Each experiment was independently repeated three times. Data represent the means ± SD of three biological replicates. Different lowercase letters indicate significant differences, according to Fisher’s LSD (P < 0.05).



As shown in Figure 8B, the GUS : LUC activity ratio was significantly lower in transgenic apple calli expressing proMhSOS1::GUS and 35S::MhBZR1-GFP than in transgenic apple calli expressing proMhSOS1::GUS and 35S::GFP. Similar results were observed in MhBZR2 to MhNHX4-1. Hence, MhBZR1 and MhBZR2 can directly bind to the promoter of MhSOS1 and MhNHX4-1 and repress their transcription.




Discussion

Soil salinization negatively affects crop growth and is one of the major limiting factors of agricultural production (Zhu, 2016). Increased salinity in soil has severely hampered the development of apple plantations and resulted in economic losses for orchardists (Hu et al., 2018). The application of BL is a promising method for improving salt tolerance in plants (Shahzad et al., 2018; Tanveer et al., 2018). However, in woody plants, such as apple, the effect of exogenous BL application on seedlings under salt stress has not been reported. In our study, we applied different concentrations of BL to salt-stressed apple seedlings and found that the effects of BL application was much better at 0.2 mg/L than at 0.05 and 1.0 mg/L (Figure 1). Plant hormones are usually trace and efficient, and plant growth regulators affect plant growth and development usually in a dose-dependent manner. Low BL concentrations (0.1 and 0.01 µg/L) promote root elongation and lateral root development, whereas high BL concentrations (1–100 µg/L) inhibit root elongation (Hu et al., 2016b). Our result indicated that 0.2 mg/L BL would be an appropriate concentration for enhancing salt tolerance of M. hupehensis seedlings.

Salt toxicity to plants generally causes reduction in their photosynthetic performance due to the negative effects of salt stress on chlorophyll content and photosynthetic machinery (Wu et al., 2017). Wani et al. (2017) reported that salt stress inhibits the synthesis of 5-aminolaevulinic acid, a precursor of chlorophyll. Sadeghi and Shekafandeh (2014) reported the enhanced activity of chlorophyllase, the enzyme catalyzes the degradation of chlorophyll molecules. The present study demonstrated that salinity stress can significantly reduce the chlorophyll content of apple seedlings, and exogenous BL treatment can recover the content to normal levels (Figure 2A). The recovery of chlorophyll contents after the exogenous application of BL might be due to the modulation of transcription and translation processes by BR signaling, which ultimately stimulates chlorophyll biosynthesis and inhibits the breakdown of chlorophyll molecules (Sharma et al., 2016; Dong et al., 2017). Moreover, the present study indicated that the photosynthetic rate of the apple seedlings was reduced by salt stress, and exogenous BL application significantly improved photosynthetic rate under salt stress (Figure 2B). The application of BL enhances the leaf area of plants under salt stress (Sadeghi and Shekafandeh, 2014). In cucumber, BL increases photosynthesis by increasing chlorophyll content (Yuan et al., 2012). The application of BL improves photosynthesis by positively regulating synthesis and the activation of rubisco enzyme, thus increasing the gaseous exchange parameters of plants under salt stress (Fariduddin et al., 2014; Yusuf et al., 2017). It can be inferred that exogenous BL improves the photosynthetic rate of the apple seedlings under salt stress mainly by increasing chlorophyll content, leaf area, stomatal conductance, and rubisco enzyme activity.

Three main challenges are encountered by plants under salt stress, namely, osmotic stress, ion toxicity, and oxidative damage. Osmotic stress and ionic stress usually result in the oxidative damage with the accumulation of ROS, including O2·− and H2O2 (Miller et al., 2010). In our study, the O2·−, H2O2, and MDA contents were sharply induced by salt stress, and exogenous BL application can markedly diminish them under salt stress (Figure 3). Exogenous BL application can reduce oxidative damage and decrease the production of ROS (Fariduddin et al., 2013; Lopez-Gomez et al., 2016). To prevent oxidative damages induced by salt stress, plants have developed an antioxidant system to maintain a dynamic balance of ROS. The antioxidant system comprises antioxidants and antioxidant enzymes. Enzymatic ROS scavenging mechanisms mainly include SOD, POD, and CAT (Ismail et al., 2014). The present study demonstrated that the accumulation of O2·− and H2O2 and the increased concentration of MDA under salt stress were associated with the change of SOD, POD, and CAT activities. When exogenous BL was applied, the activities of SOD and CAT were significantly increased by 7% and 64%, respectively (Figure 3). The exogenous application of BL triggers the antioxidant enzyme systems of plants under salt stress, resulting in decreased oxidative stress (Tofighi et al., 2017). Wani et al. (2017) reported that exogenous BL application can increase the activities of SOD (75%) and CAT (52%) under salt stress in Cicer arietinum. This may be caused by that BL promotes the transcription and/or translation of the specific genes of antioxidant enzymes (Bajguz and Hayat, 2009). In addition, BL is also involved in the upregulation of genes enhancing the level of antioxidant enzymes subjected to salt stress (Cao et al., 2005; Ali et al., 2007).

Osmotic stress results from the effect of high salt concentrations in soil. Excess soluble salts in soil reduce the water potential at the root surface, which leads to water deficit in plants (Yang and Guo, 2018). Leaf electrolyte leakage is an important indicator of plant cell permeability. Our results indicated that electrolyte leakage was sharply induced by salt stress, and exogenous BL can decrease electrolyte leakage and protect apple seedlings from osmotic stress (Figure 4A). Under salt stress, plants accumulate various osmolytes in the cytoplasm, including soluble sugar and proline, through which they sustain their osmotic equilibrium and support the absorption of water (Liang et al., 2018). Our experiments revealed that salt stress increased the contents of proline, soluble sugar, and soluble protein. The application of exogenous BL enhanced the contents of proline and soluble sugar but did not influence the levels of soluble protein (Figure 4). In Triticum aestivum, a significant increase in proline content and soluble sugar was noticed after the application of BL, thus protecting plants from the adverse effects of salt toxicity (Talaat and Shawky, 2012; Yusuf et al., 2017). Our results indicated that exogenous BL can protect apple seedlings from osmotic stress mainly through the accumulation of proline and soluble sugar.

The primary challenge for plants under salt stress is ionic toxicity, which is caused by the excessive accumulations of sodium in the cytoplasm. This ionic toxicity can lead to an imbalance in cytosolic Na+:K+ ratio and disrupt normal plant growth (Dai et al., 2018). In the present study, Na+ and K+ contents in the shoots were increased under salt stress. When exogenous BL was applied to the apple leaves, Na+ content decreased with increased K+ content, and thus the leaf Na+/K+ ratio decreased (Figure 5). This condition is consistent with the findings of Sun et al. (2015b) in which 10 nM BL treatment reduced leaf Na+/K+ and increased K+ content in perennial ryegrass under salt stress. However, in the roots, exogenous BL notably increased K+ content. Given that exogenous BL was applied to the leaves, we inferred that the increased K+ content in roots was caused by the transportation and distribution of K+ between shoots and roots, which was affected by exogenous BL to the leaves. Recently, Azhar et al. (2017) showed that BL in the growth medium prevented salt-induced K+ leak from shoots and roots. They also noted that BL decreased K+ efflux under salt stress by controlling depolarization-activated GORK channels. Our results indicated that exogenous BL can enhance the exclusion of Na+ and increase the absorption of K+ both in shoots and roots under salt stress.

The physiological mechanism of exogenous BL on plants has been widely explored. However, limited information is available regarding the transcriptional changes and the molecular mechanism in response to BL under salt stress. Na+(K+)/H+ antiporters (NHX) are essential compounds and are critical for modulating plant Na+:K+ homeostasis (Carden et al., 2003). The overexpression of apple MdSOS1 can enhance salt tolerance and reduce the content of Na+ (Liu et al., 2012). In the present study, MhSOS1 was induced by salt stress and enhanced by exogenous BL treatment. Thus, the decrease in Na+ content following exogenous BL treatment under salt stress was mainly caused by the induced expression level of MhSOS1. Furthermore, AtNHX1, 2, 3, and 4 are located in vacuoles and regulate K+ homeostasis between the cytoplasm and vacuoles (Craig Plett and Moller, 2010; Barragan et al., 2012). In apple, the overexpression of MdNHX1 significantly enhances salt tolerance (Li et al., 2010). Our results showed that MhNHX1-3, MhNHX4-1, and MhNHX4-2 expression levels were increased by exogenous BL treatment (Figure 6). We assumed that exogenous BL application increased K+ content mainly through the regulation of transcriptional changes of these genes.

BR regulates a wide spectrum of cellular activities and biological processes, which depend, at least in part, on the direct regulation of gene expression via the BZR1/BES1 family of transcription factors, thus eliciting various BR responses. BZR1 and BES1 are the key transcription factors in the BR signaling pathway that directly regulates the expression of many target genes (Sun et al., 2010; Kim et al., 2017). Information about the transcriptional regulation of the NHX family is still limited. The sugar beet gene BvNHX1 is regulated by the MYB transcription factor (Diedhiou et al., 2009; Adler et al., 2010). We assume that exogenous BL application can regulate transcriptional changes in MhNHXs through MhBZRs. In our study, EMSA results indicated that in vitro, MhBZR1 and MhBZR2 can directly bind to the E-box of the MhSOS1 or MhNHX4-1 promoter, respectively (Figure 8A). The transiently transformed calli expressing the GUS reporter indicated that in vivo, MhBZR1 and MhBZR2 can repress the expression of MhSOS1 and MhNHX4-1, respectively (Figure 8B). Overall, our study revealed the partial molecular mechanism of the effect of exogenous BL application on salt stress in apple.
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Understanding the regulation of proline metabolism necessitates the suppression of two Δ1-pyrroline-5-carboxylate synthetase enzyme (P5CS) genes performed in switchgrass (Panicum virgatum L.). The results reveal that overexpressing PvP5CS1 and PvP5CS2 increased salt tolerance. Additionally, transcript levels of spermidine (Spd) and spermine (Spm) synthesis and metabolism related genes were upregulated in PvP5CS OE-transgenic plants and downregulated in the PvP5CS RNAi transformants. According to salt stress assay and the measurement of transcript levels of Polyamines (PAs) metabolism-related genes, P5CS enzyme may not only be the key regulator of proline biosynthesis in switchgrass, but it may also indirectly affect the entire subset of pathway for ornithine to proline or to putrescine (Put). Furthermore, application of proline prompted expression levels of Spd and Spm synthesis and metabolism-related genes in both PvP5CS-RNAi and WT plants, but transcript levels were even lower in PvP5CS-RNAi compared to WT plants under salt stress condition. These results suggested that exogenous proline could accelerate polyamines metabolisms under salt stress. Nevertheless, the enzymes involved in this process and the potential functions remain poorly understood. Thus, the aim of this study is to reveal how proline functions with PAs metabolism under salt stress in switchgrass.




Keywords: switchgrass, PvP5CS1 and PvP5CS2, proline, polyamines, salt stress



Introduction

Plants frequently encounter various environmental biotic and abiotic stresses (i.e., pathogen infection, herbivore attack, drought, salt, cold, heat and toxic metals) (Zhu, 2016). Salt stress seriously limits plant development and productivity leading to both osmotic and ionic toxicity effects on cells and, eventually, disorganized membranes, non-functional proteins, and accumulation of reactive oxygen species (ROS) (Krasensky and Jonak, 2012; Zhu, 2016). ROS cause serious damage through peroxidation of membrane lipid components. These effects on cells can be mitigated by an active oxygen scavenger (e.g., proline, polyamines, glutathione, etc.) and enzymatic protectors (i.e., superoxide dismutase [SOD], catalase [CAT], ascorbate peroxidase [APX] and glutathione peroxidase [GPX]). SODs act as the first line of defense against ROS while CAT subsequently detoxifies H2O2 (Apel and Hirt, 2004; Krasensky and Jonak, 2012).

In plants, Polyamines (PAs) mainly exist in their free form playing essential roles in cellular function. The putrescine (Put), spermidine (Spd) and spermine (Spm) are the three major forms of polyamines. Putrescine is the central product of the common PAs biosynthetic pathway. It contains two amino groups and is a synthetic precursor of Spd and Spm. Spd and Spm are produced by the sequential addition of aminopropyl moieties to the putrescine skeleton through enzymatic reactions catalyzed by Spd and Spm synthases (SPDS and SPMS). The donor of the aminopropyl groups is decarboxylated S-adenosyl-methionine synthesized from S-adenosyl-methionine by S-adenosyl-methionine decarboxylase (SAMDC). PAs are catabolized by diamine oxidases (DAOs) and polyamine oxidases (PAOs) (Hanfrey et al., 2001; Shao et al., 2012). PAs play important roles in protecting plants against abiotic stress, such as osmotic adjustment, stabilizing membranes to prevent electrolyte leakage and maintaining normal concentrations of reactive oxygen species (ROS) (Bouchereau et al., 1999; Alcázar et al., 2010; Pál et al., 2015; Chen et al., 2018). On the one hand, ectopic expression of SPDS in Arabidopsis thaliana resulted a high concentration of Spd and plants showed resistance to salt, drought and cold stress (Kasukabe et al., 2004). On the other hand, overexpression of carnation SAMDC genes produced more amounts of PAs which increased abiotic stresses in Nicotiana tabacum (Wi et al., 2006). PA accumulation is coupled with an increase in the activity of PA metabolism genes. For instance, under normal condition, transgenic plants overexpressed with Ethylene responsive factor (MfERF1) induced proline enrichment associated with P5CS transcripts which was upregulated compared to those of wild type (Zhuo et al., 2018). Additionally, exogenous PAs treatments could increase proline content under osmotic stress (Pál et al., 2018).

Proline, acting as excellent osmolyte, antioxidative defense and signaling molecule, plays a highly beneficial role under environmental stresses (Hayat et al., 2012).When plants are exposed to stressful conditions, accumulated proline functions in maintaining cell osmotic balance, stabilizes membranes to prevent electrolyte leakage and serves as an antioxidant to regulate the level reactive oxygen species (ROS) (Delauney and Verma, 1993). Additionally, proline plays an important role in plant growth and development (Szabados and Savoure, 2010), particularly in the function of cell cycle transition in maize (Wang et al., 2014). Proline contents are determined by its biosynthesis, catabolism and transport. In plants, proline is generally synthesized through the glutamate pathway during osmotic stress. However, ornithine pathway serves as the other pathway to proline synthesis (Hu et al., 1992). In glutamate pathway, proline is produced from glutamate by Δ1-pyrroline-5-carboxylate synthetase (P5CS) and Δ1-pyrroline-5-carboxylate reductase (P5CR) enzymes (Hu et al., 1992). In the ornithine pathway, ornithine is transmitted by ornithine-delta-aminotransferase (OAT) producing GSA and P5C which is, thereafter, converted to proline (Roosens et al., 1998). Proline catabolism occurs in mitochondria when proline dehydrogenase (PDH) and P5C dehydrogenase (P5CDH) convert proline to glutamate (Verslues and Sharma, 2010). Intercellular transport of proline occurs in different cellular organelles as exhibited by the compartmentalization of proline metabolism. Proline biosynthesis enzymes (i.e., P5CS1, P5CS2, and P5CR) are predicted to be localized in the cytoplasmic whereas the proline catabolism enzymes (i.e., ProDH1, ProDH2, P5CDH, and OAT) are predicted to be localized in the mitochondria (Szabados and Savoure, 2010). In Arabidopsis, a p5cs1 mutant showed hypersensitivity to salt stress. Additionally, p5cs2 mutations cause embryo abortion during the latter stages of seed development. Thus, P5CS enzymes perform non-redundant functions (Székely et al., 2008). However, the transcriptional pattern of P5CS family genes varies among different species. For example, in Brassica napus, Phaseolus vulgaris and Oryza sativa, two P5CS family genes were induced by different stresses (Hur et al., 2004; Xue et al., 2009; Chen et al., 2013; Sripinyowanich et al., 2013). Furthermore, MtP5CS3, the third gene in Medicago truncatula, similar to the other two MtP5CS genes, also plays a crucial role in regulating proline accumulation under salinity stress (Kim and Nam, 2013). However, in switchgrass, the extent and functional status of P5CS family genes is not clear. Switchgrass (Panicum virgatum L.) is a perennial, warm season C4 model grass native to North America recognized as a dedicated bioenergy crop with significant tolerance to abiotic stresses (e.g., heat, cold, and draught) (Casler et al., 2007; Keshwani and Cheng, 2009). This research determined that the functional identification of two P5CS genes from Panicum virgatum, designated as PvP5CS1 and PvP5CS2, ectopically expressed lines in switchgrass and described their phenotypic and physiological characterization.



Materials and Methods


Plant Material

Switchgrass (Alamo, lowland-type, 2n = 4× = 36) was used as wild type for expression profiling and transformation of PvP5CS1 (Pavir.J02344.1) and PvP5CS2 (Pavir.J06546.1). Plants were grown in a greenhouse under either a 16h light or 8h dark photoperiod at 25 ± 2°C. According to the description of Hardin, developmental stages of switchgrass are divided into six elongation stages (i.e., E0, E1, E2, E3, E4, and E5) and three reproductive stages (i.e., R1, R2, and R3) (Hardin et al., 2013). At the first stage of elongation, there in none internode, so it is defined as E0. When switchgrass grows the internode, E1 to E5 are defined by the number of internodes present. At the beginning of the reproductive stage, flag leaf comes out, and it is defined as R1. When switchgrass has the fully emerged spikelets without peduncle, it arrived at R2 stage. The R3 stage is defined by fully emerged spikelets and visible peduncle. Plant height, tiller number, leaf length and internode diameter were measured at R1 stage. Each line had three biological replicates, and three tillers were measured in each biological replicate. The harvested above-ground tissues were dried in an oven at 80°C for 72h.



Bioinformatics Analysis

Based on the amino acid sequence of AtP5CS1 (NM_001202786.1) and AtP5CS2 (NM_115419.5), the researchers BLAST-searched the corresponding genes in the Switchgrass Genome Annotation Program (https://phytozome.jgi.doe.gov/pz/portal.html) and found the full-length cDNA sequences of switchgrass PvP5CS1 and PvP5CS2. For the phylogenetic analysis, full-length sequences of P5CS genes from different monocotyledon and dicotyledon plants were retrieved from NCBI (https://www.ncbi.nlm.nih.gov/), the amino acid sequences of two P5CS genes from switchgrass and all those other species, were used to input in the software MEGA 5.0 to do the phylogenetic analysis. DNAMAN software was used to do a homology analysis of two PvP5CS genes. Their full-length cDNA sequences were used to do multiple sequence alignment, and the result was outputted in a form of EMF file. To further analyze the conserved domains of two PvP5CS genes, the researcher inputted their amino acid sequences into the website of NCBI Conserved Domain Search (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?) and gained the results of conserved domains.



Construction of Expression Vectors and Transformation in Switchgrass

For overexpression transformants, cDNA sequences of PvP5CS1 and PvP5CS2 were amplified, were fused to binary vector Ubi1301 under ZmUbi1 promoter. To knockdown both PvP5CS1 and PvP5CS2, an RNAi fragment was amplified by PCR from the conserved regions of PvP5CS1 and PvP5CS2 and cloned into pVT1629 vector (Xu et al., 2011). The recombinant binary vector were introduced into the embryogenic callus (Liu et al., 2015). Wild type (WT) is the control plants. All primers are provided under Table S1.



P5CS and ProDH Activity Assay

P5CS activity was measured following the protocol of the P5CS ELISA Kit (Suzhou Comin Biotechnology Co. Ltd, China). For calibration purpose standard gradient was measured at 450 nm using a spectrophotometer to make a standard curve. Stop solution was used to change the color from blue to yellow and the intensity of the color was measured. ProDH activity was measured following the protocol prescribed by the kit (Suzhou Comin Biotechnology Co. Ltd, China). ProDH catalyzed dehydrogenation was detected by methyl isothiocyanate and measured at 600nm using a spectrophotometer.



Proline Content Measurement

Proline was measured following established protocol (Bates et al., 1973) with minor modifications. Briefly, the fresh sample was weighed and cut into pieces. After adding 5ml 3% sulfur-salicylic acid in a 10ml centrifuge tube, it was boiled for 10min, and the supernatant was used for the proline extract. Two milliliter supernatant was reacted with 2ml glacial acid and 3ml acid ninhydrin, boiling for 45min. when the temperature of reaction mixture reached to room temperature, extracting with 5ml toluene. The supernatant was measured at 520nm, and proline content was calculated from a standard curve.



RNA Isolation and Quantitative Real-Time RT-PCR

Total RNA was isolated from the leaves at different stages (i.e., elongation and reproductive stages) by the TRIzol reagent method (Invitrogen, Carlsbad, CA, USA) then subjected to reverse transcription with the PrimeScript RT reagent Kit (Takara, Shiga, Japan). SYBR Green (Takara, Shiga, Japan) was used as the reporter dye. Switchgrass ubiquitin1 (PvUBQ1) gene was used as the internal control. The relative expression levels of genes were calculated using the 2−△△CT method (Livak and Schmittgen, 2001). Primers used for qRT-PCR are provided under Table S1.



Salt Treatment

Salt treatment was performed according to (Jha et al., 2013). Briefly, the I3 leaves at R1 stage were cut into 4cm long pieces and soaked in either 0mM or 350mM NaCl solution for 30 days. Phenotypic changes of the leaf pieces were recorded. Furthermore, whole transgenic and WT plants with salinity stress in sand culture were also treated. Uniform tillers of both transgenic and control plants were treated with 1/2 × Hoagland nutrient solution supplemented with 0mM or 350mM NaCl, respectively, refreshed every two days. After 15 days, the researchers measured the physiological indexes (i.e., relative water content [RWC], electrolyte leakage [EL], chlorophyll, proline, Na+ and K+ contents, and root vigor). RWC and EL were measured following the methods (Li et al., 2010). Na+, K+ contents, and chlorophyll were measured following the methods as previously described (Li et al., 2010). Root vigor was evaluated following established protocol using the method of TTC (2, 3, 5-Tripheyl Tetrazolium Chloride) (Kausar et al., 2009). The roots were immersed and placed in the dark for 1 ~ 3h at 37°C, then they were ground with 3 to 4ml ethyl acetate and a small amount of quartz sand. Finally, the liquid was measured with spectrophotometer at wavelength of 485nm. Additionally, we also applied exogenous proline (10mM) to the RNAi transgenic plants to determine whether external proline could rescue their salt-sensitive phenotypes. SAMDC, SPDS and SPMS are the enzymes for PAs synthesis, and PAs are catabolized by PAO (Hanfrey et al., 2001; Shao et al., 2010). Based on the amino acid sequence of AtSAMDC (AT3G02470), AtSPDS (AT1G70310), AtSPMS (AT5G53120) and AtPAO (NM_105256.4) (Urano et al., 2003), the researchers BLAST-searched them in the Switchgrass Genome Annotation Program and found the full-length cDNA sequences of switchgrass PvSAMDC, PvSPDS, PvSPMS and PvPAO. Then we designed the primers used for qRT-PCR, and primers are provided under Table S1. Finally, we measured the relative expression level of PvSAMDC (Pavir.Ab02264.1), PvSPDS (Pavir.Ba02363.1), PvSPMS (Pavir.Ab01042.1) and PvPAO (Pavir.J39070.1) in the transgenic and WT plants.



ROS Accumulation

H2O2 accumulation was evaluated by 3, 3ʹ-Diaminobenzidine (DAB) assay as described previously (Fryer et al., 2002). Additionally, H2O2 quantification was measured according to the method (Zhang et al., 2014). PvCAT and PvSOD play crucial role in ROS scavenging when plants experienced salt stress. Based on the amino acid sequence of AtCAT (AT1G20630) and AtSOD (AT1G08830) (Du et al., 2017), the researchers BLAST-searched them in the Switchgrass Genome Annotation Program and found the full-length cDNA sequences of switchgrass PvCAT (Pavir.J03636.1) and PvSOD (Pavir.Ib01670.1). Then we designed the primers used for qRT-PCR, and primers are provided under Table S1. Finally, we measured the relative expression level of PvCAT and PvSOD in the transgenic and WT plants.



Statistical Analysis

Data from each trait were subjected to analysis of variance (ANOVA). The significance of treatments was tested at the level of P < 0.05. Standard errors were provided in all tables and figures when needed. All statistical analyses were performed using the SPSS statistical software package (SPSS 20.0, IBM Company, USA).




Results


Characterization of PvP5CS1 and PvP5CS2

To understand how PvP5CSs function in switchgrass, we BLAST-searched the switchgrass genome referring to Arabidopsis sequences in the Phytozome version 12.1 and identified two putative PvP5CS candidate genes. Amino acid sequences of P5CS from NCBI were used to construct the phylogenetic tree. The cladogram was divided into three major groups (Figure S1). P5CS from monocots are clustered into two distinct groups (i.e., P5CS1 and P5CS2 groups), the result showed that PvP5CS1 is clustered into P5CS1 and PvP5CS2 is clustered into P5CS2. Next, the result of multiple sequence alignment showed that the sequence homology is 80.66% between AtP5CS and PvP5CS genes. Additionally, the conserved domains analysis showed that PvP5CS2 has a specific hit that not existed in PvP5CS1, it is AAK_P5CS_ProBA (Figure S1), similar in AtP5CS genes. For further analyze the difference between the two PvP5CS genes, we described PvP5CS1 and PvP5CS2 using temporal and spatial expression patterns by reverse transcriptase quantitative PCR (RT-qPCR) (Figure 1). The results showed that PvP5CS1 highly expressed in the stem and panicle while PvP5CS2 highly expressed in the roots and panicle. Additionally, PvP5CS1 was expressed higher at E0, E1, and E3 stages; while PvP5CS2 showed higher expression at E4, R1 and R3 stages (Figures 1A, B). These results showed that the two PvP5CS genes have different expression patterns in the growth and development of switchgrass. To evaluate if the P5CS are related to salt tolerance, expression levels of two PvP5CS genes during different salt concentrations treatment were examined. The results showed that the expression level of both genes peaked at 350mM NaCl concentration. Besides, expression levels of PvP5CS1 were higher than that of PvP5CS2 at four different salt stress concentrations (Figure 1C). To further clarify the additional influence of salt stress on transcripts of PvP5CSs, the expression patterns of two PvP5CS genes at various time points under 350mM NaCl treatment were investigated and the results demonstrated that the expression levels of PvP5CS1 and PvP5CS2 were significantly induced by salt treatment (Figure 1D) thereby suggesting PvP5CSs response and function in salt treatment.




Figure 1 | Expression pattern of two PvP5CS genes (PvP5CS1 and PvP5CS2) in switchgrass. Relative expression level of two PvP5CS genes in different tissues (A). Relative expression level of two PvP5CS genes in different development stages (B). Analysis of PvP5CS genes expression under different NaCl concentrations (0 mM, 150mM, 250mM, and 350mM) after 24h salt treatment (C). Transcripts of PvP5CS genes under 350 mM NaCl at the indicated time points (D). Switchgrass UBQ1 was used as the reference for normalization. At the first stage of elongation, there in none internode, so it is defined as E0. When switchgrass grows the internode, E1 to E5 are defined by the number of internodes present. At the beginning of the reproductive stage, flag leaf comes out, and it is defined as R1. When switchgrass has the fully emerged spikelets without peduncle, it arrived at R2 stage. The R3 stage is defined by fully emerged spikelets and visible peduncle. Data are mean values of three biological repeat, and significance of treatments was tested at the P < 0.05 level (one way ANOVA, Dunnett's test). WT: wild type control.





Effect of PvP5CS1 and PvP5CS2 in Plant Growth and Development

To evaluate the physiological functions and mechanisms of two PvP5CS genes, PvP5CS1 and PvP5CS2 overexpression lines and PvP5CS-RNAi lines were generated. A total of 26 transgenic lines (T0 generation) overexpressing PvP5CS1, 20 transgenic lines (T0 generation) overexpressing PvP5CS2 and 39 PvP5CS-RNAi lines (T0 generation) were generated and tested as positive by genomic PCR analysis (Figure S2). In relation to WT plants, the expression levels of PvP5CS1 and PvP5CS2 were significantly higher in the most of PvP5CS1 and PvP5CS2 overexpression lines except OE-PvP5CS1 line 6, and that were lower in the all PvP5CS-RNAi lines (Figure S3). According to their expression levels, the researchers selected three independent PvP5CS1 overexpression lines (designated as OE-2, OE-14, and OE-19, respectively), three PvP5CS2 overexpression lines (designated as OE-5, OE-6, and OE-10, respectively), and six independent RNAi lines (designated as RNAi-2, RNAi-7, RNAi-9, RNAi-11, RNAi-18, and RNAi-32, respectively) for further analysis. The selected OE and RNAi transgenic lines used for the experiment were labeled with the stars in the Figure S3. The enzyme activity of P5CS and proline content were higher in the PvP5CS overexpression lines but lower in PvP5CS-RNAi lines when compared to the WT plants (Figures 2A, C). The results showed that PvP5CS was highly expressed in the PvP5CS overexpression lines and downregulated in the PvP5CS-RNAi lines. Consequently, to further evaluate the effect of P5CS enzyme on proline metabolism, ProDH activity was tested in PvP5CSs overexpressing and in RNAi-PvP5CS lines. The result showed that the enzyme activity of ProDH was higher in the PvP5CS-RNAi lines and lower in the PvP5CS1 and PvP5CS2 overexpression lines. Thus, the proline metabolism is changed both in the overexpression lines and RNAi transgenic plants (Figure 2B).




Figure 2 | P5CS, ProDH activity and proline content in PvP5CS OE and RNAi transgenic plants. P5CS (A) and ProDH (B) activity and Proline content (C) in PvP5CS OE and RNAi transgenic plants. Data are mean values of three biological repeat, and significance of treatments was tested at the P < 0.05 level (one way ANOVA, Dunnett's test).



Interestingly, PvP5CS overexpression lines grew faster in greenhouses than WT plants. Phenotypic traits (i.e., plant height, tiller number, leaf length, internode length, and diameter) were measured in transgenic and WT plants (Figures 3A, B; Table S2). When compared to the WT, PvP5CS1 and PvP5CS2 overexpression lines showed on average 38.2% and 37.3% higher plant height, 30.3% and 21.5% more number of tillers, 51.1% and 34.9% longer leaf length, 58.1% and 47.4% wider internode diameter and 36.3% and 23.8% increase in internode length, respectively. The dry weight biomass of plants at five months old was measured and the result showed the biomass of PvP5CS1 overexpression lines were 140–180% higher than WT plants while PvP5CS2 overexpression lines were a 68–98% higher than WT (Figure 3C). Thus, both overexpressing PvP5CS1 and PvP5CS2 genes improve the biomass in transgenic switchgrass. In addition, it was found that the flowering time is different between transgenic and WT plants. The data showed that flowering time of PvP5CS2 overexpression lines are shorter by an average of 30 days than WT plants while no obvious difference was manifested for the PvP5CS1 overexpression lines (Figure 3D). To further evaluate the flowering related genes, we identified two flowering-related genes which are PvFT and PvFLC and the expression level of PvFT was higher in OE-PvP5CS2 transgenic plants. However, the expression level of PvFLC was lower in both PvP5CS1 and PvP5CS2 overexpression lines (Figure S4). These results suggested that PvP5CS2 gene may play an important role in regulating the flowering time in Switchgrass.




Figure 3 | Phenotypic comparation and biomass analysis among PvP5CS OE transgenic plants. Phenotypes of three independent transgenic lines overexpressing PvP5CS1 (A) and PvP5CS2 (B). Total above ground dry weight of transgenic lines overexpressing PvP5CS genes (C). Flowering time in OE-PvP5CS1 and OE-PvP5CS2 transgenic switchgrass lines (D). Data are mean values of three biological repeat, and significance of treatments was tested at the P < 0.05 level (one way ANOVA, Dunnett's test).





PvP5CS1 and PvP5CS2 Positively Response to Salt Tolerance

Based on the previous results that the expression levels of PvP5CSs were upregulated under salt stress, it was theorized that the two PvP5CS genes may play the significant role in salt stress response. To verify this hypothesis, salt tolerance experiments were performed on PvP5CS overexpression and RNAi transgenic switchgrass. After 30 days, leaves of the WT plants almost turned yellow with the overexpression lines losing their green color under 350mM NaCl salt stress (Figure S5). Taken together, PvP5CS1 and PvP5CS2 overexpression lines are involved in salt tolerance. Additionally, this result is supported by less chlorophyll bleaching in the cut-leaf float assay while large areas of leaves of RNAi transgenic lines lose their green color. However, there are no obvious phenotypic difference between the WT, PvP5CS overexpression and RNAi transgenic plants under normal growth conditions (Figure 4A). Only when treated with 350mM NaCl, the WT and PvP5CS-RNAi transgenic plants showed serious leaf damage after 15 days whereas PvP5CS OE-transgenic lines retained its green color and showed better performance (Figure 4B). This suggested that the PvP5CS1 and PvP5CS2 genes are involved in salt tolerance.




Figure 4 | The salt tolerant evaluation of PvP5CS OE and RNAi transgenic plants under salt treatment. Phenotypes of PvP5CS OE and RNAi transgenic plants under 0 mM NaCl (A) and 350 mM NaCl (B) treatment for 15 days. Relative leaf water content (C), Electrolyte leakage (D), proline (E) and Chlorophyll (F) of transgenic lines OE-PvP5CS1, OE-PvP5CS2 and RNAi-PvP5CS in (B) after 350 mM NaCl treatment for 15 days. Data are mean values of three biological repeat, and significance of treatments was tested at the P < 0.05 level (one way ANOVA, Dunnett's test).



To see the effect of salt stress on plasma membrane integrity and membrane permeability, we measured the relative water content and electrolyte leakage. The result showed, there was no difference in RWC and EL in all lines under normal condition (Figures S6A, B). However, under salt-stressed condition, PvP5CS overexpressing lines were shown to contain less RWC and EL than the WT and PvP5CS-RNAi transgenic plants (Figures 4C, D). Meanwhile, Chlorophyll content was indistinguishable between WT and PvP5CS1 overexpression transgenic plants under normal condition while RNAi transgenic plants had relatively lower chlorophyll content (Figure S6C). When treated by salt stress, chlorophyll content decreased sharply in RNAi transgenic plants compared to WT plants (Figure 4F). Additionally, it was found that ion imbalance, especially intracellular K+ and Na+, directly affect carbon fixation and biomass production in plants under salt stress. Shoots Na+ and K+ contents in transgenic and WT plants were measured. Na+ and K+ contents in shoots were similar between transgenic and WT plants under normal conditions. When treated with 350mM salt stress, RNAi transgenic lines accumulated more Na+ but lower K+ content. Na+ content was lower and K+ content was higher in the PvP5CS overexpression transgenic lines relative to WT plants (Figure S7). Enrichment of proline significantly altered salt stress response which also happened in PvP5CS overexpression lines. Proline content in PvP5CS overexpression lines showed approximately a 2-fold increase comparing to WT, but around 4-fold decrease in RNAi transformants (Figure 4E). These results suggest that upregulated expression of PvP5CS1 and PvP5CS2 is critical for salt stress tolerance.



PvP5CS OE-Transgenic Plants Sustained Root Vigor Through Regulating Na+ and K+ Contents Under Salt Stress

Salt stress leads to serious damage to roots thereby affecting the growth and arrangement of roots (Julkowska and Testerink, 2015). To evaluate whether the PvP5CS genes have relationship with root development during salt stress, the growth situation of transgenic plants was tested. The roots of PvP5CS1 and PvP5CS2 overexpression transgenic lines survived under salt stress. In contrast, the growth of roots in RNAi transgenic lines were suppressed and a different arrangement was formed (Figure 5A). To further analyze the extent of root damage under salt stress, the root vigor was measured. Root vigor of overexpression transgenic lines was higher than the ones in WT plants. An approximate increase of 21% in PvP5CS1 overexpression transgenic lines and 17% in PvP5CS2 overexpression transgenic lines were observed, while the PvP5CS-RNAi transgenic plants showed an approximate 43% decrease compared to WT plants (Figure 5B). Moreover, to see the relationship between salt stress with Na+ and K+, we measured the Na+ and K+ contents in roots and the result revealed no difference in Na+ and K+ contents in roots in normal condition. However, in those under the salt-stressed conditions, Na+ accumulation in roots increased significantly in all transgenic plants and WT while the K+ levels in roots started to decline (Figures 5C, D). In relation to the wild type, the increase in Na+ content was lower by more than 32% and 23% in the roots of PvP5CS1 and PvP5CS2 overexpression transgenic plants, respectively. Conversely, the increase in Na+ content was higher by more than 28% in the roots of RNAi transgenic lines (Figure 5C). Similarly, the decrease in the K+ content was faster by more than 7% in the roots of RNAi transgenic lines while the decrease in the K+ content was slower by 13% and 14% in the roots of PvP5CS1 and PvP5CS2 transgenic plants, respectively, compared to WT plants (Figure 5D). These results indicated that there is a significant change of Na+ and K+ contents between transgenic and WT plants. These further suggest that PvP5CS1 and PvP5CS2 overexpression transgenic lines reduced root damage by regulating Na+ and K+ contents under salt stress.




Figure 5 | Phenotype and ion (Na+ and K+) contents of roots in PvP5CS OE and RNAi transgenic plants under salt stress. Phenotype of roots in PvP5CS OE and RNAi transgenic plants under 350 mM NaCl salt stress (A). Root vigor in PvP5CS OE and RNAi transgenic plants under 350 mM NaCl salt stress (B). Na+ (C) and K+ (D) contents of roots in PvP5CS OE and RNAi transgenic plants under 350 mM NaCl salt stress. Data are mean values of three biological repeat, and significance of treatments was tested at the P < 0.05 level (one way ANOVA, Dunnett's test).





PvP5CS OE-Transgenic Lines Accumulate Less ROS and the RNAi Lines Accumulate More ROS Under Salt Stress

ROS is one of the most important indicators of salt response. It can be analyzed by histochemical staining with DAB. Histochemical results did not show significant brown precipitations in all transgenic and WT plants under normal conditions (Figure 6A). Conversely, under salt-stressed conditions, the intensity of brown precipitations in WT leaves was stronger than those in PvP5CS OE-transgenic plants, but weaker than in RNAi transgenic plants (Figure 6B). To verify the histochemical staining, the levels of H2O2 were quantified using a detection kit. In consonance with the histochemical staining results, quantitative measurement showed that H2O2 levels were similar between the transgenic and WT plants under normal conditions (Figure 6C). While the levels of H2O2 in OE-transgenic lines were significantly lower than those in WT plants during the salt treatment, the H2O2 content in RNAi transgenic plants were significantly higher than in WT plants (Figure 6D). These results demonstrate the function of PvP5CSs in salt tolerance through ROS pathway. To confirm whether accumulation of ROS causes plant self-defensive ability, the transcript levels of two important enzyme genes (i.e., PvCAT and PvSOD) which play crucial role in ROS scavenging when plants experienced salt stress were examined. The transcription levels of PvCAT and PvSOD in PvP5CS OE-transgenic lines had no significant difference with WT under normal conditions. Meanwhile, the expression levels of PvCAT and PvSOD were significantly decreased in PvP5CS-RNAi transgenic plants compared to those in WT. Under salt stress, expression levels of PvCAT and PvSOD were significantly upregulated in PvP5CS OE-transgenic lines, but downregulated in PvP5CS-RNAi transgenic plants compared to WT plants (Figures 6E, F).




Figure 6 | Overexpression of PvP5CS genes in switchgrass positively regulates the induction of ROS scavengers and membrane transporters, and reduces H2O2 accumulation under 350 mM NaCl treatment. Color of detached leaves after staining with diaminobenzidine (DAB) in wild type, PvP5CS OE and RNAi transgenic plants under 0 mM (A) and 350 mM (B) NaCl treatment. H2O2 content in the leaves of wild type, PvP5CS OE and RNAi transgenic plants under 0 mM NaCl (C) and 350 mM NaCl (D) treatment. Relative expression levels of PvCAT (E) and PvSOD (F) in wild type, PvP5CS OE and RNAi transgenic plants under 0 and 350 mM NaCl treatment. Data are mean values of three biological repeat, and significance of treatments was tested at the P < 0.05 level (one way ANOVA, Dunnett's test).





Alteration of Transcript Levels of Spd and Spm Synthesis and Metabolism Genes in PvP5CS Overexpression and RNAi Transgenic Lines

The researchers then further elucidated the underlying physiological mechanism relative to enhanced salt tolerance in the PvP5CS OE-transgenic plants. Polyamine is involved in adaptation to environmental signals (Alcázar et al., 2010). SAMDC, SPDS and SPMS are the enzymes for PAs synthesis, and PAs are catabolized by PAO (Hanfrey et al., 2001; Shao et al., 2010).The expression levels of these genes were examined by qRT-PCR. PvSAMDC, PvSPDS, PvSPMS, and PvPAO were all upregulated in PvP5CS1 overexpression transgenic lines under normal conditions, but only PvSPMS and PvPAO genes were elevated in the PvP5CS2 overexpression transgenic lines with all other genes decreasing in PvP5CS-RNAi transgenic plants compared to WT plants (Figure 7). Furthermore, Spd and Spm synthesis and metabolism related genes were induced by salt treatment in all plants, but the elevation in PvP5CS OE transgenic lines was much higher than that in WT plants while the opposite happened in PvP5CS-RNAi transgenic plants (Figure 7).




Figure 7 | Transcript levels of the genes involved in polyamine synthesis (A–C) and catabolism (D) in PvP5CS OE and RNAi transgenic plants under control and salt stress conditions. Switchgrass UBQ1 was used as the reference for normalization. Data are mean values of three biological repeat, and significance of treatments was tested at the P < 0.05 level (one way ANOVA, Dunnett's test).



The researchers then attempted to analyze whether expression of polyamine synthesis genes was altered in PvP5CS-RNAi transgenic plants under 350mM salt stress with exogenous application of proline. Compared with the control (i.e., no exogenous proline under salt stress), transcript levels of Spd and Spm synthesis and metabolism genes in both PvP5CS-RNAi transgenic and WT plants were significantly increased under salt stress when applied with 10mM proline, but the extent of increase in PvP5CS-RNAi transgenic plants were much lower than that in WT plants (Figure 8). These results showed that exogenous proline could accelerate the expression levels of polyamines metabolism-related genes under salt stress. In summary, these results highlight the function of PvP5CS in Spd and Spm synthesis and metabolism during salt response.




Figure 8 | Exogenous proline can largely improve transcript levels of the genes involved in polyamine synthesis (A–C) and catabolism (D) in PvP5CS RNAi transgenic plants under 350 mM NaCl salt stress. Switchgrass UBQ1 was used as the reference for normalization. Data are mean values of three biological repeat, and significance of treatments was tested at the P < 0.05 level (one way ANOVA, Dunnett's test).






Discussion


Function of PvP5CS1 and PvP5CS2 in Switchgrass

P5CS is a rate limiting enzyme in proline biosynthesis (Székely et al., 2008). Generally, P5CS enzyme is encoded by two homologous P5CS genes. P5CS genes have been isolated from various plants species including one housekeeping and one stress-specific P5CS isoform. Although the duplicated P5CS genes share a high level sequence homology in coding regions, their transcriptional regulations are different (Szabados and Savoure, 2010). In Arabidopsis, P5CS1-GFP is normally localized in cytosol of leaf mesophyll cells and P5CS2-GFP is predominantly localized in the cytosol. When cells are exposed to salt or osmotic stress, proline biosynthesis is regulated by the P5CS1 enzyme and its transcript is induced by different abiotic stress in the chloroplasts (Székely et al., 2008). Moreover, in rice although both OsP5CSs genes are upregulated by exogenous ABA, their kinetics differ with a faster and stronger upregulation of OsP5CS1 transcripts compared to that of OsP5CS2 in seedlings and different tissues of rice plants (Hur et al., 2004; Sripinyowanich et al., 2013). In switchgrass, PvP5CS1 and PvP5CS2 were induced by salt stress, whereas the transcript levels of PvP5CS1 showed a faster and stronger upregulation compared to the transcript levels of PvP5CS2. Furthermore, PvP5CS1 and PvP5CS2, were found to differ in tissue tropism and the kinetics and levels of transcript expression, where the PvP5CS1 showed higher expression at E0, E1, and E3 stages; while PvP5CS2 showed higher expression at R1 and R3 (Figures 1A, B). The expression patterns indicate that two switchgrass P5CS paralogs might have different functions.

Under normal conditions, change in free proline content was accompanied by plant growth and development especially in reproductive organs (Lehmann et al., 2010). To explore the extent of functional diversification of duplicated PvP5CSs genes in switchgrass, we evaluated the genetic and physiological characterizations of PvP5CS1 and PvP5CS2 overexpression transgenic lines for different developmental stages of the plant. PvP5CS2 OE lines bloomed earlier, and this result is coupled with a significant difference in relative expression of flowering-related genes PvFLC and PvFT between PvP5CS2 OE and WT plants. On the other hand, the promoter of Arabidopsis P5CS2 was an early target of CONSTANS (CO), which is involved in floral transition (Samach et al., 2000). And later, concurrent silencing of two AtP5CS genes resulted in stunted growth and resulted late flowering (Nanjo et al., 1999). Consequently, atp5cs2 mutant plants displayed a stronger late-flowering phenotype compared to that of atp5cs1 mutant plants, and only the embryos in atp5cs2 mutant plants showed alterations of the cellular division planes and inactive growth (Mattioli et al., 2009). Furthermore, under long-day conditions, atp5cs2 mutant plants were retarded in vegetative development whereas the growth and development of atp5cs1 mutant plants was normal (Funck et al., 2012). Together with these findings, our results suggested that PvP5CS2 also functions in reproductive growth stage in switchgrass. Nonetheless, it was also found that both PvP5CS1 and PvP5CS2 OE plants improved salt stress under high salt treatment. These results indicate that proline generates the suppression of NaCl-induced physiological damage as shown by the lower electrolyte leakage and ROS levels which further explain that proline significantly improves the physiological status of stressed plants (Figures 4 and 6). Similarly, our previous results also showed that overexpressing heterologous P5CS genes from Lolium perenne and Puccinellia chinampoensis in switchgrass improve the salt tolerance by reducing the electrolyte leakage and ROS levels (Guan et al., 2018; Guan et al., 2019). Therefore, no matter overexpressing heterologous or endogenous P5CS genes in switchgrass, which can increase the proline content and improve the salt stress. Additionally, increased proline content also improved the plant growth and development, especially in flowering time and biomass.



Proline Synthesis Cooperated With Polyamine Synthesis and Metabolism to Improve Salt Tolerance in Transgenic Plants

Reactive oxygen species is highly accumulated under stress conditions and endogenous plant cell sensors by recognizing the composite signaling system and transfers to kinases by secondary messengers (Waszczak et al., 2018). And also, the upregulation of proline biosynthesis results metabolic redistribution (Majumdar et al., 2016). Additionally, Polyamines also play essential roles in plant stress tolerance which partially reversed the NaCl-induced phenotypic and reprogramed the oxidative status (Tanou et al., 2014). Ornithine is a common precursor of PAs and proline and in plants, and putrescine can be synthesized from ornithine by ornithine decarboxylase (ODC). Despite lower concentrations of ornithine compared to PAs, Pro, and Glu, ornithine remains a gatekeeper in controlling PAs, Pro, and GABA Biosynthesis (Majumdar et al., 2016). Moreover, alteration of ornithine into PA biosynthesis affects the proline biosynthesis. Thus, it is meaningful to consider the relationship between PAs and proline metabolisms. Overexpressing MfERF1 induced proline and polyamine enrichment under cold tolerance, suggesting that proline and PAs jointly respond and improve cold tolerance (Zhuo et al., 2018). The results showed that overexpression of PvP5CS1 and PvP5CS2 elevate the transcript levels of Spd and Spm synthesis and metabolism genes under normal and salt stress conditions (Figure 7). Additionally, atpao5-2 and atpao5-3 mutants (mutants of Spd and Spm metabolism gene PAO) were found to exhibit higher proline biosynthesis and salt tolerance, and the proline content is higher in mutants under salt stress (Zarza et al., 2017). Thus, increased proline biosynthesis is directly sourced from glutamate by P5CS and the pathway from ornithine to proline is suppressed which divert more ornithine into PAs biosynthesis. On the other hand, to illuminate the mechanical connection between external proline application and PA metabolism under salt stress, we measured the expression levels of PAs biosynthesis and catabolism genes in leaves. By comparing proline plus NaCl treatment with NaCl-only treatment, application of proline leads to enhanced transcript levels of PAs metabolism related genes both in PvP5CS RNAi and in WT plants compared to NaCl-alone treatment, and the improved degree in PvP5CS RNAi plants is higher than in WT plants (Figure 8) indicating that PA metabolism is regulated by external proline application.

Based on the results, the researchers were able to summarize the model of the connections between PAs and proline metabolisms under normal and salt stress (Figure 9). Ornithine is a key metabolite involving in proline and PAs metabolism. In the ornithine pathway, ornithine is transmitted by ornithine-delta-aminotransferase (OAT) producing GSA and P5C which is later converted to proline (Roosens et al., 1998). PAs biosynthesis is controlled by enzymes activity and substrate. Ornithine is the substrate of Put biosynthesis and transmitted by ornithine decarboxylase (ODC) producing Put, then Put is converted to Spd and Spm. In our results, under both normal and stressed conditions, ornithine as a precursor may enter pathway of proline synthesis, and proline metabolism plays the main part compared with PAs metabolism in PvP5CS RNAi and WT plants. Overexpression of PvP5CS1 and PvP5CS2 improved the proline biosynthesis under normal and salt stress conditions, and an excess of proline produces toxic action to plants which result in ornithine, as a precursor, entering the synthesis pathway of PAs. In summary, proline metabolism is in cooperation with polyamines metabolism in switchgrass. If switchgrass has enough proline to confer salt stress, ornithine could be as substrate involved in PAs biosynthesis. However, under less proline accumulation to improve the salt tolerance of switchgrass, ornithine will be used as a precursor entering the pathway of proline synthesis. Altogether, proline and polyamine metabolism cooperated to improve salt tolerance in switchgrass.




Figure 9 | Schematic illustration of a working model depicting the relationship between proline and polyamine in wild type, PvP5CS OE and RNAi transgenic plants under control and salt stress conditions. In summary, proline metabolism is in cooperation with polyamines metabolism in switchgrass. If switchgrass has enough proline to confer salt stress, ornithine could be as substrate involved in PAs biosynthesis. However, under less proline accumulation to improve the salt tolerance of switchgrass, ornithine will be used as a precursor entering the pathway of proline synthesis. Altogether, proline and polyamine metabolism cooperated to improve salt tolerance in switchgrass.
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Barley seeds need to be able to germinate and establish seedlings in saline soils in Mediterranean-type climates. Despite being a major cereal crop, barley has few reported quantitative trait loci (QTL) and candidate genes underlying salt tolerance at the germination stage. Breeding programs targeting salinity tolerance at germination require an understanding of genetic loci and alleles in the current germplasm. In this study, we investigated seed-germination-related traits under control and salt stress conditions in 350 diverse barley accessions. A genome-wide association study, using ~24,000 genetic markers, was undertaken to detect marker-trait associations (MTA) and the underlying candidate genes for salinity tolerance during germination. We detected 19 loci containing 52 significant salt-tolerance-associated markers across all chromosomes, and 4 genes belonging to 4 family functions underlying the predicted MTAs. Our results provide new genetic resources and information to improve salt tolerance at germination in future barley varieties via genomic and marker-assisted selection and to open up avenues for further functional characterization of the identified candidate genes.
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Introduction

Soil salinity is a major global environmental factor limiting plant growth and productivity (Allakhverdiev et al., 2000; Ashraf et al., 2015). It causes two types of stress in plants, namely osmotic pressure associated with non-ionic factors, and ionic stress induced by Na+ and Cl− ions (Bernstein, 1975; reviewed by Munns and Tester, 2008). High salt in the soil increases the osmotic pressure and creates a condition similar to drought (Leon, 1963; Bliss et al., 1986; Sayar et al., 2010) that impairs the ability of seeds to absorb water from the soil, hence prolonging or even inhibiting seed imbibition for subsequent germination. In addition, the absorption of excess Na+ and Cl− ions causes toxicity that impedes normal cellular processes (Hampson and Simpson, 1990), contributing to a decrease in seed germination rate (Dodd and Donovan, 1999; Zhihui et al., 2014). Ionic and osmotic stress interaction effects ultimately decrease the number of sprouted seeds and the germination rate (Kazemi and Eskandari, 2011).

Barley is one of the most saline-tolerant crops (Munns, 2005) and is often used as a model to understand salinity adaptation mechanisms in plants (Chen et al., 2007; Wu et al., 2011). Adaptation to salinity varies among barley genotypes and growth stages (Mano et al., 1996; Mano and Takeda, 1997; Xue et al., 2009). The germination process begins when a quiescent dry seed imbibes water, and terminates on the emergence of the radicle (Gupta et al., 2019); barley is a model plant for studying the germination stage in monocots (Gorzolka et al., 2016). Depending on their ability to germinate and survive under salinity stress, barley genotypes are either tolerant or sensitive depending on their genetic diversity (Shelden et al., 2013; Shelden et al., 2016; Gupta et al., 2019). At this stage, several different loci control salinity tolerance (Mano and Takeda, 1997). Angessa et al. (2017) reported transgressive phenotypic segregation for germination rate and biomass at the seedling stage using a doubled haploid (DH) barley population derived from a CM72  Gairdner cross, with both traits controlled by different QTLs on chromosomes 2H and 3H, respectively. At the germination stage, Mano and Takeda (1997) reported 17 QTLs controlling abscisic acid (ABA) response on chromosomes 2H, 3H, 1H, and 5H in Steptoe Morex DH lines, and 9 QTL on 2H and 5H in a Harrington  TR306 DH population. Loci located on chromosome 5H in both populations were closely linked to salinity tolerance. QTL mapping using a DOM  REC Oregon Wolf Barley population identified several chromosomal regions on 2H, 5H, and 7H that were associated with salt stress response at the germination stage (Witzel et al., 2009). A single QTL on chromosome 5H, detected at three salt concentrations, was responsible for 42% of the phenotypic variation (Cattivelli et al., 2002).

There is little information linking the QTLs reported for salinity tolerance at the germination stage to specific genes and genetic mechanisms (Mano and Takeda, 1997; Hanen et al., 2014; Angessa et al., 2017). Genome-wide association (GWAS) studies are increasingly used to discover and explain the genetic basis of agronomic traits that are often controlled by many genes of small magnitude, such as germination (Shi et al., 2017; Hazzouri et al., 2018; Naveed et al., 2018; Yu et al., 2018). GWAS relies on linkage disequilibrium (LD) to detect associations between a large number of genetic variants and traits across a large number of genotypes from natural populations. GWAS typically achieves higher mapping resolution due to higher recombination levels between the linked genetic loci and traits at the population level than conventional QTL mapping (Hu et al., 2011). With the current advances in genome-wide genotyping technology, hundreds of accessions encompassing thousands of gene loci can be genotyped using high-throughput markers to improve the efficiency of current breeding approaches (Russell et al., 2011; Kilian and Graner, 2012; Tondelli et al., 2013). GWAS can precisely locate polymorphisms and the underlying genetic loci that are accountable for phenotypic variations to allow gene-targeted searches (Naveed et al., 2018; Xu X. et al., 2018; Yu et al., 2018).

This study used GWAS analysis to identify salinity tolerance at the seed germination stage in 350 barley accessions from 32 countries. The germination rate of these accessions was assessed in 150 mM NaCl, and a tolerance index was calculated (the fraction of germination under salt and deionized water as a percentage), using seeds harvested from two trial locations in Western Australia. The GWAS analysis of two traits associated with salinity tolerance at germination was conducted using 24,138 diversity arrays technology (DArTseq) and single-nucleotide polymorphism (SNP) markers. This research aimed to identify quantitative trait nucleotides (QTNs) and predict genes that are highly associated with salt-tolerant traits at the germination stage to select markers for future breeding.



Materials and Methods


Barley Germplasm

A total of 350 barley genotypes selected from a larger set of 594 accessions in a worldwide collection were evaluated for salinity response at the germination stage to map the locations of genes associated with tolerance (Supplementary Tables 1 and 2). The genotypes originated from 32 countries in various geographic regions, including Europe, Asia, North and South America, Africa, and Australia (Supplementary Figure 1), and comprised landraces, domesticated cultivars, and breeding lines conserved at the Western Barley Genetics Alliance at Murdoch University Perth, Australia. The domesticated barleys were selected from various breeding programs representing all cultivated varieties, including two-row (92%) and six-row (8%) head types, and winter (7%), spring (92%), and facultative (1%) growth habits (Supplementary Table 2). All barley plants were grown at two Western Australian locations, Merredin (31.4756°S, 118.2789°E, 315 m asl, 324 mm annual rainfall) and Katanning (33.6856°S, 117.6064°E, 320 m asl, 470 mm annual rainfall) in the 2016 and 2017 cropping seasons, respectively, and harvested at maturity. Both sites experience Mediterranean-type climates with hot, dry summers, and winter-dominant rainfall (Supplementary Figure 2) and are affected by salinity. The hot, dry summer increases salinity levels through ion accumulation in the topsoil, just before the autumn sowing, that affects seed germination. After harvest, the seeds were stored for at least 2 months at room temperature and then incubated at 37°C for 48 h to break seed dormancy.



Evaluation of Salinity Tolerance at Germination

This study used a modified method based on those of Bliss et al. (1986) and Angessa et al. (2017) to determine salinity tolerance during germination. Barley seeds were surface-sterilized for 5 min using 10% sodium hypochlorite, and then rinsed with sterile water. A set of 100 seeds of each genotype was placed in a 90 mm Petri dish on two layers of Whatman no. 1 filter paper to germinate. The treatments, with three replicates per treatment, contained either 4 ml deionized (DI) water (control) or 150 mM NaCl (salt treatment). The Petri dishes were sealed with parafilm and placed in a dark oven at 20°C. Germinated seeds were counted after 72 h of incubation; most domesticated barley malt varieties (mostly two-row)—selected for dormancy are expected to germinate (95–100%) within 2–4 days of imbibition (Briggs, 1978; Bothmer et al., 1995). However, the wild form (ssp. Spontaneum), those developed for feed, and most six-row varieties have not undergone such selection; hence, seed germination is irregular (Oberthur et al., 1995). To account for this variation, the tolerance index (TI) was adopted to reflect the stress effect on the same genotype over the period; any reduction in germination was considered to be caused by salinity stress (Askari et al., 2016). The germination percentage (G%) was calculated following the equation of Adjel et al. (2013), namely, G% = GS/TS×100%, where GS is the total number of germinated seeds, and TS is the total number of incubated seeds. The tolerance index was subsequently calculated as follows (Angessa et al., 2017), TI% = Gt%/Gc%×100%, where Gt% is the percentage of seeds germinated in the salt treatment, and Gc% is the percentage of seeds germinated in deionized water.



Statistical Analysis

The germination percentage of individual accessions from three replications and two locations were analyzed by SAS software (version 9.4, SAS Institute Inc, 2013). Analysis of variance (ANOVA) was performed to test the interaction between germplasm, treatments, and locations. Correlation analysis between germination in the salt treatment and the tolerance index was calculated and visualized using IBM SPSS Statistics (Version 25.0, IBM Corp, 2017).



Genome-Wide Marker Profiling

We used a combination of three sequencing methods to capture variation in and around the gene-containing regions of 350 barley genotypes, namely targeted resequencing, low-coverage whole-genome resequencing, and DArTseq. We used SNP markers, based on a custom target-enrichment sequencing assay, that included loci implicated in the flowering pathway in barley and related plant species, as previously published by Hill et al. (2019a, 2019b). The remainder of the pre-capture DNA libraries were subjected to low-coverage whole-genome sequencing at BGI (Hongkong) on an Illumina HiSeq4000 instrument. DArTseq genotyping by sequencing (GBS) was performed using the DArTseq platform (DArT PL, Canberra, NSW, Australia) as described on the company website (https://www.diversityarrays.com/). The genetic position of each marker was determined based on the Morex physical reference assembly. All sequence files were post-run filtered and aligned to barley reference genome assembly (IBSC v2; Mascher et al., 2017). All genotype data were combined, filtered for duplicates, minor allele frequency (MAF), and imputed using BEAGLE v4.1 adopting MAF > 0.05, SNP call rate > 0.95, and missing values < 0.05 (Browning and Browning, 2007).



Population Structure and Linkage Disequilibrium Analysis

Population structure was analyzed by Structure software version 2.3 (Hubisz et al., 2009). The genotypic data were imported into the software; the burn-in period was set to 5,000, producing 5,000 MCMC (Markov Chain Monte Carlo) repetitions. Simulations were conducted to estimate the number of populations (K) using admixture models by running K from 2 to 10, as described by Evanno et al. (2005). The LD between every two linear markers and the correlation between a pair of markers, which is squared allele frequency correlations (r2 value), was estimated using TASSEL software version 5.0 (Bradbury et al., 2007). Correlations between a pair of markers (r2 value) and the genetic distance was selected to calculate LD using a fitted equation in the whole genome.



Genome-Wide Association Analysis

Marker-trait association analysis for the salinity tolerance index at germination was performed by TASSEL software version 5.0 (Bradbury et al., 2007), using the mixed linear model basing on: trait of interest = population structure + marker effect + individual + residual. Heritability was estimated with the formula proposed by Kruijer et al. (2015), using genetic variance simulated from tolerance index and marker data obtained from the TASSEL package. The effectiveness and appropriateness of the model were assessed by constructing quantile–quantile (Q–Q) plots. Manhattan plots were constructed to visualize the GWAS output, with chromosome position as the X-axis and –log (P-value) of all markers using the R “qqman” (Wickham, 2009; R Core Team, 2014; Bates et al., 2015). Markers with P < 0.05 were considered significant and corrected for multiple tests by calculating q-value (FDR adjusted P-value). False discovery rate (FDR) correction was performed using Benjamini-Hochberg multiple test correction to determine significant marker-trait associations (MTA) (Benjamini and Hochberg, 1995) and markers with q-values < 0.05 were selected.

The formula described by Li et al. (2016) was used to identify favorable alleles for markers significantly associated with salinity tolerance during germination. The tolerance allele effect (ai) was calculated as; ai = ∑xij/ni − ∑Nk/nk, where ai is the tolerance effect of the ith allele, xij is the tolerance index value over the jth material with the ith allele, ni is the number of germplasm with the ith allele, Nk is the salinity tolerance value across all genotypes, and nk is the number of germplasm (Mei et al., 2013). In this study, ai denotes the association of the average salinity tolerance value of germplasm with a specific allele with that of all genotypes; hypothetically, values > 0 have a positive effect on the trait, and < 0 have a negative effect (Zhang et al., 2013).



Database Search to Predict Putative Candidate Genes and Favorable Alleles

The barley reference genome assembly (IBSC v2; Mascher et al., 2017) was used to identify possible candidate genes by searching the region flanking the QTN range of significantly associated salinity tolerance markers, with a –log10 (P) (logarithm of the odds –LOD) value set at ≥ 3.




Results


Phenotypic Variation and Correlations Among Traits

Three hundred and fifty barley genotypes were evaluated for salinity tolerance under control (germination in DI water) and salt conditions (150 mM NaCl) using seeds obtained from barley grown in Merredin and Katanning (Western Australia). The ANOVA results showed that genotype, treatment, and location differed significantly at P < 0.01. There were significant interactions between genotype and treatment and genotype by treatment by location (Table 1). In the salt treatment, the tolerance index and germination percentage had a positive correlation, such that a high percentage for the two traits indicated tolerance to salinity stress. There was a positive correlation coefficient between germination at 150 mM NaCl and tolerance index (R2 = 0.85 for Merredin and R2 = 0.90 for Katanning; see Supplementary Information), indicating that either of the two can be used to identify salinity tolerance during germination (Supplementary Figure 3).


Table 1 | Phenotype analysis of variance (ANOVA) for barley germplasms.



In the control (DI water), the average germination percentage at the two locations was 94.5% (Supplementary Figure 5). In the salt treatment (150 mM NaCl), the average germination percentage at Merredin was 76.8% (range 50–99%) and Katanning was 75.7% (range 49–98%) (Figure 1). The high average germination percentage in DI water indicates that the seeds were not dormant; therefore, the reduction in germination in the salt treatment can be attributed to salinity stress. The mean tolerance index for the two locations was 79.5%, with an average of 96.99% for the most tolerant germplasm WABAR2347 (Table 2) and 52.73% for the susceptible Torrens (Supplementary Table 4). At both sites (Merredin and Katanning), the tolerance index and germination rate in 150 mM NaCl had positive correlations of R2 = 0.52 and 0.40, respectively (Figure 2). The top 10 genotypes at each location in terms of tolerance index are presented in Table 2 and Supplementary Figure 4.




Figure 1 | Combined histogram and plot block for germination percentage of 350 barley genotypes under 150 mM NaCl for seeds sourced from Merredin and Katanning, WA.




Table 2 | List of most tolerant barley accessions (top 30) for seeds sourced from Merredin and Katanning (Western Australia).






Figure 2 | Correlation coefficient for seeds sourced from Merredin and Katanning for tolerance index and germination in 150 mM NaCl.





Marker Coverage, Population Structure, and Linkage Disequilibrium Analysis

Only DArTseq markers with a call rate of > 95% were selected, being 9,637 from a total of 22,241. An additional 28,502 SNP markers were identified by aligning the low-coverage sequences and targeted re-sequencing (Hill et al., 2019a; Hill et al., 2019b) of 350 barley accessions to the “Morex” reference genome and removing those with less than 5% allele frequency. In total, 24,138 DArTseq and SNP markers, anchored to the barley reference genome, were selected for population structure, linkage disequilibrium, and GWAS analysis.

Population structure analysis combined previously selected DArTseq and SNP markers to determine the genetic background of germplasm belonging to a group in a given number of populations (K). The number of genetic clusters (K values) for population structure was analyzed in 350 barley genotypes with STRUCTURE software where parameter (ΔK) was used to determine the number of clusters suitable for association mapping analysis, with the cluster parameter K set from 2 to 10. The appropriate number of clusters was defined as 3, according to the method by Evanno et al. (2005)—when k was 3, ΔK would reach a top value of 21. The outputs were cross-confirmed to determine the optimal K-value, which was authenticated to be 3, according to the valley of the error rates of cross-validation (Supplementary Figure 4 and Supplementary Table 6).

Linkage disequilibrium (LD) decay (r2) of individual chromosomes was analyzed and then summed to obtain an average value for the whole genome. The mean LD decay value for the 350 barley accessions was 3.5 Mb (r2 = 0.2), with 24,138 were evenly spread and adequate for GWAS.



Genome-Wide Association Analysis of Salinity Tolerance at Germination

The GWAS was performed on 350 genotypes using both genotypic and phenotypic data. Given that the accuracy of association mapping analysis might be affected by population stratification, quantile–quantile (QQ) plots were generated to test the suitability of the model (Figure 3). The plots showed that the observed values (ordinate) initially matched the equivalent expected values (abscissa), but eventually, they were delineated and deviated to indicate a reasonable positive. Therefore, the GWAS results from all locations were reliable and not likely to give false negatives due to population stratification. Manhattan figure plots were created to visualize the significance of markers associated with the tolerance index (Figure 4). Heritability values of 0.18, 0.11, and 0.19 were obtained from the tolerance indices of Merredin, Katanning, and the average of the two locations, respectively.




Figure 3 | Quantile–quantile (Q-Q) plots for genome-wide association study (GWAS) of 350 barley accessions grown in Merredin, Katanning, and average for salinity tolerance index during germination under 150 mM NaCl. The Y-axis is observed –log (P) values, and X-axis the expected.






Figure 4 | Manhattan plots for genome-wide association study (GWAS) of 350 barley accessions grown in Merredin, Katanning, and average for salinity tolerance index during germination under 150 mM NaCl. Each color indicates a different chromosome, the Y-axis is –log (P) values, and the dots above the red line are significant markers at –log10 (P) ≥ 4.0 (Krzywinski et al., 2009).





Marker-Trait Associations for Salinity Tolerance Index During Germination

The threshold level was determined at a significance level of P = 0.05. Centered on the same, the genome-wide significance threshold for this study was P = 1.39×10−4 or –log10 (P) = 3.86 (rounded to 4.0). The selected markers were corrected for multiple testing, and those with q-values (FDR adjusted P-value) < 0.05 were considered accurately significant. Fifty-one markers (18 from Merredin, 13 from Katanning, and 21 from the average of the two sites), associated with the salinity tolerance index at germination were detected across all chromosomes, when –log10 (P) > 4.0. (Figure 4). Of these, L1H018492689 explained R2 value of 11.03% and D7H016569501 for 6.33% as the highest and lowest, respectively (Supplementary Table 3). Five markers were detected at both locations (L1H018492798, L1H018492689, D1H528333687, L7H212035410, and D7H085710245), with eight at Katanning (L2H525371651, L5H070630348, L6H002587116, L6H004005746, D6H074421386, L7H004015622, C7H653619080, and D7H655103370), and 14 at Merredin (L1H018495748, C1H556900705, C1H556900787, D2H001502476, D3H598501321, L4H635824216, L5H044127079, L6H286731484, D6H471369639, L6H495910722, D7H016569501, L7H614807240, and D7H638672485). A hybrid of 21 markers at both locations was detected when the average was used (Supplementary Table 3). Some markers were detected only in one location, while others were present in both—an indication that some QTNs showed gene by environment (G×E) interactions.



Mining of Favorable Marker Alleles Associated With Salinity Tolerance At Germination

The GWAS results are presented in Figure 3 and Supplementary Table 3 for significant markers at –log10 (P) > 4.0 and adjusted P-value (FDR) < 0.05. All significant markers from the two locations (Merredin and Katanning) were considered, and those detected in a range of 3.5 Mb were pooled to select the marker with the highest –log10 (P). Twelve representative significant markers were selected grounding on –log10 (P) > 4.0, overlapping both locations, and presence in one location and average (Table 4). Marker alleles with positive effects for tolerance index were considered favorable alleles, whereas marker alleles with negative effects were deemed unfavorable. Among the favorable marker alleles, L6H495910722, L6H286731484, and L7H614807240 had positive phenotypic effects on salinity tolerance at germination, being 5.3, 1.5, and 1.8%, respectively (Table 3). Salinity tolerance at germination in genotypes with favorable marker alleles was greater than those in genotypes with unfavorable marker alleles. Genotypes BM9204-17 and BM9647D-66 had favorable alleles for marker L6H495910722 and were present in the top 10 and 30 list (Supplementary Table 4 and Table 2) of varieties with the highest tolerance index from both locations. Accessions BM9647D-66 and TR06390 had favorable alleles for markers L6H495910722 and L7H614807240, while genotype SM02544 had favorable alleles for markers L6H495910722 and L6H286731484.


Table 3 | Favourable alleles, their phenotypic effects (ai), and the number of accessions.





Quantitative Trait Nucleotides Controlling Salinity Tolerance During Germination in Barley

Significant markers flanking a range of 3.5 Mb were considered under one QTN, with only the highest –log10 (P) selected. Nineteen QTNs for salinity tolerance index during germination were identified from the two locations. Two QTLs were mapped on chromosomes 1H, 2H, and 4H, four each on 5H, 6H, and 7H, and one on 3H (Table 4). In Katanning, we detected ten QTNs—two on chromosome 1H and 6H, four on 7H, and one on 5H and 2H. Twelve QTNs were detected at the Merredin site, four on 7H, one each on 2H, 3H, 4H, and 5H, and two on 2H and 6H. When the average tolerance index value from the two locations was used for the analysis, a hybrid of the QTNs detected from Katanning and Merredin were realized (Table 4). For further analyses, we only considered QTNs that were present at both locations and their average. Four QTNs were present at Merredin, Katanning, and when the average was used, with two each on chromosome 1H and 7H (Table 5).


Table 4 | Association mapping quantitative trait nucleotides (QTNs) for salinity tolerance at germination in barley.




Table 5 | Quantitative trait nucleotides present at both locations, estimated flanking region, and gene numbers.



The estimated boundaries of the four QTNs were determined using –log10 (P) (logarithm of the odds –LOD) of the markers, setting the threshold at LOD ≥ 3, i.e., the borders for the intervals were the markers immediately below LOD 3. The most significant marker within the borders was selected as the representative QTN in the region. Two QTNs on chromosome 1H were flanked within an average range of 1.18 Mb for marker L1H018492689 and 1.39 Mb for C1H556900757, while on 7H they oscillated at an average of 1.49 Mb for L7H212035410 and 3.39 Mb for D7H085710245.



Candidate Gene Prediction

A search for possible salt-tolerant candidate genes within the regions flanking each marker, based on the estimated QTNs boundaries above (Table 5), was conducted on the recently published barley reference genome assembly, with 143 genes found (Supplementary Table 5). Of these, four were very close to the most significant markers, or the markers were inside them; hence, they were given a high confidence as possible candidates (Table 6). Genes associated with the following four markers, Piriformospora indica-insensitive protein 2 (L1H018492689), lipase 1 (L7H212035410), protein kinase superfamily protein (C1H556900757), and heat shock protein 21 (D7H085710245), most likely play role in enhancing salinity tolerance during germination, as indicated by their –log10 (P) and % R2 values (Supplementary Table 3). The frequency of B3 domain-containing protein, glutamate-1-semialdehyde-2;1-aminomutase, heat shock protein 21, leucine-rich repeat protein kinase family protein, MADS-box transcription factor family protein, protein kinase superfamily protein, RING/U-box superfamily protein, ubiquitin-like superfamily protein, and zinc finger protein family more than once at different chromosome locations indicated their involvement in enhancing salinity tolerance during germination (Supplementary Table 5).


Table 6 | Genes close to or embedding significant markers associated with salinity tolerance at germination.






Discussion


Salt Stress Significantly Inhibited Seed Germination

Seed germination is the first and most crucial stage in crop growth and development (Almansouri et al., 2001). It starts with the imbibition of water, which is repressed in the presence of salinity stress, hence disturbing the progression of germination (Othman et al., 2006). Earlier reports have shown that salinity delays the initiation processes, thus reducing germination percentage and vigor (Dodd and Donovan, 1999; Zhihui et al., 2014). The biochemical and physical processes involved are incredibly complex and attributed to osmotic stress and ionic toxicity (Yu et al., 2018). Barley is a Mediterranean field crop that is directly sown in soil in autumn after hot summer, and salt tolerance during seed germination is essential. In this study, salinity reduced the average germination percentage across locations in the barley germplasm by 18.25%, confirming the compound effect of the stress (El Madidi et al., 2004; Abdi et al., 2016). At both locations, germination under salt stress and the tolerance index had a positive correlation (R2 = 0.85–0.90), indicating that adapted barley germplasm has the capacity to withstand salt stress (Munns, 2005; Tajbakhsh et al., 2006; Zhang et al., 2010; Negrão et al., 2017).

Different methods of screening for salinity tolerance have been proposed, including non-stress conditions (Betran et al., 2003), stress conditions, and midway (non-stress and stress) (Ashraf et al., 2015). Selection criteria for salinity stress tolerance include the capacity of germplasm to produce high yields under stress (Rosielle and Hamblin, 1981), the stress susceptibility index being the degree of damage caused (Fischer and Maurer, 1978), and the stress tolerance index, being the percentage of yield under stress and non-stress conditions in the same germplasm (Angessa et al., 2017).The stress tolerance index is not suitable for genotypes that produce low yields under non-stress conditions (Kumar et al., 2014); it can be used to identify genotypes that produce high yields under both stress and non-stress conditions (Askari et al., 2016). Allel et al. (2019) evaluated various indices for salinity tolerance screening and confirmed that the salt-tolerance index is a better selection tool for highly salt-tolerant and productive barley genotypes under salinity, as reported by others (Ali et al., 2007; Shahzad et al., 2012; Senguttuvel et al., 2016). Traits with high rates of variation are among the most indicative and responsive under stress and can be used for the selection using tolerance indices, such as the tolerance index (TOL), salinity susceptibility index (SSI), geometric mean productivity (GMP), mean productivity (MP), and stress tolerance index (STI). Traits with low rates of variation are not suitable for selecting tolerant barley genotypes using tolerance indices under stress (Jamshidi and Javanmard, 2017). Nayyeripasand et al. (2019) reported a positive correlation among stress tolerance indices, including STI, SSI, and TOL, but not in the subgroups. Yu et al. (2018) reported that salt-tolerance levels in rice (O. sativa) were not strongly correlated with rice subgroups, which was confirmed in a maize population the following year (Luo et al., 2019). Tolerance indices do not accurately distinguish cultivars under severe stress (Mardeh et al., 2006; Mohammadi, 2019), but can be used as indicators for high-yielding, salt-tolerant lines in stress, and non-stress environments or for traits like germination (Nayyeripasand et al., 2019; Sedri et al., 2019).



Barley Reference Genome and High-Density Markers Facilitate the Prediction of Candidate Genes Through Genome-Wide Association

To boost barley production in salt-prone areas, unique genes and alleles linked to salt tolerance at germination must be identified in a wider range of barley accessions. GWAS is an alternative and complementary approach that takes advantage of historical recombinations in a high-resolution genome scan to identify regions that are responsive to the traits (Zhao et al., 2011). Several QTLs for salt-tolerant traits at the germination stage have been reported (Mano and Takeda, 1997; Hanen et al., 2014; Angessa et al., 2017). Fan et al. (2015) reported two QTLs for salinity tolerance and N+ content on chromosomes 7H and 2H in a DH population of TX9425 × Franklin that were closely linked to markers D7H085710245 and D2H001502476, respectively. A QTL for salinity tolerance mapped on 1H in a YYXT × Franklin DH population was closely linked to marker C1H556900757 (Zhou et al., 2012), as reported in this study. Using 206 barley accessions collected worldwide, 408 Diversity Arrays Technology (DArT) markers, and GWAS, Fan et al. (2016) reported a QTL on 2H that is closely linked to marker D2H001502476. Direct comparisons of our GWAS findings with other studies is tricky, as the marker-trait linkages and chromosomal locations we identified were based on a worldwide barley panel not previously investigated for salinity traits.

Our GWAS for the salinity tolerance index during germination was undertaken on 350 barley accessions using 24,138 DArTseq and SNP markers. Our findings will be a source of new understanding into the genetic basis of salt tolerance at germination and the identification of alleles underlying variation in the trait and candidate genes. Markers with significant effects identified at both locations were selected. We detected 19 QTNs for the tolerance index during germination across the barley genome, showing the complex genetic architecture of salinity tolerance in barley during germination, which is genetically and physiologically controlled by multiple small-effect genes (Flowers, 2004). The significant markers associated with the QTNs will form a basis for marker-assisted selection in barley breeding programs. Conferring with the released genome sequence of barley (Mascher et al., 2017) and gene annotation information, four candidate genes for the tolerance index during germination, belonging to four families, were predicted around the reliable QTNs in the QTN clusters (Table 6). In a GWAS study on rice, Naveed et al. (2018) reported 20 QTNs within 22 genes associated with salinity stress at the germination and seedling stages, including kinase family protein, as found in our study. Yu et al. (2018) and Cui et al. (2018) identified 17 and 66 genes, respectively, contributing to salinity tolerance during germination in rice.

Nine markers were identified in Katanning and 12 in Merredin, with four overlapping at both locations (Supplementary Table 3). This indicates that salinity tolerance encompasses a complex of mechanisms at both the molecular and plant level that is controlled by many genes affected by the environment and genotype-by-environment (G × E) interactions (Arzani and Ashraf, 2016). The heritability values observed in this study indicated that the variation in tolerance index (germination in salt divided by germination in DI water) was mainly a factor of salinity concentration with a small genetic component. However, salinity tolerance is an important trait in barley that is inherited quantitatively and strongly influenced by environmental conditions (Jabbari et al., 2018), as indicated by the significant interactions among genotypes, salinity tolerance, and location in this study (Table 1). Estimated heritability defines how a trait is affected by genotype; however, it is not a total quantifier of how genes and the environment govern a phenotype, but specific to the population and environment under study. It does not account for the effect of missing or the lack of variable factors in the population (Yu et al., 2016).



Candidate Genes Reveal the Possible Molecular Basis of Salinity Tolerance at Germination

Of the 4 genes associated with salinity stress tolerance traits identified in this study, P. indica-insensitive protein 2 is reportedly involved in salinity tolerance through its interaction with phytohormones (auxins, cytokinin, gibberellins, abscisic acid, ethylene, salicylic acid, jasmonates, and brassinosteroids) in Arabidopsis (Xu L. et al., 2018). When barley and rice roots were colonized by endophytic basidiomycete fungi (P. indica), the host plants enhanced performance under salinity stress (Baltruschat et al., 2008; Vahabi et al., 2016; Jogawat et al., 2016). The protein kinase superfamily is another important gene family that has been characterized in several plants; e.g., for drought tolerance in barley (Cieśla et al., 2016; Yang et al., 2017) and salinity stress tolerance in wheatgrass (Shen et al., 2001). Protein kinase gene family, regulated by transcription factors (TFs) and microRNAs (miRNAs), plays key roles in salt stress tolerance in cotton (Shehzad et al., 2019). Overexpressed transgenic plants of soybean with protein kinase showed significantly increased tolerance to salt stress, suggesting that it plays a pivotal role in salinity tolerance (QIU et al., 2019). Arabidopsis thaliana, abscisic acid (ABA)-non-activated protein kinases regulates reactive oxygen species (ROS) homeostasis and triggers genes expression under salinity stress (Szymańska et al., 2019).

In Arabidopsis, lipase expression is prompted by NaCl; its overexpression enhances salinity tolerance in transgenic plants, relative to non-transformed control plants, which facilitates seed germination, vegetative growth, flowering, and seed set (Naranjo et al., 2006). Studies have suggested that heat shock protein are likely to be involved in tolerance to other abiotic stresses such as salinity apart from thermal stresses (Song and Ahn, 2011; Mu et al., 2013). Transgenic tobacco plants with heat shock protein of alfalfa exhibited enhanced tolerance to salinity in comparison to wild type plants, in terms of germination rates (Lee et al., 2012). Overexpression of maize heat shock transcription factor enhanced thermo, increased the sensitivity to abscisic acid and salinity stress tolerance in transgenic Arabidopsis (Jiang et al., 2018). High expression of heat shock protein genes in barley have been reported in tissue—specific manner salinity stress (Chaudhary et al., 2019). The gene families mentioned above have been associated with stress tolerance, including salinity, in barley, related relatives, and other organisms. This finding will form the basis of more detailed studies to discover and validate the mechanism by which candidate genes play roles in salinity tolerance during germination in barley.
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The basic leucine zipper (bZIP) proteins compose a family of transcription factors (TFs), which play a crucial role in plant growth, development, and abiotic and biotic stress responses. However, no comprehensive analysis of bZIP family has been reported in pepper (Capsicum annuum L.). In this study, we identified and characterized 60 bZIP TF-encoding genes from two pepper genomes. These genes were divided into 10 groups based on their phylogenetic relationships with bZIP genes from Arabidopsis. Six introns/exons structural patterns within the basic and hinge regions and the conserved motifs were identified among all the pepper bZIP proteins, on the basis of which, we classify them into different subfamilies. Based on the transcriptomic data of Zunla-1 genome, expression analyses of 59 pepper bZIP genes (not including CabZIP25 of CM334 genome), indicated that the pepper bZIP genes were differentially expressed in the pepper tissues and developmental stages, and many of the pepper bZIP genes might be involved in responses to various abiotic stresses and phytohormones. Further, gene expression analysis, using quantitative real-time PCR (qRT-PCR), showed that the CabZIP25 gene was expressed at relatively higher levels in vegetative tissues, and was strongly induced by abiotic stresses and phytohormones. In comparing with wild type Arabidopsis, germination rate, fresh weight, chlorophyll content, and root lengths increased in the CabZIP25-overexpressing Arabidopsis under salt stress. Additionally, CabZIP25-silenced pepper showed lower chlorophyll content than the control plants under salt stress. These results suggested that CabZIP25 improved salt tolerance in plants. Taken together, our results provide new opportunities for the functional characterization of bZIP TFs in pepper.
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Introduction

Plant growth, development, and agricultural production are seriously limited by adverse environmental conditions such as drought, salinity, and extreme temperatures. Unfavorable factors cause a series of damages to the plant morphology, physiology, and biochemistry and may significantly cause extensive losses to agricultural production and economic yield (Allakhverdiev et al., 2008). In response, the terrestrial plants began to evolve numerous sophisticated adaptations for survival and productivity challenged by global climate changed 400 million years ago (Scharf et al., 2012). A number of defense mechanisms have been developed through resistance genes, encoding regulatory proteins such as protein kinases, phosphatases, and transcription factors (TFs). TFs are critical components of signaling regulatory networks in response to growth and environmental stresses through recognizing and binding to the specific cis-elements in the promoters of the target genes to regulate their expression. Sixty-four TF families have been identified in plant kingdoms, which are classified based on their special DNA binding domains (Pérez-Rodríguez et al., 2010). The basic leucine (Leu) zipper (bZIP) family is one of the largest and most diverse groups among the TF families. In plants, bZIP proteins play important roles in growth and development, besides responding to various biotic/abiotic stresses (Sornaraj et al., 2016).

The bZIP TFs are named according to a highly conserved bZIP domain which is composed of two structural features located on a contiguous α-helix. First, a basic region of around 18 amino acid residues, followed by an invariant N-x7-R/K-x9 motif for nuclear localization and sequence-specific DNA binding. Second, a Leu zipper, consisting of several heptad repeats of Leu or other bulky hydrophobic amino acids (e.g. isoleucine, valine, phenylanine, tryptophan, or methionine), positioned exactly nine amino acids toward the C-terminus, creating an amphipathic helix (Jakoby et al., 2002; Nijhawan et al., 2007). In addition to the bZIP domain, the bZIP TFs also have some other domains, acting as transcriptional activators, such as glutamine-rich motif and phosphorylation site [R/KxxS/T (Furihata et al., 2006; Liao et al., 2008)]. To bind to DNA, the N-terminal half of the basic region binds to the major groove of double-stranded DNA, whereas the C-terminal half of the Leu zipper mediates dimerization to create a superimposed coiled structure [the so-called zipper (Landschulz et al., 1988; Ellenberger et al., 1992)]. The basic region differently binds to DNA sequences with an ACGT core, in particular, the G-box (CACGTG), C-box (GACGTC), and A-box [TACGTA (Izawa et al., 1993; Foster et al., 1994)], but there are also some examples of non-palindromic binding sites (Fukazawa et al., 2000; Liao et al., 2008).

With the development of molecular biology, comprehensive and phylogenetic annotations for the bZIP TF family have been identified and predicted at the genome level in several plant genomes. The bZIP TF family usually contains dozens of members among the examined plants so far. Seventy-five bZIP genes have been found in [Arabidopsis Arabidopsis thaliana (Jakoby et al., 2002)], 55 in tomato [Solanum lycopersicum (Li et al., 2015)], 89 in rice [Oryza sativa (Nijhawan et al., 2007)], 114 in apple [Malus domestica (Li et al., 2016)], 49 in castor bean [Ricinus communis (Jin et al., 2014)], and 125 in maize [Zea mays (Wei et al., 2012)]. However, only a small proportion of bZIP TFs function has been identified in plants. Previous studies reported that bZIP proteins participated in the differentiation and development of many organs and tissues, such as seed maturation and germination, embryogenesis, flower development, and vascular development in plants (Beachy et al., 1997; Jakoby et al., 2002; Schutze et al., 2008; Shiota et al., 2008; Guan et al., 2009; Toh et al., 2014; Sornaraj et al., 2016). In addition, the bZIP TFs also played important roles in response to signaling pathways and abiotic/biotic stresses, including ABA signaling, light signaling, osmotic, hypoxia, drought, high salinity, cold, and pathogen infections (Rook et al., 1998; Uno et al., 2000; Shimizu et al., 2005; Liao et al., 2008; Schutze et al., 2008; Hsieh et al., 2010; Zander et al., 2012; Alves et al., 2013; Gatz, 2013; E et al., 2014). In Arabidopsis, AtbZIP36 (ABF2/AREB1), AtbZIP37 (ABF3), and AtbZIP38 (ABF4/AREB2) genes were involved in response to the ABA signaling, dehydration, and salinity (Uno et al., 2000), in addition, AtbZIP26 (OBF5/TGA5) strongly interacted with NIM1/NPR1 and conferred SAR-independent resistance to Peronospora parasitica (Kim and Delaney, 2002). In tomato, SlbZIP33 (SlAREB1), an ABA-regulated bZIP TF, was involved in stress-induced response and acted as key components in regulating the expression of major metabolic pathway-related genes and affected metabolic programming during the fruit ripening (Orellana et al., 2010; Bastias et al., 2014). In rice, the japonica version of bZIP73 (bZIP73Jap) conferred cold stress tolerance at both the seedling and reproductive stages through the bZIP71-bZIP73Jap-qLTG3-1Nip-sugar transport pathway (Liu et al., 2018; Liu et al., 2019).

Pepper (Capsicum annuum L.), an important crop, has a wide range of uses, such as vegetable, medicines, spices in cuisines, dyeing agents and so on (Guo et al., 2014; Kim et al., 2014). Currently, only a few of the bZIP TFs are known to regard the biological functions and regulation mechanisms in pepper. Transcripts of some bZIP genes such as CAbZIP1, CaAIBZ1, CaDILZ1, and CaBZ1/PPI1 were shown to be significantly induced by drought and salt stresses (Lee et al., 2002; Hwang et al., 2005; Lee S. C. et al., 2006; Moon et al., 2015; Joo et al., 2018; Lim et al., 2018). Moreover, several bZIP genes have also been reported to be involved in signaling pathways and biotic stimuli, including ABA, salicylic acid (SA), methyl jasmonic acid (JA), ethylene, and against pathogen defense (Lee et al., 2002; Lee B. J. et al., 2006; Lee S. C. et al., 2006; Lim et al., 2015; Joo et al., 2018; Lim et al., 2018). The most-studied pepper bZIP TF was CaBZ1/PPI1, which showed specific functional roles in response to abiotic/biotic stresses. In addition, over-expressing CaBZ1/PPI1 in transgenic potato (Solanum tuberosum) increased the expression of ABA and stress-related genes, and enhanced drought tolerance without decreasing the tubers yield (Lee et al., 2002; Hwang et al., 2005; Moon et al., 2015). Pepper bZIP TF, CaAIBZ1, interacting with and degraded by CaASRF1 (C. annuum ABA-Sensitive RING Finger E3 ligase 1), positively modulated ABA signaling and the drought stress (Joo et al., 2018). Additionally, CabZIP63 was up-regulated by Ralstonia solanacearum inoculation at high temperature-high humidity and acted as a positive regulator in this process by regulating the expression of CaWRKY40 (Shen et al., 2016). Collectively, the bZIP TFs family in pepper is an important gene family involved in stress response along with a crucial role in growth and development. However, no systematic studies have been reported on the molecular basis and regulatory mechanisms of pepper bZIP TFs. Thus, we studied and characterized the CabZIP genes to explore the underlying complex molecular mechanisms in pepper.

The pepper reference genomes provided an opportunity to identify the gene families and the genome databases facilitated the establishment of expression patterns (Kim et al., 2014; Qin et al., 2014; Liu et al., 2017). In the present study, a total of 60 pepper bZIP genes were identified from two pepper genomes. We presented the phylogenetic tree analysis, gene structure analysis, and protein domain organization. Furthermore, the comprehensive expression patterns of CabZIP genes were investigated in various tissues and responses to abiotic stresses and signaling pathways using the publicly available transcriptomic data. We also have characterized the function of CabZIP25 in response to salt stress. Our study provides an important foundation to further reveal the biological functions of the CabZIP TFs family in pepper.



Materials and Methods


Genome-Wide Identification of CabZIP Genes in Pepper

To identify all the bZIP family members in the pepper genome, both the Hidden Markov Model (HMM) at (http://pfam.xfam.org/) and BLASTP searches were performed. For the HMM search, the HMM models of bZIP (Pfam: PF00170, PF07716) were used as queries to search the pepper Zunla-1 and CM334 proteomes downloaded from the Pepper Genome Platform (PGP) at (http://peppergenome.snu.ac.kr/) (Kim et al., 2014; Qin et al., 2014) and the E-value threshold was set at 1. For BLASTP, the published bZIP proteins from Arabidopsis (Jakoby et al., 2002) and tomato (Li et al., 2015) were used as query sequences to search against the Zunla-1 and CM334 proteomes in the PGP. All obtained pepper bZIP protein sequences with an E-value 1 were assembled to remove redundancy and then subjected to ExPASy (https://prosite.expasy.org/) and SMART (http://smart.embl-heidelberg.de/) to confirm the presence of the bZIP domain. All the putative bZIP protein sequences from CM334 and Zunla-1 genome were aligned using DNAMAN (Lynnon Biosoft, QC, Canada) to manually check and remove the repeated and incomplete sequences. All the confident and non-redundant genes were assigned as pepper bZIP genes (CabZIPs) and the nomenclature was based on the exact top-down locations of the bZIP genes on the Zunla-1 chromosomes 1 to 12 (Jakoby et al., 2002; Jin et al., 2014; Li et al., 2015). The protein sequences of putative CabZIPs were analyzed using ExPASy Compute PI/MW tool (https://web.expasy.org/compute_pi/) to obtain the theoretical isoelectric point (PI) and molecular weight (MW).



Phylogenetic Tree Analysis

Multiple sequence alignments were performed by the MUSCLE program in the MEGA-X package with the default parameters (http://www.megasoftware.net/). Twenty AtbZIP proteins (subgroup A, AtbZIP36 and 38; subgroup B, AtbZIP28 and 49; subgroup C, AtbZIP9 and 10; subgroup D, AtbZIP20 and 22; subgroup E, AtbZIP34 and 61; subgroup F, AtbZIP19 and 24; subgroup G, AtbZIP41 and 55; subgroup H, AtbZIP56 and 64; subgroup I, AtbZIP51 and 59; subgroup S, AtbZIP2 and 11) were selected from the ten different subgroups of AtbZIP proteins as references to categorize the CabZIP proteins. The Neighbor-Joining (NJ) phylogenetic tree was constructed using MEGA-X with the bootstrap test calculated using 1,000 iterations, Poisson model and pairwise deletion gaps. Then, the tree was displayed and embellished using the interactive tree of life (https://itol.embl.de/).



Identification of Conserved Motifs

The conserved motifs of the 60 CabZIP protein sequences were identified using the Multiple Em for Motif Elicitation (MEME version 5.0.5, http://meme-suite.org/tools/meme). The analysis was performed with the following parameters: number of repetitions-any, the maximum number of motifs-10, the optimum motif widths set from 6 to 200 amino acid residues. The conserved motifs were annotated with the InterProScan (http://www.ebi.ac.uk/interpro/).



Analysis of Gene Structure and Conserved Intron Splicing Site

Both the CabZIP cDNA sequences and their corresponding genomic DNA sequences were downloaded from Pepper Hub (http://pepperhub.hzau.edu.cn/), based on the gene IDs and chromosomal location (Liu et al., 2017). All the cDNA and DNA sequences were analyzed using the gene structure display server v2.0 (http://gsds.cbi.pku.edu.cn/), to illustrate the exons/introns organization of the CabZIP genes. The particular information on the intron distribution pattern and intron splicing phase within the basic and hinge regions of the bZIP domains were further predicted using Spidey (https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi).



Transcriptomic Data Analysis

To gain an insight into the spatial and temporal expression profile of CabZIP genes, during the development and stress responses, transcriptomic data was analyzed (Supplementary Table S5). The transcriptome data of 59 CabZIPs genes (not including CabZIP25) from the Zunla-1 genome, were obtained using the Pepper Hub (http://pepperhub.hzau.edu.cn/) (Kim et al., 2014). The data set contained several pepper tissues/organs at different developmental stages, including leaves (L1-9), flowers (F1-9), fruits (FST0), pericarps (G1-11), placenta (T3-11), and seeds (S3-11). Expression levels of CabZIP genes in the leaves/roots during different stresses or hormones treatments were also provided in this profile, such as cold (FL1-6/FR1-6), heat (HL1-6/HR1-6), salt (NaCl; NL1-6/NR1-6), osmotic (mannitol; ML1-6/MR1-6), ABA (AL1-6/AR1-6), gibberellic acid (GA3; G1-6L/GR1-6), indole acetic acid (IAA; IL1-6/IR1-6), JA (JL1-6/JR1-6), and SA (SL1-6/SR1-6). Two separate projects were created, one for the developmental tissues that included data from six organs (leaf, flower, fruit, pericarp, placenta, and seed) and the other for four stress treatments including NaCl, mannitol, heat, and cold stress, and five phytohormone treatments including IAA, GA3, ABA, SA, and JA. The heat maps and hierarchical clustering of the gene expression patterns were performed using the HemI software (http://hemi.biocuckoo.org/down.php) (Deng et al., 2014).



Plant Materials and Growth Conditions

A breeding pepper line R9 (introduced from the World-Asia vegetable research and development center, PP0042-51) and wild-type (WT) A. thaliana plants (ecotype Columbia) were used in this study. The seedlings were grown in a climate-controlled chamber under a 16 h day/8 h night regime and 60 to 70% relative humidity. The temperature was set to 25/18°C day/night for pepper and 22/18°C for Arabidopsis.



Gene Expression Analysis of CabZIP25 in Pepper

For tissue-specific expression analysis of CabZIP25 in pepper, seedlings were prepared in a natural glasshouse with the daily temperature of 25 to 29°C and night temperature 16 to 20°C. The samples of roots, stems, leaves, flower buds, fruits, and seeds were collected for expression analysis of different tissues. For expression analysis under phytohormone and stress treatments in pepper, various stress treatments were applied on seedlings of 6-8 true leaves stage and all samples for RNA extraction were collected from young leaves. For heat stress treatment, the seedlings were transferred into a growth chamber at 45°C and leaf tissues were collected at 0, 0.5, 1, 2, 4, 12, and 24 h post treatment, respectively. Salt stress was applied by adding NaCl to a final concentration of 0, 50, 100, 200, 400, and 600 mM in the nutrient solution, respectively, and leaves sample were collected at 6 h post-treatments. Similarly, pepper seedlings were sprayed evenly with 0, 1, 10, 50, 100, and 500µM ABA or JA solution for phytohormone treatments and leaves were sampled at 6 h after treatments. All the samples were collected in quadruplicates, frozen in liquid nitrogen and stored at −80°C prior to the extraction of RNA.



Salt Resistance Analysis of CabZIP25 in Transgenic Arabidopsis

The full-length CDS of CabZIP25 was amplified from the line R9 using the CabZIP25 CDS primers (Supplementary Table S6), and the amplification product was cloned into the Xba I and Kpn I site of pVBG2307 vector to create pVBG2307-CabZIP25 under the control of the CaMV35S promoter. The obtained over-expression vector was transformed into Agrobacterium tumefaciens strain GV3101 and was subsequently infiltrated into WT Arabidopsis plants (Clough and Bent, 1998). The seeds were screened on Murashige and Skoog (MS) selection medium with kanamycin (50 mg/L) and T3 generation lines OE1, OE2, and OE5 were used for experimental analysis. For salt tolerance evaluation of over-expressing CabZIP25, seeds of transgenic and WT Arabidopsis were germinated on MS medium supplemented with 0, 100, and 150 mM NaCl. The germination rate was observed every day, and the fresh weight and chlorophyll content were measured at 10-day-old Arabidopsis seedlings. The chlorophyll content was measured with the method described previously (Cai et al., 2017). To assess the effect of CabZIP25 overexpression on Arabidopsis roots development, seeds of CabZIP25-OE and WT lines were germinated on MS petri dishes containing 0, 100, and 150 mM NaCl. The dishes were placed vertically and the root lengths of transgenic and WT plants were measured after 10 days. Three replicates were performed in this experiment. Data were reported as means ± SD.



Silencing of CabZIP25 through Virus-Induced Gene Silencing (VIGS) in Pepper and Salt Treatment for VIGS Seedlings

CabZIP25-silenced pepper plants were generated using tobacco rattle virus-based VIGS (Liu et al., 2002). Brieﬂy, a specific 372 bp fragment of CabZIP25 was obtained by searching the SGN VIGS Tool (https://vigs.solgenomics.net/), which can identify the specificity of the gene fragment and possible off-targets with more precision. The CabZIP25 cDNA fragment was amplified from the pepper line R9 using gene-specific primers (Supplementary Table S6). The PCR product was inserted into the TRV2 vector with Xba I and Kpn I site to generate the TRV2: CabZIP25-silencing vector. The empty vector TRV2: 00 was used as the control and the TRV2: CaPDS (phytoene desaturase gene) vector was a symbol of successful gene silencing. The resulting plasmids were separately transformed into A. tumefaciens strain GV3101 cells, subsequently, A. tumefaciens-mediated virus infection mixing with GV3101 cells harboring TRV1 was injected into the cotyledons of the 2-week-old pepper line R9 to create the VIGS plants. When the photo-bleached phenotype of the pepper plants transformed with TRV2: CaPDS appeared in the newly grown leaves, the transcriptions of CabZIP25 and CabZIP25 homologs (CabZIP1 and CabZIP2) in pepper plants TRV2: 00 and TRV2: CabZIP25 was assessed by quantitative real-time PCR (qRT-PCR) with the specific qRT-PCR primers (Supplementary Figure S7A, B, and Supplementary Table S6). When the expression of CabZIP25 in the CabZIP25-silenced plants showed approximately 30%-40% of the transcripts level in the TRV2: 00 control plants and the expression levels of CabZIP1 and CabZIP2 showed no differences in all the virus-infected pepper plants; the plants were used for salt stress experiments. The excised leaf discs (0.5 cm in diameter) from the TRV2: 00 or TRV2: CabZIP25 plants were treated with different NaCl concentrations (0, 300, and 600 mM) for three days at 25/18°C day/night temperature. The Chlorophyll content of each treatment was measured using the method described previously (Cai et al., 2017). Three independent biological replicates were performed in this experiment. Data were reported as means ± SD.



Total RNA Extraction and qRT-PCR Analysis

Total RNA was isolated from the leaves of pepper and Arabidopsis plants using the RNA extraction kit (Tiangen, Shanghai, China) according to the manufacturer's protocol. The first-strand cDNA was synthesized with PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Beijing, China). The qRT-PCR analysis was performed using SYBR® Premix Ex Taq™ II (TaKaRa, Beijing, China). The relative transcript levels were calculated according to the 2−ΔΔCT method (Livak and Schmittgen, 2001), in which CaUBI3 (ubiquitin-conjugating protein-coding gene) and AtACT2 were used as reference genes for pepper and Arabidopsis, respectively. Specific primers are listed in Supplementary Table S6.




Results and Discussion


Genome-Wide Identification of the Pepper CabZIP Gene Family

In order to identify the bZIP TF genes in pepper, both the HMM and BLASTP were performed to search against the Zunla-1 and CM334 genomes to obtain the deduced amino acid sequences. We separately obtained 64 candidate bZIP genes in the Zunla-1 genome and 58 genes in CM334 genome. Subsequently, the online programs ExPASy and SMART were used to check the presence of the bZIP motifs with confidence (E-value 1). Five candidate genes (Capana12g001248, Capana08g000475, Capana02g001374, Capana10g001986, and Capana04g000551) in the Zunla-1 genome and three candidate genes (CA02g10530, CA00g45190, and CA12g13110) in the CM334 genome were discarded due to an incomplete bZIP domain. After removing the repeated and incomplete gene sequences manually, the remaining 60 bZIP gene members were finally confirmed as the pepper CabZIPs. All the CabZIP sequences came from the Zunla-1 genome except the CabZIP25, which was obtained from CM334 genome due to an incomplete bZIP domain in the Zunla-1 genome. For further convenience, unique names were assigned to these pepper bZIP genes as CabZIP1-60 (Supplementary Table S1). All details of these CabZIP genes are summarized in Supplementary Tables S1 and S2. The numbers of the pepper bZIP genes characterized in this study were more than 53 predicted in the plant TF database (PlantTFDB, http://planttfdb.cbi.pku.edu.cn/family.php?fam=bZIP). Compared with other plants, the pepper CabZIP family was relatively smaller than most plant bZIP families such as Arabidopsis (75 members) (Jakoby et al., 2002), rice (89 members) (Nijhawan et al., 2007), apple (114 members) (Li et al., 2016), cucumber (64 members) (Baloglu et al., 2014), and maize (125 members) (Wei et al., 2012), but only larger than castor bean (49 members) (Jin et al., 2014), and grapevine (55 members) (Liu et al., 2014). Previous evidence has shown the number of bZIP members in the monocot plants is relatively larger than that in the dicot plants, this standpoint may be the probable reason for pepper having fewer bZIP genes (Wang et al., 2011; Jin et al., 2014; Li et al., 2015). Furthermore, given the enormous pepper genome size (3.48 GB for Zunla-1 and CM3340) (Kim et al., 2014; Qin et al., 2014), we inferred that some additional bZIP proteins may not be detected currently with the originally developed method.

Generally, the proteins encoded by the 60 CabZIP genes ranged from 134 (CabZIP52) to 766 amino acids (aa; CabZIP56) in length with an average of 317.5 aa (Supplementary Table S1). The average length of the pepper CabZIP proteins was similar to that of Arabidopsis (321 aa on average) (Jakoby et al., 2002) and tomato (318 aa on average) (Li et al., 2015) bZIP proteins. Additionally, ExPASy analysis suggested the computation of the theoretical MWs of CabZIP proteins were between 15.48 kDa (CabZIP52) and 82.21 kDa (CabZIP56), and the predicted PI values of the CabZIPs ranged from 5.15 (CabZIP22) and 10.12 (CabZIP10). The CabZIPs shared a conserved bZIP domain comprised about 65 aa, in which CabZIP45 owned the shortest bZIP domain with 55 aa, while the bZIP domain of CabZIP7 (83 amino acids) was the longest.



Phylogenetic Analysis and Classification of the CabZIP Family

The phylogenetic analysis was performed to investigate the evolutionary relationship of the CabZIP family in pepper. Twenty bZIP protein sequences from the Arabidopsis AtbZIP family were added into the tree and used as subgroup markers to classify all the CabZIPs. As shown in Figure 1A, all the CabZIP proteins clustered into 10 groups, similar to Arabidopsis, designated as clade A to I, and S (Jakoby et al., 2002). Based on the phylogenetic tree, the number of bZIP proteins in each group were 12, 3, 3, 9, 6, 1, 5, 1, 8, and 12 (groups A-I and S), that in Arabidopsis were 13, 3, 4, 10, 2, 3, 5, 2, 13 and 17 (group A-I and S), respectively (Jakoby et al., 2002). Except for groups E and I, the number of bZIP proteins in each pepper or Arabidopsis group accounted for a similar percentage to their bZIP family members. And it was interesting that the proportion of a new group consisting groups E and I confirmed the classification. Additionally, groups E and I were the adjacent clades in the phylogenetic tree and could be clustered into one group with well-supported bootstrap values (0.964), which were also observed in other studies (Jakoby et al., 2002; Wang et al., 2011; Wang et al., 2015; Zhang et al., 2015; Li et al., 2016). It was speculated that group E had a very close evolutionary relationship with group I, this may lead to the high similarity of gene function in pepper. To further validate the reliability and accuracy of the phylogenetic relationship, the 60 CabZIPs were also categorized into 10 groups (I-X) according to the DNA-binding specificity of basic and hinge regions defined from the first Leu (Figure 1B). It was observed that groups I, II, III, VI, VII,VIII, and IX were clustered into the clade G, H, B, A, D, F, and I, respectively (Figure 1). Moreover, 15 members in group IV were distributed in clades C (three members) and S (12 members), while groups V and X separately consisted of three members in group E (six members).




Figure 1 | Phylogenetic relationship of pepper and Arabidopsis bZIP proteins and alignment of basic and hinge regions of the CabZIP proteins. (A) The protein sequences of the bZIPs, 60 from pepper (CabZIPs) and 20 from Arabidopsis (AtbZIPs, red color), were aligned by MUSCLE at MEGA-X and the phylogenetic tree was constructed by NJ method. The proteins were clustered into 10 groups, which were assigned a different color. (B) Alignment of basic and hinge regions of 60 CabZIP proteins. The CabZIP proteins are classified into 10 groups. Conserved amino acids are boxed in red. Two already characterized plant bZIP proteins in Arabidopsis and tomato are shown as references. The first Leu of the Leu zipper is regarded as 0. The different amino acid residue K belonging to group X are colored at -18 positions.



Considering the bZIP domain may impact the judgment of the evolutionary relationship, we further compared and analyzed the 60 CabZIP proteins based on their bZIP domains and basic and hinge regions, respectively (Supplementary Figure S1). The two phylogenetic trees showed high similarity in clustering the CabZIPs into different clades based on the >50% bootstrap values. Compared with the phylogenetic tree of full CabZIP proteins (Figure 1A), the CabZIP22 in group B were clustered into group H, and some neighboring groups were combined into one group in the new two phylogenetic trees. For example, groups E and I in the full proteins tree were clustered into one group, in the bZIP domain and the basic and hinge region trees, further supporting our hypothesis, that there was a very close relationship between groups E and I. The reliability of group classification was further supported by the high similarity grouping characteristics.

To comprehensively study the CabZIPs in terms of phylogenetic relationships among pepper, Arabidopsis, and tomato, a total of 201 bZIPs were detected and another phylogenetic tree was constructed (Supplementary Figure S2). The inter-species phylogenetic analysis indicated the existence of homologous bZIP TFs in the three plants. In addition, all of the CabZIP and SlbZIP proteins showed a closer evolution relationship than those in AtbZIP proteins because both pepper and tomato belong to the Solanaceae family of plants. For example, certain CabZIP proteins (CabZIP1, CabZIP25, and CabZIP47), belonging to group A, were clustered together with tomato SlbZIP33 (SlAREB1) (Bastias et al., 2014), SlbZIP65 (SlAREB2) (Stankovic et al., 2000) and Arabidopsis AtbZIP35 (ABF1), AtbZIP36 (ABF2/AREB1), AtbZIP37 (ABF3), and AtbZIP38 (ABF4/AREB2) (Choi et al., 2000), which are all ABRE-binding proteins known as abscisic acid-responsive elements (ABREs). However, other CabZIP proteins (CabZIP2, CabZIP6, and CabZIP57) in group A were clustered into another clade with several AtbZIP proteins (ABI5, DPBF2, DPBF4/EEL, and AREB3/DPBF3) with ABRE-binding feature (Choi et al., 2000; Uno et al., 2000), the reason was that these bZIP proteins maybe had other additional motifs besides the bZIP domain. These phylogenetic analyses indicated that the evolutionary patterns of bZIP proteins might be similar and the function was probably conserved in different plant species.



Structure and Conserved Motifs of the CabZIP Proteins

The bZIP domain is the key to the function of the bZIP TF family members, and diverse conserved motifs outside of the bZIP domain might indicate the potential functional diversity of bZIP genes. In our study, a total of 20 conserved sequences including the bZIP domain were identified in the CabZIP proteins using the MEME tool with low E-value (<E-10). The details of conserved motifs are listed in Supplementary Table S3 and the distribution of conserved motifs in each CabZIP sequence was shown separately in Figure 2 and Supplementary Table S4. It could be observed that many of the same group members shared the same conserved motifs. Motif 1 (bZIP domain) existed in each sequence, while motif 2 (Leu zipper region) were present in all CabZIP proteins except the CabZIP2, CabZIP16, CabZIP41, and CabZIP45. Based on the sequences alignment of the Leu zipper region, the Leu units of the four CabZIPs without motif 2 were interrupted by two or three other units, and therefore they were not recognized as full Leu zippers by MEME. Additionally, motif 6 was shared by 30 members from groups C, E, G, I, and S; motif 12 was present in groups E and I; motif 10 in groups A and G. However, most of the conserved motifs were present in specific groups. For example, the motif 19 was present in group B exclusively; motifs 11, 16, and 17 only appeared in group A; and group D specifically harbored motifs 3 and 8. Notably, CabZIP40 in group H, CabZIP50 in group F, and CabZIP52 in group I were not detected in any conserved motifs outside the bZIP domain. These observations may signify that the group-specific motifs may determine specific functions of CabZIP proteins in these groups (Jakoby et al., 2002; Nijhawan et al., 2007; Li et al., 2015).




Figure 2 | Distribution of the conserved motifs identified in 60 CabZIP proteins. The protein structures of CabZIPs based on the predicted conserved motifs by MEME are given corresponding to the phylogenetic tree of the CabZIP proteins. The phylogenetic relationship and grouping are exactly the same as in Figure 1. Each motif is represented by colored box with numbers 1 to 20. The details of conserved motifs are listed in Supplementary Table S3 and another sketch map of conserved motifs is shown in Supplementary Table S4.



Besides the bZIP domain, we used the motifs known as functional domains to predict the possible biological functions of CabZIP proteins. All nine members of group D contained the TF TGA-related domain (motifs 4, 5, 8, and 18), which are transcriptional activators that bind specifically to the DNA's TGACG sequences and participate in defense against pathogens and development processes (Jakoby et al., 2002; Johnson et al., 2003). These results also suggested that the CabZIP proteins of group D were TGA-subfamily members, and this was supported by the phylogenetic tree of 201 bZIPs, which showed that all members of group D clustered into one group with Arabidopsis TGA1/2/3/4/5/6 (Supplementary Figure S2). Motifs 7, 9, and 11 represented a potential casein kinase II (CKII) phosphorylation sites (S/TxxD/E), indicated by the motif patterns [TN][LM][ED][DE], TVDE, and T[FL]DE, respectively. These CKII phosphorylation sites in Arabidopsis were associated with the ABA signal (Choi et al., 2000). Motif 9 was present in some of the members of group A, a CAMP-response element binding protein-related motif and contained a phosphorylation site (R/KxxS/T) which accounted for RQ[GS]S, for Ca2+-dependent protein kinase (Finkelstein and Lynch, 2000; Jakoby et al., 2002).

As reported in previous studies, there were some common motifs outside of the bZIP domain in Arabidopsis (Jakoby et al., 2002), tomato (Li et al., 2015), six legumes (Wang et al., 2015), castor bean (Jin et al., 2014), and cucumber (Baloglu et al., 2014). Group A in pepper contained motifs 7, 9, and 11 which were in similar to motifs 1, 2, and 3 of the Arabidopsis group A (Jakoby et al., 2002), motifs 7, 8, and 9 of tomato group VI (Li et al., 2015), and motifs 7, 10, and 11 of six legumes group VI (Wang et al., 2015). Motif 20 was commonly shared by pepper, tomato (Li et al., 2015), six legumes (Wang et al., 2015), and castor bean (Jin et al., 2014). Moreover, motif 12 in pepper was the same as motif 1 in tomato (Li et al., 2015), motif 41 in six legumes (Wang et al., 2015), motif 21 in castor bean (Jin et al., 2014), and motif 10 in cucumber (Baloglu et al., 2014), respectively. The further comparison indicated that some common motifs among plant species might be conserved. The bZIP genes with the same conserved motifs might imply similar biological gene functions.



Structure Analysis of CabZIP Genes

The intron/exon arrangement of each gene acted as a kind of evolutionary relic to reflect the evolutionary relationship of a gene family (Wei et al., 2012; Wang et al., 2015). To get insights into the structural evolution of the 60 CabZIP genes, their intron/exon organization was analyzed (Supplementary Table S1 and Supplementary Figure S3). Since, the most conserved bZIP domains were often considered to be more informative than other regions, we analyzed the exon/intron patterns of the basic and hinge regions for exploring the evolution of CabZIP genes based on the distribution, number, and splicing phase of intron/exon. Among the 60 CabZIP genes, 13 (21.67%) of the CabZIP genes contained no introns, and this phenomenon occurred in groups S and A, all members of group S and CabZIP16 of group A (Supplementary Table S1 and Supplementary Figure S3). Out of 47 intron-containing CabZIP genes, 44 had introns in the basic and hinge regions (Supplementary Figure S3). It was also found that different groups had relatively distinct gene structures and the structural patterns of genes within each group were similar (Supplementary Figure S3). On the other hand, the number of introns within the ORF varied from 1 to 11 among the intron-containing CabZIP genes (Supplementary Table S1). Among those having introns, the intron numbers of groups D and G (7-11 and 4-11, respectively) showed the greatest degree of variation (Supplementary Figure S3). Meanwhile, the rest of CabZIP genes mostly had 1-3 introns except for three members with four to five introns in group E.

Based on the position and presence of introns and splicing phase within the basic and hinge regions of the bZIP domain, CabZIP genes were divided into six patterns, which were designated as pattern a to f (Supplementary Figures S4 and S5). Intriguingly, the pattern of each group was highly conserved, while the intron positions, number, and splicing phases were diverse among each pattern. The intron patterns were similar to those in maize (Wei et al., 2012), tomato (Li et al., 2015), and barley (Pourabed et al., 2015), indicating the gene structures and splicing phases of bZIP genes were comparatively conserved within the basic and hinge regions in different plants. Patterns a, b, d, and e had a single intron; pattern c had two introns and pattern f was contained no introns. The pattern a had one intron at the -22 position in phase 2 (P2), inserting into the codon which encodes arginine. Pattern b, in groups A and G, also had one intron in phase 0 (P0) within the hinge region at the -5 position interrupting the amino acids glutamine and alanine. Two introns, having a P0 splicing phase model, were observed in pattern c (the whole group D), and one was in the basic region at the -25 position and the other was at the -5 position interrupting lysine and alanine within the hinge region. Patterns d and e were exclusive in group E and both of the two patterns inserted in the same position with the P2 splicing phase model. The only difference was the interrupted amino acid residues. Pattern f was devoid of any intron in the basic or hinge region and contained 16 CabZIPs. It was observed that the splicing phase and position of intron were always conserved, whenever intron was present in the basic and hinge region. And the overall patterns of intron distribution in CabZIPs were extremely consistent with those in maize (Wei et al., 2012). It could be inferred that the intron patterns might act as a relatively conservative index during the evolution of CabZIP family genes.



Expression Analysis of CabZIP Genes at Different Developmental Stages in Specific Tissues

The bZIP TFs are widely involved in the integration, growth, and development of many plant organs and tissues (Schutze et al., 2008). Increasing shreds of evidences showed the tissue-specific expression patterns of bZIP TFs in tomato (Hsieh et al., 2010; Li et al., 2015), cucumber (Baloglu et al., 2014), maize (Wei et al., 2012), and grapevine (Liu et al., 2014). However, the patterns of bZIP genes in the regulation of pepper growth and development are still unknown. Thus, to understand the transcription patterns of the CabZIP genes in pepper, we performed a hierarchy cluster containing 11 different transcripts, selected from data sets obtained from 57 transcripts, out of 59 CabZIP genes (except CabZIP25) at different developmental stages in the specific tissues (Supplementary Table S5). The expression analysis showed that most of the 59 CabZIP genes were expressed in at least one of the six tissues tested and showed an overlapping expression pattern in different tissues (Figure 3). For example, the CaZIP48, CaZIP41, CaZIP22, and CaZIP24 were abundantly expressed among all examined organs. In contrast, the CaZIP19 and CaZIP51 were expressed at relatively low levels. Most of the CabZIP genes displayed a tissue-specific expression pattern. Two genes (CabZIP2 and CabZIP55) were highly expressed in the seed (S5 and S11), four genes (CabZIP15, CabZIP16, CabZIP32, and CabZIP58) were differentially expressed in the floral bud F1 tissue. Interestingly, the homologs of the CabZIP2 were AtbZIP67 (DPBF2) and AtbZIP39 (ABI5) in Arabidopsis (Supplementary Figure S2), which were involved in ABA-mediated seed development, germination, and embryo maturation (Bensmihen et al., 2005; Jin et al., 2014; Liu et al., 2014; Wang et al., 2015). The results suggested that CabZIP2 might have a similar function to the orthologous of the Arabidopsis genes, and could be an important TF in ABA-mediated seed development. Compared with other results having three distinct clusters (Nijhawan et al., 2007; Wei et al., 2012), this heat map could be divided into several different clusters according to the hierarchical clustering of 59 CabZIP genes in the specific tissues (left side of the heat map). Specifically, CabZIP1 and CabZIP19 were clustered into an independent branch. Although a significant relationship between the expression patterns and the gene groups was not found, yet some TFs exhibited a similar expression pattern. For instance, three members (CabZIP30, CabZIP38, and CabZIP51) of group E showed high expression levels in leaf, floral bud, and fruit whereas exhibited low expression in pericarp, placenta, and seed. Based on the dendrogram (hierarchical clustering of six organs at different developmental stages) below the heat map, the heat map could be divided into three clusters. The expression of leaf L1 and L2 were clustered into one branch, suggesting that the expression level in young leaves could be a similar pattern of expression to those of CabZIP genes in the old leaves. Moreover, the relatively stable expression patterns of CabZIP genes could also be observed in the seeds. Despite of the partial similarity at different developmental stages among the same organs, CabZIP TFs had also a different expression pattern in floral bud tissues of pepper. Namely, the CabZIPs from opening floral bud F9 shared a higher degree of similarity with fresh fruit FST0 than the unexpanded floral buds F1 in terms of gene expression levels. Therefore, opening floral buds F2 and fresh fruits FST0 were clustered together. These results provided us an important foundation to further understand the functions of CabZIPs in pepper's organs.




Figure 3 | Expression patterns of 59 CabZIP genes differentially expressed in six tissues. The image summarized the organ-specific expression profiles of 59 CabZIPs in pepper. The expression levels are normalized using log2. The color scale representing expression values is shown at the top. Green indicates low expression values, black indicates intermediate expression values and red indicates high expression values. Genes and the tissues of different developmental stages are clustered according to their expression profiles. Group numbers were labeled after each gene name. The L1 and L9 denote leaf collected at 2 and 60 days after emergence, respectively. The F1 and F9 denotes floral bud collected at smallest and biggest size, respectively. The FST0 denotes fruit collected on 3 days after flowering (DAF). The T5 and T11 denotes placenta collected on 30 and 60 DAF, respectively. The S5 and S11 denotes seed collected on 30 and 60 DAF, respectively. The G5 and G11 denotes pericarp collected on 30 and 60 DAF, respectively.





Expression of CabZIP Genes under Abiotic Stress and Phytohormone Treatments

Pepper plants are frequently challenged by various environmental stresses, such as salt stress and extreme temperatures. Given the potential roles of CabZIP TFs, as a kind of ubiquitous TFs may play important roles in response to multiple stresses by regulating the expression of stress-related genes in pepper. Additionally, phytohormones such as ABA, JA, and IAA act as a wide spectrum of endogenous messengers, which play a crucial role in responses to environmental stresses. Previous studies showed that treatments of plants by exogenous hormones often result in instantaneous and rapid genome-wide transcriptional changes (Seif et al., 2015). Thus, to investigate the possible involvement of CabZIP TFs in the regulation of stress-related genes, the expression patterns of CabZIP genes were analyzed under four environmental factors (cold, osmotic, heat, and salt stresses) and five phytohormones (GA3, SA, ABA, IAA, and JA), based on transcriptomic data (Supplementary Table S5). The values, which representing a fold change of each CabZIP gene compared with the control, are illustrated by a heat map (Figure 4). Details normalized as Log2 in treated and control plants.




Figure 4 | Patterns of 59 CabZIP genes differentially expressed during abiotic stress and phytohormone treatments. (A) Expression patterns of CabZIP genes in leaf at 6 h post treatment. CL0, FL4, ML4, HL4, NL4, GL4, SL4, AL4, IL4, and JL4 represents the control, cold, mannitol, heat, salt, GA3, SA, ABA, IAA, and JA treatment, respectively. (B, C) Expression patterns of CabZIP genes in leaf (B) or root (C) under salt stress. CL0/CR0, NL1/NR1, NL2/NR2, NL3/NR3, NL4/NR4, NL5/NR5, and NL6/NR6 represents the expression levels of CabZIP genes in leaf/root at 0, 0.5, 1, 3, 6, 12, and 24 h post treatment, respectively. Log2 (treated/control) ratio values represents the fold change of the gene expression. The color scale is shown at the top (A) or right (B, C). Green indicates low expression values; black indicates intermediate expression values and red indicates high expression values. The empty values were indicated as white. Group numbers are labeled after each gene name. See Supplementary Table S5 for detailed transcriptome data.



As shown in Figure 4A, the heat map could be divided into three clusters based on the different treatments. Cluster I, where the Log2 (control/control) ratio values were 0. Cluster II and III contained the four abiotic stresses and five phytohormone treatments, respectively. These results showed that the expression pattern of some CabZIPs varied between the abiotic stresses and phytohormones, implying their distinctive involvements in the pepper phytohormone signaling pathways and abiotic stimuli. Furthermore, CabZIP genes showed a similar expression pattern under two different treatments in the same cluster, such as cold and mannitol stresses or GA3 and SA treatments. These results indicated that the expression patterns of CabZIPs could be regulated by different treatments. According to the hierarchical clustering of 59 CabZIP genes in response to different treatments, we found that certain down-regulated genes in response to some abiotic stresses were up-regulated by several of phytohormone treatments. For instance, CabZIP genes consistent with this expression pattern were mainly the members in group D (CabZIP7, CabZIP33, CabZIP31, and CabZIP27) and S (CabZIP3, CabZIP32, CabZIP19, CabZIP20, CabZIP24, and CabZIP5). CabZIP1, only up-regulated in the GA3 treatment, was clustered into a single branch and had no significant response to other treatments. Meanwhile, CabZIP1 was also clustered into an independent branch in the heat map of tissue-specific expression patterns and had high expression levels among all tissues (Figure 3). It could be concluded that CabZIP1 may be specifically involved in the signal pathway of GA and also plays a crucial role in the regulation of the morphology of the plants under the controlling of GA (Fukazawa et al., 2000).

Examination of transcriptome data also indicated that the majority of CabZIP genes displayed a differential expression under different treatments (Figure 4A). For example, some down-regulated genes induced by JA were up-regulated during the IAA treatment, such as CabZIP32, CabZIP5, and CabZIP60. On the contrary, some genes were up-regulated by the JA treatment but down-regulated by the IAA treatment, such as CabZIP46 and CabZIP47 in the group A. The results suggested that some CabZIP genes were involved in different biological pathways in response to various phytohormones. Notably, expression of CabZIP31 in leaves was significantly down-regulated during mannitol, heat, and salt stresses, but was markedly down-regulated by the ABA treatment. This was consistent with previous reports, where CaAIBZ1 (CabZIP31)-silenced pepper and CaAIBZ1 (CabZIP31)-overexpressing Arabidopsis exhibited drought-tolerant and sensitive phenotypes, respectively. Whereas, CaAIBZ1 (CabZIP31) degraded by CaASRF1 positively modulates ABA signaling and the drought stress (Joo et al., 2018). By contrast, CabZIP48, CabZIP41, and CabZIP22 were significantly up-regulated in leaves during drought, heat, and salt stress conditions, respectively. These results were supported by the research on CaBZ1 (CabZIP48) (Hwang et al., 2005), CabZIP63 (CabZIP41) (Shen et al., 2016), and CAbZIP1 (CabZIP22) (Lee S. C. et al., 2006). The transcript levels of pathogen-induced bZIP TF CAbZIP1 (CabZIP22) (Lee S. C. et al., 2006), CabZIP2 (CabZIP29) (Lim et al., 2015), CabZIP63 (CabZIP41) (Shen et al., 2016), and CaBZ1/PPI1 (CabZIP48) (Lee et al., 2002; Hwang et al., 2005) were up-regulated under stress conditions and phytohormone treatments in our study, implying the involvement of these CabZIPs in the signal transduction pathway of biotic stresses.

To further explore the temporal expression patterns of CabZIP genes, we analyzed the expression levels of 59 CabZIP genes in leaves (Figure 4B) and roots (Figure 4C) at 0, 0.5, 1, 3, 6, 12, and 24 h post salt stress treatment. We observed the differential expression patterns of CabZIP genes in response to salt stress in leaves and roots. The most striking feature was the expression levels of many CabZIP genes in pepper leaves and roots were opposite and that same expression pattern could be found in the majority of CabZIPs in all groups. For example, CabZIP42 (group G) and CabZIP47 (group A) showed highly up-regulated expression in the leaves at a different time points in post salt stress treatment, while the gene expression levels in roots were significantly down-regulated when compared with the control. Moreover, some down-regulated genes induced in leaves were elevated in roots, such as CabZIP4 (group S), CabZIP9 (group B), CabZIP36 (group I), and CabZIP51 (group E). This observation was consistent with earlier reports where the transcript levels of the apple MdbZIP60, MdbZIP98, and MdbZIP109 showed the opposite expression pattern under NaCl treatment in both the leaves and roots (Li et al., 2016). Interestingly, the opposite regulation of CabZIPs in both the organs of pepper suggested the involvement of different pathways in salt response. When salinity stress was not only toxic at the cellular level but also impaired by others factors, such as oxidative stress and water deficit conditions. Possibly, some of the CabZIPs, which showed the opposite expression trends in the leaves and roots in response to salt stress, could be due to regulating the perception of the ROS as a signal or water deficit. In other biotic and drought stresses, similar results were also reported (Lee S. C. et al., 2006; Baloglu et al., 2014; Li et al., 2016). Additionally, we found that NL4, the expression of CabZIPs in leaves at 6 h after treatment (NR4, the expression of CabZIPs in roots at 6 h after treatment), was suitable to reflect the overall expression trends of the CabZIP genes in response to salt stress. It was understandable that the expression patterns of some CabZIP genes (if their functions were involved in response to other stresses and phytohormones treatments) were not detected for the limited samples tested in our study.



Cloning and Expression Analysis of CabZIP25 Gene

After the validation and confirmation of 60 CabZIP genes (Supplementary Table S1), through alignment of the CabZIP25 protein sequence in Zunla-1 and CM334 genomes, there was an incomplete bZIP domain of the CabZIP25 amino acid sequence in Zunla-1 genome (Supplementary Figures S6A, B). We investigated the veracity of the CabZIP25 gene, and a BLASTN was performed with the upstream 1,500 bp promoter regions of the CabZIP25 gene in both the genomes. The alignment result showed that the CabZIP25 promoter sequences in both the genomes were almost the same, just the existing insertion-deletion sequence (Supplementary Figure S6C). All pieces of evidence indicated that there was a significant genetic variation of the CabZIP25 gene in pepper line Zunla-1 and CM334. It was speculated that the CabZIP25 gene played a different role with the presence/absence of the bZIP domain. In order to explore the function of the CabZIP25 gene, the complete CDS was amplified from the leaf of pepper line R9 using two pairs of CabZIP25 CDS primers from Zunla-1 and CM334, but only the primers of CabZIP25 CDS from CM334 gave the results and was further used in the experiment.

Multiple sequence alignments indicated the CabZIP25 gene was a true bZIP gene (Supplementary Figure S6B), and CabZIP25 protein could have the specific and indispensable function as a complete bZIP TF in the pepper. CabZIP25 belonged to group A (Figure 1) and the homologous proteins of CabZIP25 in Arabidopsis and tomato have been studied such as AtbZIP35 (ABF1), AtbZIP36 (ABF2/AREB1), AtbZIP38 (ABF4/AREB2) (Choi et al., 2000; Jakoby et al., 2002; Hsieh et al., 2010; Orellana et al., 2010; Bastias et al., 2014), and SlbZIP33 (SlAREB1) (Orellana et al., 2010; Bastias et al., 2014) (Supplementary Figure S2). Most of the functional information available of AREB/ABF bZIP TFs suggested the roles in ABA or stress signaling and mediating stress-associated gene regulations (Choi et al., 2000; Jakoby et al., 2002; Orellana et al., 2010).

In order to understand the potential functional role of the CabZIP25 gene in pepper, we analyzed the expression pattern of the CabZIP25 in different tissues and response to different treatments in pepper. For the tissue-specific expression of the CabZIP25 gene, the accumulation of CabZIP25 mRNA in different pepper tissues was determined by qRT-PCR. Under normal temperature conditions, the CabZIP25 gene was detected in all tissues and showed significant tissue specificity (Figure 5A). As compared to the expression of reproductive tissues, CabZIP25 was expressed at relatively higher levels in vegetative tissues including roots, stems, and leaves. The CabZIP25 transcripts were present abundantly in the leaves and the least abundant in fruits. The data suggested that the transcriptional regulation of the CabZIP25 gene played an active role in the vegetative tissues than reproductive tissues. Whereas, tomato SlbZIP33 (SlAREB1), the homolog protein of CabZIP25, participated in the regulation of the metabolic programming during fruit ripening in tomato (Bastias et al., 2014). The expression of CabZIP25 in pepper fruits may be affected by temporal and spatial factors of the samples, and the expression analysis might not precisely reflect the potential function of this gene, but whether CabZIP25 had an important role in other tissues (e.g. during seed maturation) yet to be investigated. In vegetative tissues, ABA and abiotic stresses such as heat, salt, and drought induced gene expression with cis-elements including the ABRE element (Jakoby et al., 2002). Thus, we conducted a qRT-PCR analysis of the expression of CabZIP25 in pepper leaves exposed to heat, NaCl, ABA, and JA for the expression pattern of CabZIP25 (Figures 5B–E). CabZIP25 in leaves was induced by heat upon initiation of the stressful period (Figure 5B). The CabZIP25 expression was induced to the highest level after 1 h of heat stress and then kept at a high expression level even after 24h of heat stress. After exposure to different concentrations of NaCl, CabZIP25 expression was strongly enhanced (Figure 6C). CabZIP25 expression was also significantly up-regulated in response to exogenous application of phytohormones such as ABA or JA compared with the control, except for 1µM ABA treatment. Previously, Arabidopsis AtbZIP36 (ABF2/AREB1) and AtbZIP38 (ABF4/AREB2) genes were also induced by high-salt treatment and exogenous ABA treatment (Choi et al., 2000). In addition, a small numbers of CabZIPs were also involved in salt stress and ABA/JA hormones treatments in pepper, such as CAbZIP1 (CabZIP22) (Lee S. C. et al., 2006), CaAIBZ1 (CabZIP31) (Joo et al., 2018), CaDILZ1 (CabZIP33) (Lim et al., 2018), and CaBZ1/PPI1 (CabZIP48) (Lee et al., 2002; Hwang et al., 2005). Therefore, CabZIP25 was highly responsive to salt and heat treatments, it could be due to some hormonal signals that participated in enhancing the CabZIP25 transcription when pepper plants were under the stress environment.




Figure 5 | CabZIP25 expression patterns (A) in different pepper tissues, under (B) heat stress induction at 45°C, (C) NaCl root-immersing, (D) ABA spraying, and (E) JA spraying. The relative expression levels of CabZIP25 are normalized to that of CaUBI3. Error bars represent SDs for three replicates, and each replicate contains six pepper seedlings. Data are shown as means ± SD. The asterisks on the bars indicate significant differences from the CabZIP25 expression in flower (A) or control treatments (B–E). *P < 0.05, **P< 0.01 by Student's t-test.






Figure 6 | Function analysis of CabZIP25 under salt stress. (A) Phenotypic analysis, seed germination rate, fresh weight, and chlorophyll content of Arabidopsis treated with different concentrations of NaCl for 10 days. (B) The phenotype and length of Arabidopsis roots at 10 days after different concentrations of NaCl. (C) The phenotype and chlorophyll content of leaf discs from TRV2: 00 or TRV2: CabZIP25 plants. Error bars represent SDs for three replicates. Data are shown as means ± SD. *P < 0.05, **P < 0.01 by Student's t-test. Bars = 1 cm.





Performance of the Transgenic Arabidopsis and Silenced-Pepper under Salt Stress

Orthologous genes of CabZIP25 have been reported in other species such as Arabidopsis and tomato, and the functional identification of these bZIP TFs revealed that they conferred tolerance to multiple stresses, including salt, heat, and drought stresses (Uno et al., 2000; Jakoby et al., 2002; Fujita et al., 2005; Furihata et al., 2006; Hsieh et al., 2010; Orellana et al., 2010; Bastias et al., 2014). Since the CabZIP25 was strongly up-regulated by salt stress (Figure 5), stable or transient expression experiments were used to confirm the function of this TF response to salt tolerance in plants. CabZIP25 gene was transformed into Arabidopsis plants and three homozygous transgenic lines (OE1, OE2, and OE5) were used for further study its function (Supplementary Figure S7C).

As shown in the Figures 6A, B, all the transgenic lines together with the WT, were grown for 12 days on MS medium supplemented with 0, 100, or 150 mM NaCl, respectively. In the absence of NaCl, CabZIP25-OE lines and WT plants showed similar growth including germination rates, fresh weights, chlorophyll contents, and root lengths; while no obvious phenotype changes were observed. However, under salt stress, plant growth was inhibited to various degrees in both the over-expressed lines and WT seedlings with 100 and 150 mM NaCl concentration. After 2 days of treatment with 100 mM NaCl, the germination rates of the OE1, OE2, and OE5 transgenic lines were 22.43%, 20.65%, and 21.54%, respectively, whereas the germination rate of the WT was only 15.76% (Figure 6A). The similar results were also obtained for plants cultivated on medium supplemented with 150 mM NaCl after 2 days. Higher germination rates were recorded in the medium containing 150 mM NaCl than that in the WT, however, only the germination rate of the OE2 line was significantly different from that of control (Figure 6A). After 4 days, the germination rates of different Arabidopsis lines were practical unanimity on all medium. We found that the over-expression of the CabZIP25 gene could increase the germination rates of transgenic lines under 100 mM salt treatments; at higher concentration, the stress response was there but was not significant. Additionally, both root lengths (Figure 6B) and fresh weights (Figure 6A) were significantly higher in three transgenic lines than that in WT seedlings under 100 mM and 150 mM salt treatments, while there was no difference between the transgenic and WT seedlings under normal conditions. It was interesting that the fresh weight of Arabidopsis grown at 100 mM NaCl was higher than those of control (Figure 6A). But many WT and overexpression plants showed a dark color of leaves and abnormal phenotype of seedlings at 100 mM NaCl treatment, indicating that the natural growth of plants had been affected by salt. The fresh weights of transgenic lines were still significantly higher than that in WT seedlings. The possible reason might be that the equilibrium of water and ions in plant cells was broken under salt treatment and the hyperosmotic stress and ion imbalance caused by salt stress led to abnormal growth and development of plants. But the factual mechanism of this phenomenon remained to be further explored. Previous studies have shown that over-expression of SlAREB1 (SlbZIP33) resulted in a noticeably improved tolerance to salt (Hsieh et al., 2010; Orellana et al., 2010), and pepper CAbZIP1 (CabZIP22) transgenic Arabidopsis plants displayed enhanced tolerance to salt stresses (Lee S. C. et al., 2006). In our study, CabZIP25 also showed a vital role in regulating seedlings growth in response to salt stress. Hence, to explore the latent reason affecting the seedlings growth situation, we monitored the chlorophyll contents of 12 days seedlings under different salt treatments (Figure 6A). There was no difference in the chlorophyll contents between the transgenic and WT Arabidopsis seedlings under normal conditions, however, CabZIP25-OE lines displayed higher chlorophyll contents than WT on medium supplemented with 100 mM NaCl. Similarly in tomato, total chlorophyll content in the salt-stressed plants was much higher than that of SlAREB1 (SlbZIP33)-down-regulating plants, while much higher chlorophyll content was detected in the SlAREB1 (SlbZIP33)-over-expressed plants than that of the WT control (Orellana et al., 2010). The Chlorophyll content could reflect the level of damage during the stress assays. Surprisingly, the chlorophyll contents of CabZIP25-OE lines did not differ significantly from that of WT plants under 150 mM NaCl treatment in our study.

To further validate the results, CabZIP25 was silenced in the pepper line R9. The appearance of photo-bleached leaves of TRV2: CaPDS pepper plants as a positive control, approximately 4 weeks after the infiltration of the media, showed a successful silencing through VIGS. Although, no visible difference was observed the phenotype in TRV2: 00 (control) and TRV2: CabZIP25 silenced pepper plants (Supplementary Figure S7A). Then qRT-PCR analysis was performed to measure the silencing efficiency of the silenced gene with the control. As compared to the TRV2: 00 plants, the expression level of CabZIP25 in the silenced pepper plants was 64% lowered than the control plants (Supplementary Figure S7B). Additionally, the homologous genes of CabZIP25 (CabZIP1 and CabZIP2) were almost equally expressed in all the virus-infected pepper plants (Supplementary Figure S7B). Subsequently, the excised leaf discs from the TRV2: 00 and TRV2: CabZIP25 plants were exposed to 0, 300, or 600 mM NaCl solution for three days, respectively (Figure 6C). The results showed that the leaf discs of TRV2: 00 or TRV2: CabZIP25 plants under salt treatments exhibited lower chlorophyll contents, as compared to the control treatment. Under 300 mM NaCl treatment, the chlorophyll contents decreased from 1.23 to 0.22 mg/g in the leaf discs of plants with TRV2: CabZIP25; whereas the chlorophyll contents in the leaf discs of the TRV2: 00 plants decreased from 1.22 to 0.42 mg/g. After salt treatment, the chlorophyll contents were significantly lower in the leaf discs of plants with TRV2: CabZIP25 than those with the TRV2: 00. Moreover, with 600 mM NaCl stress, the chlorophyll content declined continuously in the leaf discs of plants transformed with both TRV2: 00 and TRV2: CabZIP25, but the average value in the latter (0.13) was not significantly lower than the former (0.16). The results showed that the salt stress decreased the chlorophyll contents of the pepper plants and the chlorophyll contents in CabZIP25-silenced plants were lower than that in control plants under salt stress. Previously, wheat Wabi5, as a counterpart of AREB/ABF, also improved the abiotic stress tolerance against salt, low temperature, and osmotic stresses in the transgenic tobacco plants (Kobayashi et al., 2008). Our result showed that a lower level of CabZIP25 expression resulted in reduced tolerance to the injury from salt stress in pepper (Figures 6A, B). Taken together, the CabZIP25 enhanced salt tolerance by inhibiting the breakdown of chlorophyll at a lower concentration of salt in plants through overexpression and silencing of CabZIP25 in the Arabidopsis and pepper, respectively. However, no significant improved tolerance to the high-concentration of salt, need further investigation to verify.




Conclusion

bZIP TF families have been identified in different plants and bZIP TFs play a crucial role in various developmental processes and biotic/abiotic stress responses. However, only a few pepper CabZIPs have been studied so far, a systematic study on the biological functions on the pepper CabZIP family is lacking. In the present study, a genome-wide analysis of the CabZIP gene family was performed in pepper and a total of 60 CabZIPs were obtained from the two pepper genomes. We studied the phylogenetic relationship of CabZIP genes, the conserved amino acid residues within the bZIP domain, conserved motifs, intron phases within the basic and hinge regions. Expression analyses based on the transcriptomic data for the 59 CabZIP genes were performed under different tissues and in response to different abiotic stresses and phytohormones. In addition, the expression of CabZIP25 was also measured through qRT-PCR under abiotic stresses (salt and heat) and phytohormones (ABA and JA). Based on the expression results, we further characterized the function of CabZIP25 through over-expression in Arabidopsis and silencing through VIGS in pepper. The results showed that CabZIP25 enhanced the salt tolerance by maintaining the chlorophyll stabilization in plants. Therefore, our result will provide a better reference for the functional characterization of CabZIP family members in plants development and response to environmental stimuli.
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Salinity stress affects global food producing areas by limiting both crop growth and yield. Attempts to develop salinity-tolerant rice varieties have had limited success due to the complexity of the salinity tolerance trait, high variation in the stress response and a lack of available donors for candidate genes for cultivated rice. As a result, finding suitable donors of genes and traits for salinity tolerance has become a major bottleneck in breeding for salinity tolerant crops. Twenty-two wild Oryza relatives have been recognized as important genetic resources for quantitatively inherited traits such as resistance and/or tolerance to abiotic and biotic stresses. In this review, we discuss the challenges and opportunities of such an approach by critically analyzing evolutionary, ecological, genetic, and physiological aspects of Oryza species. We argue that the strategy of rice breeding for better Na+ exclusion employed for the last few decades has reached a plateau and cannot deliver any further improvement in salinity tolerance in this species. This calls for a paradigm shift in rice breeding and more efforts toward targeting mechanisms of the tissue tolerance and a better utilization of the potential of wild rice where such traits are already present. We summarize the differences in salinity stress adaptation amongst cultivated and wild Oryza relatives and identify several key traits that should be targeted in future breeding programs. This includes: (1) efficient sequestration of Na+ in mesophyll cell vacuoles, with a strong emphasis on control of tonoplast leak channels; (2) more efficient control of xylem ion loading; (3) efficient cytosolic K+ retention in both root and leaf mesophyll cells; and (4) incorporating Na+ sequestration in trichrome. We conclude that while amongst all wild relatives, O. rufipogon is arguably a best source of germplasm at the moment, genes and traits from the wild relatives, O. coarctata, O. latifolia, and O. alta, should be targeted in future genetic programs to develop salt tolerant cultivated rice.

Keywords: wild rice, salinity stress, molecular breeding, rice domestication, O. coarctata, O. rufipogon


INTRODUCTION

Rice (Oryza sativa L.) is one of the most important staple crops in many countries. It is the main food source of over half of the world population accounting for about 50–80% of their daily calorie intake (International Rice Genome Sequencing Project, 2005; Food and Agriculture Organization, 2019). With an increasing world population, there is a need to increase rice production by 87% by 2050 (Kromdijk and Long, 2016). This is a challenging task, as the amount of arable land available to meet this demand for the increase in rice production is simply insufficient using current practices. Moreover, a large proportion of the global food production will have to deal with erratic environmental conditions and abiotic stresses due to climate change (Food and Agriculture Organization, 2019).

It is estimated that approximately 950 million hectares of arable land globally, including 250 million hectares of irrigated land, is affected by salinity (Yamaguchi and Blumwald, 2005; Shahbaz and Ashraf, 2013). Among the cereal crops, rice is the most sensitive to salinity, and high salt concentrations in soils are considered as one of the major abiotic stresses affecting rice production (Eynard et al., 2005). Rice is grown in over 100 countries in an area of more than 150 million hectares of land; however, a large proportion of these agricultural areas are salinized to some degree or are at risk of being salinized. This involves millions of hectares in South Asia and Southeast Asia that are climatically suited for rice production but are left uncultivated or have low yields due to saline soils (Smajgl et al., 2015). However, the demand for rice is rising due to increasing populations in countries where rice is the staple food and the growing global popularity of rice cuisines. Given the economic significance of rice, understanding the mechanisms of adaptation to salinity stress and, subsequently, developing salinity-tolerant genotypes can be a means of increasing rice production. Major efforts have been made to increase the salt tolerance of rice through conventional and molecular breeding, but the extent of increase in salt tolerance has been limited, especially under field conditions (Hoang et al., 2016).

Wild Oryza species are a prime reservoir of genetic diversity for the improvement of one the world’s most important food crops. The genus is composed of two domesticated species, Oryza sativa and Oryza glaberrima, and 22 wild species that represent between 15 and 25 million years of evolutionary diversification (Vaughan, 1994). Wild rice relatives have been identified as potential sources of important agronomic traits. Modern breeding approaches to stress tolerance have been focused on the identification of the sources of genetic diversity in the primary gene pool and then introgressing favorable alleles into elite cultivars to combat the stresses (Gur and Zamir, 2004; Sharma et al., 2013). Introgression of favorable alleles into elite rice varieties has been successful for development of lines that are resistant to pests and diseases (Jena and Kim, 2010; Sarao et al., 2016) and higher yields (Swamy and Sarla, 2008; Bai et al., 2012), but to a less extent for tolerance to drought, cold and salinity (Koseki et al., 2010; Ndjiondjop et al., 2010; Yang et al., 2012).

In this review, we discuss the genus Oryza and its genetic complexity and the limitations in the potential use of these wild rice species, with a focus on breeding of salinity-tolerant rice. We elucidate the variability in response to salinity amongst Oryza species and propose some key genes from wild rice as targets for further research toward the identification of salt tolerance mechanisms in wild rice species for the improvement of cultivated rice.



THE COMPLEX Oryza GENUS AND THE EVOLUTION AND DOMESTICATION OF MODERN CULTIVATED RICE

The genus, Oryza, has a rich genetic diversity that comprises different landraces, modern and obsolete varieties, genetic stocks, and wild Oryza species (Zhang and Gao, 2017). Modern cultivated rice has evolved from its wild progenitors through a series of introgressive events, natural selection, domestication, and conventional and molecular breeding. Given these processes, just two of the 24 extant Oryza species have become agronomically productive: “Asian rice,” Oryza sativa, that is high yielding and cultivated worldwide and “African rice,” Oryza glaberrima, that is low yielding and grown in limited areas in West Africa (Vaughan, 1994; Linares, 2002; Vaughan et al., 2003). The domestication of these two cultivated rice species shows parallel evolution in which different human civilizations selected different wild species to target the same traits (Purugganan, 2014). These traits resulted in major alterations in rice plant structure and reproductive physiology. Rice breeders have selected for the characteristics of rice grains that make them more appealing as a food source, including grain size, shape, color, and fragrance (Kovach et al., 2007). Despite being widely studied, the domestication of these two cultivated species remains controversial (Wambugu et al., 2018). Modern genetic and genomic studies of cultivated and wild rice will provide useful information and vital insights into the evolution and domestication of rice (Kovach et al., 2007).

The 22 wild species have native distributions in tropical and subtropical regions of Africa, South-East Asia, Australasia, and Central and South America (Supplementary Table S1). These wild rice relatives are weedy grasses (Figure 1) that have inferior morpho-physiological characteristics, poor grain attributes, and low seed set compared to cultivated rice. These wild rice species also differ substantially in their growth habitat and morphological characteristics such as plant height, leaf shape and size, tiller numbers, flowering, panicle size, and branching (Vaughan et al., 2003). Fifteen of the 22 wild Oryza species have been assigned to six diploid genome types (AA, BB, CC, EE, FF, and GG) and the remaining seven species to three tetraploid species types (BBCC, CCDD, and HHJJ) (Figure 2). These types are determined based on cytogenetic analysis (Morinaga, 1964), genomic DNA hybridization (Aggarwal et al., 1997), rDNA spacers (Cordesse et al., 1992), transposons (Iwamoto et al., 1999; Kanazawa et al., 2000), and DNA sequence comparisons of two Adh genes (Ge et al., 1999). Although the genome of O. sativa (AA) has been fully determined, many aspects of the evolution of the Oryza genus and their phylogenetic relationships (Stein et al., 2018) remain to be clarified.
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FIGURE 1. Diversity of wild rice species. The 24 wild Oryza species are divided into a primary gene pool (Oryza sativa complex, AA genome), a secondary gene pool (Oryza officinalis complex, BB to EE genomes), and a tertiary gene pool (O. meyeriana complex and unclassified species, FF to KKLL genomes). Images are taken by the authors at the International Rice Research Institute (IRRI).
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FIGURE 2. The phylogenetic relationships among the major wild rice species. Neighbor joining tree in which the thickness of the lines connecting to each lineage represents approximate genome size modified from Ge et al. (1999); Lu et al. (2009), and Ammiraju et al. (2010).


The genus Oryza can be grouped into four species “complexes”: (1) the primary gene pool, the O. sativa complex; (2) the O. officinalis complex; (3) the O. ridleyi complex; and (4) the O. meyeriana complex (Supplementary Table S1). The O. sativa complex comprises eight diploid species with AA genomes that encompasses two cultivated (O. sativa and O. glaberrima) and six wild rice species (O. nivara, O. rufipogon, O. breviligulata, O. longistaminata, O. meridionalis, and O. glumaepatula). These species are commonly used by breeders due to their ease of crossing and gene transfer to cultivated rice cultivars (Brar and Khush, 2018). The most widely used ancestral wild rice, O. rufipogon, is found in regions of South Asia, Southeast Asia and Northern Australia, and has both annual and perennial types. Perennial O. rufipogon subtypes are found in deep swamps, while the annual subtypes are found in shallower, temporary swamps which are parched in the dry season (Morishima et al., 1984). O. rufipogon has been used for many decades for the breeding of disease- and insect-resistant rice (Song et al., 2005; Stein et al., 2018; Wing et al., 2018). O. nivara is an annual grass within the O. sativa complex that is distributed in India, Nepal, Cambodia, Laos, and Thailand. As with O. rufipogon, it has been used to breed high-yielding, virus-resistant rice cultivars (Varshney et al., 2009; Brar and Singh, 2011; Swamy et al., 2014). A few introgression lines have been developed using yield-associated QTLs from O. nivara (Ma et al., 2016). Oryza longistaminata, a perennial plant that is widely distributed in Africa, is closely related to its annual relative, O. barthii (Akimoto et al., 1998). These two species are closely related to O. glaberrima, which mainly distributed in Western Africa in upland, rain-fed and deep-water fields (Linares, 2002; Wang et al., 2014). Oryza glaberrima can be easily distinguished from O. sativa due to its short, rounded ligule and no secondary panicle branching (Vaughan et al., 2003). Oryza glaberrima is tolerant to different biotic and abiotic stresses, but its yield is not high (Futakuchi et al., 2012).

The O. officinalis complex comprises six diploid species (O. punctata, O. minuta, O. officinalis, O. eichingeri, O. rhizomatis, O. australiensis) and six allotetraploid species (O. punctata, O. minuta, O. officinalis, O. latifolia, O. alta, and O. grandiglumis) (Brar and Khush, 2018). This complex is distributed in Asia, Africa, and Latin America. In Asia, the most common species are O. minuta and O. officinalis (Vaughan, 1989); O. punctata (BB, annual, BBCC perennial) and O. eichngeri (CC) are mainly found in Africa (Vaughan et al., 2003). The three allotetraploids, O. latifolia, O. alta, and O. grandiglumis (CCDD), are found in the Latin America. Oryza latifolia is widely distributed in Central and South America and the Caribbean islands while O. alta and O. grandiglumis grows in the Amazon basin of South America (Bao and Ge, 2004). Oryza australiensis (EE) is commonly found in northern parts of Australia and survives as both rhizomes and seeds. This species has the largest genome in the genus, Oryza, due to a retrotransposon (Piegu et al., 2006).

The O. ridleyi complex comprises two tetraploid (HHJJ genomes) species, O. ridleyi and O. longiglumis, that are commonly found in Asia and have highly similar morphological and ecological characteristics. Rice breeders have used these species to breed cultivars resistant to bacterial blight and blast (Vaughan et al., 2003). The O. meyeriana complex is composed of two species, O. meyeriana and O. granulata, both with diploid GG genomes. Compared to species in the other complexes, these plants are small with unbranched panicles and small spikelets. They thrive in shady or partial shady forest understory and cannot survive flooding (Vaughan et al., 2003). Two of the 24 species are yet to be classified among the complexes: O. schleteri (HHKK), which is distributed in regions of Indonesia and Papua New Guinea; and O. coarctata (KKLL), which is commonly found in coastal areas of South Asia (Vaughan et al., 2003).



SEARCH FOR DONORS FOR SALT TOLERANT RICE

There are numerous rice varieties widespread across the globe, with over 127,000 reported accessions of cultivated rice and wild relatives (Supplementary Table S1). Among the known accessions, there are thousands of hybrid rice cultivars that have characterized quantitative traits such as grain yield, flowering time and plant architecture. There are also classic elite cultivars, such as IR64, Teqing and IR68552-55-3-2, that are used as recurrent parental lines (Huang et al., 2016). However, only a small proportion of these natural accessions have been assessed for traits under saline conditions using different screening approaches and experimental designs (Platten et al., 2013; Kumar et al., 2015). It has been found that the salt tolerance of cultivars of O. glaberrima and O. sativa is related to low Na+ and high K+ concentrations in roots and shoots (Reddy et al., 2014; Rahman et al., 2016; Sakina et al., 2016), and some of the most salt-tolerant cultivars are Pokkali, Nona Bokra, and FL478 (Zeng and Shannon, 2000; Platten et al., 2013). These salt-tolerant cultivars have been extensively used in breeding salinity-tolerant rice (Thomson et al., 2010; Platten et al., 2013; Reddy et al., 2014; Waziri et al., 2016). However, the degree of salt tolerance has often been low, and the developed plants possess tolerance like the donors but with poor agronomical traits. Most of these poor agronomical traits are linked with salinity tolerance, making it difficult to untangle them and produce tolerant lines while avoiding linkage drag of these poor agronomic traits from the donors (Gregorio et al., 2002). Also, the developed lines often survived only under glasshouse conditions and failed to show salinity tolerance in the field due to combined stresses (Reddy et al., 2014). Thus, it appears that the extent of genetic variability in salinity tolerance in cultivated rice is not large enough to enable any significant improvement in this trait and create varieties capable of handling the substantial amounts of salt that can be present in the rhizosphere.

Compared to cultivated rice, the wild rice species have greater genetic diversity. It is estimated that 10–20% of wild rice species diversity is represented in cultivated rice (Zhu et al., 2007; Stein et al., 2018). The large genetic diversity suggests that novel salinity tolerance mechanisms can be explored for the potential utilization of genes and traits contained in this diversity. Thus, an attractive breeding strategy could be to combine salinity-adaptive traits from wild rice through gene pyramiding in popular varieties and elite breeding lines (Gregorio et al., 2002).



MECHANISMS OF ADAPTATION TO SALINITY STRESS IN RICE


Physiological Mechanisms of Rice Salt Tolerance

Rice is the most salinity-sensitive species among the cereal crops, where 3 dSm–1 of salinity is sufficient to cause significant yield reductions in most cultivated varieties (Eynard et al., 2005). The salt tolerance of rice varies at different growth stages. The crop is relatively tolerant during seed germination (Khan et al., 1997) and the early vegetative stage (shoot and root emerge until the first tiller grows) (Zeng and Shannon, 2000), but it is susceptible at the seedling stage (Lutts et al., 1996) and highly susceptible at the reproductive stage (Khatun and Flowers, 1995). The major morphological symptoms in salinity-sensitive rice varieties include stunted roots and shoots, leaf tip burning, low tiller numbers, reduced numbers of florets per panicle, low pollen viability, spikelet sterility, reduced panicle numbers, low grain weight, and low harvest index and yield (Zeng and Shannon, 2000; Singh et al., 2008).

Plants generally adapt to salinity stress by mechanisms related to ion exclusion and osmotic tolerance (Figure 3) (Munns and Tester, 2008; Reddy et al., 2017; Munns et al., 2020). Ion exclusion is traditionally considered to be related to minimizing the initial entry of salt into roots and/or its efficient retention in the roots thus preventing excess accumulation of Na+ and Cl– ions in the leaves (Roy et al., 2014). As a result of selective breeding, salt-tolerant rice varieties accumulate less Na+ in leaves and shoots than those of salt-sensitive cultivars (Golldack et al., 2003; Lee et al., 2003; Lin et al., 2004; Ren et al., 2005; Cotsaftis et al., 2012). Ion exclusion also includes the retrieval of Na+ into xylem parenchymal cells and the efflux of ions back into the soil. Osmotic tolerance is related to a plant’s ability to increase production of organic osmolytes and/or the use of inorganic salts for osmotic adjustment. This osmotic adjustment is critical to maintain leaf expansion and operate stomatal movements (Roy et al., 2014). A plant’s reliance on inorganic ions for osmotic adjustment implies efficient vacuolar Na+ compartmentation (Shabala et al., 2019) and represents an important component of the tissue tolerance mechanism, e.g., an ability to maintain optimal functioning in the presence of high Na+ and Cl– in plant tissues. This requires compartmentalization of Na+ and Cl– at the cellular and intracellular levels to avoid toxic concentrations within the cytoplasm (Chen et al., 2007b; Shabala et al., 2019), especially in leaf mesophyll cells. As a result of this sequestration, plants are capable of maintaining a high tissue K+/Na+ ratio that is considered a key determinant of salinity stress tolerance (Maathuis and Amtmann, 1999; Anschütz et al., 2014; Shabala and Pottosin, 2014). In addition, plants use compatible solutes and produce enzymes catalyzing the detoxification of reactive oxygen species (ROS) (Bartels and Sunkar, 2005; Chen et al., 2007a) to deal with the oxidative component of the salt stress.
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FIGURE 3. An overview of adaptive mechanisms of rice species under salinity stress. Diagram shows the main salt tolerance mechanisms such as Na+ exclusion in the roots, enhanced xylem Na+ unloading, Na+ compartmentalization in vacuoles, Na+ exclusion in leaf blades/salt glands.




Molecular Mechanisms for Rice Salt Tolerance

Salinity tolerance is a complex, quantitative trait that is controlled by multiple factors, and many genes have been reported to enhance salt tolerance in rice. These genes fall in three categories: (1) genes for salt uptake, transport and signaling; (2) genes for osmoprotection; and (3) genes for maintaining energy balance for normal growth under salinity stress (Munns et al., 2020). Figure 3 shows some of the key genes involved in salt tolerance that are likely to be relevant for controlling K+ or Na+ uptake by roots and transport within the plant. Na+ uptake in the roots from soil is mediated primarily by non-selective cation channels (NSCCs) that have similar permeability to Na+ and K+ (Demidchik et al., 2002) and through K+ transporters (HKTs) that mediate Na+ and K+ transport (Tester and Davenport, 2003; Plett and Møller, 2010; Hanin et al., 2016). The Na+ absorbed by the root moves to the xylem via other transporters and channels and is delivered to the shoots (Munns and Tester, 2008). Regulating transport of Na+ is crucial in salinity stress adaptation in rice. OsHKT1;5 (SKC1) is responsible for Na+ exclusion in the vasculature for protecting leaf blades and reproductive tissues from salt toxicity in rice (Kobayashi et al., 2017). SKC1 is preferentially expressed in parenchyma cells surrounding xylem vessels for efficient recirculation of Na+ by unloading Na+ into the xylem thereby decreasing Na+ accumulation in shoots, contributing to increased salinity tolerance (Ren et al., 2005). Similarly, the rice K+ transporter protein, OsHKT1;4, a non-selective transporter, controls the uptake of Na+ during the reproductive growth stage (Suzuki et al., 2016), and OsHKT1;1 is associated with the regulation Na+ accumulation in shoots where it is mainly expressed in the phloem of leaf blades and is up-regulated in response to salinity stress (Garciadeblás et al., 2003).

The efficient exclusion of Na+ excess from the cytoplasm and vacuolar Na+ accumulation is the most important step toward the maintenance of ion homeostasis inside the cell. The Na+/H+ antiporters, SOS1 and NHX1, are the key genes involved in active Na+ extrusion to the apoplast and Na+ compartmentation in the vacuole, respectively (Figure 3). Both antiporters are driven by a proton-motive pump force generated by H+-ATPase (Blumwald, 2000). Overexpression of SOS1 of multiple plant species leads to salt tolerance in plants (Shi et al., 2000; Pardo et al., 2006; Oh et al., 2009; Olías et al., 2009). An OsSOS1 loss of function mutant displayed exceptional salt sensitivity that was correlated with excessive Na+ uptake and impaired Na+ loading into the xylem (El Mahi et al., 2019). NHXs sequester Na+ into vacuoles and are used for osmotic adjustment in salt tolerant plants (Apse et al., 1999; Nieves-Cordones et al., 2016). NHXs mediate Na+ influx in exchange for H+ efflux from vacuoles or endosomes that makes them excellent regulators of intracellular pH (Bassil and Blumwald, 2014; Reguera et al., 2015). In rice, overexpression of OsNHX1 contributes to Na+ compartmentalization in old leaves (Wang et al., 2012) and the expression of OsNHX1, OsNHX2, OsNHX3, and OsNHX5 is regulated differently in rice tissues and is increased by salinity stress (Fukuda et al., 2011).

Enhanced xylem K+ loading and translocation is another key determinant of salinity tolerance (Assaha et al., 2017). The high-affinity K+ transporters, OsHAK1, and OsHAK5, are essential for maintaining K+-mediated growth and development of rice plants under salinity stress. Overexpression of OsHAK1 in rice increased K+ uptake, maintaining high K+/Na+ ratio for salt tolerance (Chen et al., 2015a, b). Overexpression of OsHAK5 increased the K+/Na+ ratio in the shoots, while knockout of OsHAK5 decreased shoot K+/Na+ ratio, resulting in sensitivity to salt stress (Yang et al., 2014). The OsHAK family has many other members that may also have roles in salinity tolerance in rice, which requires further investigation.

Upon exposure to salinity stress, the competitive inhibition of K+ uptake by Na+ often leads to Na+ interfering in many K+-dependent processes (Wu et al., 2018). Among the K+ channels that have been found in rice that control K+ homeostasis during salinity stress is the inward-rectifying K+ channel, OsAKTs (Fuchs et al., 2004). The maintenance of high K+ levels in the cell by preventing of K+ efflux is also important for salinity tolerance in plants (Chen et al., 2005). Jayakannan et al. (2013) demonstrated that an influx of Na+ in cells depolarizes cell membranes, leading to K+ efflux through depolarization-activated K+ outward rectifying channels, such as GORK in Arabidopsis. In rice, two outward K+ rectifying, shaker-like channels have been identified: OsSKOR (stelar K+ outward rectifier) and OsGORK. OsSKOR is expressed in root vascular tissues, flowers, and the seed scutellum, while OsGORK is expressed to some degree in all tissues (Kim et al., 2015). Liu et al. (2019) showed upregulation of OsGORK and OsAKT1 in tolerant varieties which aids in K+ retention in roots when seedlings are exposed to salinity stress. Further elucidation of the roles of this K+ channels in salinity stress still needs to be studied.

In plants, there are three primary proton transport proteins: (1) plasma membrane (PM) and (2) vacuolar H+-ATPases, which couple ATP hydrolysis with proton transport, and (3) PM and vacuolar H+-PPases, which couple pyrophosphate hydrolysis with proton transport (Gaxiola et al., 2007; Fuglsang et al., 2010). Overexpression studies showed that these proton pumps act synergistically together with key ion transporters genes for enhance salinity tolerance. Rice plants overexpressing tonoplast OsNHX1 and H+-pyrophosphatase (OsVP1) incurred less damage and had higher photosynthetic activities when exposed to long-term salinity (Liu et al., 2010). It was also shown that the salt-tolerant rice (cv. Pokkalli) shows a rapid and significant increase in expression of vacuolar H+ ATPases (OsVHA) and OsHKT2 compared to a sensitive line under salinity stress (Kader et al., 2006).



New Mechanisms for Salt Tolerance in Wild Rice

Despite selective breeding or better Na+ exclusion, even salt-tolerant rice varieties lack tissue tolerance (Yeo and Flowers, 1986; Prusty et al., 2018). This calls for a shift in paradigm in rice breeding for salinity tolerance and the need to target some other (previously underutilized) traits. Such additional mechanisms may include compartmentalization of Na+ in roots and older leaves, higher tissue tolerance, efficient ROS production, regulation of stomatal function to control transpiration and passive solute accumulation. Since salinity tolerance is a complex quantitative trait, these mechanisms will not be equally expressed among tolerant cultivated rice. Some salt-tolerant varieties may only contain one or few traits or some may be salt-tolerant at the seedling stage but not at the reproductive stage (Yeo and Flowers, 1986; Ismail and Horie, 2017). Thus, identification of diverse germplasm with high salinity tolerance and integration of all physiological mechanisms should be a long-term goal for salinity stress enhancement in cultivated rice. However, there is a large knowledge gap due to the paucity of research work on breeding salinity tolerance using wild Oryza species. Here, we summarize the recent progress on the understanding the salt tolerance mechanisms in wild rice (Supplementary Table S2).

Among the wild rice relatives, O. rufipogon, having the same AA genome and the highest compatibility with O. sativa (Khush, 1997), is most often used for breeding salinity-tolerant lines. Ganeshan et al. (2016) showed that crosses between O. sativa and O. rufipogon or O. nivara could result in salinity tolerance. Hybrids of O. rufipogon × O. sativa were found to contain nine quantitative trait loci (QTL) and candidate genes (e.g., HKT1;5, HAK6 and some transcriptional factors) controlling the salt tolerance at the seedling stage (Quan et al., 2018), and 13 of 15 QTLs for salinity tolerance found were from O. rufipogon (Tian et al., 2011). Wang et al. (2017) identified 10 QTLs for salt tolerance from introgression lines derived from O. rufipogon and O. sativa (cv. 93-11). RNA-sequencing found four differentially expressed genes, OsGH3-2, OsGH3-8, CML15, and GEM, located in these QTL regions from O. rufipogon. Recombinant inbred lines (RILs) also derived from a cross of O. rufipogon × O. sativa showed superior performance with respect to salinity stress (Quan et al., 2018). The cultivated varieties, BRRI Dhan 55(AS996), in Bangladesh and DRR Dhan 40, Jaraya and Chinsurah Nona 2 in India have been released after interspecific hybridization with O. rufipogon or O. nivara (Supplementary Table S1). Accessions of Indian wild rice germplasm of O. rufipogon and O. nivara were screened for their level of salt tolerance. Linkage disequilibrium (LD) analysis showed significant associations of single nucleotide polymorphisms (SNPs) in key genes for the salt tolerant phenotype (Mishra et al., 2016). In addition, overexpression of the bHLH transcription factors, OrbHLH001 and OrbHLH2, from O. rufipogon resulted in salt-tolerant lines of O. sativa (Zhou et al., 2009; Li et al., 2010; Chen et al., 2013). OrbHLH001 positively regulates the inwardly rectifying K+ channel, AKT, which implies that tolerance is due to K+ homeostasis under high Na+ (Chen et al., 2013). However, O. rufipogon and O. nivara are not halophytes and are unlikely to dramatically improve salt tolerance in cultivated rice in the future, as the lines produced can only survived 8–12 dSm–1 (Habiba et al., 2015), which may not be enough if the drastic impact of salinity continues.

Physiological traits for salt tolerance of O. officinalis and O. latifolia were compared to the salt-sensitive wild species, O. rufipogon and O. australiensis. Both O. officinalis and O. latifolia accumulate a high content of Na+ content in leaves and maintain a constant photosynthetic rate under high salinity (Nishizawa et al., 2015, 2016). These studies showed that there are genes related to photosynthesis associated with salinity tolerance in both O. officinalis and O. latifolia that need to be identified and functionally characterized. The Australian wild rice species, O. meridionalis and O. australiensis, showed variable tolerance to salinity. Similar to the salt tolerant rice variety, Pokkalli, O. australiensis, had less growth inhibition, lower leaf damage, and less biomass reduction (Yichie et al., 2018). Prusty et al. (2018) tested 22 different wild rice species and found that some wild species exhibit superior growth under salinity stress than cultivated rice. O. coarctata was found to be the most tolerant wild species, followed by O. latifolia and O. alta (Prusty et al., 2018). The wild rice species except O. coarctata had higher Na+ contents in their leaves and low accumulation in roots (Prusty et al., 2018). The potential of the genes conferring salinity tolerance in these wild rice relatives especially in O. coarctata remains untapped, and their ability to confer salt tolerance needs further evaluation.



THE HALOPHYTIC WILD RICE SPECIES, Oryza coarctata

Oryza coarctata, formerly known as Porteresia coarctata, is an allotetraploid wild rice with high salt and submergence tolerance (Lu and Ge, 2003). Oryza coarctata is unique among wild rice species in having the KKLL genome, and phylogenetic analysis suggests that it was one of the basal lineages of rice during grass evolution (Ammiraju et al., 2008). It thrives in coastal areas where it is submerged daily in seawater (Sengupta and Majumder, 2010; Garg et al., 2014). Oryza coarctata has shallow roots and waxy leaves, and it has a highly differentiated rhizome system which serves as a salt depository to give tolerance to the daily intrusion of seawater (Sengupta and Majumder, 2010). Propagation of O. coarctata is achieved through nodes of the rhizome where the leaf buds are derived (Sengupta and Majumder, 2009). It has been established as an important resource of genes to improve cultivated rice (Garg et al., 2014).

Unicellular trichomes (salt hairs/salt bladders) on O. coarctata leaves are the most important morphological adaption to salinized environments (Bal and Dutt, 1986; Flowers et al., 1990). The salt hairs present on leaf adaxial are finger-shaped and can continuously secrete salt-forming crystals on leaf surfaces, a mechanism similar to that known for other halophyte grasses (Sengupta and Majumder, 2009, 2010). Na+ concentrations in leaves of O. coarctata do not increase during salinity stress (Sengupta and Majumder, 2009), and concentrations of sodium ions washing of the leaves of O. coarctata are significantly higher compared to other wild rice relatives, suggesting Na+ ion extrusion from the leaf surface (Prusty et al., 2018). Therefore, this is an efficient salinity adaptation strategy to maintain low Na+/K+ ratio in the cytosol in the leaf mesophyll while still benefiting from using Na+ as a cheap osmoticum.

In addition to its morphological adaptations, many physiological adaptions have been reported for O. coarctata including the maintenance of a low Na+/K+ ratio, a high photosynthetic efficiency, maintenance of relative water contents, and efficient functioning of vacuolar H+-ATPase under salinity stress (Senthilkumar et al., 2005). Oryza coarctata plants maintain a Na+:K+ ratio at 0.7 in mesophyll cells, 1.3 in roots and 7.3 in root hairs while the environment’s Na+:K+ ratio is 34.0 (Sengupta and Majumder, 2009). Bal and Dutt (1986) reported similar results and estimated that this species is able to exclude around 22 mmol day–1 of Na+ per kg of fresh leaves under a 25% seawater salinity treatment. Oryza coarctata is similar to most plants in accumulating higher Na+ and K+ contents in shoots than roots (Bal and Dutt, 1986; Flowers et al., 1990); however, potassium contents barely decrease with increasing salt content (Sengupta and Majumder, 2009). This suggests that O. coarctata might have strong, long-distance K+ transport and retention mechanisms. Moreover, calcium may be an important factor in salinity tolerance of O. coarctata by preventing sodium influx and K+ efflux from NSCC channels as well as by other calcium-activated mechanisms (Sengupta and Majumder, 2010).

Recently, a de novo assembly of the 665 Mb of the O. coarctata genome containing 34,469 predicted protein-encoding genes was first made available by Mondal et al. (2018). Several genes have been sequenced by PCR-based cloning, but only 498 ESTs are available in the NCBI database to date (Chowrasia et al., 2019). The transcription of OcNHX1 was found to be regulated during the day in seawater and was also rapidly induced by salinity treatment to sequester Na+ into vacuoles (Kizhakkedath et al., 2015). Some O. coarctata proteins involved in ROS detoxification, photorespiration, cell wall biosynthesis, are highly upregulated under salinity stress in leaves (Sengupta and Majumder, 2009). No systematic study has been conducted to assess salinity stress tolerance in transgenic rice plants expressing genes from O. coarctata; thus, much physiological and molecular research remains to determine to decipher high salinity tolerance in this wild rice. Given the presence of stress-responsive genes and distinct morphological adaptation, O. coarctata should be considered as a rich genetic resource containing many genes that can be used for rice improvement of resistance to salinity stress.



UTILIZING WILD Oryza germplasm FOR BREEDING SALT-TOLERANT RICE VARIETIES

Crop domestication is thought to be one of the most important events that initiated human civilization. Progressive human selection of genetically inherited traits contributed to higher crop production and better-quality during centuries of domestication (Sengupta and Majumder, 2009). However, important traits responsible for tolerance to biotic and abiotic stress are likely to have been lost during the domestication process. Breeders are refocusing on stress tolerance traits found in wild relatives of crops that remain undisturbed in their natural habitats to facilitate the breeding abiotic and biotic stress tolerant crops (Dai et al., 2014; Wang X. et al., 2018). Most research and breeding efforts toward developing salinity tolerant cultivated rice have focused on tolerance mechanisms at the seedling stage (Ismail et al., 2007). However, due to variation in salinity stress response at rice growth stages, tolerance at both the seedling stage and the reproductive stage are currently being taken into consideration by breeders (Ismail et al., 2007; Hossain et al., 2015).

Salinity tolerance is a polygenic trait that involves a complex of responses at cellular, molecular, physiological and whole plant levels and varies depending on the growth stage. Developing salinity-tolerant rice should encompass all these different attributes. Future breeding strategies should prioritize the identification and introgression of candidate genes/QTLs from wild rice species for traits that are not available in cultivated rice. For example, tissue tolerance to salinity is a key trait found in the different wild rice species and consequently molecular markers, RILs, segment substitution lines (CSSL) are being developed for mapping these genes/QTLs for use in breeding and functional genomics. The major goal is to identify several donors contributing to all the traits conferring salinity tolerance and pyramiding them to enhance varietal development.

In rice, over the course of domestication, introgression of wild rice germplasm from cross compatible species such as O. rufipogon and O. nivara has occurred, and these species still stand out as active sources of germplasm for enhancement of salinity tolerance (Brar and Singh, 2011). Salinity-tolerant varieties have already been developed and released using these two wild rice species (Chen et al., 2004; Song et al., 2005). The other eight wild rice species with AA genomes can be easily hybridized by conventional breeding (Khush, 1997). However, they are comparatively sensitive to salinity in comparison to halophytic O. coarctata that can withstand 40 dSm–1 of NaCl. The crossability of Oryza species is related to their phylogenetic relationships (Khush, 1997) (Figure 2), and O. coarctata is not well utilized for breeding because of its genetic distance to O. sativa. Initial attempts to developed hybrid lines have met limited success (Jena, 1994). Crosses made with O. coarctata and several salt sensitive cultivars such as IR28, IR36, and Tellahasma suffer drawbacks due to pre- and post-fertilization barriers. Through concerted efforts over the years, advanced introgression lines (BCnFn) derived from IR56 × O. coarctata that are highly tolerant to salinity stress that can stand 24 dSm–1 have been produced at IRRI. A proposed breeding pipeline in producing the salt tolerant varieties using O. coarctata is presented in Figure 4. F1 progeny are usually sterile due to various incompatibility barriers, but can be used as female parent in backcrossing attempts to produce advanced backcross (BC) progenies and restore fertility through embryo rescue producing an BC1F1. Subsequently, such plants can be cloned vegetatively for the next round of backcrossing. The same technique can be used to produce the BC2F1 progenies and so on until advance introgression lines with a high level of salinity tolerance are identified. Individual plants identified as highly tolerant on the rice standard evaluation system (SES) scale (International Rice Research Institute, 2013) can then rescued and subsequently grown for selfing and advancement. Physiological characterization and yield assessment of such progenies to identify the underlying mechanism of tolerance is on-going. The use of bridge species for transferring salinity tolerance to O. coarctata should also be taken into consideration. As genetic analysis using RAPD and AFLP markers revealed that O. coarctata is closely related to O. australiensis (Rangan et al., 2002), it is hypothesized that F1 hybrids of O. coarctata with O. australiensis may facilitate breeding using the former species (Latha et al., 2004).


[image: image]

FIGURE 4. Proposed schematic pipeline on production, isolation, and identification of promising advance backcross of O. sativa (IR56) and O. coarctata (Acc. 104502) with tolerance to high level of salinity.


Recent advances in biotechnology, tissue culture, molecular cytogenetics, comparative genomics, and genomics of rice has enabled gene transfer from wild relatives to cultivate rice. Genetic engineering overcomes barriers to conventional breeding and substantially increases the size of the available gene pool for rice improvement (Key et al., 2008). The most used techniques are electroporation, biolistics, and Agrobacterium tumefaciens-mediated transformation and have been used for gene overexpression and silencing in rice (Azhakanandam et al., 2015). The large effort to increase stress tolerance in plants by genetic manipulation has resulted in some significant achievements (Flowers, 2004). In addition, mutation breeding has made a significant contribution toward the production of high yielding and salt stress tolerant rice varieties (Das et al., 2017). Several mutation breeding studies have resulted in rice cultivars with enhanced salinity tolerance, showing many candidate genes related to antioxidants, transcription factors, signaling, ion homeostasis, and transporters to have key roles in salinity tolerance (Hernández, 2019).

The use of wild relatives as a gene pool for new alleles to confer salinity stress tolerance to cultivated species has been successful in other species. For instance, the introgression of the wheat Nax2 locus, which contains the TmHKT1;5-A allele from Triticum monococcum, confers enhanced salt tolerance with reduced Na+ accumulation in leaves. This has resulted in the wide distribution of germplasm expressing Nax2 to wheat growers (James et al., 2011; Mickelbart et al., 2015). Wild tomato relatives such as Lycopersicon cheesmanii have provided sources of salt tolerance for the cultivated tomato Lycopersicon esculentum (Rick and Chetelat, 1995). Considering the different growth environments and habitats for the wild Oryza species, it is expected that they also vary in abiotic stress tolerance (Atwell et al., 2014) and will be a rich source of genes.



CONCLUSION AND FUTURE PERSPECTIVES

Wild rice relatives show potential for improving salt tolerance in cultivated rice, and this review proposes incorporating these traits from wild species into cultivated rice is a promising approach toward improving salinity tolerance in rice. It appears to us that the strategy of rice breeding for better Na+ exclusion from uptake employed for the last few decades has reached a plateau and cannot deliver any further improvement in salinity tolerance traits in this species. While effectively dealing with Na+ cytotoxicity, such selective breeding requires plants to rely on de novo synthesis of organic osmolytes for osmotic adjustment. This comes with a high carbon cost (Munns and Gilliham, 2015; Munns et al., 2020) and, hence, massive yield penalties. Thus, we call for a paradigm shift in rice breeding and more efforts toward targeting mechanisms of the tissue tolerance. The possible components may include: (1) efficient internal sequestration of Na+ in mesophyll cell vacuoles, with a strong emphasis on control of tonoplast leak channels (Shabala et al., 2019); (2) more efficient control of xylem ion loading to allow rapid osmotic adjustment and turgor maintenance in the shoot (Zarei et al., 2019); (3) efficient cytosolic K+ retention in both root and leaf mesophyll cells; and (4) incorporating a possibility of Na+ sequestration in external structures such as trichomes (Shabala et al., 2014). This calls for a better utilization of the potential of wild rice where such traits are already present. This also implies developing new screening methods by moving from whole-plant to cell-based phenotyping (Wang H. et al., 2018).
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Salinity is one of the major constraints in rice production. To date, development of salt-tolerant rice cultivar is primarily focused on salt-exclusion strategies, which incur greater energy cost. The present study aimed to evaluate a balancing strategy of ionic discrimination vis-à-vis tissue tolerance, which could potentially minimize the energy cost of salt tolerance in rice. Four rice genotypes, viz., FL478, IR29, Kamini, and AC847, were grown hydroponically and subjected to salt stress equivalent to 12 dS m–1 at early vegetative stage. Different physiological observations (leaf chlorophyll content, chlorophyll fluorescence traits, and tissue Na+ and K+ content) and visual scoring suggested a superior Na+-partitioning strategy operating in FL478. A very low tissue Na+/K+ ratio in the leaves of FL478 after 7 days of stress hinted the existence of selective ion transport mechanism in this genotype. On the contrary, Kamini, an equally salt-tolerant genotype, was found to possess a higher leaf Na+/K+ ratio than does FL478 under similar stress condition. Salt-induced expression of different Na+ and K+ transporters indicated significant upregulation of SOS, HKT, NHX, and HAK groups of transporters in both leaves and roots of FL478, followed by Kamini. The expression of plasma membrane and vacuolar H+ pumps (OsAHA1, OsAHA7, and OsV-ATPase) were also upregulated in these two genotypes. On the other hand, IR29 and AC847 showed greater salt susceptibility owing to excess upward transport of Na+ and eventually died within a few days of stress imposition. But in the “leaf clip” assay, it was found that both IR29 and Kamini had high tissue-tolerance and chlorophyll-retention abilities. On the contrary, FL478, although having higher ionic-discrimination ability, showed the least degree of tissue tolerance as evident from the LC50 score (amount of Na+ required to reduce the initial chlorophyll content to half) of 336 mmol g–1 as against 459 and 424 mmol g–1 for IR29 and Kamini, respectively. Overall, the present study indicated that two components (ionic selectivity and tissue tolerance) of salt tolerance mechanism are distinct in rice. Unique genotypes like Kamini could effectively balance both of these strategies to achieve considerable salt tolerance, perhaps with lesser energy cost.

Keywords: chlorophyll fluorescence, leaf clip assay, salt stress, selective ion transport, sodium staining, transporters


INTRODUCTION

Among all abiotic stresses, soil salinity is one of the major environmental constraints challenging crop production worldwide (Zhu, 2001). Gradual increase in the amount of sodium ion in the agricultural land is considered as an immense threat to global food security (Yamaguchi and Blumwald, 2005). Salinity affects nearly 0.8 billion hectares of land, which causes an annual loss of ∼27 billion US dollars worldwide (Qadir et al., 2014). Rice (Oryza sativa L.), a major cereal and staple food of two-thirds of the global population, is considered as a glycophyte. It shows significant growth retardation and yield loss beyond 3 dS m–1 of soil EC value (Munns and Tester, 2008). On an average, there is about 12% yield loss in rice with every dS m–1 rise in soil EC (Gao et al., 2007). However, the response is not universal, and some genotypes can withstand even 10–12 dS m–1 of salt stress, during early vegetative stage (Gregorio et al., 2002). Usually, rice plants show differential salt sensitivity at different stages of growth. It is particularly tolerant at germination stage and later parts of the vegetative stage but quite sensitive at early vegetative and beginning of the reproductive stages (Lutts et al., 1995; Zeng and Shannon, 2000).

Depending upon the duration of the stress, salinity can affect plants in two ways. Initially, it induces osmotic stress (independent of Na+ accumulation inside plants), which negatively affects water uptake by roots (Pardo, 2010; Roy et al., 2014). At later stages of stress, the ionic component, that is, Na+, becomes more dominant, causing necrosis and chlorophyll destruction (Roy et al., 2014). To cope with this, plants employ different strategies like exclusion of Na+ from cytosol to rhizosphere (ion exclusion) or compartmentalization of Na+ into vacuoles or other plant parts to avoid high Na+ accumulation in metabolically active tissues. This can also be achieved by maintaining the cellular ionic homeostasis by effective K+ retention (Munns and Tester, 2008). Previous studies reported genetic variations in rice for salt-tolerance strategies (Roy et al., 2014; Prusty et al., 2018; Chakraborty et al., 2019). The mechanism of ion exclusion is strongly associated with the expression of SOS pathway genes, where salt stress induces calcium signal by activating SOS2/SOS3 complex, which further activates SOS1, a plasma membrane Na+/H+ antiporter (Martinez-Atienza et al., 2007; Munns and Tester, 2008).

The influx of sodium strongly competes with activity of potassium channels/transporters present in the roots. These may be a salt-sensitive potassium transporter, viz., AKT1 (Fuchs et al., 2005) or Na+-insensitive KUP-HAK group of plasma membrane K+/H+ transporter, viz., HAK5 (Nieves-Cordones et al., 2010). On the other hand, the Class I type of HKT transporters, expressed in xylem parenchyma and phloem cells of both shoots and roots, help in xylem unloading of Na+ by selectively pumping out Na+ from xylem sap, thereby restricting its upward movement (Sunarpi et al., 2005; Møller et al., 2009). One of the important HKT family members, SKC1 (often called HKT1;5/HKT8), is highly expressed in tolerant genotypes and helps to maintain a minimal Na+/K+ ratio in upper plant parts under salt stress (Ren et al., 2005). Such ion-exclusion strategies usually depend on active pumping out of Na+ against the concentration gradient; hence, more often than not, higher expressions of these ion pumps were reported to be associated with higher ATPases and pyrophosphatase activities (Mansour, 2014).

Apart from the phytotoxic effects of salt stress, accumulation of Na+ also induces osmotic stress. Exposure to salinity induces synthesis of organic osmolytes like proline, GB, and trehalose, which play a crucial role in counterbalancing Na+-induced reduction of water potential (Bohnert et al., 1995; Flowers and Colmer, 2008). Synthesis of such osmolytes via complex biosynthetic pathways not only utilizes huge C-skeleton but also incurs high energy cost. From ATP utilization’s point of view, biosynthesis of GB is the least-energy-intensive process, whereas biosynthesis of trehalose requires maximum energy (Dawood, 2016). Interestingly, under saline condition, elemental sodium itself can serve as an osmolyte and aid in maintaining the osmotic potential (Yeo and Flowers, 1986; Glenn et al., 1999; Chakraborty et al., 2016b). However, accumulations of high amount of sodium in metabolically active tissue are cytotoxic for glycophytes in general. Nevertheless, besides ion exclusion, tissue tolerance can also be considered as an effective strategy for salt tolerance (Niu et al., 2018b), which can be found in the plant naturally adapted to saline environment. These genotypes accumulate higher amount of sodium and preferentially compartmentalize them into vacuoles (Jiang et al., 2010; Fukuda et al., 2011). Compartmentalization of Na+ is also important to maintain structural integrity of chloroplast, mitochondria, and plasma membrane and to selectively distribute sodium in vacuole and cytosol for maintaining cellular homeostasis, water potential, and pH (Yamaguchi et al., 2001; Yoshida et al., 2009).

To date, most of the rice crop improvement program in the area of salinity tolerance focused on imparting ion exclusion or selective ion transport strategies to achieve a lower Na+/K+ ratio in physiologically active mesophyll tissues (Reddy et al., 2017). For this, tolerant donors like FL478, Nona Bokra, and Pokkali were used, all of which are known Na+ excluder and rely heavily on energy dependent active pumping out of Na+ (Reddy et al., 2017; Munns et al., 2019). But if some rice genotypes could be identified, which can effectively balance both ion-exclusion and tissue-tolerance strategies, then we may have dual advantages of (i) lesser energy cost for absolute Na+ exclusion and (ii) lesser cost of organic osmolyte production, as Na+ can also supplement as osmoticum. In reality, very few rice genotypes are known to possess traits like tissue tolerance and salt tolerance together. But our preliminary studies suggested that a genotype known as Kamini (originating from mangrove regions of Sunderbans, India) may possess both of these traits and effectively use them to achieve considerable salt tolerance, in spite of possessing higher Na+ concentration in aboveground parts than FL478. Therefore, the aim of our present study is to understand how these two mechanisms coexist in a single genotype and how these two strategies effectively balance each other, which might potentially minimize the energy cost of salt tolerance.



MATERIALS AND METHODS


Plant Material and Growing Condition

For the present study, a hydroponic experiment was conducted in the net houses of ICAR-NRRI (National Rice Research Institute, Cuttack, India) with four rice Oryza sativa indica (FL478, Kamini, AC847, and IR29) genotypes having differential salt sensitivity. During the experiment period, the average temperature inside the net house ranged between 25.2 and 33.8°C, whereas the average relative humidity (RH) was moderate to highly humid, ranging between 65 and 88%. The light intensity inside the net house ranged between 720 and 1,050 μmol s–1 m–2. The genotype FL478 is a salt-tolerant line derived from Pokkali landraces, widely used as salt-tolerant check internationally, whereas IR29 is a released variety from IRRI (International Rice Research Institute, Manila, Philippines) used as susceptible check in salinity studies. Kamini, a local landrace collected from mangrove regions of Sundarbans, India, is known to possess an ability to thrive and give moderate yield under coastal saline areas. AC847 is another germplasm line selected for the present study.

For the hydroponic study, firstly, the seeds were preheated at48 ± 1°C for 5 days for breaking the dormancy and thensurface sterilized with 70% ethanol, followed by repeated wash with distilled water. The seeds were placed for germination in moistened paper in the Petri dishes and kept in the dark for 48 h to allow uniform germination. Two uniform pre-germinated seeds were placed onto each holes of floating Styrofoam panels having 10 × 10 holes, prepared as per the size of the tray used. The Styrofoam panels were placed in plastic trays (G.M. Polyplast, Pvt. Ltd., Mumbai, India) filled with Yoshida nutrient solution of pH 5.0 containing desired concentrations of macro-elements and micro-elements as described before (Gregorio et al., 1997). The plants were allowed to grow normally up to three- to four-leaf stage under constant monitoring of pH (5.25 ± 0.25) and EC of the nutrient solution every morning. Salt stress (in the form of NaCl solution) was imposed in one set of plants by transferring them onto a tray where required amount of NaCl solution (∼105 mM) was added to get an EC value of 12 dS m–1. The plants were kept at 6 dS m–1 of salt solution (∼53 mM of NaCl) for 2 days before imposing 12 dS m–1 of salt stress to avoid salt shock. Another set of plants was maintained as control and allowed to grow in normal Yoshida solution. The salinity treatment was continued until most of the plants of IR29 (susceptible check) reached a visual score of 9 (see Supplementary Figure S1 for visual manifestation of a score of 9).



Visual Salt Injury and Standard Evaluation Score

Visual scoring of salinity stress symptoms was performed following SES in all studied genotype in a scale of 1 to 9 according to the standard protocol developed by IRRI (Gregorio et al., 1997). A score of 1 was given to plants that did not show any apparent sign of damage, whereas a score of 9 was given to plants that showed severe damage of shoot leading to complete bleach-out of greenness. The former was designated as highly tolerant, whereas the latter one designated as highly susceptible. Intermediate scoring was also given based on injury symptoms. The plant designated as tolerant, medium tolerant and susceptible based on a SES score of 3, 5, and 7, respectively (see Supplementary Figure S1 for visual manifestation of score). The SES scores were given to the plants, grown in five independent hydroponic trays maintained under control and stress conditions.



Relative Water Content and Leaf Water Potential

Relative water content of the leaf was measured (Barrs and Weatherly, 1962) from five independent biological replicates of both control and stressed plants, where leaves were cut into pieces and weighed to collect the FW. Then it was placed on Petri dishes containing water for 24 h at room temperature and weighed to collect the TW. The same pieces of leaves were then oven-dried at 60°C for 72 h and weighed to measure the DW. Finally, RWC was calculated by the following formula:
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Leaf water potential was measured from the leaf samples of five independent biological replicates from both control and stressed plants by placing small leaf disks onto the chambers of psychrometric water potential system (PSΨPRO water potential system, Wescor, United States) (Chen et al., 2012).



Chlorophyll Content and Chlorophyll a Fluorescence Imaging

After imposition of stress, the total chlorophyll content was estimated daily from the second fully expanded leaf (from the top) of three independent biological replicates as per the method described by Arnon (1949). For this, 25 mg of chopped leaves was immersed in 10 ml of 80% acetone and kept at 4°C for 48 h. The chlorophyll a, chlorophyll b, and total chlorophyll content were measured by taking absorbance of the leaf extract at 645 and 663 nm in a double beam UV–Vis spectrophotometer (UV 2600, Shimadzu, Japan). The pigment contents were calculated as per the following formula:
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Chlorophyll a fluorescence (ChlF) traits like maximum fluorescence (Fm), efficiency of PS-II [Y(II)], and quantum yield of non-regulated energy dissipation [Y(NO)] were measured from the control and stressed leaves of hydroponically grown plants using an imaging fluorometer (IMAGING PAM-MAXI version, Heinz Walz GmbH, Germany) after 40 min of dark adaptation. The images for different ChlF parameters were captured and analyzed using Imaging Win v2.46i software supplied with the system. For each genotype × treatment combination, the leaf samples of three independent biological replicates were used for chlorophyll a fluorescence measurement. In each leaf, the measurement was done in three different positions by making uniform circular area [area of interest (AOI)] following the procedures described previously (Pradhan et al., 2018). Similarly, all the ChlF traits were also recorded from the leaf samples of tissue-tolerance assay following the same procedure.



Estimation of Sodium (Na+) and Potassium (K+) Contents and Selective Transport of K+ Over Na+

Tissue sodium and potassium content was measured each day in roots and leaves samples of five independent biological replicates to study the accumulation pattern of different ions under salt stress. To measure the ion content, the fresh leaf samples were oven-dried at 60°C for a week, and 50 mg of dried tissue was crushed in a mortar and pestle with 25 ml of 1 N HCl. Tissue extraction was done with 1.0 N of HCl at 30°C for 48 h. Thus, obtained tissue extracts were then diluted and filtered using Whatman #40 filter paper. Finally, the amount of sodium and potassium was measured with the help of a flame photometer (PFP 7 flame photometer, JENWAY, United Kingdom). We also calculated the selective transport (ST) of K+ over Na+ (ST) by the following formula and the method described by Wang et al. (2005), where higher ST value indicates strong selectiveness and ionic discrimination present inside the plant during transport of ions to the upper parts of cells.
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Localization of Sodium (Na+) Ions Studied Through Fluorescence Sodium Indicator Dye

To visualize tissue-specific Na+ localization, we made thin sections of leaves and roots of both control and treated plants (subjected to 7 days of salt stress) from three independent biological replicates, which were previously fixed with 2.5% glutaraldehyde solution. Free-hand sections were stained with fluorescence sodium indicator dye (CoroNa Green AM, Invitrogen) and propidium iodide (Invitrogen) following the procedure as described by Marriboina et al. (2017). In brief, the sections were kept in 20 μM of CoroNa Green for 3 h, followed by staining with 2.5 μM of propidium iodide for 15 min before slide preparation and visualization under microscope. The cross sections of the leaves and roots were then visualized under laser scanning confocal microscope (Leica TCS SP5, Germany) and analyzed with Leica Advance Suite-AF software. The excitation and emission wavelengths were 492/516 nm for CoroNa Green and 493/636 nm for propidium iodide. To determine the level of Na+ fluorescence, we measured the intensity of the images for the area of about 7,973.3 μm2 and collect the reading in gray scale.



Determination of Organic Osmolytes

The content of different core osmolytes, viz., proline, quaternary ammonium compound like GB, and trehalose, were measured from three independent biological and three technical replicates by different spectrophotometry-based methods. The proline content was estimated (Bates et al., 1973) from 500 mg of fresh tissues crushed in 10 ml of sulfosalicylic acid and filtered through Whatman #1 filter paper. Two milliliters of the filtrate was then mixed with 2 ml of acid ninhydrin and 2 ml of glacial acetic acid and boiled at 100°C for 60 min. The reaction was stopped by immediate cooling of the tubes in an ice bath. Finally, 4 ml of toluene was added to the reaction mixture and vortexed thoroughly. The absorbance of the upper toluene layer was measured with UV–Vis spectrophotometer (UV 2600, Shimadzu, Japan) at 520 nm, using toluene as blank.

The amount of GB was measured following the method described by Grieve and Grattan (1983), where 500 mg of dry samples was crushed in 10 ml of deionized water and kept at room temperature for 48 h before filtration with Whatman #1 filter paper. The filtrate was mixed with 1(N) H2SO4 in a 1:1 ratio and kept in an ice bath for 1 h. The 0.5 ml of thus obtained aliquot was mixed with 0.2 ml of cold potassium tri-iodide solution and stored in a freezer for 12 h. The samples were centrifuged at 10,000 rpm for 10 min at 4°C (Harmle Z32HK, Germany); and the collected pellet was dissolved with 9 ml of dichloroethane and stored at 4°C for 2.5 h. Finally, the absorbance was measured with a UV–Vis spectrophotometer (UV 2600, Shimadzu, Japan) at 365 nm. Trehalose content was estimated (Ferreira et al., 1997) from 10 mg of dried sample crushed with 2 ml of trichloroacetic acid (0.5M) and stored in a freezer for 20 min. The supernatant was collected after centrifuging it at 5,000 rpm for 10 min. The aliquot (0.3 ml) was mixed with 3 ml of anthrone reagent and heated at 100°C in a water bath. The samples were then immediately transferred to dark for 20 min. Finally, the absorbance was measured with UV–Vis spectrophotometer (UV 2600, Shimadzu, Japan) at 620 nm.



Tissue-Tolerance Assay—Leaf Clip Method

Ex situ tissue-tolerance assay was performed with the same four (FL478, IR29, AC847, and Kamini) rice genotypes from three independent biological and three technical replicates to measure the pigment retention capacity of these genotypes under similar Na+ load in the mesophyll tissues. For this, leaves were collected from ∼25-day old normally grown plants, and the leaves were cut into pieces (∼10 cm) and placed in Petri dishes containing fresh and saline water (EC 12 dS m–1) for 7 days. The chlorophyll content, ChlF imaging, and tissue ion contents (Na+ and K+) were estimated as described above, on a daily basis, from both freshwater- and saline water-dipped sample. From the collected data, daily chlorophyll degradation rate and tissue tolerance (LC50 score represents a sodium concentration where half (50%) of the chlorophyll pigments were destroyed) was calculated for each genotype (Prusty et al., 2018).



Gene Expression Analysis

Expressional analysis of key Na+ and K+ transporters and ion channels and H+ pumps in roots and leaves was performed by quantitative real-time PCR (qRT-PCR) analysis as per Vijayan et al. (2018). Briefly, total RNA was isolated from roots and leaves of control and stressed plants, 2 days after imposition of salt stress using RNeasy Plant Mini Kit (Qiagen). The extracted RNA was treated with DNase I to remove the genomic DNA contamination and checked in Nanodrop (ND 1000, Thermo, United States) and visualized in MOPS gel. About 1 μg of RNA was converted into cDNA using the Quantitech Reverse Transcription Kit (Qiagen) as per manufacturer’s protocol. Differential expressions of Na+/H+ transporters (OsSOS1, OsSOS2, OsSOS3, and OsNHX1), K+/Na+ transporters (OsHAK5, OsHKT1;1, OsHKT1;5, OsHKT2;3, and OsAKT1), K+ leakage channel (OsROK), and plasma membrane and vacuolar H+ pumps (OsAHA1, OsAHA7, OsV-ATPase, and OsV-PPase) were studied (see Supplementary Table S1 for primer details). Gene-specific primers were designed from CDS (Coding Sequence) by using the QuantPrime software1 (Arvidsson et al., 2008). For quantitative real-time PCR, we used QuantiFast SYBR Green PCR reaction kit (Qiagen) and amplified it using QuantStudio 5 Real time PCR (Applied Biosystems, Thermo). Three biological and two technical replications were used in qRT-PCR to amplify the genes in control and stressed conditions, where relative expression level was checked by comparing the level of expression of gene with control using 2–Δ Δ CT method (Livak and Schmittgen, 2001). In every reaction, we used Os18S_rRNA gene as an internal control to normalize the PCR.



Statistical Analysis

All the data recorded were the mean values ± standard error (mean) of at least three independent replications. The experiment was conducted in two-factor completely randomized design, and the data were subjected to two-way ANOVA as per the experimental design using SPSS (version 16.0) software. The ANOVA found significance for treatment × genotype interaction at 5% level of significance.



RESULTS


Effect of Salt Stress on Plant Survival, Chlorophyll Pigment System, and Biomass

In the present study, four rice genotypes (FL478, Kamini, AC847, and IR29) showed differential salt sensitivity when subjected to 12 dS m–1 of salt stress for 7 days (Figure 1A). In fact, the genotypes started to show phenotypic variations just after 3 days of stress imposition. Based on the visible salt induced injury, relative tolerance of the genotypes was worked out by assigning SES to each genotype 7 days after imposition of stress. Both FL478 and Kamini got a score of 3, suggesting a high degree of tolerance in these genotypes, whereas IR29 was the most susceptible genotype with a score of 9 and AC847 had a score of 7. The total chlorophyll content (recorded daily since imposition of salt stress) showed faster chlorophyll degradation in susceptible genotypes like IR29 and AC847. The total chlorophyll content reduced from 2.23 to 0.89 and from 2.24 to 0.91 mg g–1 in IR29 and AC847, respectively. Interestingly, there were no significant reductions in total chlorophyll content in either FL478 or Kamini during the stress period (Supplementary Figure S2). The loss of integrity of the photosystem II was lesser in FL478 and Kamini as compared with AC847 and IR29. The values of Y(II) were 0.78 for FL478 and 0.59 for Kamini, whereas Y(NO) values were 0.21 for FL478 and 0.40 for Kamini under stress (Figure 1A).
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FIGURE 1. Phenotypic variations (A) and effect of salt (12 dS m–1) stress on DW of root and shoot (B,C) in four rice genotypes subjected to 7 days of stress in hydroponic assay. The values presented are the mean ± SE of five independent biological replications and values sharing the same letter for each treatment × genotype combination, are not significantly different (P ≤ 0.05) according to Tuckey’s test.


Significant reduction in both root and shoot biomass was observed in susceptible genotypes like IR29 and AC847 (Supplementary Figure S2). Maximum reduction in root FW was observed in IR29 (46%), followed by AC847 (35%), whereas it was much less in Kamini (22%) and almost no reduction in FL478 (Supplementary Figure S2). Salinity-induced reduction in shoot FW was the highest in AC847 (83%), followed by IR29 (80%), Kamini (50%), and FL478 (42%). Based on DW data, it was observed that maximum biomass reductions were in the order of IR29 (69%, shoot; 70%, root) > AC847 (67%, shoot; 62%, root) > Kamini (55%, shoot; 17%, root) > FL478 (37%, shoot; 12%, root), which correlated with our visual scoring data as well (Figure 1). The results clearly showed that the effect of salt stress was much pronounced in shoot than in root. The root and shoot lengths also showed significantly higher reduction in IR29 and AC847 as compared with FL478 and Kamini (Supplementary Figure S2).



Effect on Ion Homeostasis (Na+ and K+ Contents; Na+/K+ Ratio)

Salinity stress altered the ionic composition in both roots and shoots. Day-wise increment in total root Na+ content was almost similar in all the four genotypes. At the end of 7 days of stress, the highest Na+ accumulation was observed in roots of FL478 (674 mmol g–1 DW), followed by 642, 628, and 574 mmol g–1 DW for AC847, Kamini, and IR29, respectively. Unlike root, a clear-cut difference in Na+ accumulation was observed in leaves (Supplementary Figure S3). Here, the accumulation of Na+ was the least in FL478 (558 mmol g–1 DW), followed by Kamini (798 mmol g–1 DW), whereas it was ∼1,100 mmol g–1 DW in both IR29 and AC847.

Unlike root Na+ content, we found significant differences in root K+ content in studied genotypes under salt stress (Supplementary Figure S3). After third day of stress imposition, rapid decline in root K+ content was observed in IR29 and AC847. Finally, after 7 days of NaCl stress, the highest root K+ content was observed in FL478 (320 mmol g–1 DW), followed by Kamini (300 mmol g–1 DW), AC847 (254 mmol g–1 DW), and IR29 (226 mmol g–1 DW). The differences were more prominent in leaf K+ content (Figure 2 and Supplementary Figure S3). Both FL478 and Kamini did not show any significant change in leaf K+ content, but it showed considerable drop in IR29 and AC847. More than 40 and 30% reduction in leaf K+ content was observed in IR29 and AC847, respectively, after 7 days of salt stress. Significant changes in Na+/K+ ratios were observed in both leaves and roots. Owing to better K+ retention in root, a Na+/K+ ratio remained ∼2.0 in both FL478 and Kamini, but it was more than 2.5 for IR29 and AC847 at the end of 7 days of stress period (Figure 2A). The least Na+/K+ ratio was observed in the leaves of FL478 (0.51), followed by Kamini (0.75), whereas it was 1.70 and 1.45 in IR29 and AC847, respectively.
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FIGURE 2. Effect of salt (12 dS m–1) stress on day-wise changes in root and shoot Na+/K+ ratio (A), selective transport of K+ over Na+ from root to leaves (B), and final Na+ (in mmol g–1 DW inside orange circle) and K+ (in mmol g–1 DW inside purple circle) accumulation in root and leaves at the end of 7 days of stress (C) in four rice genotypes subjected to 7 days of stress in hydroponic assay. The values presented are the mean ± SE of five independent biological replications and values sharing the same letter for each treatment × genotype combination, are not significantly different (P ≤ 0.05) according to Tuckey’s test.




Selective Transport of K+ Over Na+ From Root to Shoot in Response to Salt Stress

The ionic imbalance that occurred in roots and leaves in response to salt stress had given us an estimate of differential ST ability of K+ over Na+ (ST) from root to shoot in these genotypes. The genotype FL478 showed a strong ionic discrimination for upward transport of Na+ from root to shoot throughout the stress period (Figure 2B). An ST value of 4.1 after 7 days of stress indicated that FL478 preferentially transported K+ over Na+ even under higher external Na+ load. Susceptible genotypes like IR29 and AC847 recorded an ST value of 1.1 and 1.8, respectively, suggesting their inability of ionic discrimination. Kamini having an ST value of 2.8 appeared to be moderately selective in upward transport of ions under salinity stress.



Tissue Localization of Na+ Visualized Through Confocal Microscopy

Further, to study the tissue-specific localization of Na+, we performed Na+-specific fluorescence staining of root and leaf tissues to visualize under confocal microscope. The cross sections of root and mesophyll tissues stained in CoroNa Green and propidium iodide dye revealed differential Na+ accumulation near vascular bundles of roots and leaves (Figure 3A and Supplementary Figures S4, S5). Here, the intensity of green fluorescence was directly proportional to the sodium content present on a particular plant part. The data obtained from the images clearly showed that FL478 maintained high amount of sodium, near the vascular bundles of root tissue showing a relative green channel fluorescence intensity of 148.72 units. The fluorescence intensities near the vascular bundles of roots were quite less in other genotypes (84.36, 81, and 64 units in AC847, Kamini, and IR29, respectively) (Figure 3B). But unlike the root tissue, in the mesophyll tissue, the scenario was almost opposite, where the highest green fluorescence intensity was observed in IR29 (87.07), followed by AC847 (76.95) and Kamini (73.47). FL478 did not show any increase in green fluorescence in the mesophyll tissue, which reaffirmed the least Na+ accumulation potential of this genotype in upper plant parts (Figure 3C).
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FIGURE 3. Cross section of root and leaf tissues stained with CoroNa Green fluorescent dye of the four rice genotypes subjected to 7 days of salt stress (12 dS m–1) in hydroponic assay (A). Green fluorescence intensity of root (B) and leaf (C) sections from control and treated samples measured in gray scale. The values presented are the mean ± SE of at least three independent biological replications and values sharing the same letter for each treatment × genotype combination, are not significantly different (P ≤ 0.05) according to Tuckey’s test.




Plant Water Status and Production of Organic Osmolytes in Response to Salt Stress

Plant water status measured through RWC and LWP showed significant differences between the studied genotypes at the end of 7 days of stress period (Figures 4A,B). Drastic reduction in RWC in IR29 (from 84 to 27%) and AC847 (from 81 to 23%) was observed, whereas the decrease in FL478 and Kamini was less (from 82 to 65% in FL478 and from 74 to 56% in Kamini) (Figure 4A). Similarly, the LWP showed the highest drop in IR29 and AC847, where it reduced to −4.39 and −4.25 MPa, respectively, whereas it reduced to only −2.98 and −2.95 MPa in FL478 and Kamini, respectively (Figure 4B).
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FIGURE 4. Effect of salt (12 dS m–1) on RWC (A), LWP (B), organic osmolyte contents, viz., proline (C), GB (D), and trehalose (E) in four rice genotypes subjected to 7 days of stress in hydroponic assay. The values presented are the mean ± SE of at least three independent biological and three technical replications and values sharing the same letter for each treatment × genotype combination, are not significantly different (P ≤ 0.05) according to Tuckey’s test.


Significant variation in salinity-induced organic osmolyte production in the studied genotypes was observed in the present study (Figures 4C–E). The content of proline, GB, and trehalose was particularly higher in FL478 as compared with that of other three genotypes after 7 days of stress imposition. The highest free proline content was observed in FL478 (22 mg g–1 FW), which was significantly higher than that in IR29, Kamini, and AC847. Similarly, the contents of GB and trehalose were higher in FL478 (>3.7-fold increase for GB and ∼1.5-fold for trehalose) than the rest of the genotypes. On the contrary, the contents of these metabolites were at par in Kamini and susceptible genotypes such as IR29 and AC847.



Effect of Salt Stress on Tissue-Tolerance Ability (Tested Through Leaf Clip Assay)

Tissue tolerance of the individual genotypes was estimated ex situ by leaf clip assay. Day-wise chlorophyll degradation of these leaf clips was estimated along with daily uptake of Na+ in four studied genotypes for 7 days of stress period. Surprisingly, the highest rate of chlorophyll degradation was in FL478, where the total amount of chlorophyll reduced from 1.705 to 0.11 mg g–1 after 7 days (Figure 5). On the contrary, both IR29 (1.76–0.61 mg g–1) and Kamini (1.78–0.608 mg g–1) showed the least chlorophyll degradation over the stress period. This result was completely opposite to our hydroponic assay, where we found almost no change in chlorophyll content in FL478 but the highest reduction in IR29. This suggests that in order to understand the actual tissue-tolerance potential of the genotypes, it is necessary to nullify the ionic-discrimination barrier so that equal amount of Na+ is allowed to enter the mesophyll tissues. Further, we calculated the tissue-tolerance value on the basis of LC50 score, where this score represents the amount of Na+ required to reduce the initial chlorophyll content to half. Salt-tolerant genotype FL478 had the least tissue-tolerance score (LC50) of 336 mmol g–1, whereas genotypes like IR29 and Kamini had better tissue-tolerance score (LC50 = 459 and 424 mmol g–1, respectively) (Figures 5B,D).
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FIGURE 5. Tissue-tolerance score of FL478 (A), Kamini (B), AC847 (C), and IR29 (D), measured in LC50 value calculated from the leaf clip assay in four different rice genotypes under 12 dS m–1 of salt stress. The values presented are the mean ± SE of at least three independent biological and three technical replications.




Changes in Chlorophyll a Fluorescence: Hydroponic Vis-à-Vis Leaf Clip Assay

In the present study, our hydroponic and leaf clip assay reflected contrasting behavior of tissue-tolerance and overall salt-tolerance abilities of the studied genotypes (Figure 6). FL478, the most salt-tolerant genotype from hydroponic assay, was proved to have the least tissue-tolerance ability when exposed to leaf clip assay. Genotypes like IR29 and AC847 showed a sharp decline in different chlorophyll fluorescence parameters, viz., maximum fluorescence (Fm), efficiency of PS-II [Y(II)], and quantum yield of non-regulated energy dissipation [Y(NO)] from third day onwards in hydroponic assay. In IR29 and AC847, Fm reduces from 0.215 (control) to 0.05 (stress) for IR29 and 0.257 (control) to 0.04 (stress), respectively, whereas Y(II) dropped from 0.791 (control) to 0.00 (stress) for IR29 and from 0.766 (control) to 0.00 (stress) for AC847. On the contrary, genotypes like FL478 and Kamini showed no significant drop in any of these parameters until 5 days of stress in hydroponic assay, which indicated relative superiority of these genotypes for their chlorophyll pigment integrity and photosynthetic rate retention ability under saline condition. Interestingly, when leaves (from control treatment) of these four genotypes were subjected to 12 dS m–1 of NaCl stress ex situ in leaf clip assay, almost an opposite trend in their ability to tolerate salt stress was noticed. Here, no significant change in Fm, Y(II), and Y(NO) were observed in IR29 even after 5 days of salt stress (Figure 7). The reduction in maximum fluorescence (Fm) was the highest in FL478 (from 0.223 to 0.031) in leaf clip assay, whereas it did not change at all in Kamini and dropped slightly in IR29 after 7 days of stress imposition. To understand such contrasting responses of the studied genotypes in hydroponic and leaf clip assay, we estimated the day-wise net Na+ uptake of the leaf clips and compared it with the day-wise Na+ accumulation of the leaves in hydroponic assay (Figures 7D,E). As mentioned earlier, owing to high ionic-discrimination ability present in FL478, lesser Na+ could reach the mesophyll tissue in this genotype during in situ uptake of Na+ during hydroponic assay. But to nullify this effect when leaf clips of individual genotypes were directly exposed to 12 dS m–1 of NaCl stress, we found almost similar mesophyll tissue Na+ content in every genotype. Our results suggested that a genotype like Kamini performed well in both hydroponic and tissue-tolerance assays, which is very unique among the studied genotypes.
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FIGURE 6. Day-wise visible and fluorescence images [Fm, Y(II), and Y(NO)] of leaves from leaf clip assay of four rice genotypes subjected to 12 dS m–1 of salt stress, where FL:FL478; KM:Kamini; AC:AC847; and IR:IR29. The images shown here are a typical representation of at least three biological replications.
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FIGURE 7. Effect of salt stress (12 dS m–1) on different chlorophyll fluorescence traits, viz., Fm (A) and Y(II) (B) and Y(NO) (C) of four rice genotypes subjected to stress in both hydroponic (HA) and leaf clip (LC) assays. Day-wise uptake of leaf Na+ content of four rice genotypes in hydroponic (HA) assay (D) and leaf clip (LC) assay (E). The values presented are the mean ± SD for (A–C) and mean ± SE for (D,E) of at least three independent biological and three technical replications.




Changes in the Transcript Abundance of Different Na+- and K+-Specific Transporters/Ion Channels/Pumps

In the present study, metabolic alterations in terms of transcript abundance of different Na+- and K+-specific transporters/ion channels/pumps were noticed in studied genotypes in response to salt stress (Figure 8). Significant upregulation of expression of key transporters was observed in FL478 and Kamini in response to salt stress. The expression of OsSOS1 gene was upregulated 10.5-fold in root and 5.3-fold in leaf of FL478 and 8.3- and 2.9-fold in Kamini (Figure 8A). No significant change in expression was observed in susceptible genotypes, except 2.5-fold increase in the roots of AC847. Similarly, the expression of OsSOS2 and OsSOS3 was also significantly induced in root and leaf of FL478 and Kamini, although the magnitude of induction differed (Figures 8B,C). But interestingly, the expression of OsNHX1 showed significant upregulation only in Kamini, where it was 2.4 and 1.8 times upregulated in root and leaf, respectively (Figure 8D).
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FIGURE 8. Changes in expression profile (relative expression in terms of 2–Δ Δ CT fold change) of different Na+/H+ transporters, viz., OsSOS1 (A), OsSOS2 (B), OsSOS3 (C), and OsNHX1 (D); different K+/Na+ transporters, viz., OsAKT1 (E), OsHAK5 (F), OsHKT1;5 (G), OsHKT1;1 (H), and OsHKT2;3 (I); OsROK (J); plasma membrane H+ pumps, viz., OsAHA1 (K) and OsAHA7 (L); and vacuolar H+ pumps, viz., OsV-ATPase (M) and OsV-PPase (N) in roots and leaves of four rice genotypes subjected to 2 days of salt stress (12 dS m–1), where FL:FL478; KM:Kamini; AC:AC847; and IR:IR29. * and ^ denote significant upregulation and downregulation, respectively, in comparison with control. The values presented are the mean ± SE of three independent biological and two technical replications.


In this study, we examined the changes in expression of five other K+/Na+ transporters genes (OsHAK5, OsAKT1, OsHKT1, OsHKT1;5, and OsHKT2;3) belonging to three different classes. The expression of OsAKT1 was downregulated in all the genotypes in response to salt stress, except FL478, where its expression did not alter as compared with control (Figure 8E). Another important potassium transporter belonging to the major K+ transporter family (KT) is OsHAK5 expression, which was slightly increased in root of FL478 and in both root and leaf of Kamini. But it was downregulated in the IR29 and AC847 genotypes under saline condition (Figure 8F). The expression of OsHKT1;5 (also known as OsSKC1/OsHKT8) was upregulated in leaves (7.1-fold) and in roots (3.6-fold) of FL478 (Figure 8G). Similarly, the induction was also significant in Kamini, where it was upregulated (2.2-fold) in the leaf under stress. Expression of another important Class I HKT family transporter OsHKT1;1, showed significant upregulation in the leaf and root of FL478 (∼1.8-fold) and in the leaf of Kamini (∼2-fold), whereas it was either unchanged or downregulated in other cases (Figure 8H). On the contrary, the expression of OsHKT2;3, a member of Class II HKT family transporters, was significantly high in root (2.8-fold) and leaf (∼2-fold) of FL478 (Figure 8I). We checked the expression of OsROK, an outward K+-rectifying channel. Interestingly, its expression was highly upregulated in leaf (3.5-fold) and root (3-fold) of IR29 and AC847 (2.8-fold in leaves and 4.4-fold in roots), whereas the induction was much less in both FL478 and Kamini (∼1.4–1.6 fold) (Figure 8J).



Changes in the Transcript Abundance of Different Proton Pumps

Expression analysis of two plasma membrane (OsAHA1 and OsAHA7) and two vacuolar H+ pumps (OsV-ATPase and OsV-PPase) revealed that expression of OsAHA1 highly induced in FL478. It showed 5.8- and 2.9-fold upregulation in root and leaf, respectively (Figure 8K). Similarly, the expression of OsAHA7 showed considerably higher upregulation in FL478, IR29, and Kamini (Figure 8L). On the contrary, both vacuolar H+-ATPase and pyrophosphatase (OsV-ATPase and OsV-PPase) showed significant upregulation in transcript abundance in leaf and root of Kamini (Figures 8M,N).



DISCUSSION

Often, soil salinity calls upon a plethora of impediments for plant growth and survival. Tolerance to salt stress is also governed by complex traits operating at physiological, biochemical, and molecular levels in plants. The excess Na+ present in the growing media causes several metabolic imbalances hindering normal growth. Among different complexities of stress tolerance mechanisms, maintaining an optimal cytosolic Na+/K+ ratio is still considered to be the most critical aspect of salt tolerance (Chakraborty et al., 2018). To maintain the optimal cytosolic Na+/K+ ratio in metabolically active tissues, plants need to perform highly energy-consuming processes of Na+ exclusion or sequestration coupled with cytosolic K+ retention or better uptake of K+ from an environment dominated by Na+. Again, all of these strategies are highly energy expensive, as they are mostly achieved by active transport of ions against the concentration gradient utilizing considerable amount of ATPs in the process (Rubio et al., 2019). Perhaps the energy cost of salt tolerance is so high that more often than not there is substantial yield penalty observed in salt-tolerant genotypes or in plants where different salt-tolerant traits were transferred (Cushman, 2001). In the present study, the genotype Kamini phenotypically manifested high salt tolerance, which was at par with FL478. But interestingly, the Na+-exclusion strategy did not solely condition such level of salt tolerance in Kamini. Rather, this genotype seemed to use some degree of Na+ as osmoticum to tolerate salt and osmotic stress owing to their superior tissue-tolerance ability. Coexistence of both ion-exclusion and tissue-tolerance strategies in same background and understanding their mutual contribution to salinity tolerance can be of immense importance for developing salt-tolerant rice cultivars with potentially lower energy cost for tolerance.


Salt-Tolerance Rice Genotypes May Not Solely Depend on Na+-Exclusion and/or K+-Retention Strategies

Studies over the years revealed that several factors determine salt-tolerance ability in rice and other crops. Of them, tissue Na+/K+ ratio, biomass production, and chlorophyll pigment-retention ability under stress is still considered to be most critical for plant survival and stress tolerance (Munns, 2002; Moradi and Ismail, 2007; Kanawapee et al., 2012; Chakraborty et al., 2016a). In the present study, based on visual scoring and survival count, it was clear that both FL478 and Kamini were more salt tolerant than IR29 and AC847 at 12 dS m–1 of NaCl salt stress at early seedling stage (Figure 1). But salinity-induced reduction in root and shoot biomass and destruction of chlorophyll pigments were found to be the least in FL478, followed by Kamini, which suggests greater salt-tolerance potential of FL478 than Kamini. At the end of 7 days of stress, leaf chlorophyll content was almost double in these two genotypes as compared with that of IR29 and AC847. Interestingly, when we analyzed the tissue Na+ and K+ content in roots and shoots, it was observed that despite showing almost a similar phenotypic response under stress, FL478 and Kamini differed in uptake and accumulation of Na+ in roots and leaves. But there were not many differences in K+-retention ability either in roots or in leaves of these two genotypes. Both of them could manage to retain considerable tissue K+ content under stress as opposed to susceptible genotypes like IR29 and AC847 (Supplementary Figure S3). Previous studies also reported that tolerant genotypes could maintain less sodium and a low Na+/K+ ratio in upper plant parts and more importantly selectively transport potassium over sodium to maintain cellular ion homeostasis under salt stress (Moradi and Ismail, 2007; Guo et al., 2012; Chakraborty et al., 2019).

Our results clearly depicted that FL478 and Kamini employed different strategies to withstand the ill effects of salt stress yet achieved considerable salt tolerance. Further, when we checked the tissue Na+/K+ ratio and ability of ST of K+ over Na+ from root to upper parts, a marked difference in ST values between FL478, Kamini, and the other two genotypes was observed (Figure 2). It was quite evident that FL478 had much higher ST value right from the beginning of the stress period, which suggested maximum ionic-discrimination strategy operating in this genotype. After Na+ uptake, FL478 could able to restrict its upward movement from root to mesophyll tissues, perhaps owing to superior xylem unloading or vacuolar sequestration of Na+. On the contrary, Kamini, as compared with FL478, seemed to be much less selective in preferential upward ionic movement resulting in greater Na+ accumulation in leaves. It was observed that susceptible genotypes are unable to prevent accumulation of sodium in metabolically active mesophyll tissues, which often led to increased K+ depletion in upper plant parts (Reddy et al., 2014). Similarly, in the present study, both IR29 and AC847 showed higher Na+ accumulation and lesser K+ retention as reflected by much lower ST values and increased susceptibility to salt stress. Fluorescence tagging of Na+ by CoroNa green can reveal tissue-specific Na+ accumulation (Kutsuna and Hasezawa, 2005; He et al., 2015). In the present study, very high Na+ deposition around the vascular bundles of root in FL478 was noticed, which showed significantly higher green fluorescence intensity as compared with that of the other three genotypes, when stained with CoroNa green dye. The minimal changes in green fluorescence in the mesophyll tissues of FL478 under control and treated condition once again confirmed the ion discrimination and selective ion transport strategy operating in this genotype. But this classical ion-exclusion mechanism had significant deviation in another tolerant genotype, Kamini. This genotype had much less fluorescence intensity in roots but showed more fluorescence in the mesophyll tissue, which was comparable with that of IR29.

It is well-established that different Na+- and K+-specific transporters, viz., SOS, NHX, and HKT family transporters, play a crucial role in ion exclusion, Na+ sequestration, and in planta Na+ movement (Martinez-Atienza et al., 2007; Møller et al., 2009; Shabala and Munns, 2012). Similarly, transporters like HAK, AKT, KT, and KUP regulate K+ uptake and transport under saline condition (Fuchs et al., 2005; Nieves-Cordones et al., 2010). To have a clearer insight of differential Na+ accumulation and selective ion transport, we analyzed the gene expression profiles of some key Na+- and K+-specific transporters/ion channels in root and leaf tissues. Differences in the expression level of OsSOS1, OsSOS2, and OsSOS3 between FL478 and Kamini in roots and leaves indicated the Na+-exclusion ability of these genotypes. Among the two, FL478 had higher expression, which supports its superior ion-exclusion capability over Kamini. This might be true as earlier works reported combined action of plasma membrane-bound SOS1, SOS2, and SOS3 transporters actively pump out Na+ in rice under saline condition (Quintero et al., 2002; Guo et al., 2004). It would be clearer if we compare gene expression data with leaf Na+ content; however, Na+ accumulation pattern in root may not be explained by this. But if we consider the changes in the expression profiles of different Class I and Class II HKT transporters, then such response may be well-understood. The expression of OsHKT1;5 (also known as OsSKC1) was very distinct in FL478 as compared with Kamini and other genotypes. The induction was almost four times higher than that of Kamini, which might be the reason for highly selective upward Na+ transport by FL478. Ren et al. (2005) reported OsHKT1;5 as a strong candidate gene, predominantly works to unload Na+ from xylem stream and prevents upward transport of Na+. So the major mechanism of Na+ exclusion of FL478 might be xylem unloading of Na+ by hyperaction of HKT1;5 transporters present in the nearby xylem parenchyma cells. Perhaps owing to this, we could see high accumulation of Na+ near the vascular bundle of roots in FL478. As most of the absorbed Na+ is retained in the roots of FL478 due to high xylem unloading, hence, despite greater action of SOS1 transporter and considerable Na+ exclusion, still, this genotype accumulated almost a similar amount of Na+ as that of IR29 in the roots. But if we consider the net Na+ accumulation in both root and shoot tissue, then higher expression of OsSOS1 transporter and overall Na+ exclusion mechanism can be justified. The Saltol quantitative trait locus (QTL) region was identified as one of the major QTLs governing early vegetative stage salt tolerance in rice, which acts to lower Na+/K+ ratio in shoots under stress (Bonilla et al., 2002). Later, HKT1;5 or SKC1 was identified as the major functional gene located inside this QTL region (Ren et al., 2005). Interestingly, Chattopadhyay et al. (2014) reported significant dissimilarity in the Saltol QTL region of Kamini from that of known salt-tolerant donor Pokkali and its derived line FL478. Some other salinity-tolerant landraces from the Sundarbans region such as Talmugur and Patnai also were found to be dissimilar from Pokkali in this QTL region. Thomson et al. (2010) also recorded a similar observation among salinity-tolerant lines in Saltol-QTL region. Variation in salt-tolerant alleles in HKT1;5 gene could also explain the difference of two salinity-tolerant genotypes, FL478 and Kamini.



Salt-Tolerant Genotype Kamini Balances Both Ion-Exclusion and Tissue-Tolerance Strategies and Might Spend Less Energy for Tolerance

Although both FL478 and Kamini were considerably tolerant to salt stress, a distinctive mechanistic difference in tolerance strategies in these two genotypes was observed. Kamini not only possessed less superior selective ion transport and Na+-exclusion ability than did FL478 but also accumulated higher Na+ in the mesophyll tissue. But in case of tissue K+ content, Kamini possessed at par K+-retention ability as FL478, which was superior than both IR29 and AC847. The expression data of OsAKT1, OsHAK5, and OsROK also supported this result. There was no or slight downregulation of OsAKT1 in both FL478 and Kamini, whereas it showed higher downregulation in IR29. The activity of OsAKT1 is highly sensitive to external Na+ condition, and it is reported to be downregulated under salt stress (Fuchs et al., 2005). Unlike AKT1, the Na+-insensitive K+ transporter HAK5 plays a critical role as a high-affinity transporter responsible for K+ uptake in low K+ environment prevalent under saline condition (Nieves-Cordones et al., 2010; Yang et al., 2014). In the present study, upregulation in expression of OsHAK5 was observed in tolerant genotypes, but not in IR29 under salt stress. The expression of OsROK, an outward K+ rectifying channel responsible for K+ leakage under salt stress, was highly upregulated in AC847 and IR29 whereas altered the least in FL478 and Kamini.

Tissue tolerance is a specialized trait, generally reported to be presents in salt-susceptible rice genotypes like IR29 and in some newly identified wild rice accessions (Prusty et al., 2018). The halophytic wild relative of rice, Oryza coarctata, was also identified to possess considerable tissue tolerance along with other important salt-tolerance traits (Mondal et al., 2018; Mangu et al., 2019). From our results, it is clear that besides K+ retention, Kamini must also possess considerable tissue-tolerance ability for maintaining integrity of chlorophyll pigment system under high leaf Na+ load. To test this, we performed leaf clip-based tissue-tolerance assay, where both Kamini and IR29 possessed much higher tissue-tolerance ability than known salt-tolerant genotype FL478. When we nullified ionic-discrimination ability by exposing the cut sections of the leaves directly to the NaCl solution, we found that FL478 required far less tissue Na+ to destroy half of the initial leaf chlorophyll content than did IR29 or Kamini (Figure 5). These data along with our results of chlorophyll fluorescence traits studied in the leaf clip assay suggested the existence of superior tissue-tolerance trait in Kamini.

Previous studies reported that during salinity stress, synthesis of osmo-regulators was the highest in tolerant genotypes to maintain favorable plant water status inside cells (Karthikeyan et al., 2011; Li et al., 2011; Zang et al., 2011). Interestingly, when we checked the contents of most common organic osmolytes, significantly higher accumulation of trehalose, proline, and GB was found in FL478, but in Kamini, it was at par with susceptible genotypes. At the same time, the drop in RWC and LWP was higher in IR29 and AC847, whereas it did not alter much in FL478 and Kamini. This is suggestive of potential ability of Kamini to use Na+ as osmoticum and avoid salinity-induced drop in plant water potential to maintain suitable plant water status. It could possibly reduce the burden of higher organic osmolyte biosynthesis in Kamini, whereas FL478 needed to synthesize greater amount of organic osmolytes at the expense of huge energy and C-skeleton.



Differential Induction of H+ Pumps Suggests Relative Importance of Two Salt-Tolerance Strategies in FL478 and Kamini

Reduction in membrane potential of plasma membrane is most common in plants in response to salt stress (Bose et al., 2015; Chakraborty et al., 2016c). Rapid induction of plasma membrane and vacuolar proton pumps to maintain negative membrane potential and to facilitate Na+/H+ pumps was reported in salt-tolerant genotypes under stress (Vera-Estrella et al., 2005; Shabala and Mackay, 2011). Both Na+ exclusion and K+ uptake from rhizospheric region and selective upward transport mediated by xylem unloading is energy dependent and supported by increased action of ATPases and pyrophosphatases (Chakraborty et al., 2018; Niu et al., 2018a; Huang et al., 2019). To date, there are 11 variants of AHA (a plasma membrane ATPase) reported in rice (Ueno et al., 2005). Among them, a few are reported to express in both root and shoot tissue to generate electrochemical gradient for nutrient uptake and its further transport (Haruta and Sussman, 2012). Both AHA1 and AHA7 were reported to be responsible for chemiosmotic movements of ions, whereas AHA7 is primarily associated with root hair development and nutrient uptake (Kumar et al., 2015; Yuan et al., 2017). In the present study, upregulation of different plasma membrane H+ pumps (OsAHA1 and OsAHA7) was observed in roots and leaves of studied genotypes in response to salt stress (Figure 8). Interestingly, there was significant upregulation of vacuolar H+ pumps (both V-ATPase and V-PPase) under salt stress. But distinctively, plasma membrane H+ pumps were more upregulated in FL478, whereas vacuolar H+ pumps showed greater induction in Kamini. Highly energy demanding Na+ exclusion by the action of either SOS1 or HKT group of transporters requires active pumping of H+ against the concentration gradient to maintain favorable plasma membrane potential under stress (Sze et al., 1999; Maeshima, 2000; Morsomme and Boutry, 2000; Ratajczak, 2000). Hence, it is quite natural that a genotype like FL478 showed higher induction of plasma membrane H+ pumps to support their predominant Na+-exclusion strategy as evident from changes in transcript abundance of different Na+- and K+-specific transporters. On the contrary, a genotype like Kamini having lesser ionic-discrimination and Na+-exclusion capacity depends more on tissue-tolerance ability. Perhaps, this reaffirms our hypothesis that a genotype like Kamini was more keen to accumulate greater Na+ under salt stress and managing the Na+ load by effective vacuolar sequestration.



CONCLUSION

Taken together, the present study pointed out interesting mechanistic differences in two rice genotypes, both of which were tolerant to salt stress yet employed different strategies to withstand stress. The physiological (biomass production, chlorophyll retention, tissue Na+ and K+ content, and selective ion transport ability) and molecular (expression analysis of different Na+ and K+ transporter/ion channels) evidences suggested that salt-tolerant genotype FL478 might be a good Na+ excluder and had high ionic-discrimination ability, which resulted in reduced transport of Na+ to upper plant parts and helped in maintaining a very low Na+/K+ ratio in the leaves. On the other hand, another salt-tolerant genotype Kamini did not possess as good ionic selectivity, which resulted in a higher Na+ content and an increased Na+/K+ ratio in the leaves. But besides having moderate ion-exclusion capacity, Kamini, as compared with FL478, possessed very good tissue-tolerance ability (as evidenced from our tissue-tolerance assay). The results of our study indicated that the two components of salt tolerance mechanism, that is, ionic selectivity and tissue tolerance, are very distinct in nature, and their coexistence is probably independent of each other. A genotype like Kamini could achieve considerable salt tolerance by effectively balancing both ion-exclusion and tissue-tolerance abilities, which might give a new insight toward minimizing the energy cost of salt tolerance. The mechanism employed by Kamini could probably save energy for salt tolerance in two ways: (i) reducing the energy cost of ionic selectivity and ion exclusion by active pumping out Na+ either during uptake process or during upward transport (xylem loading) and (ii) owing to its superior tissue-tolerance ability, it could use some amount accumulated Na+ as osmoticum, thereby reducing the need of highly energy-utilizing organic osmolyte biosynthesis process. Hence, the present study gives us an insight on ideal salt-tolerance strategies needed for rice to survive under high saline environment to minimize the energy cost of tolerance. This would be particularly useful for future rice crop improvement program for salinity tolerance, where there is a need to decide whether we should focus on imparting highly energy-requiring ion-exclusion strategy or on genotype like Kamini where both ion-exclusion and tissue-tolerance strategies are effectively balanced, which could potentially minimize the energy cost of salt tolerance.
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 ChlF, chlorophyll a fluorescence; DW, dry weight; EC, electrical conductivity; Fm, maximum fluorescence; FW, fresh weight; GB, glycine betaine; LC50, a sodium concentration where half of the chlorophyll pigments were degraded; LWP, leaf water potential; RWC, relative water content; SES, standard evaluation score; SOS, salt overly sensitive; ST, selective transport of potassium over sodium; TW, turgid weight; VSI, visual salt injury; Y(II), efficiency of photosystem II; Y(NO), quantum yield of non-regulated energy dissipation.
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In plants, 14-3-3 proteins are recognized as mediators of signal transduction and function in both development and stress response. However, there are only a few preliminary functional researches in the C4 crop foxtail millet. Here, phylogenetic analysis categorized foxtail millet 14-3-3s (SiGRFs) into 10 discrete groups (Clusters I to X). Transcriptome and qPCR analyses showed that all the SiGRFs responded to at least one abiotic stress. All but one SiGRF-overexpressing (OE) Arabidopsis thaliana line (SiGRF1) exhibited insensitivity to abiotic stresses during seed germination and seedling growth. Compared with the Col-0 wild-type, SiGRF1-OEs had slightly lower germination rates and smaller leaves. However, flowering time of SiGRF1-OEs occurred earlier than that of Col-0 under high-salt stress. Interaction of SiGRF1 with a foxtail millet E3 ubiquitin-protein ligase (SiRNF1/2) indicates that the proteinase system might hydrolyze SiGRF1. Further investigation showed that SiGRF1 localized in the cytoplasm, and its gene was ubiquitously expressed in various tissues throughout various developmental stages. Additionally, flowering-related genes, WRKY71, FLOWERING LOCUS T, LEAFY, and FRUITFULL, in SiGRF1-OEs exhibited considerably higher expression levels than those in Col-0 under salinity-stressed conditions. Results suggest that SiGRF1 hastens flowering, thereby providing a means for foxtail millet to complete its life cycle and avoid further salt stress.

Keywords: foxtail millet, SiGRF, overexpression, protein interaction, flowering, salt stress


INTRODUCTION

Foxtail millet (Setaria italica) has been regarded as an important dietary staple in China for many millennia (Zhang et al., 2012; Liu et al., 2016a). As a C4 cereal crop, it not only possesses excellent drought tolerance, but also possesses an extensive germplasm collection available for research (Doust et al., 2009; Lata et al., 2013). These features accentuate this crop as a prominent genetic model for use in the study of the evolution and physiology of C4 photosynthesis and abiotic stress-tolerance mechanisms, particularly in response to salinity and dehydration stress (Lata et al., 2013; Liu et al., 2016a).

The 14-3-3 proteins make up a large multigenic family of regulatory proteins that are ubiquitously present in all eukaryotes (Kumar et al., 2015). They usually regulate plant development and defense from stress through protein-protein interactions by binding to target proteins containing well-defined phosphothreonine (pThr) or phosphoserine (pSer) motifs (Muslin et al., 1996; Yaffe et al., 1997; Li and Dhaubhadel, 2011). These 14-3-3 proteins interact as a dimer with a native dimeric size of ∼60 kDa where each monomer in the dimer can interact with separate target proteins (Li and Dhaubhadel, 2011). This facilitates a 14-3-3 dimer to act as a scaffolding protein to induce a variety of physiological changes in the target protein (Gokirmak et al., 2010). Published research show that 14-3-3s play crucial regulatory roles in abiotic stress response pathways and ABA signaling in plants (Chen et al., 2006, 2017; Xu and Shi, 2006; Viso et al., 2007; Yohei et al., 2007; Caroline et al., 2010; Schoonheim et al., 2010; Denison et al., 2011; Vysotskii et al., 2013; Sun et al., 2015). In response to abiotic stress, four rice 14-3-3 genes, GF14b, GF14c, GF14e, and Gf14f, were induced by the defense compounds, benzothiadiazole, methyl jasmonate, ethephon, and hydrogen peroxide. They were also differentially regulated after exposure to salinity, drought, wounding and ABA (Chen et al., 2006). The 14-3-3 proteins 14-3-3κ and 14-3-3χ can undergo self-phosphorylation by stress-activated kinases, such as SnRK2.8 in A. thaliana. In relation to ABA signaling, 14-3-3 proteins have been shown to be present at the promoters of two A. thaliana late-embryogenesis genes, AtEm1 and AtEm6, which are induced by ABI3, an ABA-regulated transcription factor (Viso et al., 2007). Five 14-3-3 isoforms interact with the ABA-regulated transcription factors and are involved in ABA signal transduction during barley seed germination (Schoonheim et al., 2010). A soybean 14-3-3 protein can regulate transgenic A. thaliana ABA sensitivity (Sun et al., 2015). Rice OsCPK21 phosphorylates 14-3-3 proteins in response to ABA signaling and salt stress (Chen et al., 2017).

Salt stress is a major abiotic stress in the production of foxtail millet. The 14-3-3 proteins described above are involved in salt-stress response in C3 plants, but there is no comprehensive genome-wide research of 14-3-3 proteins and abiotic stress in foxtail millet. In this study, a comprehensive in silico expression analysis of the 14-3-3 genes, hereafter called SiGRF (GENERAL REGULATORY FACTOR) genes for simplicity, at several development stages of foxtail millet were performed using available microarray data. The expression patterns under stress conditions showed that all the SiGRFs were responsive to at least one abiotic stress. Phenotypic identification of overexpression of SiGRFs in A. thaliana further confirmed the stress resistant functions of the SiGRFs. In addition, we studied the function of SiGRF1 in detail, including gene expression pattern, protein subcellular localization, candidate interaction protein screening, protein-protein interaction verification, and phenotypic characteristics of SiGRF1-OEs under salt stress. Results imply that SiGRF1 hastens transgenic A. thaliana flowering in the presence of salt stress to achieve reproduction despite the harsh environment.



MATERIALS AND METHODS


Plant Materials and Stress Treatments of Foxtail Millet

Foxtail millet Yugu 1, known for its tolerance to abiotic stress (Zhang et al., 2014), was used to amplify cDNA sequences of SiGRFs, the SiGRF1 gene promoter, and SiRNF1/2 (Si021868m) (Supplementary Table S1). Arabidopsis thaliana Columbia-0 (WT) was used as the background for overexpressing SiGRFs. Foxtail millet seeds were germinated and grown in a growth chamber at 28 ± 1°C day and 23 ± 1°C night temperatures with 70 ± 5% relative humidity and a photoperiod of 14 h. A. thaliana seeds were vernalized on wet filter paper at 4°C for 3 days and then sown in soil. They were kept in a greenhouse at 20–22°C with 45% relative humidity under long-day (LD) conditions (16 h light/8 h dark). The stress treatments were performed as previously described (Liu et al., 2016a). In short, 4-week-old plants were exposed to solutions containing, variously, 120 mM NaCl, 6% (w/v) PEG 6000, and 5 μM ABA. Unstressed plants were maintained as controls. All plant materials were harvested and stored at −80°C.



Identification of 14-3-3 Genes and Evolutionary Analyses

The hidden Markov model (HMM) profile of the 14-3-3 domain (PF00244) downloaded from Pfam v27.01 was used to identify 14-3-3 proteins in A. thaliana (GRF), Brachypodium distachyon, Oryza sativa, Triticum aestivum, Sorghum bicolor, maize, and foxtail millet as described in a previous report (Liu et al., 2016a; Supplementary Table S2). The amino acid sequences of the seven species 14-3-3 proteins were obtained using BLASTP (cut-off E-value of 1E-10) in the protein database of the National Center for Biotechnology Information2. Sequence alignment was performed by ClustalX (Thompson et al., 1997). The complete amino acid sequences of 14-3-3 proteins were used and the neighbor-joining method was adopted to construct a phylogenetic tree by the MEGA5.1 program, and the confidence levels of monophyletic groups were estimated using a bootstrap analysis of 500 replicates (Tamura et al., 2011). The full-length open reading frames of SiGRFs and SiRNF1/2 were obtained from foxtail millet cDNA. The primers for cloning are listed in Supplementary Table S3. The PCR products were cloned into pLB vectors (TianGen, China) and sequenced with an ABI 3730XL 96-capillary DNA analyzer (Lifetech, United States).



Transcriptome Analysis

The gene transcriptome data for foxtail millet were obtained from Phytozome v.12.13. Data from the following foxtail millet tissue/organs and developmental stages (for some tissues) were analyzed: etiolated seedling, root, shoot, leaves (1–6 from bottom to top of the shoot), and panicles (collected from the 5th and 10th day after heading)4. Tissues samples were collected from plants exposed to various light- or nitrogen-source treatments according to a foxtail millet study (B100) described in Phytozome v.12.1. For the light experiments, plants were grown under continuous monochromatic light (blue: 6 μmol m–2 s–1, red: 50 μmol m–2 s–1, or far-red: 80 μmol m–2 s–1), and watered with RO water every 3 days. Total aerial tissues were collected (at 9:30 am) from 8-day-old seedlings. For the nitrogen treatments, plants were grown for 30 days under differing nitrogen source regimes, 10 mM KNO3 (NO3– plants), 10 mM (NH4)3PO4 (NH4+ plants) or 10 mM urea (urea plants). Root tissue was harvested from the nitrogen-treated plants.



DNA Isolation, RNA Extraction, RT-PCR, and q-PCR

Genomic DNA for each sample was isolated from 0.2 g foxtail millet leaves using the CTAB method (Saghai-Maroof et al., 1984). Isolation of total RNA from 0.2 g whole plant materials was performed using an RNA extraction kit (Takara, Japan) according to the manufacturer’s recommendations. Synthesis of cDNA and RT-PCR were conducted as previously described (Liu et al., 2016a). Analysis by qPCR was carried out with TransScript II Probe One-Step qPCR SuperMix (TransGen, China) on an ABI 7500 system. The foxtail millet SiActin gene (Si036655m) was used as an internal control to normalize all data. The 2–ΔΔCT method (Livak and Schmittgen, 2001) was used to evaluate the relative expression of each gene. All RT-PCR reactions were repeated three times.



Subcellular Localization

The coding region of SiGRF1 without the termination codon was inserted at the BamHI site of the subcellular localization vector p16318, which contained the 35S promoter and C-terminal green fluorescent protein (GFP) (Liu et al., 2016a, b). The transient expression assays were performed as previously described (Liu et al., 2016a), and then samples were observed at 488 and 543 nm illumination using a Zeiss LSM700 microscope.



GUS Histochemical Assay

A 2.5-kb SiGRF1 promoter region was inserted into the vector pCAMBIA1305 at the EcoRI site. The construct was introduced into A. thaliana Columbia-0 by Agrobacterium tumefaciens-mediated transformation as described previously (Jeon et al., 2000). Tissues, including the root apical meristem (RAM), root cap columella, the stele, lateral root primordium, and hypocotyl of 5-day-old seedlings, and the ripening siliques, sepals, pollen grains, petiole, mesophyll and stoma of 35-day-old plants, from individuals of the homozygous T3 generation of transgenic pSiGRF1:GUS A. thaliana were sampled and stained in a GUS staining solution as previously described (Ma et al., 2015). Samples were destained in 50, 70, and 100% ethanol for 5 min, consecutively, and then bleached by immersion in 100% ethanol. The decolorized tissues were observed by bright field microscopy (LEICA M165FC, Germany) and photographed using a digital camera (LEICA DFC420C, Germany).



Generation of Transgenic A. thaliana

The coding sequences of SiGRF genes were amplified and cloned into pCAMBIA1305-GFP under the control of the cauliflower mosaic virus (CaMV) 35S promoter, resulting in a 35S:SiGRF construct. The constructs were confirmed by sequencing and then transformed into WT A. thaliana of the ecotype Col-0. 10 independent lines of the 35S:SiGRF transgenics, with various expression levels of the SiGRFs gene, were obtained for further analysis.



Seed Germination and Root Growth Assays

For the germination assay, seeds were subjected to 120 mM NaCl, 6% (w/v) polyethylene glycol (PEG) 6000 (to simulate osmotic stress), or 0.5 μM ABA treatments. For the root growth assays, 5-day-old seedlings were grown on vertical agar plates in the presence or absence of 120 mM NaCl, 6% (w/v) PEG 6000, and 0.5 μM ABA. Root lengths were measured after 5 days of treatment. At least 30 plants were counted and averaged for the data statistics. For the germination assay of SiGRF genes in transgenic plants, at least 100 seeds of each line were counted for the measurement, and the seed number was recorded every 12 h post-incubation for visible radical emergence as a proxy for seed germination. Each treatment contained three independent replicates.



Yeast Two-Hybrid Assay

SiGRF1 protein interactions were investigated by screening a foxtail millet cDNA library in yeast with the Matchmaker Two-Hybrid System 3 (Clontech). SiGRF1 and SiRNF1/2 cDNA without the termination codon was cloned into pGBKT7 and pGADT7 to create SiGRF1-BD and SiRNF1/2-AD, respectively, using an In-Fusion HD Cloning Kit (Clontech, United States) (for primer sequences, see Supplementary Table S3). Four groups, AD + BD, SiRNF1/2-AD + BD, AD + SiGRF1-BD, and SiRNF1/2-AD + SiGRF1-BD, were transformed into the yeast strain AH109 and selected by growing on SD/-Trp-Leu medium at 30°C for 4 days. Surviving clones were retransferred to SD/-Trp-Leu-His-Ade medium, according to the manufacturer instructions (Clontech, United States).



Bimolecular Fluorescence Complementation (BiFC)

The coding sequences of SiGRF1 and TaPI4KIIγ were inserted into the pSPYNE vector and that of SiRNF1/2 and TaUFD1 were inserted into pSPYCE vectors (Walter et al., 2004) to create SiGRF1-YNE, TaPI4KIIγ-YNE, SiRNF1/2-YCE, and TaUFD1-YCE, respectively, using an In-Fusion HD Cloning Kit (Clontech, United States) (for primer sequences, see Supplementary Table S3). These plasmids, including empty GFP vector, were extracted by QIAGEN Plasmid Maxi Kit and transformed into wheat leaf protoplasts. Four groups, GFP, TaPI4KIIγ-YNE/TaUFD1-YCE, SiGRF1-YNE/SiRNF1/2-YCE, and SiRNF1/2-YCE + YNE were co-transformed into foxtail millet leaf protoplasts. The YFP fluorescence of protoplasts was assayed under a Zeiss LSM 700 confocal microscope 8 h after transformation.



Co-immunoprecipitation (Co-IP) Assays

To evaluate the interaction between SiGRF1 and SiRNF1/2 in vivo, Co-IP assays were carried out as previously described (Zheng et al., 2013). Agrobacterium strain GV3101 carrying the pCAMBIA1305-SiGRF1-GFP, pCAMBIA1305-SiRNF1/2-FLAG, or 35S:p19 construct was co-infiltrated into a Nicotiana benthamiana leaf. After growing in the dark for 3 days, the leaf was harvested and native extraction buffer (50 mM Tris-MES [pH 8.0], 0.5 M sucrose, 1 mM MgCl2, 10 mM EDTA, 5 mM DTT, and 1 × protease inhibitor cocktail) was used to lyse the sample. Then, 250 μL of extract was incubated with 20 μL anti-GFP conjugated agarose (Sigma-Aldrich) for 8 h at 4°C. The agarose was washed twice with 200 μL native extraction buffer. The pellet was detected by immunoblot analysis for anti-FLAG and anti-GFP.



RNA-Seq Analysis

At least 30 leaves from 2-week-old Col-0 and transgenic line SiGRF1-OE line 1 plants were collected for RNA-seq analysis. RNA-seq experiment was completed by Beijing Genomics Institute (BGI) company. The mRNA was isolated using poly-(T)-oligonucleotide-attached magnetic beads and fragmented to 100–200 bases. The double-strand cDNA was synthetized from mRNA using reverse transcriptase and random hexamer primers. Then, the cDNA fragments were purified using AMPure XP beads. Through an end-repair process, the addition of a single A base, and the ligation of the adapters, cDNA libraries were created via PCR enrichment. The libraries were sequenced using the HiSeqTM2500 sequencing system according to the manufacturer instructions (Illumina, United States). Sequencing reads were mapped to the TAIR 10 A. thaliana reference genome using TopHat1 with default parameters. The abundance of assembled transcripts was calculated in fragments per kilobase of exon model per million mapped fragments (FPKM). The TopHat and Cufflink software packages were used for the mRNA seq data analysis to identify differentially expressed genes (DEGs), and the threshold value of DEGs was | log2 (FoldChange)| >1 and P-Adjusted <0.05. The hierarchical clustering analysis was generated via the RPKM of DEGs of SiGRF1-OE line 1 VS Col-0. The GO terms enrichment of DEGs was conducted using the GOseq software based on the Wallenius non-central hypergeometric distribution. The KEGG enrichment analysis used a hypergeometric examination to find the enriched pathways in DEGs compared with the transcriptome background. RNA-seq data was download from SRA database (accession number: PRJNA611515). Finally, manually identified DEGs (log2 value ≥ 1.5-fold difference, p < 0.05) (Supplementary Table S6).



RESULTS


Phylogenetic Analysis

The foxtail millet genome contains eight SiGRFs, and the predicted polypeptide lengths of SiGRF proteins ranged from 429 to 731. These protein sequences have small variations in both isoelectric point (pI) values (ranging from 4.71 to 5.19) and molecular weights (ranging from 26.188 to 29.690 kDa; Supplementary Table S1).

To evaluate the phylogenetic relationships among the SiGRFs in foxtail millet and six other species, predicted 14-3-3 sequences of 15 A. thaliana, 8 B. distachyon, 10 O. sativa, 24 T. aestivum, 6 S. bicolor, 13 Solanum lycopersicum and 8 foxtail millet were used to generate a neighbor-joining phylogenetic tree (Figure 1 and Supplementary Table S2). The phylogenetic analysis categorized the 14-3-3s into 10 discrete groups (Clusters I to X), containing, respectively, 16, 8, 5, 15, 7, 7, 4, 8, 3, and 7 predicted proteins (Figure 1). Many of the internal branches had high bootstrap values, indicating statistically reliable pairs of possible homologous proteins.
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FIGURE 1. Neighbor-joining distance tree of 14-3-3 proteins in seven species. The tree is presented radially so that distances from the center represent cumulative branch lengths. Terminal branches and labels are colored to indicate different groups and foxtail millet (pink).




In silico Tissue-Specific Expression Profiling of SiGRFs

A heat map generated for examining tissue-specific expression showed differential transcript abundances of eight SiGRF genes in four major tissues, namely shoot (control), germ shoot, leaf, and panicle (Figure 2). The average log signal values for all of the SiGRF genes from three biological replicates of each sample are given in Supplementary Table S4. The results showed greater levels of expression in all the plant tissues compared to that of the shoot. Greater expression of SiGRF1 and SiGRF2 were only observed in the germ shoot. Lower levels of SiGRF5, SiGRF7, and SiGRF8 resulted in the leaf (Figure 2). SiGRF8 was stronger in both panicle stages than in the shoot (Figure 2).
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FIGURE 2. Tissue-specific expression of foxtail millet SiGRF genes in four major tissues: shoot (control), germ shoot, leaf, and panicle (two stages). The color scale representing the log of signal values is shown below the expression profiles.




Expression Analysis of SiGRFs Under Abiotic Stress and Light Conditions

To explore the potential functions of SiGRF genes under different stress and light treatments in foxtail millet, microarray analysis was performed using available GeneATLAS data5 for RNA from foxtail millet roots subjected to ammonia, drought, nitrate, or urea and shoots exposed to dark, blue, red, or far red light treatments. Results showed that all of the SiGRF genes varied in their expression levels in response to one or more stress or light relative to their expression in untreated control samples (Figure 3 and Supplementary Table S5). Expression levels of SiGRF4 and SiGRF8 were stronger than that of their respective controls across most treatments. Compared with the respective control, SiGRF2, SiGRF3, SiGRF5, and SiGRF7 in aerial tissues were lower in expression under blue light and far red light treatments (Figure 3).
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FIGURE 3. Expression profiles of SiGRF genes differentially expressed under stress and light conditions. The values of SiGRF genes under the control (untreated) and various stress conditions (labeled at the top of each lane) are presented by cluster display. The color scale representing signal values is shown at the bottom.




Verification of Microarray Data Using qPCR

We used qPCR to further verify the expression levels of SiGRF genes under abiotic stress or exogenous ABA (Figure 4). The results show that the expression levels of four genes were up-regulated (>2-fold) by salt stress, four were up-regulated by 6% PEG, and five were up-regulated by ABA. The expression of SiGRF1 was up-regulated under both salt and ABA stress treatments. SiGRF6 and SiGRF8 expression levels were up-regulated under ABA and 6% PEG stress conditions, respectively. Notably, the expression of SiGRF2, SiGRF4, and SiGRF7 were up-regulated under salt, 6% PEG, and ABA stress conditions. The expression levels of two SiGRF genes (SiGRF3 and SiGRF5) were unchanged by any treatment.
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FIGURE 4. Relative expression levels of SiGRF genes analyzed using qPCR under treatment of salinity stress, 6% PEG, or ABA for 1, 2, 4, 6, 8, 12, or 24 h. The relative expression level of each gene was calculated relative to the expression in the respective untreated control samples (0 h). Foxtail millet SiActin (Si036655m) was used as an internal control to normalize the expression data. The error bars represent the standard deviation calculated based on three biological replicates.




Phenotypic Analysis of SiGRF-Transgenic A. thaliana

The full-length open reading frames of eight SiGRFs were obtained from foxtail millet cDNA and introduced into A. thaliana Col-0 to generate several 35S:SiGRF lines for each gene. Four overexpression lines of each SiGRF gene were selected for stress tolerance assays. Due to space limitations, we only show two lines (Supplementary Figures S1–S4). Under the control conditions, we observed no significant differences in the growth or morphology between SiGRF-OEs and Col-0 plants, with the exception of SiGRF1-OEs. The seed germination of SiGRF2-OEs to SiGRF7-OEs displayed a phenotype indistinguishable from that of Col-0 under the control condition (Supplementary Figures S1, S2). However, the germination of SiGRF5-OE, SiGRF6-OE, and SiGRF8-OE lines was faster than that of Col-0 under 0.5 μM ABA by ∼9, 5, and 11% on average in the third day after seed imbibition, respectively, and reached an extremely significant differences (P < 0.01) (Supplementary Figure S2). In the presence of 120 mM NaCl, the main roots of SiGRF4-OE and SiGRF5-OE lines were longer than Col-0 by ∼27 and 14% on average, respectively, and reached an extremely significant differences (P < 0.01) (Supplementary Figure S3, S4). When grown on 6% PEG medium, the numbers of lateral roots SiGRF2-OEs and SiGRF8-OEs were not significantly different from Col-0 plants, but their lateral roots lengths were significantly longer than that of the Col-0 plants by ∼34 and 26% on average, respectively (Supplementary Figure S3, S4). The main roots of SiGRF2-OE, SiGRF4-OE, SiGRF6-OE, and SiGRF8-OE lines were longer than that of the Col-0 plants by ∼26, 35, 22, and 17% on average under 0.5 μM ABA (Supplementary Figure S3, S4), and the lateral roots lengths SiGRF7-OE lines were longer than that of the Col-0 plants by ∼41% on average under 0.5 μM ABA (Supplementary Figure S3, S4).

SiGRF1-OEs had slightly lower germination rates and smaller leaves compared to Col-0 under the control condition (Supplementary Figure S1, S3 and Figures 5A,B). In the presence of 120 mM NaCl, 6% PEG or 0.5 μM ABA, the germination of SiGRF1-OEs was slower than that of Col-0 by ∼28, 26, and 34% on average in the second day after seed imbibition, respectively (Supplementary Figure S1). Their seedlings main root lengths were shorter compared to that of Col-0 by ∼52% on average, but the lateral roots of SiGRF1-OEs were longer than lateral roots of Col-0 by ∼15% under the 120 mM NaCl treatment (Supplementary Figure S1).
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FIGURE 5. Phenotype analysis of SiGRF1-OEs. (A,B) SiGRF1-OEs have a smaller leaf size compared to that of the wild-type (Col-0) under the non-stressed condition. Bars = 1 cm. (C) The flowering time of SiGRF1-OEs under no stress and high salt stress. Bars = 5 cm. (D,E) Flowering days and number of leaves at flowering of SiGRF1-OEs under no stress and high salt stress. Data represent means ± SD (n = 100). (F) The GFP fluorescence signal of SiGRF1-OEs when plants were grown on MS medium with or without treatment of 120 mM NaCl, 6% PEG, or 0.5 μM ABA for 1 h. Bars = 0.1 cm. Asterisks (* and **) indicate significant differences (*P < 0.05 and **P < 0.01) compared with Col-0 (Student’s t-test).




Flowering of SiGRF1-OEs Was Relatively Insensitive to Salt Stress

Assays were performed to further characterize the function of SiGRF1. Under standard growth conditions, we observed no significant differences in the flowering initiation means dates and total leaf means numbers between SiGRF1-OEs and Col-0 plants (Figures 5C–E). The flowering time of SiGRF1-OEs occurred earlier than that of Col-0 by 6 days on average under high salt stress and earlier than that of untreated SiGRF1-OEs for 2 days on average (Figures 5C–E). We also observed that GFP fluorescence signals of SiGRF1-OEs increased significantly under the salt treatment compared to under the control condition (Figure 5F).



RNA-Seq Analysis of Gene Expression Associated With SiGRF1 Action

To identify changes in gene expression associated with SiGRF1 action, we performed an RNA-seq analysis of total RNA isolated from 2-week-old seedlings, comparing SiGRF1-OE line 1 plants to Col-0 plants. We identified 174 genes that were differentially expressed (log2 value ≥ 1.5-fold difference, p < 0.05), which comprised of 156 up-regulated genes and 18 down-regulated genes (Supplementary Table S6). DEGs were categorized into functional groups using Gene Ontology (GO) analyses. The top key GO terms were cellular process, response to stimulus, metabolic process, and development process (Figure 6A). Notably, the genes related to seed germination and flower development, suggesting that the phenotypes of SiGRF1-OE lines under normal and salt stress condition may be caused by abnormal expression of these genes (Supplementary Figure S3 and Figures 5, 6B). We used qPCR to further determine the expression level of these genes, including OLEOSIN1 (OLEO1), OLEOSIN2 (OLEO2), OLEOSIN4 (OLEO4), AT3G01570, EARLY LIGHT-INDUCABLE PROTEIN (ELIP1), WRKY71, CRUCIFERIN 3 (CRU3), AGAMOUS-like 67 (AGL67), MADS AFFECTING FLOWERING 4 (MAF4), and LIPID-TRANSFER PROTEIN (AT4G22460), to verify the accuracy of the RNA-seq analysis. The results show that the expression levels of these genes were roughly consistent with the RNA-seq analysis (Figure 6C). It is worth noting that the expression level of WRKY71 was significantly greater in SiGRF1-OE line 1 plants than the expression level of Col-0 plants under salt stress (Figures 6B,C), and Yu et al. (2018) has shown that WRKY71 acts antagonistically to salt-delayed flowering in A. thaliana. Furthermore, because flower initiation days of SiGRF1-OEs noticeably occurred earlier than that of Col-0 under high salt stress (Figure 5C), we suspect that the SiGRF1 gene may regulate expression of WRKY71 to induce the earlier flowering time in transgenic plants under salt stress.
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FIGURE 6. SiGRF1 activity can change the expression of genes related to seed germination, stress response, and flower development. (A) The enrichment of GO terms for genes that were differentially expressed between SiGRF1-OE line 1 and Col-0 was analyzed using RNA-seq. Vertical coordinates represent enriched GO terms, and horizontal coordinates represent the numbers of DEGs for these GO terms. The light green columns represent the GO terms for biological processes, orange columns represent the GO terms for cellular components, and gray columns represent the GO terms for molecular functions. Asterisks indicate significantly enriched GO terms. (B) Expression levels of genes related to seed germination and flower development from RNA-seq data. The brown columns represent seed germination, and the yellow columns represent flower development. (C) qPCR verified the accuracy of the RNA-seq data. Vertical coordinates represent fold changes, and horizontal coordinates represent different genes. The relative expression levels of those genes in Col-0 were set to “1.” Arabidopsis actin2 (AT3g18780) was used as a reference. Error bars indicate the SDs. The data represent the means ± SD of three biological replications. Asterisks (* and **) indicate significant differences (*P < 0.05 and **P < 0.01) compared with Col-0 (Student’s t-test).


We also observed that the expression of several flower-related marker genes in SiGRF1-OEs (Yu et al., 2018), including FLOWERING LOCUS T (FT), LEAFY (LFY), and FRUITFULL (FUL), were indistinguishable from those of Col-0 under the control condition (Figure 7). However, transcript levels of these genes in SiGRF1-OEs plants were significantly greater due to salt stress (Figure 7).
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FIGURE 7. The expression levels of FLOWERING LOCUS T (FT), LEAFY (LFY), and FRUITFULL (FUL) in Col-0 and SiGRF1-OEs under no stress or salt stress conditions. Values obtained by qPCR represent means ± SD from three biological replicates. Asterisks (* and **) indicate significant differences (*P < 0.05 and **P < 0.01) compared with Col-0 (Student’s t-test).




Identification of SiGRF1 Target Proteins Using the Yeast Two-Hybrid System

The identification of protein partners should provide clues to understanding the function(s) of SiGRF1. To this end, we sought to identify possible SiGRF1 target proteins using a yeast two-hybrid approach. SiGRF1, as bait protein, was used to screen the foxtail millet cDNA library. Of ∼9 × 107 primary transformants, 200 HIS-selected clones that showed LacZ activity were obtained. From these, 60 clones were randomly chosen and further analyzed by DNA sequencing. Twelve different cDNA clones contained sequences of SiRNF1/2 (Si021868m), a member of the ubiquitin–proteasome system encoding a E3 ubiquitin-protein ligase. Sadanandom et al. (2012) reported that cells can respond quickly to intracellular signals and varying environmental conditions because the ubiquitin–proteasome system was involved in many cell physiological processes in the removal of abnormal peptides and short-lived cytokines. The results prompted us to speculate whether or not SiGRF1 interacts physically with SiRNF1/2 and SiGRF1 might be hydrolyzed by the proteinase system.



SiGRF1 Interacted With SiRNF1/2

We next investigated the protein interactions between SiGRF1 and SiRNF1/2; the protein interactions observed in yeast were further investigated in planta (Figure 8A). For this, we used the BiFC analysis to confirm whether SiGRF1 associates with SiRNF1/2 in vivo. Constructs for expression of the fusion proteins SiGRF1-YNE and SiRNF1/2-YCE were transiently expressed in the protoplasts from foxtail millet seedlings. Different combinations of TaPI4KIIγ-YNE/TaUFD1 -YCE were used as positive controls because they have been shown to interact with each other in the plasma membrane (Liu et al., 2013), and GFP alone was the blank control. SiGRF1-YNE/SiRNF1/2-YCE and YNE/SiRNF1/2-YCE were co-transformed and the protoplasts were observed under a confocal microscope to detect yellow fluorescent protein (YFP) signals. The results showed that GFP alone was expressed throughout the cell, and TaPI4KIIγ-YNE interacted with TaUFD1-YCE in the plasma membrane (Figures 8B,C), which are consistent with results of previous research (Liu et al., 2013). A strong YFP signal was observed in the cytoplasm of the protoplast co-transformed with SiGRF1-YNE/SiRNF1/2-YCE plasmids (Figure 8D), whereas no YFP signal was detected in the absence of SiGRF1 or SiRNF1/2 (Figures 8E,F). These results suggest that the interactions between SiGRF1 and SiRNF1/2 occurred in the cytoplasm (Figure 8D). Subsequently, we performed co-immunoprecipitation assays in N. benthamiana leaf to further investigate whether SiGRF1 interacts with SiRNF1/2 in vivo. Green fluorescent protein and FLAG tags were translationally fused to the C-terminus of SiGRF1 and SiRNF1/2, respectively. Agrobacterium strain GV3101 carrying the 35S:SiGRF1-GFP, 35S:SiRNF1/2-FLAG, or 35S:p19 construct was co-infiltrated into a N. benthamiana leaf. Total protein was used for immunoblot analysis with anti-GFP and anti-FLAG antibodies (Figure 8G). Anti-GFP affinity gels were used to perform immunoprecipitation. After washing, immunoblots were probed with an anti-FLAG antibody. SiRNF1/2-FLAG was pulled-down using SiGRF1-GFP. These results showed that SiGRF1 interacts physically with SiRNF1/2 in the cytoplasm.
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FIGURE 8. SiGRF1 interacted with SiRNF1/2 in vivo. (A) SiGRF1 interacted with SiRNF1/2 in yeast. Yeast strains expressing construct combinations of AD/BD, SiRNF1/2-AD/BD, AD/BD-SiGRF1, and SiRNF1/2-AD/BD-SiGRF1 were grown on media minus tryptophan and leucine (left panel) or minus tryptophan, leucine and histidine (right panel). (B) Green fluorescent protein localized throughout foxtail millet leaf protoplasts. (C) TaPI4KIIγ-YNE/TaUFD1-YCE was a positive control, TaPI4KIIγ and TaUFD1 can interact with each other in the plasma membrane. (D) Combinations of SiGRF1-YNE and SiRNF1/2-YCE were transiently co-expressed in foxtail millet leaf protoplasts. The YFP fluorescence indicates BiFC signals. Individual and merged images of YFP and Chl autofluorescence (Chl), as well as bright-field images of protoplasts are shown. Scale bars = 5 μm. (E) SiRNF1/2-YCE and YNE transiently co-expressed in foxtail millet leaf protoplasts. (F) SiGRF1-YNE and YCE transiently co-expressed in foxtail millet leaf protoplasts. (G) SiGRF1-SiRNF1/2 interaction analysis using Co-IP. Anti-GFP affinity gels were used for immunoprecipitation and an anti-FLAG antibody was used to detect SiRNF1/2.




Expression Analysis of SiGRF1

The SiGRF1 gene has four introns and five exons with an open reading frame of 789 bp and putatively encodes a 31.4 kD 14-3-3 protein. To evaluate the expression pattern of SiGRF1, we performed qPCR using mRNA from different organs of foxtail millet, including root, culm, leaf, panicle, sheath and node (Figure 9A). The results showed that SiGRF1 was expressed in different tissues, and the expression of SiGRF1 in panicles, leaves and node were higher than that in roots, culm, and leaf sheaths (Figure 9A). To further characterize the expression pattern of SiGRF1, the GUS (β-glucuronidase) reporter gene driven by the 2.5 kb promoter region of the SiGRF1 gene was introduced into A. thaliana. These transgenic lines were used for histochemical assays at different developmental stages (Figures 9B–K). We observed strong GUS activity in the root apical meristem (RAM) and root cap columella (Figure 9B), as well as the stele, lateral root primordium, and hypocotyl (Figures 9C–E). With the growth of plants, the SiGRF1 gene was expressed in the ripening siliques, sepals, pollen grains, petiole, mesophyll and stoma (Figures 9F–K).
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FIGURE 9. Tissue-specific expression of the SiGRF1 gene and subcellular localization of its coding protein. (A) Analysis by RT-PCR of SiGRF1 expression patterns. SiActin was used as the control. (B–K) Root apical meristem (RAM), root cap columella, stele, lateral root primordium, hypocotyl, ripening siliques, sepals, pollen grains, petiole, mesophyll, and stoma. Scale bars = 500 μm. (L–O) SiGRF1 localized to the cytoplasm. Green fluorescence indicates GFP and red fluorescence indicates stained protoplasts. Bars = 5 μm.




Subcellular Localization of SiGRF1 Protein

To explore the subcellular localization of the SiGRF1 protein, we transiently expressed the SiGRF1-GFP fusion gene in foxtail millet leaf protoplast. After an overnight incubation, the protoplasts were analyzed using a confocal microscope. We found that SiGRF1-GFP was localized only in the cytoplasm in foxtail millet protoplasts (Figures 9L–O).



DISCUSSION


Phylogenetic Analysis and Functional Speculation of SiGRF Proteins

Highly conserved in all eukaryotes, 14-3-3 proteins are phosphopeptide-binding proteins (Aitken et al., 1992). In this study, we identified eight 14-3-3 proteins in the foxtail millet genome. Our results agree with the research of Kumar et al. (2015). The phylogenetic analysis of the 14-3-3s from seven species, including the eudicot A. thaliana and the monocots B. distachyon, O. sativa, T. aestivum, S. bicolor, Solanum lycopersicum, and foxtail millet, revealed that all of the 14-3-3 proteins can be categorized into 10 discrete groups (Clusters I to X). Furthermore, there appeared to be a species-specific aggregation of genes in the seven species, as exhibited by groups III, V, and IX (Figure 1), which suggests that gene function may have species specificity, and these genes may have expanded after the separation of monocots and dicots.

The sequences of SiGRF2, SiGRF3, and SiGRF5 have high similarity and were categorized into Cluster II. The three genes were also found to be weakly expressed in total aerial tissues under blue light and far red light treatments (Figure 3). Together, the data suggest that these genes may have functional redundancy in regulating plant light response. In addition, the homologous genes of SiGRF4 and SiGRF7 were T. aestivum TaWIN2 and TaWIN1, respectively. TaWIN1 and TaWIN2 can directly interact with WPK4, which is responsible for controlling the nitrogen metabolic pathway (Ikeda et al., 2000). We speculate that SiGRF4 and SiGRF7 may have similar functions to TaWIN2 and TaWIN1.



Expression Profiling of SiGRFs

Microarray analysis of the expression of the SiGRF genes in the four major foxtail millet tissues revealed that six of these genes were differentially expressed in at least one tissue. The tissue-specific expression profiling of SiGRFs could facilitate the combinatorial usage of SiGRFs in transcriptional regulation of different tissues, whereas ubiquitously expressed SiGRFs might regulate the transcription of a broad set of genes. Notably, SiGRF1 and SiGRF2 were strongly expressed only in the germ shoot but further investigation is needed to elucidate their potential functions. The low expression of SiGRF5, SiGRF7, and SiGRF8 observed in the leaf suggests that these three genes might be involved in the regulation of plant leaf development. Strong expression of SiGRF6 in all plant tissues suggest that this gene may be involved in many physiological processes (Figure 2). In addition, overexpression of the SiGRF gene likely reduced sensitivity of transgenic plants to abiotic stress and exogenous ABA during seed germination and seedling growth. However, the stress response mechanisms of SiGRF need further study.



14-3-3 Proteins Respond to Light

Current data clearly show plant 14-3-3 proteins are involved in many key physiological processes, ranging from metabolism to transport, biotic and abiotic stress responses, hormone signaling pathways (brassinosteroids, auxin, ABA, gibberellins, ethylene, cytokinins), plant growth and development, and flowering (Chen et al., 2006; Yuan et al., 2007; Barjaktaroviæ et al., 2009; Yekti Asih et al., 2009; Xiaohua et al., 2010; Denison et al., 2011; Sun et al., 2015; Camoni et al., 2018). For example, two A. thaliana proteins, 14-3-3μ and 14-3-3υ, influence transition to flowering and early phytochrome response; loss of function of 14-3-3μ and 14-3-3υ showed a delay in flowering of 3–5 days under LD conditions (Mayfield et al., 2007). In contrast, rice GF14c causes earlier flowering by 12–17 days, whereas overexpression of GF14C causes a 5–20 day delay in flowering under short day conditions (Yekti Asih et al., 2009). Additional protein interactions with 14-3-3s have been shown with CONSTANS, FT, PHOTOTROPIN1, and PHOTOTROPIN2 in Arabidopsis; FT orthologs of Heading Date 3A in rice (Mayfield et al., 2007); and SELF-PRUNING in tomato (Pnueli et al., 2001). These protein interactions function in floral photoperiodism, blue light signaling and the switching between determinate and indeterminate plants.



14-3-3 Proteins Respond to Salt Stress

Plants cannot move, so them has to face various environmental stresses during their life span, and flowering is crucial to successful reproduction in flowering plants. Therefore, in order to survive, plants have evolved a series of mechanisms to avoid, tolerate, or even resist hostile-environment stress signals to ensure reproduction (Levy and Dean, 1998). Previous studies have shown that pathogen infection, drought, and abnormal temperatures are able to accelerate flowering time (Korves, 2003; Meyre et al., 2004; Kumar et al., 2012; Xu et al., 2014). Salt stress is also considered as a negative factor on flowering time in most plants (Apse et al., 1999; Yu et al., 2017). Current research shows that salinity-delayed flowering is caused by a DELLA-dependent pathway. Salinity elevates the stability of DELLA proteins, which can restrain plant growth (Achard et al., 2006). In the quadruple-DELLA mutant, the response of salt-delayed flowering disappeared in plants under salt stress, and the expression level of LFY did not change under salt stress (Achard et al., 2006). Research shows NTM1-LIKE 8 mediates salinity-delayed flowering initiation via suppression of FT expression (Kim et al., 2007).

In addition, BROTHER OF FT AND TFL1 (BFT) overexpression in transgenic A. thaliana resulted in a delayed flowering phenotype when compared with that of the WT under normal or saline conditions. However, deletion of the BFT gene resulted in a normal flowering time in bft-1 mutants exposed to high salinity (Ryu et al., 2011). The constitutive high level of expression of WRKY71 can induce earlier flowering by promoting FT and LFY expression to act against the inhibition by DELLAs, BFT, etc. Overexpressing WRKY71 plants showed an early-flowering phenotype under high salinity conditions (Yu et al., 2017).

In this paper, we found a foxtail millet 14-3-3 protein (SiGRF1) involved in flowering in plants under salt stress. The flowering initiation time of SiGRF1-OEs occurred earlier than that of Col-0 under high salinity conditions. Similarly, the expression of WRKY71, FT, LFY, and FUL in SiGRF1-OEs was considerably higher than those in Col-0 under salinity-stressed conditions. Previous studies have shown that FT and LFY were the direct targets of WRKY71; FUL was also up-regulated by WRKY71 (Yu et al., 2017). The results suggest that the SiGRF1 gene may regulate the initiation date of flowering in plants exposed to salt stress by up-regulating the transcription level of WRKY71 to promote FT and LFY expression to act against the inhibition by DELLAs, BFT, etc. (Figure 10). Overall our findings suggest that SiGRF1 activity hastens flowering time, thereby providing a means for the plant to complete its life cycle and avoid further exposure to salt stress. Thus, we reveal a potential mechanism of plants to avoid environmental stresses.
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FIGURE 10. Proposed model of SiGRF1 function in flowering plants exposed to salinity treatment. High salinity promotes DELLAs, BFT, etc., and thereby inhibits FT and LFY expression. SiGRF1 is induced by high salinity, which induces WRKY71 to promote FT and LFY expression to act against their inhibition by DELLAs, BFT, etc. In the SiGRF1-OE plants under high salinity conditions, the highly elevated levels of gene expression of FT and LFY likely resulted in high levels of transcription. Thus SiGRF1-OE showed an early-flowering phenotype under high salinity conditions.
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FIGURE S1 | The seed germination rates of SiGRF1-OEs, SiGRF2-OEs, SiGRF3-OEs, and SiGRF4-OEs under the no-stress and stress treatments. (A–E) Germination rates of seeds after 6 days in the presence or absence of 120 mM NaCl, 6% (w/v) PEG 6000, and 0.5 μM ABA. At least 100 seeds of each line were counted for the measurement, and the seed number was recorded every 12 h post-incubation for visible radical emergence as a proxy for seed germination. Each treatment contained three independent replicates.

FIGURE S2 | The seed germination rates of SiGRF5-OEs, SiGRF6-OEs, SiGRF7-OEs, and SiGRF8-OEs under the no-stress and stress treatments. (A–E) Germination rates of seeds after 6 days in the presence or absence of 120 mM NaCl, 6% (w/v) PEG 6000, and 0.5 μM ABA. At least 100 seeds of each line were counted for the measurement, and the seed number was recorded every 12 h post-incubation for visible radical emergence as a proxy for seed germination. Each treatment contained three independent replicates.

FIGURE S3 | Phenotypic comparison of root lengths of SiGRF1-OE, SiGRF2-OE, SiGRF3-OE, and SiGRF4-OE plants grown on MS medium with or without treatment of 120 mM NaCl, 6% PEG, or 0.5 μM ABA. (A) Images were recorded on day 5 after the transfer of 5-day-old seedlings from 1/2 MS medium to plates containing 120 mM NaCl, 6% PEG, or 0.5 μM ABA, White solid line indicates that plants promote root growth. Bars = 1 cm. (B,C) Effect of different stress treatments on root growth in Col-0 and transgenic plants. Data represent means ± SD (n = 30). Students t-tests were used to generate the P-values. *P < 0.05; **P < 0.01.

FIGURE S4 | Phenotypic comparison of root lengths of SiGRF5-OEs, SiGRF6-OEs, SiGRF7-OEs, and SiGRF8-OEs plants grown on MS medium with or without treatment of 120 mM NaCl, 6% PEG, or 0.5 μM ABA. (A) Images were recorded on day 5 after the transfer of 5-day-old seedlings from 1/2 MS medium to plates containing 120 mM NaCl, 6% PEG, or 0.5 μM ABA, White solid line indicates that plants promote root growth. Bars = 1 cm. (B,C) Effect of different stress treatments on root growth in Col-0 and transgenic plants. Data represent means ± SD (n = 30). Students t-tests were used to generate the P-values. *P < 0.05; **P < 0.01.

TABLE S1 | SiGRFs and SiRNF1/2 in foxtail millet. Detailed genomic information including domain/class, alias, ORF length, protein length, genomic locus (chromosomal location), number of introns within ORF, subcellular localization, isoelectric point, and molecular weight (kDa).

TABLE S2 | Characteristic features of 14-3-3 gene family members identified in seven species.

TABLE S3 | The sequences of primers used in the study. The sequences shown in lower case were added to generate a restriction enzyme site.

TABLE S4 | Average log signal values of SiGRF protein-encoding genes from three biological replicates of each sample.

TABLE S5 | Average log signal values of SiGRF genes subjected to ammonia, drought, nitrate, urea, dark, blue, red, and far red light treatments.

TABLE S6 | RNA-Seq analysis of gene expression associated with SiGRF1 action. Total RNA isolated from 2-week-old seedlings, comparing SiGRF1-OE line 1 plants to Col-0 plants.
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Salinity stress impairs plant growth and causes crops to yield losses worldwide. Reduction of in vivo gibberellin acid (GA) level is known to repress plant size but is beneficial to plant salt tolerance. However, the mechanisms of in vivo GA deficiency-enhanced salt tolerance in maize are still ambiguous. In this study, we generated two independent maize knockout mutant lines of ent-copalyl diphosphate synthase (one of the key enzymes for early steps of GA biosynthesis), zmcps-1 and zmcps-7, to explore the role of GA in maize salt tolerance. The typical dwarf phenotype with lower GA content and delayed leaf senescence under salinity was observed in the mutant plants. The leaf water potential and cell turgor potential were significantly higher in zmcps-1 and zmcps-7 than in the wild type (WT) under salt stress. The mutant plants exhibited a lower superoxide anion production rate in leaves and also a downregulated relative expression level of NAPDH oxidase ZmRbohA-C than the WT maize under salt stress. Also, the mutant plants had higher enzymatic activities of superoxide dismutase (SOD) and catalase (CAT) and higher content of soluble sugars and proline under salt stress. The Na+/K+ ratio was not significantly different between the mutant maize plants and WT plants under salt stress conditions, but the Na+ and K+ content was increased in zmcps-1 and zmcps-7 leaves and shoots. Na+ fluorescent dye staining showed that the mutant leaves have significantly higher vacuolar Na+ intensity than the WT maize. The expression level of vacuolar Na+/H+ exchanger gene ZmNHX1 and vacuolar proton pump genes ZmVP1-1 and ZmVP2 were upregulated in the zmcps-1 and zmcps-7 plants under salinity, further proving that in vivo GA deficiency enhanced vacuolar Na+ sequestration in zmcps-1 and zmcps-7 leaves cells to avoid Na+ cytotoxicity. Together, our results suggested that maintaining ROS homeostasis and enhancing vacuolar Na+ sequestration could be involved in GA deficiency-improved maize salt tolerance.

Keywords: gibberellin, maize, salt stress, water potential, osmotic adjustment, reactive oxygen species, vacuolar sodium sequestration


INTRODUCTION

Soil salinity affects more than 800 million hectares of land, including 45 million hectares of irrigated land for agriculture (FAO, 2020). Due to the global climate changes and improper irrigation practices, the areas affected by salinity are expected to increase (Munns and Tester, 2008; Rengasamy, 2010). Not surprisingly, salinity has become a major abiotic stress limiting the sustainable production of crops and food security (Shabala, 2013). As glycophytes, most crops are sensitive to salt stress. Thus, improving crop salinity stress tolerance is of importance to meet the food supply demand from the increased population (Shabala, 2013).

Salinity inhibits plant growth mainly by osmotic stress, ion toxicity, and oxidative stress (Munns, 2002; Munns and Tester, 2008; Yang and Guo, 2018). To deal with the problem, plants have adapted in biochemical, physiological, and morphological properties to cope with salt stress (Munns and Tester, 2008). For example, plants can synthesize compatible osmolytes such as proline and soluble sugars to adjust cell water potential and keep membrane potential and stability under salt-induced osmotic stress (Apse and Blumwald, 2002; Szabados and Savoure, 2010; Guo et al., 2015). Overexpression of the proline biosynthesis-related gene delta 1-Pyrroline-5-Carboxylate Synthetase (P5CS) improves salt tolerance in grass plants (Guan et al., 2018). Meanwhile, high Na+ concentration in cytosol is harmful to plant growth, and maintaining a suitable cellular Na+/K+ homeostasis is critical to prevent cell damage and metabolic inhibition (Serrano et al., 1999). SALT OVERLY SENSITIVE1 (SOS1)-mediated Na+ exclusion and NA+/H+ EXCHANGER1 (NHX1)-mediated vacuolar Na+ sequestration are considered as two important strategies for preventing Na+ cytotoxicity (Wu, 2018). Two high-affinity K+ channel (HKT) family genes ZmHKT1 and ZmHKT2 are identified to be involved in maize salt resistance by regulating root-to-shoot Na+ delivery and K+ accumulation in shoots (Zhang M. et al., 2018; Cao et al., 2019). Furthermore, the ionic toxicity and osmotic stress induce a secondary oxidative stress (Munns and Tester, 2008; Yang and Guo, 2018). And it is an effective way for plants to diminish oxidative stress to increase antioxidase activities and ROS scavenging (Zhu, 2002; Waszczak et al., 2018).

For survival under these stresses, plant hormones play essential roles in regulating biological function processes responding to various environmental conditions (Peleg and Blumwald, 2011). Although the abscisic acid (ABA) signaling pathway has been identified as a central regulator of abiotic stress response in plants, an increasing number of studies suggest that gibberellin acid (GA) signals are a priority in the plant growth response to abiotic stresses (Colebrook et al., 2014). For instance, drought stress affects GA metabolism to reduce GA content for repressing plant growth in maize, and emmer wheat drought-sensitive traits are associated with low GIBBERELLIN 2-oxidase (GA2ox) expression in roots (Wang et al., 2008; Krugman et al., 2011). Additionally, the roles of GA in plant growth regulation under abiotic stress are also supported by the discovery of the DELLA protein-mediated pathway in growth repression when suffering from various abiotic stresses (Achard et al., 2006; Achard et al., 2008a; Magome et al., 2008). Under salt stress, seed germination is delayed due to the repressed GA biosynthesis (Lopez-Molina et al., 2001). The overexpression of the GA2ox gene improves salt tolerance by reducing GA content in rice (Shan et al., 2014) and cotton (Shi et al., 2019). Meanwhile, overexpressed DWARF AND DELAYED FLOWERING1 (DDF1) gene can upregulate the GA2ox7 expression involved in increasing salt tolerance in Arabidopsis (Magome et al., 2008). Kim et al. (2008) observed that high salinity represses bioactive GA synthetic enzyme gene GIBBERELLIN 3-oxidase1 (GA3ox1) expression, which is involved in an ABA-independent salt signaling pathway. Together, these results suggest that reducing GA content has a strong relationship with improving crop salt tolerance, but the physiological and biochemical mechanisms of in vivo GA reduction-improved salt tolerance are still unclear.

Maize is an important crop worldwide cultivated in aerobic soils and is recognized as a moderately salt-sensitive crop (Pitann et al., 2013). It is essential to understand the physiological and biochemical mechanisms in maize adapted to salt stress for breeding the salt tolerance varieties. In recent years, several studies have been reported on the mechanism of salt tolerance in maize with main focuses on ABA signal pathway. It has been identified that the ABA-dependent pathway to improve maize salt resistance is by upregulating or overexpressing calcineurin B-like protein gene ZmCBL9 (Zhang F. et al., 2016), PHYTOCHROME-INTERACTING FACTOR 3 (Gao et al., 2015), and bZIP transcription factor gene ZmbZIP72 (Ying et al., 2012). Moreover, overexpression of AtLOW OSMOTIC STRESS5 (AtLOS5) enhances ABA production and thus improves salt tolerance in maize (Zhang J. et al., 2016). Tuna et al. (2008) reported that exogenous application of GA3 can improve salt tolerance in maize via modulating the activities of antioxidases. On the contrary, genetic manipulation of GA metabolic genes improves salt tolerance in crops through reducing GA accumulation (Shan et al., 2014; Shi et al., 2019). Therefore, it is still largely unknown how GA signal plays a role in maize salt tolerance.

Gibberellin acid biosynthesis starts from trans-geranylgeranyl diphosphate through the sequential enzyme catalysis of two types of diterpene cyclases including ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase, followed by two membrane-associated P450 monooxygenases and then by families of GA 20-oxidase (GA20ox) and GA 3-oxidase (GA3ox). Finally, a family of GA 2-oxidase (GA2ox) is in charge of the action of GA inactivation (Yamaguchi, 2008; Hedden and Thomas, 2012). Here, the zmcps mutant was generated by clustered regularly interspaced short palindromic repeat-CRISPR-associated protein 9 (CRISPR-Cas9) knockout lines of ZmCPS1 (AN1), which encodes the first diterpene cyclase in GA biosynthesis pathway (Zhang et al., 2020). The mutant showed a typical GA-deficient dwarf plant. Moreover, confocal imaging with fluorescent dye (CoroNa Green and APG-2) and atomic absorption spectrophotometer were used to analyze Na+ and K+ accumulation and distribution in maize leaf. The leaf water status, osmolyte content, superoxide anion production rate, and antioxidant enzyme activities were determined. Combined with the analysis of GA content, the physiological and biochemical mechanism of GA in modulating how maize responded to salt stress would be clarified.



MATERIALS AND METHODS


Generation of the CRISPR-Cas9 Knockout Lines of the ZmCPS1

The CRISPR-Cas9 knockout lines of ZmCPS1 were created according to previous methods (Xing et al., 2014). Briefly, a pCAMBIA-derived CRISPR-Cas9 binary vector with two gRNA (as shown in Supplementary Figure S1) expression cassettes targeting two adjacent sites of ZmCPS1 was generated and then transformed into A. tumefaciens strain EHA105. The following transformation process of infection of immature embryos from the B73-329 inbred line [wild type (WT)] was conducted by the Research Center for Functional Genomics and Crop Breeding of China Agricultural University. The genomic regions encompassing the gRNA-targeted sites were amplified and sequenced by Sanger sequencing to confirm the positive knockout lines. Two of these independent knockout mutant lines were used for this study: zmcps-1, conferring 1 bp insertion, and zmcps-7, conferring 4 bp deletion. Both mutations caused frameshifting and truncation of ZmCPS1. The targeted mutagenesis of ZmCPS1 via CRISPR-Cas9 is shown in Supplementary Figure S1; primers used are listed in Supplementary Table S1.



Plant Growth and Treatments

The T3 generation of CRISPR-Cas9 knockout mutant lines was used for this research. Plant seeds were surface-sterilized, geminated, and transplanted to the nutrient solution in 5 L plastic boxes fully in accordance with the previous protocols and equipment optimized by our laboratory (Zhang J. et al., 2016). Six plants each of both mutants and WT were grown in the same box in a growth chamber with a 14 h photoperiod, a temperature cycle of 25/30°C dark/light, 400 mmol m–2 s–1 irradiance from a high-voltage sodium lamp, and a relative humidity of 55–65%. The nutrient solution was changed every 3 days consequently until the plants were harvested. For exogenous application GA experiments, maize was treated with GA3 when transplanted until harvest. GA3 stock solution (0.1 mol L–1 GA3 in ethanol) was added into the nutrient solution to a final concentration of 10–6 mol L–1 when changing the nutrient solution every time. Half pots of each treatment were changed into the nutrient solution with NaCl when plants reached the three-leaf stage (when the third leaf was fully expanded). The NaCl treatment concentration of 125 mM was chosen for 50% inhibition rate in WT total biomass at 12 days after treatment according to the preliminary experiments. NaCl treatment continued for 12 days. Ten pots for each treatment were set as replicates.



Sample Collections

Plant shoot and leaf samples were harvested at the same time at 0, 1, 3, 6, 9, and 12 days after treatment. Harvested plants were rinsed and gently washed with sterilized distilled water. To determine the dry matter accumulation, samples were 80°C oven-dried to a constant weight. The inhibition ratio of shoot dry weight was calculated by the ratio of dry weight under NaCl treatment to the dry weight under non-saline conditions on the same day. Six independent plants of each treatment were collected as biological replicates. Because the third leaves were regarded as the fully functional leaves and stayed alive during the assay period after NaCl treatment, these leaves were separated when collecting samples for fresh and dry weight kinetics, staining, physiological properties, and gene expression assays. The fresh samples for physiological properties and gene expression assays were frozen in liquid nitrogen rapidly and stored at −80°C until determination.



GA Content Assay With LC-MS

Bioactive gibberellin GA1, GA3, and GA7 were measured as described by Liu et al. (2018) with modification. In brief, exactly measured 1.0 g of the fresh plant material powder was extracted twice under 4°C with 10 ml of MeCN shaking for 8 h followed by 13,000 r min–1 × 5 min centrifuge. The extract was dried with a nitrogen stream and reconstructed with 400 ml of MeOH solution (0.1% methanoic acid). The solution was filtered through a 0.22 mm filter membrane and subjected to HPLC–MS/MS analysis. Gibberellin analysis was performed on a quadrupole linear ion trap hybrid mass spectrometer (QTRAP 6500, AB SCIEX, Foster City, CA, United States) equipped with an electrospray ionization source coupled with an HPLC (Aglient 1290, Agilent Technologies, United States) using a poroshell 120 SB-C18 (Agilent Technologies, United States) column (2.1 × 150 mm; 2.7 mm). The injection volume was 2 ml. The inlet method was set as follows: The mobile phase A solvent consisted of methanol and 0.1% methanoic acid, and the mobile phase B solvent consisted of ultrapure water and 0.1% methanoic acid. Gradient: 0–1 min, 20% A; 1–9 min, 20% A–80% A; 9–10 min, 80% A; 10–10.1 min, 80% A–20% A; 10.1–15 min, 20% A. MS conditions were as follows: a spray voltage of 4500 V, and air curtain, nebulizer, and auxin gas pressures of 15, 65, and 70 psi, respectively. The atomizing temperature was 400°C. Gibberellins were detected in negative multiple reaction monitoring (MRM) mode. Each sample consisted of six replicates from independent experiments.



Analysis of Leaf Water Status Parameters

The fresh third leaves of maize were separated equally along the midrib and used for measuring the leaf water potential and osmotic potential, respectively. Leaf water potential was determined following the process as described previously (Zhang J. et al., 2016) using a Scholander-type pressure chamber, SAPS II (Model 3115, Soil Moisture Equipment Corp., United States). The leaves’ osmotic pressure was determined using a vapor pressure osmometer (Vapor 5520, Wescor Inc., United States) following the tissue sap extraction method described by Callister et al. (2006). Three independent leaves were determined as biological replicates, and the values are the mean reads of two measurements for each sample according to the protocols.



Leaf and Shoot Na+ and K+ Content Determination

The independent oven-dried samples were used for ion content determinations after dry weight determination. The ground dry material of shoots and leaves was extracted with 1 M HCl for 24 h shaking at 30°C; Na+ and K+ concentrations were determined with an atomic absorption spectrophotometer (SpectAA-50/55, Varian, Australia) according to previous studies (Mao et al., 1985; Peng et al., 2008). The total Na+ and K+ accumulation was calculated by the product of concentration and biomass.



Cell Na+ and K+ Imaging and Content Measurement With Confocal Laser Scanning Microscope

Na+ and K+ content in the 3-day NaCl-treated leaf cells were determined using the green fluorescent Na+ dye CoroNa Green indicator (Invitrogen, United Kingdom) and fluorescent K+ dye Green-2 AM (APG-2, Abcam, United Kingdom) following the protocols described by Wu et al. (2018a, b). For leaf cell determination, 2 × 8 mm segments of the third leaf were cut, and the adaxial epidermis was peeled off carefully. The adaxial aspect of leaf segments should cling to the dyeing solution. After 2 h staining, fluorescent signals were captured using a confocal laser scanning microscope (Carl Zeiss LSM710, Germany) with 40× objective. To visualize the vacuoles definitely, FM4-64, staining both plasma and vacuolar membranes, was added up to 20 mM in the staining buffer and co-incubated with CoroNa Green or Green-2 AM for another 1 h before observation. The excitation wavelength was 488 nm, and detection was between 510 and 520 nm for CoroNa Green and APG-2, and 610 and 630 nm for FM4-64. A z-stacks model was conducted with 2 μm section thickness and 20 layers per sample. Finally, the layer with strongest fluorescence intensity was analyzed by the Java software ImageJ (v 1.49, NIH United States). The background values were deducted by measuring the empty region. The vacuolar Na+ and K+ concentration qualification followed the method described by Wu et al. (2015). An example is exhibited in Supplementary Figure S2. In brief, an interest line (IL) was drawn across the cells in the confocal image, and then the “Plot profile” function of ImageJ was used to get the fluorescence intensity of each pixel on the IL. The regions of vacuole and cytosol were identified according to the peaks of FM4-64. Then the average fluorescence intensity of CoroNa in the vacuole was calculated as the cell vacuolar Na+ concentration. The meaning of readings from 10 cells in five view images of each treatment was used for representing the vacuolar Na+ concentration.



RNA Extraction and Real-Time qPCR Analysis

Total RNA was extracted from maize leaves and roots using the EASYspin rapid plant RNA extraction kit (Aidlab, China) following the instructions of the manufacturer. Reverse transcription was performed using a PrimeScriptTM RT reagent kit (TaKaRa, China), and then real-time quantitative RT-PCR was performed on a 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA, United States) using TB Green® Premix Ex TaqTM II (Takara, China). A 2–ΔΔCt-based process was used to quantify relative gene expression level. The Actin gene was chosen as an internal control to normalize the data. Three independent samples were set as biological replicates, and three technical replicates were assayed for each sample. The primers used for real-time qPCR amplification are listed in Supplementary Table S1.



Assay of Physiological and Biochemical Properties

Leaf electrolyte leakage representing membrane damage was determined by the protocols described by Verslues et al. (2006), and the final conductivity of the solution was recorded after autoclaving to represent the electrolyte content in leaves. Leaf chlorophyll content was determined by a chlorophyll meter (SPAD-502, Konic, Japan). The free proline concentrations were determined with sulfonic acid according to the method described by Chen et al. (2007). The soluble sugar content measurement was conducted with the anthrone method as described by Shi et al. (2015). Superoxide anion radical (O2•–) accumulation in leaves was stained by 0.1% NBT solution (50 mM PBS, pH = 7.0, with 0.1% Triton-X) for 8 h in the dark. The O2•– production rate was determined with the protocol described by Chen et al. (2016). The activities of superoxide dismutase (SOD) and catalase (CAT) were assayed according to the protocols as described in maize studies (Jiang and Zhang, 2001; Tuna et al., 2008). These physiological parameters were calculated according to the soluble protein content. Three independent samples were set as biological replicates, and values of each sample were the mean of three-time assay under the same conditions.



Statistical Analysis

Statistical analysis of all data was conducted with SAS software (V8, SAS Institute Inc., Cary, NC, United States). Multiple comparisons were corrected based on Fisher’s protected least significant difference (LSD), and Student’s unpaired t-tests were used for pairwise comparisons. P-values < 0.05 were considered significant.



RESULTS


Salt Stress Altered GA Accumulation for Modulating Plant Growth

Salt stress significantly decreased the bioactive gibberellin molecules GA1, GA3, and GA7 in WT and two ZmCPS1 mutant plants (Table 1). As expected, GA content in zmcps-1 and zmcps-2 plants was both lower than those in WT plants.


TABLE 1. Bioactive GA content in the leaves of wild-type and ZmCPS1 knockout mutants (zmcps-1 and zmcps-7) at 3 days after salt stress.

[image: Table 1]Because of the deficiency of GA, the two mutant plants, zmcps-1 and zmcps-7, showed significant dwarf shoots with shorter and wider leaves, as well as smaller cell size, than the WT plant. The leaves of ZmCPS1 mutant plants presented slighter wilting than the WT plant at 9 days after salt stress (Figure 1A and Supplementary Figures S3, S4). Although salt stress decreased the SPAD values in both the WT and the two mutant plants, the zmcps-1 and zmcps-7 plants had greater SPAD values than WT plants under both normal and salt stress conditions (Figure 1B). Meanwhile, the third leaf of the two mutant plants exhibited slight wilting, but that of the WT plant was moderately wilted. Correspondingly, the fresh weight of the third leaf presented a significant decrease in WT plants after 3 days under salt stress compared to normal conditions, while showing no significant difference in mutant plants between normal and salt stress conditions (Figure 1C). Besides, salt stress significantly repressed the dry weight accumulation of both WT and mutant plants (Figure 1D), and the effects of salt stress on plant biomass were greater in WT plants than the knockout mutant plants. In this case, the inhibition rate of salt stress to shoot biomass was 37.9–62.6% in WT plants, while it was 23.3–36.5 and 26.7–36.5% in zmcps-1 and zmcps-7 plants, respectively (Figure 1E).
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FIGURE 1. Leaf and shoot growth properties of wild-type (WT) and ZmCPS1 knockout mutants (zmcps-1 and zmcps-7) in response to salt stress. (A) The phenotype of the third leaves of zmcps-1, zmcps-7, and WT under salt stress (125 mM NaCl) and normal conditions (0 mM NaCl) for 9 days. White vertical bar = 5 cm. (B) Leaf SPAD values at 1, 3, and 6 days after salt treatment. Different letters represent significant difference protected with Fisher’s least significant difference (LSD) at P < 0.05. (C) The fresh weight kinetics of the third leaves under normal conditions and salt stress in 12 days. The values are means, and the vertical error bars are SD (n = 6). Different letters at the same time point represent significant difference protected with Fisher’s LSD at P < 0.05. ns, no significant difference. (D) Shoot dry weight kinetics and (E) inhibition ratio of shoot dry weight under salt stress of two maize lines. The values are means, and the vertical error bars are SD (n = 6). Different letters at the same time point represent significant difference protected with Fisher’s LSD at P < 0.05.


Moreover, the WT and the mutants were treated with GA3 to test the effects of exogenous GA on maize salt tolerance (Supplementary Figures S5, S6). GA3 application significantly improved plant growth, and the leaves of both the WT and mutants were altered into a longer and thinner shape than control. The leaves’ wilting and tip senesce were more severe in the GA3-treated WT and mutants than the non-GA3-treated plants under salt tress. Although GA treatment increased the shoot dry weight of WT and mutant under both normal and salinity conditions, the inhibition ratio of shoot dry weight by salt ranged from 58.5% with control to 66.1% with GA3 treatment in the WT and from 45.4 to 58.9 and 44.6 to 58.6% in zmcps-1 and zmcps-7, respectively.



In vivo GA Deficiency Changed Leaf Water Status in Maize Seedlings Responding to Salt Stress

Salt stress decreased the relative water content in WT and mutant leaves, and the zmcps-1 and zmcps-7 plants showed lower water loss for keeping higher relative water content compared to WT plants subjected to salt stress (Figure 2A). Moreover, the leaf water potential was significantly decreased by salt stress, and the zmcps-1 and zmcps-7 plants had higher leaf water potential than WT plants under both normal and salt stress conditions (Figure 2B). For example, the leaf water potential decreased by 0.59 MPa in WT leaves after 3 days under salt stress, while it decreased by 0.39 and 0.41 MPa in zmcps-1 and zmcps-7 leaves, respectively. Similar trends were observed in leaf osmotic potential; leaf osmotic potential in zmcps-1 leaves was higher by 23.5, 24.2, and 20.9% than that in WT leaves at 1, 3, and 9 days after salt treatment, and results were similar in zmcps-7 plants (Figure 2C). Meanwhile, salt stress significantly decreased the leaf cell turgor potential, and the two mutant leaves maintained higher cell turgor potential than the WT leaves at 3 and 9 days after salt stress (Figure 2D). Besides, there was no significant difference in cell turgor potential between the WT and two mutant leaves under normal conditions.
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FIGURE 2. Leaf water status of ZmCPS1 knockout mutants (zmcps-1 and zmcps-7) and WT under salt stress. (A) The kinetics of leaf relative water content in 12 days under normal conditions (0 mM NaCl) and salt stress (125 mM NaCl). The values are means, and the vertical error bars are SD (n = 6). Different letters at the same time point represent significant difference protected with Fisher’s LSD at P < 0.05. (B) The leaf water potential, (C) the leaf osmotic potential, and (D) the leaf cell turgor potential of WT and mutant at 1, 3, and 9 days after salt stress. Values are means, and the vertical error bars are SD (n = 3). Different letters in each panel represent significant difference protected with Fisher’s LSD at P < 0.05.




In vivo GA Deficiency-Mediated Leaf ROS Balance and Plasma Membrane Stability Under Salt Stress

The NBT staining was conducted to detect the O2•– content in WT, zmcps-1, and zmcps-7 leaves, and salt stress boosted O2•– accumulation in leaves (Figure 3A). Moreover, the O2•– content in mutant leaves was lower than that in WT leaves. Consistently, salt stress significantly increased tissue O2•– production rate, while the O2•– production rate of zmcps-1 and zmcps-7 leaves was lower by 12.9, 17.7, and 30.3% and by 11.1, 14.9, and 29.1% than that of WT leaves at 1, 3, and 9 days after salt treatment (Figure 3B). Otherwise, the gene expression level of mainly O2•– production enzyme, NAPDH oxidase ZmRbohA, ZmRbohB, and ZmRbohC, was also assayed, and salt stress significantly induced the expression of ZmRbohA, ZmRbohB, and ZmRbohC in WT and mutant leaves (Figures 3C–E). Meanwhile, the transcript expression of those genes in zmcps-1 and zmcps-7 leaves both presented lower than those in WT leaves under salt stress. For instance, the expression level of ZmRbohA was downregulated by 23.1 and 25.7% in zmcps-1 and zmcps-7 leaves compared to that in WT leaves at 3 days after salt stress treatment, and the values were 48.3 and 43.5% at 9 days after salt stress treatment. These three genes showed similar expression patterns. Moreover, the zmcps-7 plants showed a generally lower trend than zmcps-1, while the difference between two mutant lines was not significant.
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FIGURE 3. Plant superoxide anion radical (O2–) content and expression patterns of O2– production enzyme genes ZmRbohA (C), ZmRbohB (D), and ZmRbohC (E) in the WT and ZmCPS1 knockout mutants (zmcps-1 and zmcps-7) under salt stress. (A) NBT staining of the third leaves of WT and mutants at 3 days after salt stress. Black vertical bar = 5 cm. (B) O2– production rate of WT and mutants at 1, 3, and 9 days after salt stress. In each panel, values are means and the vertical error bars are SD (n = 3). Different letters in each panel represent significant difference protected with Fisher’s LSD at P < 0.05.


The salt stress significantly enhanced the activities of SOD and CAT, and the zmcps-1 leaves had higher SOD and CAT activities by 22.0–26.5 and 15.6–30.4% than WT leaves after salt stress treatment, respectively (Figures 4A,B). Furthermore, the activities of SOD were significantly increased by 15.9–19.0% in zmcps-1 leaves compared to WT leaves under normal conditions. Similar trends were obtained in zmcps-7 plants, and these two mutant lines showed no significant difference from each other. Generally, soluble sugar content was higher by 16.3–18.0 and 14.7–19.5% in zmcps-1 and zmcps-7 leaves than WT leaves under normal conditions (Figure 4C). Salt treatment significantly induced soluble sugar accumulation at 3 days after salt stress treatment, the soluble sugar content in zmcps-1 leaves was increased, respectively, by 27.9 and 15.2% compared to WT leaves at 3 and 9 days after treatment, and zmcps-7 plants exhibited similar results. Similar with soluble sugar content, free proline content was also improved significantly in zmcps-1 and zmcps-7 leaves under normal conditions (Figure 4D). Salt stress showed significant positive effects on leaf proline content, and the effects were obtained at 1 day after salt stress treatment. Moreover, the proline content was higher by 29.0–33.2 and 27.1–33.4% in zmcps-1 and zmcps-7 leaves than WT leaves under salt stress, respectively.
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FIGURE 4. Activities of superoxide dismutase (SOD) (A) and catalase (CAT) (B), soluble sugar content (C), free proline content (D), and electrolytes leakage (E) in leaves of WT and ZmCPS1 knockout mutants (zmcps-1 and zmcps-7) under salt stress. Values are means, and the vertical error bars are SD (n = 3). Different letters in each panel represent significant difference protected with Fisher’s LSD at P < 0.05.


As shown in Figure 4E, there was no significant difference in the relative electrolyte leakage between WT and zmcps-1 and zmcps-7 leaves under normal conditions. Moreover, the relative electrolyte leakage was obviously increased by salt stress, while it was higher by 14.2–17.4 and 12.1–16.8% in WT leaves than in zmcps-1 and zmcps-7 leaves, respectively, after salt stress. Besides, the mutant leaves exhibited higher electric conductivity than WT leaves under normal and salt stress conditions (Supplementary Figure S8).



In vivo GA Deficiency Adjusted Na+ and K+ Accumulation and Vacuolar Na+ Sequestration

Under normal conditions, the third leaf of zmcps-1 and zmcps-7 plants had higher K+ concentrations by 23.8 and 23.1% than that of the WT plant and had higher Na+ concentration by 13.5 and 13.4% than that of WT plant, and the Na+/K+ ratio in the third leaf of the two mutants presented no significant difference from the WT leaf (Figures 5A–C). When exposed to salt stress, Na+ concentration dramatically increased, while K+ concentration decreased in third leaf of both WT and mutant plants. Thus, the Na+ and K+ concentrations of the third leaf in zmcps-1 plants were higher by 7.5 and 12.2% than those in WT plants, and results were similar in zmcps-7 plants. Interestingly, there was no significant difference in Na+/K+ ratio between WT and mutant leaves under salt stress either. Meanwhile, similar changes were obtained in whole shoots under normal and salt stress conditions (Figures 5D–F). Salt stress enhanced the K+ and Na+ concentrations in WT and mutant shoots, and the zmcps-1 and zmcps-7 shoots both had greater K+ and Na+ concentrations than WT shoots under normal or salt stress conditions. Similarly, no significant difference was observed in Na+/K+ ratio between WT and mutant shoots regardless of normal or salt stress conditions.
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FIGURE 5. K+ (A,D), Na+ (B,E) concentration, and Na+/K+ ratio (C,F) in leaves (A–C) and shoots (D–F) of WT and ZmCPS1 knockout mutants (zmcps-1 and zmcps-7) in response to salt stress. The values are means, and the vertical error bars are SD (n = 6). Different letters in each panel represent significant difference protected with Fisher’s LSD at P < 0.05.


The mesophyll cell Na+ and K+ concentrations were detected with their specific fluorescent dyes, and similar results were obtained in zmcps-1 and zmcps-7 leaves. Salt stress significantly enhanced Na+ green fluorescent signal in the mesophyll cell vacuole of both WT and zmcps-1 and zmcps-7 leaves (Figures 6D–F), while it decreased the K+ fluorescent signal in mesophyll cells of these three genotypes (Figures 6J–L). In addition, the fluorescence intensities of vacuolar Na+ and K+ were calculated, and vacuolar Na+ and K+ concentrations in leaf mesophyll cells were significantly higher in zmcps-1 and zmcps-7 plants than WT plants under normal and salt stress conditions (Figures 6M,N). Similarly, the Na+/K+ ratio in leaves was not significantly different between WT and mutant leaves (Figure 6O).
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FIGURE 6. Comparison of Na+ and K+ fluorescence intensity in the WT and ZmCPS1 knockout mutant (zmcps-1 and zmcps-7) leaf cells at 3 days after salt stress (125 mM NaCl). (A–F) Image of leaf cells stained by CoroNa Green. (G–L) Image of leaf cells stained by Green-2 AM. (A,D,G,J) WT, (B,E,H,K) zmcps-1, (C,F,I,L) zmcps-7, (A–C,G–I) 0 mM NaCl, and (D–F,J–L) 125 mM NaCl treatment. White horizontal bar = 10 mm. (M) Statistic of fluorescence intensity of vacuolar Na+. (N,O) Statistic of fluorescence intensity of cell K+ and Na+/K+ ratio, respectively. The values are means, and the vertical error bars are SD (n = 50). Different letters in each panel represent significant difference protected with Fisher’s LSD at P < 0.05.




In vivo GA Deficiency Modulated the Expression of Ion Transporter Related Genes Involved in Vacuolar Na+ Sequestration

Salt stress significantly increased the transcription level of Na+/H+ exchanger gene ZmNHX1 (Figure 7A). The expression levels of ZmNHX1 in mutant leaves were higher than those in WT leaves under normal and salt stress conditions, while the expression patterns of ZmNHX1 were similar in zmcps-1 and zmcps-7 leaves. In addition, the vacuolar proton pump V-type (vacuolar type) ATPase and the AVP1 H+-pyrophosphatase (PPase) genes ZmVP1-1, ZmVP1-2, and ZmVP2 were also assayed. Salt stress significantly upregulated the expression of ZmVP1-1 and ZmVP2 in WT and mutant leaves, while ZmVP1-2 was not affected significantly at the early stage under salt stress (Figures 7B–D). Meanwhile, the zmcps-1 and zmcps-7 plants maintained higher expression levels of ZmVP1-1 and ZmVP2 than WT plants under normal conditions and salt stress. The expression levels of ZmVP1-2 were not significantly different in WT and mutant leaves under both normal and salt stress conditions.
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FIGURE 7. The expression patterns of vacuolar Na+ sequestration-related genes ZmNHX1 (A), ZmVP1-1 (B), ZmVP1-2 (C), and ZmVP2 (D) in the WT and ZmCPS1 knockout mutants (zmcps-1 and zmcps-7) leaves under salt stress (125 mM NaCl). Values are means, and the vertical error bars are SD (n = 3). Different letters in each panel represent significant difference protected with Fisher’s LSD at P < 0.05.




DISCUSSION

Salt stress impairs crops production because of the reduction of plant growth (Munns and Tester, 2008). It is commonly observed that abiotic stresses induce lower a GA level for repressing the plant size, whereas genetic manipulation for reducing GA accumulation can improve stress resistance in several crops, including Arabidopsis, tobacco, rice, and cotton (Achard et al., 2006, 2008a,b; Colebrook et al., 2014; Shan et al., 2014; Shi et al., 2019). The CPS catalyzes the earlier step of GA biosynthesis in plants, and the loss-of-function mutant reduces the GA level, leading to a dwarf maize plant (Bensen et al., 1995; Yamaguchi, 2008; Hedden and Thomas, 2012). Similarly, in this study, the content of bioactive GA1, GA3, and GA7 decreased in maize under salt stress, and GA deficiency was observed in the dwarf mutants zmcps-1 and zmcps-7 (Table 1). Moreover, the maize CPS mutant plants showed delayed leaf senescence and maintained a lower inhibition ratio of shoot dry weight compared to the WT plants under salt stress (Figure 1), while plants of both WT and mutants with exogenous application of GA3 had severe leaf wilting under salinity and a higher inhibition ratio of shoot dry weight by salt compared to control (Supplementary Figures S6, S7). These results suggested that in vivo GA deficiency by mutation of ZmCPS1 increased salt tolerance in maize.

Similar results were observed in rice (Shan et al., 2014) and cotton (Shi et al., 2019). Overexpression of the GA deactivation enzyme GA2ox genes improves the salt tolerance in these two species by reducing bioactive GA level. However, exogenous application of GA3 was also reported to increase maize salt tolerance by improving plant growth and nutrient uptake under salt stress (Tuna et al., 2008). Similar effects of GA3 application on increasing plant growth were observed in this study (Supplementary Figures S5, S6). But compared to control, the GA3-treated plants had a higher inhibition ratio of shoot dry weight by salt, which was not detected in the previous research. Besides, the cultivation method and NaCl and GA3 concentration applied were also different between the present study and the previous study. These differences of environment and application practices could lead to unstable plant phenotypes with GA and salt treatments. Thus, it could be better to use plants with constitutively regulated GA levels. And plant growth was inhibited by salt in many ways; to find which way is affected by GA will be beneficial to reveal the roles of GA in maize salt tolerance.

Osmotic stress is known as a component of salinity. Maintaining higher water potential is necessary for cell metabolism in plants to adapt to salt stress (Munns and Tester, 2008). In the present study, the zmcps-1 and zmcps-7 plants had higher leaf water potential and osmotic potential than WT plants under normal and salt stress conditions (Figure 2). This is beneficial for maintaining better water status and thus the lower inhibition of biomass accumulation in mutant plants under salt stress (Figure 1). Upon salinity stress, the primary adaptive strategy in plants is the regulation of osmotic potential. This can be done by modulating the production of osmolytes including soluble sugar and proline (Blumwald, 2003). For example, compared with sensitive ones, the salt-tolerant genotypes of grass crops including maize (Richter et al., 2015), rice (Boriboonkaset et al., 2013), and wheat (Kerepesi and Galiba, 2000) have high soluble sugar content. Also, overexpression of the proline biosynthesis enzyme gene P5CS increases the proline accumulation, which leads to improving salt tolerance in switchgrass (Guan et al., 2018). Here, the zmcps-1 and zmcps-7 plants both showed higher soluble sugar and proline content than the WT maize under salt stress. It is consistent with the result of higher osmotic potential in mutant leaves than the WT maize under salt stress. These results suggest that GA could modulate the biosynthesis of compatible osmolytes to maintain relatively higher leaf osmotic potential and better growth performance in maize under salt stress.

Salt ion toxicity is greatly attributed to the effects of Na+ and to the fact that that Na+ toxicity is related strongly to the allocation and distribution of K+ in plants (Shabala and Cuin, 2008; Anschütz et al., 2014). It is well accepted that the maintenance of intracellular K+ and Na+ homeostasis is critical for plant salt tolerance (Yang and Guo, 2018). In the current study, the ZmCPS1 mutant plants exhibited higher salt tolerance, but their Na+/K+ ratio had no significant difference from WT plants under normal and salt stress conditions (Figure 5). Meanwhile, higher vacuolar Na+ and K+ concentrations were obtained in zmcps-1 and zmcps-7 plants compared to WT plants under salt stress conditions (Figure 6). These results suggested that GA deficiency enhanced the capacity of cell ion accumulation and tolerance to high cell Na+ concentration in maize. However, it is widely considered that high Na+ concentration damages cell metabolism under a saline environment. In some halophytes, regulating intercellular Na+ homeostasis is an important strategy to minimize cytotoxic effects of the ion and for osmotic adjustment (Munns and Tester, 2008). Increasing ion concentration in vacuoles could play roles in cell osmotic adjustment to counteract intracellular turgor reduction and maintain cell expansion (Hasegawa, 2013). Therefore, storing Na+ in the vacuole, which occupies the most of the mature cell volume, is an important mechanism in plant salt resistance. In this study, the fluorescent image using CoroNa Green Na+ dye showed higher vacuolar Na+ intensity in mesophyll cells of zmcps-1 and zmcps-7 leaves than the WT maize under salt stress conditions (Figure 6). These results indicate that GA deficiency could improve salt tolerance in maize through enhancing the ability of vacuolar Na+ sequestration.

The well-known Na+ transporter involved in vacuolar Na+ sequestration is the NHX1 Na+, K+/H+ exchanger (Wu, 2018). Overexpressing OsNHX1 improved the rice cell survival rate through promoting Na+ into the vacuole under salt conditions (Fukuda et al., 2011). The importance of vacuolar Na+ sequestration in plants overcoming salt stress has been also proven in Arabidopsis (Apse et al., 1999) and tobacco (Gouiaa et al., 2012) by overexpressing the NHX1 gene. In this study, the relative expression of ZmNHX1 was significantly upregulated under salt stress (Figure 7A). This is similar to the previous study showing that the ZmNHX family members exhibit a dramatic salt-inducing expression pattern (Zorb et al., 2005). Meanwhile, the expression levels of ZmNHX1 were significantly upregulated in both zmcps-1 and zmcps-7 plants compared to the WT plants under normal and salt conditions (Figure 6). Besides NHX1, vacuolar proton pump V-type ATPase and the vacuolar H+-PPase are also important for vacuolar Na+ sequestration, since they generate proton electrochemical gradients for energizing Na+ influx into vacuoles (Hasegawa, 2013). Here, we found that the mutant plants have significantly higher expression of the vacuolar proton pump genes ZmVP1-1 and ZmVP2 than the WT maize plants under salt stress (Figures 7B,D). These results suggest that GA deficiency modulated the transcript expression of ZmNHX1 and ZmVPs to mediate Na+ influx into the vacuole in maize under salt stress, which in turn contributed to the higher salt tolerance of the mutant plants than the WT. How GA regulates cell vacuolar Na+ sequestration deserves further investigation.

ROS plays a crucial signaling role in plant response to salt stress (Zhu, 2002; Apel and Hirt, 2004), but the excessive accumulation of ROS causes damages on cell components such as the plasma membranes and chloroplast structure (Zhang Y.F. et al., 2018). O2•– is one of the considerably long-lifetime ROS (ms level) in cells and is mainly produced by NADPH oxidase and scavenged by SOD (Waszczak et al., 2018). Here, the O2•– level in zmcps-1 and zmcps-7 plants was significantly lower than WT plants under salt stress (Figure 3), suggesting the much healthier leaf of mutant plants under salinity. This is in agreement with the results of lower degrees of chlorophyll degradation (judged by leaf color, Figures 1A,B) and cell electrolyte leakage (Figure 4) in zmcps-1 and zmcps-7 plants under salt stress than the WT maize. Cell electrolyte leakage is an important indicator of plant salinity stress tolerance (Verslues et al., 2006). Consistent with the results of O2•– production rate, compared with the WT maize, the mutant plants had lower expression levels of ZmRbohs and higher SOD and CAT activities (Figures 3, 4), indicating their good ability to scavenge O2•– under salt stress. The osmolytes, proline and soluble sugars, are known to play important roles in ROS scavenging to resist multiple stress (Szabados and Savoure, 2010; Ben Rejeb et al., 2014). Besides improved O2•– scavenging ability, the mutant plants also have significantly higher soluble sugars and proline (Figure 4), suggesting the synergies or coordination of antioxidant enzymes and osmotic adjustment in plants for salt stress tolerance. Similar with our findings, a previous study found that the gene expression levels of antioxidases, including SOD, POD, and CAT, were significantly increased in the P5CS-overexpressed plants compared to non-transgenic plants under salt stress (Guan et al., 2018).



CONCLUSION

Salt stress significantly decreased bioactive GA content in both WT and ZmCPS1 knockout mutant plants. The zmcps-1 and zmcps-7 plants exhibited delayed leaf wilting and a lower inhibition rate of growth under salt stress compared to the WT. It was observed that Na+ and K+ concentration was increased in the leaf cell vacuoles of the two ZmCPS1 mutants, but the Na+/K+ ratio was not significantly different between WT and mutant plants under both normal and saline conditions. The expression level of vacuolar Na+/H+ exchanger gene ZmNHX1 and vacuolar proton pump genes ZmVP1-1 and ZmVP2 was upregulated in zmcps-1 and zmcps-7 leaves, which contributed to the high Na+ concentration in the vacuole of mutant leaf cells. Meanwhile, the osmolytes including soluble sugars and proline content were significantly increased in zmcps-1 and zmcps-7 plants, especially under salt stress. Consequently, the higher vacuolar Na+ concentration and accumulated osmolytes improved the osmotic potential in the mutant leaves to maintain higher water potential and turgor pressure under salt stress. Moreover, zmcps-1 and zmcps-7 plants had lower O2•– accumulation than the WT maize under salt stress. This could be attributed to (1) the downregulated transcript level of NADPH oxidase genes ZmRbohA-C, (2) the increased enzymatic activities of SOD and CAT, and (3) the higher soluble sugars and proline in the mutant plants under salt stress. Overall, our results suggest that enhancing vacuolar Na+ sequestration and maintaining ROS homeostasis could be involved in GA deficiency-improved maize salt tolerance.
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Rice is a staple food crop in Asia and plays a crucial role in the economy of this region. However, production of rice and its cultivating areas are under constant threat of soil salinity. A major QTL, Saltol, responsible for salinity tolerance at seedling stage has been mapped on chromosome 1 using Pokkali/IR29 Recombinant Inbred Lines (RIL) population. The present study was aimed to incorporate Saltol Quantitative Trait Loci (QTL) in two high yielding mega rice varieties i.e. Pusa44 and Sarjoo52 through Marker Assisted Backcross Breeding (MABB). To improve the seedling stage salinity tolerance in these cultivars, we introgressed the Saltol QTL from donor parent FL478 a derivative of Pokkali. A total of three backcrosses (BC3) followed by selfing have led to successful introgression of Saltol QTL. Foreground selection at each breeding cycle was done using micro-satellite markers RM3412 and AP3206 to confirm Saltol QTL. The precise transfer of Saltol region was established using recombinant selection through flanking markers RM493 and G11a. Finally, 10 Saltol near isogenic lines (NILs) of Pusa44 and eight NILs of Sarjoo52 were successfully developed. These NILs (BC3F4) were evaluated for seedling stage salinity under hydroponic system. The NILs PU99, PU176, PU200, PU215, PU229, PU240, PU241, PU244, PU252, PU263 of Pusa44 and SAR17, SAR23, SAR35, SAR39, SAR77, SAR87, SAR123, SAR136 NILs of Sarjoo52 confirmed tolerance to salinity with low salt injury score of 3 or 5. Ratio of Na+/K+ content of Saltol NILs ranged from 1.26 to 1.85 in Pusa44 and 1.08 to 1.69 in Sarjoo52. The successfully developed NILs were further phenotyped stringently for morphological traits to estimate Phenotypic Recovery. Background selection of NILs along with parents was carried out with 50K SNP chip and recovered 94.83–98.38% in Pusa44 NILs and 94.51 to 98.31% in Sarjoo52 NILs of recurrent genome. The present study of MAB has accelerated the development of salt tolerant lines in the genetic background of Pusa44 and Sarjoo52. These NILs could be used for commercial cultivation in saline affected area.




Keywords: salinity, sice, Saltol QTL, NILs, seedling stage,  marker assisted backcross breeding



Introduction

Rice is an important cereal crop that is widely produced for human consumption. It is staple food crop for half of the world population and in India it is a key component of food security programs. Moreover, India is largest exporter of rice and exported 12.5 million metric tons (Shahbandeh, 2019) which contributes significantly to the Indian economy. However, abiotic stresses critically limit the crop production and causes significant yield losses. Soil salinity is second major abiotic threat to rice production after drought. Soil salinity is expected to increase globally due to climate change and conventional irrigation practices. More than 800 million hectares of world's land area is salt affected which constitutes more than 6% of world land area (FAO, 2014). In India salt affected land accounts for 6.73 million hectares which is expected to increase to 16.2 million hectares by 2050 (CSSRI Vision-2050, 2015; Singh, 2018). Salinity could also be attributed to rising sea level which is bringing saline water to inlands and exposing rice growing areas to saline conditions. Due to salinity most of the rice suited areas are left uncultivated or rice grown under these areas has very less yield/hectare compared to national average yield. Rice is considered salt sensitive crop and it is mostly affected at seedling and reproductive stage of its life cycle (Mass and Hoffman, 1977; Zeng et al., 2001; Singh et al., 2007; Tiwari et al., 2015; Krishnamurthy et al., 2016a). Salinity exposure leads to immediate effect which is manifested in few days to some long term affects which occurs after several days to week from initial exposure to salt (Roy et al., 2014; Krishnamurthy et al., 2016c). Upon initial exposure to salinity, plants stomata closes due to change in water potential which leads to inhibition of shoot elongation. This phenomenon is salt accumulation independent effect and was termed osmotic phase in rice plant by Munns and Tester (2008). Long term exposure to salinity was termed ionic phase which is characterized by Na+ accumulation and premature senescence of older leaves (Singh et al., 2014; Reddy et al., 2017).

The salinity tolerance plays a crucial role in rice productivity (Momayezi et al., 2009; Tack et al., 2015). Salinity tolerance in rice is a multifactorial trait highly influenced by environment. Genotype and environmental interaction play an important role for salinity tolerance (Krishnamurthy et al., 2016b; Krishnamurthy et al., 2016d; Krishnamurthy et al., 2017). At seedling stage, salinity leads to poor establishment of rice, diminished root/shoot length, leaf size reduction which leads to early plant death (Zeng and Shannon, 2000; Krishnamurthy et al., 2016c). At reproductive stage, salinity tends to reduce the yield by affecting several yield contributing factors (Khatun et al., 1995; Grattan et al., 2002; Singh et al., 2004; Kumar et al., 2015; Krishnamurthy et al., 2015b). Therefore seedling stage salinity tolerance is very important for early plant establishment under saline stress which could help the plant to achieve good vegetative growth later (Babu et al., 2017a). Rice plant has several mechanisms to tolerate high salt concentration; these mechanisms are ion exclusion, osmotic tolerance and tissue tolerance (Munns and Tester, 2008; Roy et al., 2014). Ion exclusion works at root level to prevent the excess accumulation of Na+ and Cl− in leaves (Yeo et al., 1990). Osmotic tolerance involves the ability of rice plant to tolerate the drought aspect of salinity by maintaining leaf expansion and stomatal conductance (Rajendran et al., 2009). Tissue tolerance involves sequestration of Na+ in the vacuole, enzymes production that catalyze detoxification of reactive oxygen species (ROS) and synthesis of compatible solutes that helps in maintaining positive water potential. There are some traditional landraces like Pokkali, Nona Bokra and Kalaratta in their natural saline habitat exhibits one of these mechanisms and are highly adaptable to these conditions. However, regardless of their ability to survive salinity, these landraces cannot be adopted in commercial production due to their poor quality of seed and less yield. But these genotypes have proved to be an excellent source of salt tolerance gene that could be used to develop salt tolerant varieties (Ravikiran et al., 2018). An important seedling stage salinity tolerant variety FL478 was developed using a high salt tolerant landrace Pokkali. Later, the RILs developed from the parents (Pokkali and IR29) helped in discovery of major QTL Saltol on chromosome 1 (Bonilla et al., 2002). This QTL explained phenotypic variation of 43% for seedling stage shoot Na+/K+ homoeostasis and express the tolerance at seedling stage in rice. Salinity tolerance at seedling stage is important to establishment of crop at the early stage which is pre requisite for higher grain yield. The salinity tolerance at seedling stage is important in rice where cultivating ecology is coastal area. In coastal salinity is one of the main important stresses at seedling stage. Salinity tolerant at seedling stage is also important where practicing of Direct Seeded Rice (DSR) at salt affected areas.

To counter the damaging effects of salinity on rice production new improved salt tolerant varieties are being developed through conventional breeding method (Krishnamurthy et al., 2019a; Krishnamurthy et al., 2019b; Krishnamurthy et al., 2019c) and also through marker assisted breeding (Singh et al., 2016; Babu et al., 2017b; Geetha et al., 2017; Singh et al., 2018; Bhandari et al., 2019). The conventional method of breeding however is time consuming and more labour intensive (Salvi and Tuberosa, 2005). But MAB on the other hand is more precise and faster method for introgression of useful genes. MAB allows selection at each breeding cycle to validate precise transfer of gene and it also allows limiting the donor region, therefore, avoiding any linkage drag (Singh et al 2016). Finally, the recovery of developed lines can be calculated to mark the high recurrent parental genome recovery (RPG). The DUS (distinctness, uniformity, and stability) testing of NILs along with parents helps to know the recovery of recurrent parental traits along with 50K SNP genotyping (Mani et al., 2015; Singh et al., 2015). Haplotype of Saltol QTL in rice helps to identify the novel salt tolerant genotypes and are helpful in molecular breeding programs to enhance the salinity tolerance in rice (Ali et al., 2013; Babu et al., 2014; Krishnamurthy et al., 2014; Krishnamurthy et al., 2015a; Choudary et al., 2016; Ravikiran et al., 2018).

Marker assisted breeding in rice was successful in developing new improved salt tolerance line in rice (Linh et al., 2012; Luu et al., 2012; Usatov et al., 2015; Singh et al., 2016; Babu et al., 2017b; Singh et al., 2018; Bhandari et al., 2019). Molecular markers based technologies helped in mapping of salt tolerant genes on rice chromosomes and few Saltol linked marker like RM3412, AP3206, RM8094, RM493, RM10793 have been identified for marker assisted breeding and screening (Ismail et al., 2007; Thomson et al., 2010). Rice mega varieties namely, Pusa44 and Sarjoo52 are the most popular varieties in the North Western region of India where the green revolution was initiated in rice. These mega rice varieties are high yield varieties under non saline stress situation whereas, highly sensitive to salinity stress at seedling stage. Therefore, the markers assisted breeding (MAB) breeding was employed for introgression of Saltol QTL into these rice varieties to enhance their salinity tolerance.



Materials and Methods


Plant Material

In the present investigation two high yielding salt sensitive mega varieties of rice Pusa44 and Sarjoo 52 used as recurrent parents to introgress Saltol QTL,from FL478, a seedling stage salinity tolerant variety was used as donor parent. Both Pusa44 and Sarjoo52 cultivars were selected as recipient parents because of their good agronomic characters and suitability in rice growing areas (Mandal et al., 2018). Parents were evaluated for salt tolerance at 8.0 dSm−1 in hydroponics and it was found that both Pusa44 and Sarjoo52 were highly susceptible to salinity, FL478 withstands salt very efficiently with very less visual salt injury symptoms (Figure 1). The crosses between recurrent and donor parents were made at Indian Council of Agriculture Research-Central Soil Salinity Research Institute (ICAR-CSSRI) (29° 42' 31.13'') (76° 57' 2.13''), Karnal and advanced during Kharif (June–September) season in field and summer (March to May) off-season in glass house conditions from 2010 to 2018.




Figure 1 | Seedling stage salinity screening of FL478, Sarjoo52 and Pusa44.





Molecular Analysis

Genomic DNA was isolated from rice seedlings using modified Cetyl Trimethyl Ammonium Bromide (CTAB) method (Zheng et al., 1995). The DNA concentration was diluted to 30 ng μl−1 by UV–vis spectrophotometer (NanoDrop 2000c, Thermo Scientific Products, Wilmington, USA). PCR reactions were carried out on Biometra TGradient Thermocycler (Imperial Life Science (P) Limited, Gurgaon, India). Polymerase chain reaction (PCR) based amplification of target genomic region was done using selected markers in a 10 μl reaction mixture containing 30–50 ng of genomic DNA, 10 pmol each of both forward and reverse primers (Sigma Aldrich, Bangalore, India), 0.2 mM dNTPs, 1.5 mM of MgCl2 and 1.0 U of Taq polymerase (Merck Specialities Private Limited, Mumbai, India). The PCR was run for 35 cycles with initial denaturation for 5 min at 95 °C, followed by 35 cycles of 30 s of denaturation at 95 °C, 30s annealing at 55 °C and extension for 1 min at 72 °C. After completion of 35 cycles, final extension at 72 °C for 7 min and kept at 4 °C for cool down. The amplified product was mixed with tracking dye and resolved in gel electrophoresis (CBS Scientific, Thermo Scientific Products, Wilmington, USA) on 3% agarose gel (MP Biomedicals, LLC, Mumbai, India) in 1 × TBE buffer along with DNA ladder (Thermo Scientific, Wilmington, USA). The gel was scanned in gel documentation system (FluorChem HD2 system, USA) and polymorphic bands were scored for further analysis. Foreground microsatellite markers RM3412 and AP3206 which tightly linked to Saltol QTL (Thompson et al., 2010; Babu et al., 2014), while recombinant markers RM493 and G11A flanked to Saltol QTL (Linh et al., 2012) are employed during foreground and recombinant selection programme. 50K SNP genotyping (Singh et al., 2015) was used to confirm the retaining of maximum desirable genome of recurrent parents in selected salt tolerant NILs.



Breeding Strategy

The parents were initially screened for three Saltol markers namely, RM3412, AP3206 and RM10793 (Thomson et al., 2010; Babu et al., 2016). Out of which two markers (RM3412 and AP3206) were found to be polymorphic between recurrent and donor parents. These microsatellite markers (RM3412 and AP3206) were used for foreground selection, while flanking markers RM493 and G11A were used for recombinant selection to minimize the donor segment (Table 1). The present study was carried out from 2010 to 2018, donor parent FL478 was crossed with Pusa44 and Sarjoo52 during Kharif (June–September) 2010. The hybridity of F1s was confirmed using Saltol-linked SSR marker RM3412 and AP3206 as part of foreground selection. The confirmed F1s were back crossed to their respective recurrent parent to generate BC1F1 seeds. The BC1F1 population was subjected to screening for heterozygous Saltol region and recombinant selection; the selected plants from BC1F1 populations were advanced to BC2F1. The breeding cycle was repeated until BC3F1 with careful marker assisted foreground and recombination selection of progenie. At BC3F1 plants exhibiting homozygosity for recombinant marker RM493 and G11A were selected from both the populations (Pusa44 and Sarjoo52) and advanced to BC3F2 by selfing. In the BC3F2 generation, the individual plants showing homozygygosity for Saltol QTL were selected and finally advanced to BC3F4.


Table 1 | List of Saltol SSR markers, forward and reverse sequences used for foreground and recombinant selection in development of Saltol NILs of Pusa44 and Sajoo502.





Screening for Seedling Stage Salinity Tolerance

The developed NILs of Pusa44 and Sarjoo52 which were homozygous for Saltol QTLs were screened using hydroponics for seedling stage salinity tolerance along with respective parents under controlled glass house conditions at ICAR-CSSRI, Karnal, India, with 29-35°C day/ 21°C night temperature. Relative humidity was kept at 30–40% and photoperiod of 13 h. The 200 L nutrient tanks were filled with Yoshida nutrient solution (Yoshida et al., 1976) and seedlings were established on floating grids. The whole screening material was divided in to two sets using three replications in each set, one set for control (non-stress) environment and other set for saline treatment. The seeds were sown in hydroponics on the floating grid using normal water for first three days to germinate, after germination plants along with floating grids were transferred to nutrient medium. The solution was replaced once in a week and pH was maintained at 4.5–5.0 (IRRI, 2013). After the 14th day of sowing, imposed the saline stress through addition of measured quantity of salt (Sodium Chloride (NaCl)) to nutrient solution and maintained salinity stress level of EC ~8.0 dSm−1. Under microplot screening, the seeds of NILs along with parents were allowed to germinate in the soils. Saline water (EC ~8.0 dSm−1) was irrigated to the soils in microplot for desired salinity stress level (EC ~8.0 dSm−1). After stringent phenotypic screening of developed NILs under salt stress conditions, the NILs from both populations exhibited tolerance and moderate tolerance were selected and genotyped for background selection using 50K SNP chip. The 50K SNP chip included 50,051 SNPs from 18,980 different genes covering all 12 chromosomes in rice, including 3,710 single-copy (SC) genes conserved between wheat and rice, 14,959 SC genes unique to rice, 194 agronomically important cloned rice genes and 117 multi-copy rice genes. The 50K SNP chip used in rice Germplasm characterisation, association mapping, background selection and evolutionary studies as it is efficient and reliable tool (Singh et al., 2015). SNP genotyping helped to confirm the maximum background recovery of desirable recurrent parental genome in the selected NILs at molecular level.



Measurement of Morphological and Physiological Traits

Phenotyping of NILs along with parents was carried out in randomized complete block design (RCBD) three replications in hydroponics and micro plot during Kharif (June–September) 2015 and 2016, respectively. To evaluate the salinity tolerance of Saltol NILs (Pusa44 and Sarjoo52) 5 traits were recorded namely salt injury score, root length (cm), shoot length (cm), Na+ and K+ concentration (mM g dw−1) and Na+/K+. Shoot length was measured from the base of the plant to the tip of longest leaf and root length was measured from the base of the plant to the tip of longest root. For seedling score, the seedlings after 14 days exposure to salt stress were scored as per standard evaluation system (SES) score for rice (IRRI, 2013). The salt injury score 1 was treated as highly tolerant, 3 was tolerant, 5 was moderately tolerant, 7 was susceptible and 9 was highly susceptible. The concentration of Na+ and K+ ions of plant samples were estimated from di-acid digestion (HNO3:HClO4 3:1) of samples using atomic absorption spectroscopy (AAS-Zeenit 700P, Analytik Jena, Germany) as per the protocol of Miller and Rutzke 2003.



Distinctive, Uniformity and Stability (DUS)-Based Characterization of NILs

The NILs of Pusa44 and Sarjoo52 were evaluated for distinctness, uniformity and stability (DUS) characters along with recurrent parents to find the percent similarity (Mondal et al., 2014; Mani et al., 2015). DUS testing is a mode of determining whether a newly bred NILs differs from recurrent parents within the same species (the Distinctness), whether the traits used to establish Distinctness are expressed uniformly (the Uniformity) and that these traits do not change over subsequent generations (the Stability). The Saltol introgressed NILs along with their parents were transplanted from nursery to field at spacing 20 cm × 15 cm in augmented design experiment during Kharif (June–September) season of 2016, 2017 and 2018 at the research farm of ICAR-CSSRI, Karnal. The crops were raised as per standard agronomic package of practice and data were recorded at the different stages and characters of NILs were compared with that of recurrent parent (Supplementary Table 1). Similarity percentage of NILs towards the recurrent parent was calculated.




Results


Development of NILs by Marker-Assisted Back Cross Selection

The present study leads to the development of Saltol NILs of Pusa44 and Sarjoo52 through Marker Assisted Backcross Breeding (MABB) scheme (Figure 2). Out of Saltol linked markers, there were four markers which were polymorphic between the parents (FL478, Pusa44 and Sarjoo52) two of them used for foreground selection and other two used for recombination selection. Crosses were made during the cropping season using staggered sowing to match the flowering time and 250 F1 seeds were harvested from cross Pusa44 × FL478 and 150 F1 seeds were harvested from Sarjoo52 × FL478 cross. The true hybridity of F1 is confirmed by employing Saltol linked markers RM3412 and AP3206. The true F1s were selected from both the population and subjected to backcrossing with respective recurrent parents. A total of 407 BC1F1 seeds were harvested from Pusa44 × F1 cross and 938 BC1F1 seeds were harvested from Sarjoo52 × F1 cross. Foreground screening of BC1F1 population with markers RM3412 and AP3206 showed heterozygosity in 13 BC1F1 plants of Pusa44 back cross progenies and 17 BC1F1 plants in Sarjoo52 back cross progenies. The recombinant selection was employed using recombinant markers RM493 and G11A to limit the donor region beyond Saltol region, thereby selected plants were further reduced to five and three BC1F1 plants, respectively. The selected plants were backcrossed to their recurrent parent and produced 465 BC2F1 seeds in Pusa44 and 424 BC2F1 seeds in Sarjoo52. The BC2F1 population was subjected to foreground and recombinant selection and six desired plants from Pusa44 and 11 desired plants from Sarjoo52 were acquired. The selected plants of BC2F1 were further backcrossed in order to increase the proportion of recurrent parental genome and produced BC3F1 seeds. A total of 725 BC3F1 seeds from Pusa44 and 850 seeds from Sarjoo52 were harvested. The BC3F1 seeds were sown and later plants were screened for desired locus and we got two desirable plants from Pusa44 cross and two desirable plants from Sarjoo52 cross. We selected plants with homozygous for recombinant markers RM493 and G11A for recurrent parent and heterozygous for target Saltol QTL marker RM3412 and AP3206. These plants were self-fertilized to produce BC3F2 seeds. Seeds of selected BC3F2 plants along with parents were sown in field. About 675 plants from Pusa44 and 705 plants from Sarjoo52 were screened for foreground and recombinant selection with markers viz; RM3412, AP3206 RM493 and G11A and 50 plants from Pusa44 and 62 plants from Sarjoo 52 were found desirable. Finally, 20 BC3F2 plants from PUSA 44 and 25 BC3F2 plants from Sarjoo 52 were selected. Selected plants were self-fertilized to produce BC3F3 seeds and advanced to BC3F4. At last a total of 10 desired NILs of Pusa44 and eight NILs Sarjoo52 of were found completely homozygous for Saltol linked marker RM3412 and AP3206 and recombinant marker RM493 and G11A (Figures 3 and 4). Finally 10 NILs from Pusa44 and 8 NILs from Sarjoo52 were selected based on stringent phenotyping screening (Table 2) and analysis of RPG recovery using 50K SNP chip. NILs were selected based on the performance in non-saline and saline stress conditions for agro-morphological traits. We selected NILs those were similar to recurrent parent for agro-morphological traits and similar to donor parent for salinity tolerance (salt injury score). Sarjoo52 NILs have recovered 94.51–98.31% and Pusa44 NILs have recovered 94.83–98.38% of parental genome, indicating high RPG recovery.




Figure 2 | Flowchart for breeding scheme used in marker assisted breeding for successful introgresion of Saltol locus from donor parent to elite breeding lines of Pusa44 and Sarjoo52.






Figure 3 | Gel images of BC3F4 NILs of Pusa44 based on foreground and recombinant marker screening. L-50bp Ladder, K1-Pusa44, K2-FL478, P1-PU99, P2-PU176, P3-PU200, P4-PU215, P5-PU229, P6-PU240, P7-PU241, P8-PU244, P9-PU252 and P10-PU263.






Figure 4 | Gel images of BC3F4 NILs of Sarjoo52 based on foreground and recombinant marker screening. L-50bp Ladder, P1-Sarjoo52, P2-FL478, S1-SAR17, S2-SAR23, S3-SAR35, S4-SAR56, S5-SAR77, S6-SAR87, S7-SAR123, and S8-SAR136.




Table 2 | Number of seed produced and desired plant through backcross selection of plants based on molecular and phenotypic screening in development of Saltol NILs of Pusa44 and Sajoo52.





Performance of NILs for Morphological Traits at Seedling Stage in Saline Stress

The NILs along with their respective parents were evaluated for seedling stage salinity tolerance in hydroponics and microplots (6 m × 3 m). Combined analyses of variances for developed NILs were computed by comparing the NILs × location interactions for each character and were combined for further analyses. The analysis of variance showed significant variation among developed NILs of both populations in the tested environments (Tables 3 and 4). Ten NILs of Pusa44 × FL478 and eight NILs of Sarjoo52 × FL478 were screened under saline conditions (E.C. ~8.0 dSm−1). Under salt stress condition, recurrent parent Pusa44 exhibited highly susceptible (scored 8–9) reaction, and Sarjoo52 showed susceptible (scored 7–8). On the other hand donor parent FL478 has performed well and exhibited tolerant reaction (scored 3) under salt stress conditions. Pusa44 NILs namely, PU241 and PU252 were found as tolerant lines with salt injury score of 3 and PU99, PU176, PU200, PU215, PU229, PU240, PU244, PU263 showed moderate salt tolerance with salt injury score 5 in both hydroponics and microplot condition (Table 5). Similarly, Sarjoo52 NILs namely, SAR39, SAR23, SAR136 and SAR17 were found as tolerant lines with salt injury score of 3 while, NILs SAR87, SAR122, SAR35 and SAR77 showed moderate salt tolerance with salt injury score of 5 (Table 6). The average shoot and root length in NILs of Pusa44 were skewed towards the Pusa44 parents but less than FL478. Similarly, average root and shoot length among Sarjoo52 NILs was on par with of Sarjoo52.


Table 3 | Combined analysis of variance of different traits in Saltol NILs of Pusa44 under saline stress.




Table 4 | Combined analysis of variance of different traits in Saltol NILs of Sarjoo52 under saline stress.




Table 5 | Performance of Pusa44 Saltol-introgressed NILs for salinity tolerance at seedling stage under hydroponics and microplot conditions. Recurrent parent genome (RPG) and phenotypic recovery of NILs based on 50K SNP analysis and DUS characterization, respectively.




Table 6 | Performance of Sarjoo52 Saltol-introgressed NILs for salinity tolerance at seedling stage under hydroponics and microplot conditions. Recurrent parent genome (RPG) and phenotypic recovery of NILs based on 50K SNP analysis and DUS characterization, respectively.





Performance of NILs for Physiological Traits at Seedling Stage in Saline Stress

Significant variation in Na+ and K+ content under salt stress condition among parents and their respective NILs was found during the physiological analysis of dried plant samples. Na+ content in plant samples of Pusa44 (31.30 mM/g of dry weight) was much higher than that of FL478 (14.15 mM/g of dry weight) under saline stress, which inherited the character from one of its parent Pokalli to exclude Na+ from its transpirational stream. On the other hand K+ content in FL478 was almost similar to that of Pusa44. But the Na+/K+ (1.29) ratio in FL478 was almost half to Na+/K+ ratio of Pusa44 (2.45) which could be attributed to low Na+ content in FL478. Among the Pusa44 NILs, the cationic (Na+) content was ranged from 13.95 to 27.9 mM/g of dry weight. All the Pusa44 NILs exhibited lesser Na+ concentration than recurrent parent and whereas, except PU263 (13.95 mM/g of dry weight) all NILs having more Na+ concentration than donor parent FL478. Similarly, potassium concentration of all the NILs was higher than both the parents except the lines PU263 (9.75 mM/g of dry weight) and PU200 (12.30 mM/g of dry weight). The Na+/K+ ratio was too high in Pusa44 (2.45) parent compared to salt tolerant line FL478 (1.29) and the lowest Na+/K+ ratio was observed in PU229 NILs (1.26), it is lesser than donor parent. In the cross of Sarjoo52 and FL478 again significant variation was found in cationic content of both parents. At EC ~8.0 dSm−1 high amount of Na+ content in plant samples of Sarjoo52, whereas K+ content was almost similar in both parents. Sarjoo52 NILs has comparatively similar Na+ content as that of Sarjoo52 but higher than FL478, but the K+ content was significantly higher in the NILs as compared to both the parents which leads to low ratio of Na+/K+. The NIL SAR17 exhibited highest Na+ content (30.60 mM/g of dry weight) while, NIL SAR136 exhibited highest potassium content (22.25 mM/g of dry weight). Among the Sarjoo52 NILs SAR35 and SAR77 exhibited low Na+ and K+ content, respectively. All the Sarjoo52 NILs exhibited low Na+/K+ than donor parent FL478 except SAR77 and SAR17. The SAR136 exhibited lowest Na+/K+ of 1.08. Na+/K+ ratio in high salt tolerant NILs with salt injury score of 3, ranged from 1.08 to 1.33, whereas NILs with salt injury score of 5 has Na+/K+ in range of 1.23–1.69.



Recovery of NILs With Respect to Recurrent Parents

Based on the field evaluation of NILs of both populations (Sarjoo52 × FL478) and (Pusa44 × FL478) it was found that the developed NILs were highly similar to their recurrent parents. On the basis of 50 agro-morphological DUS parameters, the percent recovery in NILs of Sarjoo52 × FL478 population ranged from 92 to 100% and in Pusa44 × FL478 population the percent recovery ranged from 84 to 98% when compared with respective recurrent parents (Supplementary Table 1). The target locus of the developed NILs was compared with that of their recurrent parent using micro-satellite markers including foreground and recombinant markers to mark the precise transfer of Saltol QTL (Figures 5 and 6). The parental genome recovery percentage at molecular level was estimated in BC3F4 NILs using 50K SNP chip. Based on the SNP analysis Sarjoo52 NILs have recovered 94.51–98.31% and Pusa44 NILs have recovered 94.83–98.38% of parental genome, indicating high RPG recovery. It confirms that the developed NILs were genotypically and phenotypically similar to the recurrent parents in addition of Saltol QTL from donor parent.




Figure 5 | Haplotypic representation at target locus of Saltol introgressed BC3F4 line of Sarjoo52 along with parents.






Figure 6 | Haplotypic representation at target locus of Saltol introgressed BC3F4 line of Pusa44 along with parents.






Discussion

Salinity has been a major concern for rice production as cultivable land is under constant threat of saline due to excess use of irrigation water coupled with poor drainage system. Salinity stress affect rice grain yield from 20 to 100% depends on the stress level and duration of rice exposed to saline stress (Krishnamurthy et al., 2015a). Fortunately, vast genetic variability in rice in response to soil salinity makes possible to develop saline tolerant rice varieties (Akbar et al., 1972; Krishnamurthy et al., 2016c; Krishnamurthy et al., 2017; Krishnamurthy et al., 2019a; Krishnamurthy et al., 2019b; Krishnamurthy et al., 2019c). Sarjoo52 and Pusa44 are highly preferred rice cultivars among farmers for their high yielding potential under normal field condition. However, increasing soil salinity has forced farmer to minimize the area of these preferred mega varieties under cultivation. Continuous efforts are being made toward developing salt tolerant varieties through conventional breeding method (Krishnamurthy et al., 2019a; Krishnamurthy et al., 2019b; Krishnamurthy et al., 2019c). However, the problem with conventional method of breeding is that the developed progenies acquired unwanted traits due to linkage drag and possible negative effects on yield and grain quality traits of rice (Gregorio et al., 2002; Ismail et al., 2007; Thomson et al., 2010). Many researchers has introgressed the Saltol QTL in to different rice varieties Huyen et al. (2012) in AS996, Babu et al. (2017b) in PB1121, Geetha et al. (2017) in ADT43. Therefore the present effort was made to improve these cultivars using MABB method.

The present study was successful in introgressing Saltol QTL in high yielding varieties (Pusa44, Sarjoo52) and simultaneously restricted any linkage drag using marker assisted breeding approach with careful foreground, recombinant selection and background selection. The halplotype of both recipient parents differs from donor parent FL478 at four markers within Saltol region which includes RM3412, RM493, AP3206 and G11A. RM3412 and AP3206 were recognized as tightly linked Saltol markers while G11A and RM493 were selected as recombinant marker to mark the precise transfer Saltol. The RPG recovery in NILs of both crosses was achieved by three backcrosses with recurrent parents followed by selfing of BC3F1 lines for four generations which leads to homozygosity of Saltol allele. Even though the developed BC3F4 lines possesses high RPG recovery percentage but still these line has residual donor genome of 1.62–5.51%. In spite this donor region, the impact on the agronomic characters of developed NILs were negligible. In plant breeding principle, three back crosses recovered the genome by 93.75%. However, use of markers helps to enhanced it upto 98.38%. Morphological and physiochemical analysis of plant samples has revealed differential response to salinity among developed NILs. Two BC3F4 lines derived from Pusa44 × FL478 viz., PU241 and PU252 (SES score 3) were found to be more tolerant than other NILs. On the other hand NILs from Sarjoo52 × FL478 cross designated SAR39, SAR23, SAR136 and SAR87 performed very well under saline condition with salt injury score of three. Even after achieving homozygosity at Saltol region, the plant exhibit different ionic content and differential salinity tolerance with respect to FL478. This response to salinity could be attributed to the complexity of salt tolerance character. The other reason behind this variation could be explained by the fact that Saltol region from donor parent might be affected by the genetic background of recipient parents.

The Saltol QTL comprises multiple genes associated with salt tolerance which includes membrane transporters, signal transducers, transcriptional factors. However, Ren et al. (2005) explained its role in maintaining good Na+/K+ homoeostasis and similar homoeostasis was observed in developed NILs. In Pusa44 NILs the Na+ content was as low as that of FL478 while K+ content was higher than FL478. The Pusa44 NILs decreased the Na content by 2 folds as compared to recurrent parent (Pusa44) and Sarjoo52 NILs decreased by 1.23 folds as compared to its recurrent parent (Sarjoo 52). In Sarjoo52, NILs the Na+ content was more inclined toward Sarjoo52 which was significantly higher than FL478. But interestingly the K+ content in NILs was much higher than both parents and in NIL SAR136 K+ content was more than double compared to FL478. However, the Na+/K+ ratio was more skewed toward FL478 which explains the salt tolerance characters in theses developed NILs. This indicated that the introgressed region in NILs have significant role in Na+ and K+ homoeostasis. Furthermore, DUS (Distinctiveness, Uniformity, Stability) characterization revealed the similarity of these NILs with their recurrent parents. The traits used to know the phenotypic differences between NILs and parents thereby find the similarity and differences. In this context we are employed backcross breeding method to improve the Pusa44 and Sarjoo52 mega varieties by marker assisted introgression of QTLs from donor parent FL478. If we employing DUS test to compare NILs and recurrent Parents, as phenotypic differences between NILs and parents is less indicated the more similarity with recurrent parents. The developed NILs will be as similar to the parental lines except for the salt tolerance.

The present study was successful in incorporation of seedling stage salinity tolerant QTLs in two high yielding varieties i.e. Pusa44 and Sarjoo52 through marker assisted breeding. The developed lines from both the recurrent parent acquired salinity tolerance at seedling stage and simultaneously these lines have achieved high recurrent parent genome recovery during field evaluation and background selection. The Saltol NIL's have developed good ionic balance during physiological analysis of rice samples under salt stressed conditions with fair amount of K+ ions in plant samples. The developed lines will be further evaluated on multiple locations under target saline environment before they are released for commercial production in farmer's field. The present study has formed a blue chart for future breeding programs aimed for development of salt tolerant varieties highly suitable for salt affected areas.
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Crops frequently encounter abiotic stresses, and salinity is a prime factor that suppresses plant growth and crop productivity, globally. Ursolic acid (UA) is a potential signaling molecule that alters physiology and biochemical processes and activates the defense mechanism in numerous animal models; however, effects of UA in plants under stress conditions and the underlying mechanism of stress alleviation have not been explored yet. This study examined the effects of foliar application of UA (100 μM) to mitigate salt stress in three rice cultivars (HZ, 712, and HAY). A pot experiment was conducted in a climate-controlled greenhouse with different salt stress treatments. The results indicated that exposure to NaCl-induced salinity reduces growth of rice cultivars by damaging chlorophyll pigment and chloroplast, particularly at a higher stress level. Application of UA alleviated adverse effects of salinity by suppressing oxidative stress (H2O2, O2–) and stimulating activities of enzymatic and non-enzymatic antioxidants (APX, CAT, POD, GR, GSH, AsA, proline, glycinebutane), as well as protecting cell membrane integrity (MDA, LOX, EL). Furthermore, UA application brought about a significant increase in the concentration of leaf nitric oxide (NO) by modulating the expression of NR and NOS enzymes. It seems that UA application also influenced Na+ efflux and maintained a lower cytosolic Na+/K+ ratio via concomitant upregulation of OsSOS1 and OsHKT1;5 in rice cultivars. The results of pharmacological tests have shown that supply of the NO scavenger (PTI) completely reversed the UA-induced salt tolerance in rice cultivars by quenching endogenous NO and triggering oxidative stress, Na+ uptake, and lipid peroxidation. The PTI application with UA and sodium nitroprusside (SNP) also caused growth retardation and a significant increase in Na+ uptake and oxidative stress in rice cultivars. This suggests that UA promoted salt tolerance of rice cultivars by triggering NO production and limiting toxic ion and reactive oxygen species (ROS) accumulation. These results revealed that both UA and NO are together required to develop a salt tolerance response in rice.

Keywords: NaCl stress, ursolic acid, nitric oxide signaling, sodium, inhibitors, gene expression


INTRODUCTION

Salinity is a major ecological constraint that severely affects plant growth and development and decreases crop yield. It has been estimated that one-twentieth of the global total and one-fifth of irrigated lands are salt stressed, consequently leading to US$ 27.5 billion losses of crop yield annually (Qadir et al., 2014). China has approximately 100 million hectares of salt-affected arable land (Yang and Wang, 2015; Islam et al., 2018). The development of salinity in arable land is due to poor irrigation practices, higher rate of surface evaporation, and use of drainage and high-salt-containing groundwater for irrigation, which are key factors causing a 10% increase in saline soil every year, globally (Jamil et al., 2011). Furthermore, due to negative effects of climate-driven changes, rise in global temperature, abrupt seasonal patterns, and anthropogenic activities are exacerbating salt-prone areas, which may result in a loss of 50% arable land at the end of this century (Qadir et al., 2014; Munns and Gilliham, 2015). A soil with an electrical conductivity (EC) of the saturation extract (ECe) of 4 dS/m (approximately 40 mM NaCl at 25°C) and exchangeable sodium of 15% is considered as a saline soil (Etesami and Noori, 2019). Crops grown at high salt concentrations experience cellular ion imbalance, ion toxicity, dehydration, and osmotic stress, which, in turn, results in stomatal closure, reduced carbon supply, and production of reactive oxygen species (ROS). Salt stress tolerance is a complex quantitative trait that is governed by various genetic and non-genetic factors, in which several physiological and molecular mechanisms interact with each other at cellular, organelle, and whole-plant levels, to ensure plant survival and subsequent completion of the life cycle (Hanin et al., 2016; Wu et al., 2019). Crop plants have developed complex strategies to optimize adaptive responses to counter salt toxicity; however, this depends upon the genetic makeup of a particular cultivar/variety and level of salinity in a soil. Many strategies have been proposed to enhance plant salt tolerance, such as exogenous chemical application, breeding, and biotechnological approaches in the past, but commercial successes are limited due to the complex and polygenic nature of salt tolerance mechanisms of crops (Rouphael et al., 2017). In recent decades, intensive research is ongoing on the use of biostimulants/elicitors to ameliorate stress in plants under hostile environmental conditions. It is an attractive alternative way to increase plant performance and productivity (Hayat et al., 2010; Calvo et al., 2014). The exogenous application of these biostimulants/elicitors could balance survival and growth by stimulating diverse arrays of cellular and developmental processes under stress conditions.

Among such biostimulants/elicitors, ursolic acid (UA; 3b-hydroxy-12-urs-12-en-28-oic acid), a natural pentacyclic triterpenoid carboxylic acid, is present in many fruits and vegetables, possessing various biochemical and pharmacological activities like antioxidative, apoptotic, anticancer, and anti-inflammatory properties when used in animal models. For example, it was demonstrated by various studies that UA is a potent free-radical scavenger that restores the level of antioxidant defense-related enzymes (SOD, GR, CAT, GSH, and AsA). It was also reported that UA could inhibit lipid peroxidation by reducing the production of lipid hydroperoxide and thiobarbituric acid-reactive substances in liver microsomes, leukemic cells, and myocardial cell (Wang et al., 2005; Senthil et al., 2007; Kashyap et al., 2016; Yin et al., 2018). It also has the ability to alter the glutathione redox status: GSH:GSSH ratio and could mediate glutathione-dependent antioxidant response. A growing body of evidence suggests that UA acts as a powerful antioxidant, and it scavenges free oxidative radicals, regulates activity of antioxidant enzymes and redox balance, and protects several key enzymes against ROS stress damages (Kashyap et al., 2016; Yin et al., 2018). In addition to this, UA is also used in cancer immunochemotherapy as a biological response modifier because it can elicit NO in a dose-dependent manner via stimulating NOS expression in various animal cell types (Muto et al., 1990; You et al., 2001; Aguirre-Crespo et al., 2006; Ramachandran and Prasad, 2008). These studies suggest that UA is a multi-signaling molecule, can mediate NO production, and also activates immune systems and maintain effective physic-biochemical changes to regulate homeostasis in the organism.

In plants, nitric oxide (NO) elicitors or modulators could play a vital role in plant adaptability to biotic/abiotic stressors. NO is a gaseous signaling molecule that regulates various cellular and molecular processes under normal and stress conditions. In plants, enzymatic biosynthesis of NO is carried out by nitrate reductase (NR) and nitric oxide synthase (NOS), while non-enzymatic generation is carried out via chemical reactions between NOs and plant metabolites (Cooney et al., 1994). Generally, elicitor-induced NO production could strengthen the resistance/tolerance of crop plants under various diverse kinds of environmental stressors. For example, melatonin triggers NO production and reverses oxidative stress by reducing the accumulation of Cd in wheat (Kaya et al., 2019). Elicitor-mediated NO production also inhibited ethylene production to delay leaf senescence in pear. Similarly, elicited NO also restored root growth of Arabidopsis plants via modulation of antioxidant defense (Liu J. et al., 2019; Liu T. et al., 2019). The interplay of NO and elicitor-induced antioxidant defense mitigates adverse effects of lead toxicity in maize plants via ion homeostasis and persevering chlorophyll fluorescence. Recent studies have shown that methyl jasmonate also induced NO production in the soybean cultivars to improve tolerance against cotton leaf worm (Ashry et al., 2018). A growing number of studies are speculating that if interaction of elicitor molecules with each other and with other components of the signaling pathway occurs, their impact on the plant acclimation under stress conditions could be fast and diverse.

In the animal system, UA is widely used as a stress mediator. Despite the pharmacological and clinical importance of UA, little information is available in the literature relating to the effect of UA on the plants under biotic/abiotic stress conditions especially under salinity. Hence, the aims of the current study are (i) to investigate the hazardous physio-biochemical impacts of NaCl on rice cultivars, (ii) to understand how a UA application might reduce such salt induced injurious effects on rice, and (iii) to unveil the underlying mechanism of UA-simulated NO biosynthesis in rice cultivars and how their interaction is involved in salt tolerance response in diverse rice cultivars. This comprehensive examination could improve our understanding of the synchronous signaling pathways involved in the alleviation of salt stress by UA.



MATERIALS AND METHODS


Plant Material and Experimental Design

The healthy and uniform seeds of three rice (Oryza sativa L. ssp. indica) cultivars, i.e., HZ, HAY, and 712, were obtained from the seed bank of the College of Agriculture and Biotechnology, Zhejiang University, China. These three cultivars were selected because they have been widely grown in the middle and lower reaches of the Yangtze River. The seeds were surfaced sterilized in 0.1% NaClO for 15 min, then rinsed and soaked with distilled water for a further 20 min. The seeds were germinated on moistened filter paper and kept in the darkness for 48 hr, and then in a growth chamber with day/night temperatures of 24/16°C, a 16-h photoperiod, irradiance of 300 μM m–2 s–1, and relative humidity of 60–70%. The 7-day-old seedlings were transferred to a 96-well rice growth box (13 cm × 9 cm × 12 cm) under half-strength Hoagland solution. After a week of acclimation, a full concentration of Hogland’s solution was supplied to the plants for the rest of the experimental period. Twenty-two-day-old plants were treated with different NaCl salinity (4 dS m–1 and 8 dS m–1) treatments based upon our previous study (Islam et al., 2016a, 2017). Usually, salinity is measured in units of electrical conductivity (EC), and according to the International Rice Research Institute (IRRI), salinity beyond ECe ∼ 4 decisiemens per meter (dS m–1) is considered as moderate salinity while more than 8 dS m–1 becomes high for rice plants. The concentration of UA (100) μM was selected based on the preliminary experiment (Supplementary Figure 1). Two days after the pretreatment of ursolic acid (UA 100 μM), plants were exposed to the salinity. The required solution of UA was made each time in dimethyl sulfoxide (DMSO), and then Milli-Q water was added. The leaves of rice stressed plants were sprayed until full wetting, while control plants were sprayed with the same amount of DMSO in water that was used to dissolve UA. Salt stress was applied in a stepwise manner to avoid salt shock by gradually adding NaCl to the nutrient solution with increasing electrical conductivity 2 dS m–1 per day. Salt concentration was continually monitored using an electrical conductance meter. Non-stress control plants were maintained in identical nutrient solutions without NaCl addition (Islam et al., 2018). Each treatment was replicated with five biological repeats. The nutrient solution was renewed every 4 days. The experiment was composed of the following treatments:
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The plant leaf samples were harvested after 15 days for morphological and biochemical analyses as described below.



Second Experiment

Another experiment was carried out under the same conditions to further study the effect of UA on the synthesis of endogenous NO using NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt (PTI) and NO donor sodium nitroprusside (SNP). Both NO donor and scavenger (100 μM) were sprayed singly on the leaves of plants 2 days before the plants were exposed to the salt stress. The dose selection of PTI and SNP was selected on the basis of previous studies (Esringu et al., 2016; Gupta et al., 2017; da Silva Leite et al., 2019). The 2nd experiment was composed of the following treatments:
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Morphological Parameters

The plants were harvested and separated into leaves and roots. The fresh weight of plants was measured immediately after harvesting, while for dry biomass, plants were placed for 5 days in an oven at 80°C (Momoh and Zhou, 2001).



Chlorophyll Determination

The chlorophyll contents were measured according to the method of Arnon (1949).



Determination of Malondialdehyde and Reactive Oxygen Species Contents

The malondialdehyde (MDA) concentration was measured according to the method of Zhou and Leul (1998). Hydrogen peroxide (H2O2) was determined following the procedure of Velikova et al. (2000). Briefly, frozen leaf samples (0.5 g) were homogenized in 0.1% (w/v) trichloroacetic acid (TCA) (5 mL). Absorbance of the leaf samples was read at 390 nm, while the content of H2O2 was measured by comparing the standard curve of H2O2. The method of Doke (1983) was followed to determine the superoxide anion (O2–) level in leaves of rice cultivars. Lipoxygenase (LOX) activity was determined by observing the increasing absorbance at 234 nm spectrophotometrically, where linoleic acid was used as a substrate (Doderer et al., 1992).



Biochemical Analysis

Frozen leaf samples (leaves 0.5 g) stored at −80°C were homogenized under liquid nitrogen conditions. The powdered samples were mixed with 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA Na2 and 0.5% PVP (w/v). For ascorbate peroxidase (APX) determination, leaf samples were separately mixed in the abovementioned buffer with the addition of 1 mM ascorbic acid (AsA) in buffer to preserve APX activity. Homogenized samples were centrifuged at 14,000 × g: 4°C for 20 min, and the supernatant was stored at −20°C for analysis. Catalase (CAT) activity was determined according to the method of Aebi (1984). A 100-μL enzyme extract was added in a 3-mL reaction mixture. The activity was measured by monitoring the decrease in absorbance at 240 nm. The method of Rao et al. (1996) was used to measure the activity of guaiacol peroxidase (POD). Ascorbate peroxidase (APX) activity was determined by monitoring the change in absorbance at 290 nm for 3 min, followed by the method of Nakano and Asada (1981). SOD activity was estimated according to the method of Dhindsa and Matowe (1981) and expressed by U min–1 mg–1 protein (one SOD unit was defined as the amount of enzyme needed to produce a 50% inhibition of NBT at 560 nm).



Determination of Non-enzymatic Antioxidants

The reduced glutathione (GSH) and oxidized glutathione (GSSG) contents were estimated according to the methods of Law et al. (1983) with some modifications as described by Islam et al. (2018). The level of GSH for each sample was obtained by subtracting the GSSG level from the total glutathione, which was expressed as n mol g–1 FW. All reagents that were used in GSH/GSSG measurement were prepared in 125 mM NaH2PO4 buffer, containing 6.3 mM EDTA (pH 7.5).

For assessing proline content, the leaves were homogenized in 3% sulfosalicylic acid and centrifuged at 11,500 × g. The supernatant was mixed with acid ninhydrin, glacial acetic acid, and phosphoric acid. After incubating the mixture at 100°C for 1 h and cooling, toluene was added; after several minutes, chromophore containing toluene was read spectrophotometrically at 520 nm (Bates et al., 1973). Assays of glycinebetaine content in rice leaves were performed according to Grieve and Grattan (1983) based on the ability of quaternary ammonium compounds to react with iodine. Dried samples were ground and mechanically shaken with 20 mL of deionized water at 20°C. Extracts were diluted with 2 N H2SO4 at 1:1 v/v and cooled in ice water for 1 h. Cold KI-I2 reagent was added and samples stored at 0–4°C for 16 h and centrifuged at 15,000 × g for 15 min at 0°C. The pellet was then dissolved in 1,2-dichloroethane and incubated for 4.5 h, and absorbance was read at 365 nm. A standard curve was established with commercial glycinebetaine.



Determination of Na+ and K+

For Na+/K+ determination, 50–100 mg of dry matter of each sample was subjected to an overnight digestion with HNO3/H2O2 according to the method described by Munns et al. (2010). The content of Na+ and K+ was determined using atomic absorption spectrometry.



Analysis of NOS and NR Activities and NO Content

For the measurement of NO content in rice cultivar leaves, 0.5 g sample was homogenized in a buffer and centrifuged at 10,000 × g for 30 min at 4°C. The Griess reagent assay was used to determine the NO contents at 540 nm, according to the method of Su et al. (2018). The activity of nitrate reductase (NR) was determined according to the method of Poonnachit and Darnell (2004). The activity of NOS was determined according to the method by monitoring its consumption of NADPH and calculated using the extinction coefficient of NADPH (ε = 6.22 mM–1 cm–1) (Sun et al., 2014).



Ultrastructural Observations of Leaves

For transmission electron microscopy (TEM), leaf fragments about 1 mm2 without ribs were dipped in phosphate buffer containing 2.5% (v/v) glutaraldehyde for more than 12 h. Later samples were immersed in 1% (m/v) OsO4 for 1 h and dehydrated for 15–20 min each with 50, 60, 70, 80, 90, 95, and 100% ethanol series and finally in acetone for 20 min. Finally, specimen was embedded in Spurr’s resin for 12 h and was processed for visualization under TEM (TEM-1230EX, JEOL, Japan).



Total RNA Extraction, cDNA Synthesis, and qRT-PCR Assay

Total RNA was extracted from leaves of rice cultivars using TaKaRa MiniBEST Plant RNA Extraction Kit (Takara Bio Inc., Japan) according to the manufacturer’s protocol. Spectrophotometry and gel electrophoresis were used to determine the integrity of isolated RNA. PrimerScriptTM RT Reagent Kit with gDNA Eraser (Takara Bio Inc., Japan) was used to reverse transcribe 1 μg RNA for qPCR analysis. The iCycler IQ Real-Time Detection System Software was used to calculate the threshold cycle values, and quantification of mRNA levels was calculated according to the method of Livak and Schmittgen (2001). Primers used for the amplification of target cDNAs were designated according to rice genomes available in the databank1. The specific primers used for each gene are presented in Supplementary Table S1, and their full-length sequences are available in the databank (see text footnote 1).



Statistical Analysis

For morphological and physiological parameters, five biological replicates were taken for each treatment × cultivar combination, and three/four plants were bulked together for each replicate. Two-way analysis of variance (ANOVA) was performed to evaluate the significance of variation influenced by cultivars, salt, and UA treatments and their interaction using the SPSS 19.0 version for the first experiment data. Duncan’s multiple range test was performed for multiple comparisons to determine significant differences (p < 0.05) between individual testaments. The gene expression data were presented as mean values of four biological replicates (with two technical replicates) with standard error. Three-way analysis of variance (ANOVA) was performed to evaluate the significance of variation for the second experiment.



RESULTS


Improvement of Plant Growth and Chlorophyll Content by Pretreatment of UA

Plant fresh and dry biomass parameters were measured to investigate the effect of UA pretreatment on rice cultivars in response to salinity stress. Results showed that salinity decreased the biomass production of all studied rice cultivars compared with control plants. Fresh weight (FW) of rice cultivars HZ and 712 was decreased up to 45% under moderate saline stress treatment (S1), while no significant decrease in FW of these cultivars was observed under higher salinity level (S2). In case of HAY cultivar, the loss of FW was up to 31%; however, no further decrease in FW was measured in plants treated with higher salt stress treatment (S2) (Table 1). Pretreatment of UA (100 μM) significantly alleviated toxic effects of salinity on FW, especially under moderate saline stress (S1) compared with higher saline stress treatment (S2). The cultivar HAY showed the highest degree of shoot FW recovery among all cultivars under both saline stress treatments (S1 and S2). Similar trends of FW losses of root were recorded for all cultivars. UA-mediated alleviation of salinity was most pronounced for cultivar HAY compared with HZ and 712, under higher saline stress treatments (UAS1 and UAS2) (Table 1).


TABLE 1. The effect of exogenous application of ursolic acid (UA) on plant biomass production and chlorophyll in the three rice cultivars under saline stress conditions.

[image: Table 1]The dry weight (DW) of shoot was also affected by the salinity. The highest reduction of shoot DW under salinity was noted in cultivar HZ compared with 712 and HAY, respectively. The pretreatment of UA markedly alleviated toxic effects of salinity in cultivars HAY and 712. In case of root DW, more than 60 and 40% of root dry biomass accumulation were decreased in cultivars HZ and 712 under S2 treatment, respectively. The cultivar HAY maintained relatively higher root DW under saline stress conditions (S1 and S2) (Table 1). Pretreatment of UA also mitigated root DW inhibition caused by NaCl more in moderate saline stress conditions (S1) compared with higher saline stress treatment (S2) (Table 1).

The chlorophyll contents such as Chl a, b and total chlorophyll were significantly decreased under salinity stress treatments (S1 and S2) in a dose-dependent manner, especially in cultivar HZ (highest decrease) (Table 1). However, pretreatment of UA significantly improved pigment production under saline stress conditions and the highest recovery of photosynthetic pigments was noted in cultivar HAY. This suggests that UA application could influence growth under salinity via synthesis of photosynthetic pigments in studied rice cultivars (Table 1).



UA-Induced Attenuation of Oxidative Stress

The extent of oxidative damages caused by NaCl-induced salinity was evaluated by measuring malondialdehyde (MDA), H2O2, O[image: image], and electrolyte leakage (EL) (Figure 1). MDA is widely used as an indicator of lipid peroxidation, and electrolyte leakage (EL) is used to assess membrane integrity under stress conditions. MDA was significantly increased in rice cultivars in a dose- and cultivar-dependent manner under salinity treatments (S1 and S2). Approximately, a four- to five-fold increase in MDA was measured in cultivar HZ under moderate (S1) and high saline stress (S2) treatments, respectively (Figure 1). However, pretreatment of UA reduced MDA accumulation significantly in cultivar HAY compared with cultivars 712 and HZ, respectively. Similarly, H2O2 production was significantly raised by salt stress under higher salt stress treatment (S2) in cultivar HZ, while no significant difference in H2O2 accumulation was observed among rice cultivars under moderate saline stress conditions (S1), which suggests that H2O2 production equally affects the physiology of studied rice cultivars (Figure 1). Pretreatment with UA significantly inhibited the NaCl-induced H2O2 accumulation in rice plants, especially in HAY cultivar. However, less inhibition of H2O2 in cultivars HZ and 712 compared with HAY cultivar was observed under UAS2 treatment (Figure 1).
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FIGURE 1. Effect of ursolic acid (UA) on MDA (A), H2O2 (B), O2– (C), and electrolyte leakage (EL) (D) in three rice cultivars (HZ, 712, and HAY) under different salinity treatments. Means with the same letters are not significantly different based on two-way ANOVA followed by Duncan’s test (p ≤ 0.05) for each cultivar at different salt stress treatments. The results show the mean ± SE of five replicates, and three/four plants were bulked for each replicate. Error bars represent the standard error. Contl = Control, UA = ursolic acid. S1 = 4 dS m–1, S2 = 8 dS m–1, UAS1 = ursolic acid + 4 dS m–1, UAS2 = ursolic acid + 8 dS m–1. P ≤ 0.05 (*); p ≤ 0.01 (**); ns: not statistically significant (p > 0.05).


The accumulation of superoxide radical (O[image: image]) under saline stress conditions was significantly enhanced as compared with control plants in all cultivars. Among cultivars, the generation rate of superoxide radical was statistically non-significant under saline stress conditions. Pretreatment with UA lowered the generation of superoxide radical considerably, in all rice cultivars compared with their respective salt stress treatments. However, among cultivars UA pretreatment showed a non-significant decrease in superoxide radical production rate (Figure 1).

The electrolyte leakage (EL) of leaves showed that exposure to NaCl significantly increased the EL level with an increase in NaCl concentration in the growth medium. An up to four-fold increase in EL of cultivar HZ and a three-fold increase in 712 and HAY were observed under higher saline stress conditions (S2). Pretreatment of UA significantly inhibited EL in rice cultivar leaves. Among cultivars, the highest EL was measured for cultivar HZ and the lowest for cultivar HAY; this suggests that cultivar HAY maintained superior oxidative and membrane protection characteristics both with and without UA pretreatments (Figure 1).



UA Mediated Upregulation in Antioxidant Defense Systems

To investigate how UA application influences the antioxidative defense system under salinity, we measured activities of ROS scavenging enzymes, such as SOD, CAT, POD, and APX, in control and salt-stressed plants (Table 2). The exposure to salinity of rice cultivars caused a significant induction in SOD activity. The activity of SOD increased with increasing levels of salinity treatments. The activity of SOD significantly rose up to 2.0- and 3.0-fold under moderate (S1) and higher salinity (S2) levels in cultivars HZ and 712, respectively. The SOD level was increased up to 1.8- to 2.8-fold in cultivar HAY under moderate (S1) and higher salinity (S2) levels (Table 2). However, pretreatment of UA downregulated the activity of SOD in all cultivars under both saline stress treatments. The activities of H2O2-detoxifying enzymes (POD, CAT, APX, etc.) showed that UA pretreatment accelerated their activities (Table 2). For example, activity of POD was significantly enhanced under saline stress in all cultivars; however, it was sharply elevated in cultivar HAY after pretreatment with UA under moderate and higher saline stress treatments (UAS1 and UAS2). In the case of CAT, the highest rise in its activity under saline stress and UA pretreatment was found in cultivar HAY under all stress treatments (Table 2). The activity of CAT in cultivar 712 was decreased under UAS2 treatment. The activity of APX was not significantly changed in cultivars HZ and 712 under saline stress treatments (S1 and S2) (Table 2). However, cultivar HAY maintained higher levels of APX activity under saline stress treatments (S1 and S2). Pretreatment of UA significantly stimulated APX activity in cultivar HAY under saline stress compared with other cultivars, where APX activity was slightly increased under S1 and S2 treatments (Table 2).


TABLE 2. The effect of exogenous application of ursolic acid (UA) on superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), glutathione reductase (GR), ascorbic acid (AsA), reduced glutathione (GSH), and oxidized glutathione (GSSG) in the three rice cultivars under saline stress conditions.
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Effects of UA/Salt on Glutathione–Ascorbate Cycle

The glutathione reductase (GR) and other related enzymes are critically involved in the maintenance of reduced AsA and GSH content in cells to scavenge ROS (Table 2). The salinity treatments (S1 and S2) did not significantly enhance GR activity in the studied rice cultivars. However. GR activity was downregulated (-13%) in cultivar HZ compared with its respective control under higher saline stress treatment (S2). Pretreatment of UA under saline stress significantly enhanced GR activity, especially in cultivars HAY, 712, and HZ, respectively. Generally, GSH concentration was reduced, while GSSG accumulation was enhanced in studied cultivars under saline stress conditions (S1 and S2). However, pretreatment with UA successfully upregulated GSH concentration under saline stress, especially in cultivars HAY and 712, respectively. The concentration of GSSG was elevated in cultivars HZ and 712 after saline stress treatments in a dose-dependent manner. UA pretreatment further declined the GSSG level in cultivar HAY under salinity, while no significant decrease in GSSG level was recorded in cultivar HZ and 712 after UA pretreatment under salinity. Among cultivars, a delicate equilibrium between GSH and GSSG concentration was only observed in cultivar HAY under salinity treatments (S1 and S2). Similarly, salinity also did not significantly influence the content of AsA in rice cultivars. However, pretreatment with UA accelerated the AsA accumulation significantly in all cultivars, but its induction effect was more pronounced in cultivars HAY and 712 compared with HZ, respectively. This suggests that UA strengthened the ROS scavenging system to cope with salt-induced oxidative stress in rice plants.



UA-Mediated Stimulation of NO Machinery

To elucidate the relationship between UA-mediated stimulation of endogenous NO production under salt stress, NO production and its biosynthesis enzyme activities were investigated (Figure 2). Salt stress greatly enhanced NO production in cultivars, while cultivar HZ and 712 showed a non-significant increase in NO production. However, pretreatment of UA under salinity significantly triggered NO production in cultivars HAY, 712, and HZ compared with their respective salt stress treatments, respectively (Figure 2).
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FIGURE 2. Effect of ursolic acid (UA) on nitric oxide metabolism (A–C), GB (D), LOX (E) and proline (F) contents in three rice cultivars (HZ, 712, and HAY) under different salinity treatments. Means with the same letters are not significantly different based on two-way ANOVA followed by Duncan’s test (p ≤ 0.05) for each cultivar at different salt stress treatments. The results show the mean ± SE of five replicates, and three/four plants were bulked for each replicate. Error bars represent the standard error. Contl = Control, UA = ursolic acid. S1 = 4 dS m–1, S2 = 8 dS m–1, UAS1 = ursolic acid + 4 dS m–1, UAS2 = ursolic acid + 8 dS m–1. p ≤ 0.05 (*); p ≤ 0.01 (**); ns: not statistically significant (P > 0.05).


NOS activity increased significantly with the enhancement of salt stress levels. The NOS content under moderate salinity treatment increased by 72.7, 64.9, and 90.8% in cultivars HZ, 712, and HAY, respectively (Figure 2). Under higher salinity treatment (S2), NOS levels enhanced by 128.2, 140.8, and 142.3%, respectively, in cultivars HZ, 712, and HAY. At the same time, it is worth noting that the content of NOS continued to increase with the pretreatment of UA, and this increase was particularly significant for cultivar HAY. Under UA and moderate salinity stress treatment (UAS1), NOS content increased up to 96.72%, in cultivar HAY compared with its respective salinity stress treatment (S1) (Figure 2).

Similar to NOS activity, salt stress also increased the content of NR and GB in rice cultivars. The pretreatment of UA under salinity stimulated NR and GB activities compared with their salt respective treatments (S1 and S2). This increase is especially noticeable in cultivar 712 under UAS1 treatment and in HAY under both UAS1 and UAS2 treatments. UAS1 treatment also increased GB content in cultivar 712 by 154.78% compared with S1 treatment. On the other hand, the UAS2 treatment increased GB content by 104.14% compared with S2 treatment in cultivar HAY (Figure 2).

LOX is another important initiator of membrane damage and responsible for lipid peroxidation and formation of superoxide ion. Salinity stress significantly increased the activity of LOX in a dose-dependent manner under moderate and higher saline stress treatments (S1 and S2). Pretreatment of UA under moderate salinity (UAS1) reduced the LOX activity up to 26, 19, and 27% in cultivars HZ, 712, and HAY compared with their corresponding moderate salt stress treatment (S1). Similarly, pretreatment of UA under higher saline stress treatment (UAS2) declined the LOX activity in cultivar HAY compared with other cultivars. This shows that UA pretreatment could lowered the LOX activity to inhibit lipid peroxidation and membrane damage caused by salinity (Figure 2).

Results shown in Figure 2 f revealed an enhancement in proline levels in response to salinity, and the increase was more notable for cultivar HZ under both salt stress treatments (S1 and S2). However, pretreatment of UA under moderate salinity (UAS1) reduced the accumulation of proline non-significantly in all rice cultivars as compared with their respective alone salt stress treatment (S1). Under USA2 treatment, a significant increase in proline accumulation was only observed for cultivar HZ compared with 712 and HAY, respectively. Analysis of data shows that NO production is correlated with the activities of NOS and NR. We observed that endogenous production of NO was not enough in plants of cultivar HZ upon exposure to the salt stress; however, considerable production of NO was observed in cultivar 712 under salinity treatments. However, NO production was significantly raised as the plants of cultivar HAY were exposed to the salinity. It was also observed that pretreatment of UA stimulated the NO production in studied cultivars differently in each cultivar. The highest increase in NO production was observed in cultivar HAY plants compared with cultivars 712 and HZ, respectively. This shows that NO production in cultivars may be a part of the UA-mediated salt stress alleviation mechanism in studied rice cultivars.



Effect of UA and Salinity on Gene Expression of Antioxidant Defense and NO Metabolism

To better understand UA-mediated alleviation of the oxidative stress mechanism exhibited by the rice cultivars, the transcript levels of antioxidant enzymes were analyzed through quantitative qRT-PCR. CAT transcript abundance under control and UA alone pretreatment did not show any obvious changes. However, exposure to salinity significantly upregulated the expression of CAT in cultivar HAY compared with 712 and HAY. The pretreatment of UA further intensified the expression of CAT in rice cultivars. Similarly, transcription of POD expression was also detected high under saline treatment and UA pretreated salt stressed plants (Figure 3).
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FIGURE 3. Effect of ursolic acid (UA) on expression of ROS scavenging genes (A–H) in leaves of three rice cultivars under controlled and salt stress conditions. Transcript levels were determined by qRT-PCR and calculated by 2–Δ Δ CT using ubiquitin as an endogenous reference and control plant as a calibrator. Means with the same letters are not significantly different at p ≤ 0.05 as determined by Duncan’s test. The results show the mean ± SE of four replicates, and three plants were bulked for each replicate. Contl = Control, UA = ursolic acid. S2 = 8 dS m–1, UAS2 = ursolic acid + 8 dS m–1.


The expression levels of cytosolic SOD (CuZn SOD and Mn SOD) were high in cultivar HZ under higher saline stress treatment (S2) compared with other cultivars under said treatment. Pretreatment of UA under higher saline stress (UAS2) treatment reduced the CuZn SOD expression level up to onefold in all cultivars (Figure 3A). However, less suppression of Mn SOD transcript was observed under UAS2 treatment compared with S2 treatment (Supplementary Figure 2), which shows that UA application might reduce the oxidative stress by inhibiting the superoxide anion production in rice cultivars under salinity.

GR and APX transcript accumulation correlated with each other. GR and APX expressions were high in cultivar HAY compared with 712 and HZ under saline stress conditions (S1 and S2), while UA pretreatment under higher saline stress treatment (UAS2) intensified the GR and APX expressions more in cultivar HAY along with others (Figure 3).

NR1 and 2 expression levels did not change significantly under S1 and S2 stress conditions. However, pretreatment of UA under higher salinity (UAS2) only upregulated NR1 expression up to 1.1-fold compared with higher saline stress treatment, in cultivar HAY. However, the expression level of NR1 and 2 was changed up to 0.3- to 0.6-fold for cultivars 712 and HZ under pretreatment with UA and higher saline treatment (UAS2) compared with S2 treatment (Figure 3).

The expression level of proline biosynthesis gene OsP5CS was significantly induced under salinity-alone treatments (S1 and S2), and UA pretreatment under salinity (UAS2) further elevated its expression in cultivar HZ. Its expression was increased up to 1.1- and 1.4-fold under S2 and UAS2 treatment compared with control. However, OsP5CS expression in cultivar HAY was not significantly changed between S2 and UAS2 treatments (Figure 3).



Na+ and K+ Uptake

As expected, concentrations of Na+ and K+ were the same in control (Contl) and pretreated UA alone plants (UA). Under moderate saline stress treatment (S1), cultivars HZ and 712 accumulated more Na+ compared with cultivar HZ (Figure 4A). Under higher saline stress treatment (S2), 50, 38, and 30% increases in Na+ uptake were observed in cultivars HZ, 712, and HAY, respectively. Pretreatment of UA under lower saline stress treatment (UAS1) reduced Na+ uptake up to 7, 18, and 25%, while pretreatment of UA under higher saline stress treatment (UAS2) reduced Na+ uptake up to 11, 16, and 26% in cultivars HZ, 712, and HAY, compared with their respective salt stress treatments (Figure 4).
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FIGURE 4. Effect of UA pretreatment on the accumulation of sodium (Na+) (A), potassium (K+) (B), and Na+/K+ ratio (C) in leaves of three rice cultivars under controlled and salt stress conditions. The results are shown the mean ± SE of five replicates and three/four were plants bulked for each replicate. Error bars represent the standard error. Expression of salt transporter genes (D–G) in leaves of three rice cultivars under controlled and salt stress conditions. Transcript levels were determined by qRT-PCR and calculated by 2–Δ Δ CT using ubiquitin as an endogenous reference and control plant as a calibrator. Means with the same letters are not significantly different based on two-way ANOVA followed by Duncan’s test (p ≤ 0.05) for each cultivar at different salt stress treatments. The results are shown the mean ± SE of four replicates and three plants were bulked for each replicate. Contl = control, UA- = ursolic acid. S1 = 4 dS m–1, S2 = 8 dS m–1, UAS1 = ursolic acid + 4 dS m–1, UAS2 = ursolic acid + 8 dS m–1. p ≤ 0.05 (*); p ≤ 0.01 (**); ns: not statistically significant (p > 0.05).


In the case of K+ retention under salinity, the most significant decrease (40%) in K+ concentration was observed for cultivar HZ, while 28 and 15% losses were observed for cultivars 712 and HAY under lower salinity treatment (S1). Under higher salinity treatment (S2), HZ lost a significantly higher amount of K+, while HAY maintained a higher retention of K+. Pretreatment of UA significantly rescued K+ loss, especially for cultivar HAY, which suggests that application of UA strengthens the mechanism that copes Na+ entry and K+ loss in rice cultivar (Figure 4).

Salt stress significantly increased the Na+/K+ ratio in all studied rice cultivars. A higher Na+/K+ ratio was found for cultivar HZ, while a lower ratio was found for cultivar HAY. Pretreatment of UA under salinity treatments (UAS1 and UAS2) significantly reduced the Na+/K+ ratio for cultivar HAY compared with other cultivars (Figure 4).



Effect of UA and Salinity on Na+ and K+ Transporters

An OsHKT1;5 is a Na+ transporter that maintains efflux of Na+ from the xylem sap to prevent its further translocation to the mesophyll cells. The result showed that the expression of OsHKT1;5 was unchanged in cultivar HZ under S2 treatment, while its expression increased up to 0.4-fold in cultivar 712 compared with its respective control plants under S2 treatment (Figure 4). Pretreatment of UA slightly enhanced the expression of OsHKT1;5 in cultivar HZ, while the expression level of OsHKT1;5 was increased up to 0.6-fold under UAS2 treatment. The expression of OsHKT1;5 was raised up to 2.4 in cultivar HAY under S2 treatment compared with its respective control plants. The pretreatment of UA under higher salinity treatment (UAS2) further enhanced its activity up to 1.6-fold compared with its respective salt stress treatment (S2) (Figure 4).

Salt overly sensitive 1 (SOS1) is a Na+/H+ exchanger that maintains cytosolic ion homeostasis by transporting Na+ out of the cell under saline stress conditions. The expression of OsSOS1 was not changed considerably, in cultivar HZ both with/without UA application under salinity, which suggests that the SOS system was not active in cultivar HZ under salt stress. However, OsSOS1 transcript abundance was increased up to one-fold under higher salinity treatment (S2) compared with its respective control, in cultivar 712, and pretreatment of UA further accelerated its expression intensity up to 1.5-fold under UAS2 treatment compared with its respective salt stress treatment (S2) (Figure 4). The expression profiling of OsSOS1 in cultivar HAY under S2 treatment was significantly increased up to 2.9-fold compared with control plants, while under USA2 treatment its activity was further increased up to 3.8-fold compared with control plants (Figure 4).

Inward-rectifying potassium channels, such as OsAKT1, mediate K+ influx under salinity. The expression level of OsAKT1 was increased significantly under S2 and UAS2 treatments in cultivar HAY, while a slight increase in OsAKT1 was observed in cultivar 712 under saline and pretreated UA salt-stressed plants. The expression analysis of OsAKT1 was downregulated in cultivar HZ under S2 treatment, while UA pretreatment under higher saline stress treatment (UAS2) restored its expression significantly compared with S2 treatment (Figure 4).

Cyclic nucleotide-gated channels (CNGCs) are non-selective cation transporters involved in Na+ uptake under salinity. The expression profiling of OsCNGC1 showed a 3.1- and 2.4-fold increase in its expression in cultivars HZ and 712 under higher saline stress treatment (S2). The pretreatment of UA suppressed its expression up to 23 and 25% in cultivars HZ and 712 under UAS2 treatment. The qPCR expression analysis of OsCNGC1 showed that its expression was increased up to 44% in cultivar HAY and UA pretreatment reduced its expression up to 19% under UAS2 treatment compared with its respective salt stress treatment (S2). This suggests that pretreatment of UA successively hampers the entry of Na+ by suppressing the activity of OsCNGC1 in rice cultivars especially in cultivar HAY (Figure 4).



Changes in the Ultrastructure of the Chloroplast and Mitochondria

Under control conditions, integrated chloroplasts are of typical elongated shape with compactly arranged grana stacks with intact plasma membrane and cell wall (Figures 5A,D,G). Under higher saline stress conditions (S2), the chloroplast envelope was disintegrated and global in shape with reduced grana stacks and distended and loosen thylakoids with mitochondria swelling (Figure 5B) in the plants of cultivar HZ. The chloroplast structure of cultivar 712 under higher saline stress showed swelling of mitochondria with fewer grana stacks. The swelling of mitochondria cristae as well as nuclear membrane was also damaged. The chloroplast structures of cultivar HAY leaves were elongated in shape with fewer stacks of grana. They also possess large starch grains (Figure 5H). The pretreatment of UA under higher saline stress (UAS2) restored the chloroplast structure in cultivar HZ and also minimized the effect of salt stress on the swelling of mitochondria (Figure 5C). Similarly, pretreatment of UA also alleviated toxic effects of salinity on the chloroplast of cultivar 712. The chloroplast was elongated in shape with normal size of mitochondria but with swollen cristae. However, the most pronounced effect of UA alleviation was observed in the chloroplast of cultivar HAY, where UA pretreatment preserved the chloroplast structure, nucleus, and nuclear membrane from toxic effects of salinity (Figure 5I).
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FIGURE 5. Electron micrographs of leaf mesophyll cells of three rice cultivars (cvs. HZ, 712, and HAY) under Control (A,D,G), S2 = 8 dSm−1 (B,E,H), UAS2 = Ursolic acid + 8 dS m−1 (C,F,I) treatments. PM represents the plasma membrane, G represents the grana, CW represents the cell wall, MC represents the mitochondria, VAC represents the vacuole, NM represents the nuclear membrane, NUC represents the nucleus, and SG represents the starch grain. The experiment was repeated three times with similar results.




NO Scavenger Impairs the Response of Ursolic Acid–Produced Nitric Oxide in Rice Plants

To figure out the potential relationship between UA-stimulated production of NO in attenuation of saline stress in rice cultivars, we applied NO scavenger, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTI), and SNP (sodium nitoprusside), with or without UA-treated rice plants under saline and non-saline stress conditions (Figure 6). We found that UA and SNP alleviated salt stress symptoms, while their toxicity alleviation effects were significantly reversed by the application of PTI on plants of all studied rice cultivars. Application of PTI alone also lowered the NO production under unstressed conditions. Under saline stress conditions, production of NO was significantly suppressed by PTI application compared with salt treatment alone. It was observed that when PTI was mixed with SNP and UA, fluctuations in NO production were clearly observed compared with the SNP and UA alone treatments; however, rice plants performed much better under such treatment regimens (PTI + UA/SNP) compared with plants that were treated only with PTI under salinity treatment. This clearly demonstrates that the NO scavenger disturbs NO metabolism and application of NO donor (SNP) or mediator UA enhances NO production and triggers salt responsive mechanism in treated rice cultivars.


[image: image]

FIGURE 6. Pharmacological experiment supported the requirement of NO production in Ursolic acid (UA) alleviated NaCl salinity. Redox balance (A,B) and antioxidant enzymes activities (C–F) were reestablished by UA mediated NO production (G) under salinity stress treatment (8 dS m–1). Fourteen-day-old rice plants were pretreated with 100 μM UA, 10 μM SNP, 100 μM PTI, alone or their combinations for a day, and then transferred to 8 dS m–1 for another seven days. Means with the same letters are not significantly different based on three-way ANOVA followed by Dunca’s test (P ≤ 0.05) for each cultivar at different salt stress treatments. The results are shown the mean ± SE of five replicates and three/four plants were bulked for each replicate. Contl = control, UA = ursolic acid, PTI = 2-(4-carboxyphenyl)-4,4,5,5-159 tetramethylimidazoline1-oxyl-3-oxide potassium salt, SNP = sodium nitroprusside. “−” NaCl absent, “ + ” NaCl present, ns: not statistically significant (p > 0.05). Three-way interaction of factors is presented in Supplementary Table 2.




UA-Mediated NO Is Vital in Reestablishment of Redox Balance in Rice Plants

To understand the underlying molecular mechanism involved in UA-mediated redox modifications, measurement of H2O2, MDA, and activities of related antioxidant enzymes (SOD, POD, APX, and CAT) was also measured (Figures 6A–F). Results have shown that H2O2 production, MDA content, and SOD activity were significantly suppressed by UA and SNP application. The activities of ROS scavenging antioxidant enzymes (POD, APX, and CAT) were significantly stimulated by the UA and SNP treatments under saline stress conditions, which indicates that the endogenous production of NO is a key regulator in alleviating salt-induced oxidative stress in studied rice cultivars.

The analysis of antioxidant enzymes under pretreatment of PTI showed that the ROS- scavenging ability of PTI-treated salt-stressed plants was deeply affected and it hampered activities of enzymes (POD, CAT, and APX) compared with SNP and UA pretreatments. The indices related to the ROS production and damage such as H2O2 and MDA were relatively high in plants treated with PTI under salinity (Figures 6A,B), which clearly favors the assumption of UA-mediated endogenous production of NO in reestablishment of redox balance in saline stress plants.



UA-Mediated NO Production Influences Salt Transporters and Ion Homeostasis

Ion homeostasis is very crucial for optimum growth of plants. Under salinity, accumulation of toxic ions like Na+ and Cl– and loss of K+ could inhibit the growth of sensitive crops like rice when exposed to salinity. Therefore, effects of UA and NO, as well as their interplay in ion homeostasis, were also studied (Figure 6). Results showed that the onset of saline stress increased the accumulation of Na+, thus leading to a higher Na+/K+ ratio. By contrast, the pretreatment of UA and SNP declined the Na+ uptake and improved K+ assimilation, which resulted in a lower Na+/K+ ratio. However, pretreatment of PTI under salinity reversed the ameliorative effect of UA or SNP compared with saline stress alone treatment (S2) (Figures 7A–C).


[image: image]

FIGURE 7. The pharmacological experiments shows that Ursolic acid (UA) modulated ion homeostasis (Na+ and K+) via NO production in salt stress rice cultivars (A–C). Transcript profiling indicated that activation of Na+ and K+ transporters and SOS signaling pathway were regulated by UA via NO production in leaves of salt stress cultivars (D–G). Fourteen-day-old rice plants were pretreated with 100 μM UA, 10 μM SNP, 100 μM PTI alone or their combinations for a day, and then transferred to 8 dS m–1 for another seven days. Means with the same letters are not significantly different based on three-way ANOVA followed by Duncan’s test (P ≤ 0.05) for each cultivar at different salt stress treatments. The results are shown the mean ± SE of five replicates and three/four plants were bulked for each replicate. UA = ursolic acid, PTI = 2-(4-carboxyphenyl)-4,4,5,5-159 tetramethylimidazoline1-oxyl-3-oxide potassium salt, SNP = sodium nitroprusside. “−” NaCl absent, “ + ” NaCl present, ns: not statistically significant (p > 0.05). Three-way interaction of factors is presented in Supplementary Table 2.


To investigate the underlying mechanism of salt tolerance/sensitivity under the influence of different treatment regimens at the transcriptional level, expression profiling of several Na+- and K+-related genes was analyzed in all studied rice cultivars under UA, NO donor (SNP), and NO scavenger (PTI) pretreatments (Figure 7). As expected, the expression profiling of OsHKT1;5, OsSOS1, OsAKT1, and OsCNGC1 is consistent with the results of Na+ or K+ uptake and Na+/K+ ratio in saline-stressed rice plants. UA and SNP pretreatment stimulated the expression of the OsHKT1;5, OsSOS1, and OsAKT transcript, while a reduction in OsCNGC1 was observed compared with salinity stress treatment in all rice cultivars (Figure 7). The pretreatment with the NO scavenger (PTI) inhibited the expression of OsHKT1;5, OsSOS1, and OsAKT1 transcript, while an increase in expression profiling of OsCNGC1 was also observed in all rice cultivars under saline stress treatments (Figure 7), which suggests that UA-mediated NO production may reestablish ion homeostasis via modulation of Na+ and K+ transporters to confer salt tolerance in studied rice cultivars.



DISCUSSION

The harmful effects of saline stress on plant growth and productivity are well documented. In this aspect, scientists and breeders are employing various conventional and modern approaches to enhance salt stress tolerance/resistance of sensitive crops like rice. Currently, two main annexes, gene editing and development of salt-tolerant germplasms, are widely utilized to obtain salt-tolerant crops. In addition to this, the application of various synthetic/natural bioactive phytochemical metabolites and elicitors is gaining much attention, to ameliorate or enhance plant abiotic/biotic stress tolerance under diverse environmental stressors. In the present investigation, we have employed UA, a pentacyclic triterpenoid, to explore its potential beneficial effects on plant growth under saline stress in three rice cultivars. A wealth of literature provided ample evidence that triterpenoids like UA could modulate multiple targets and signaling pathways in various therapeutics studies in animal models (Shanmugam et al., 2013; Kashyap et al., 2016). However, its beneficial effects on plant biochemical and physiological processes under environmental stress factors are rarely studied.

Exposure of rice cultivars to salt stress significantly hampered plant biomass in a dose- and cultivar-dependent manner. The highest loss in plant biomass accumulation was manifested in cultivars HZ and 712 compared with HAY. This decline in plant biomass accumulation under salinity may be attributed to reduced photosynthetic rate by fractional closure of stomata and reduction in water uptake (Acosta-Motos et al., 2017). However, pretreatment of rice cultivars with UA under salinity considerably prevented a loss in biomass production (Table 1). The decrease in plant biomass may be associated with deterioration of chlorophyll content as, under saline stress, we observed a decrease in Chl a, b and total chlorophyll of rice cultivars. Previously, it was found that salinity could cause devastation/inhibition of Chl pigment, decrease in total Chl synthesis, and instability of pigment protein complexes (Ahmad et al., 2016). Additionally, salinity also modifies the structure and physiology of organelles involved in photosynthesis such as thylakoid membranes due to ion toxicity and oxidative stress (Figure 1). The stability of chlorophyll molecules under stress conditions depends largely on membrane integrity, which has possibly been maintained by pretreatment of UA. Moreover, UA as an active triterpenoid may enhance the transcript and or translation levels of protein involved in chlorophyll synthesis.

Salt-induced oxidative damage is also determined by measuring MDA, EL, and ROS production, such as H2O2 and O2.− (Figure 1). It is reported that plants experience oxidative stress, when they are exposed to prolonged and lethal salt concentrations. Similarly, a significant increase in H2O2 and O2– production was observed in rice cultivars under salinity. The increase in ROS is correlated with accumulation of MDA and EL in studied rice cultivars. MDA, a product of lipid peroxidation, has been reported to be a major contributor to cellular damage caused by oxidative stress and is commonly regarded as a marker of oxidative stress. The reduction of MDA and EL was observed when plants were pretreated with UA under salinity, which suggests that UA application reduced ROS production in stressed rice cultivars which resulted in a lower level of lipid peroxidation and EL generation. Previously, in animal models application of UA directly scavenges ROS as a powerful antioxidant and also acts as a signaling molecule (Aguirre-Crespo et al., 2006; Ramachandran and Prasad, 2008; Kashyap et al., 2016). However, the mechanism underlying UA-mediated plant stress responses remains largely unknown.

Plants possess a complex antioxidative defense system comprising non-enzymatic and enzymatic components to scavenge reactive oxygen species (ROS) produced under unfavorable conditions like salinity. Under natural conditions, ROS are generated in a steady-state manner and their appropriate balance is maintained between their syntheses and quenching. Under unfavorable conditions like exposure to salinity, balance of ROS could be disturbed as they gear up rapid production of intra- and inter-cellular ROS levels, which leads to ROS accumulation and subsequent damages to the vital membranes, proteins, and nucleic acids (Sharma et al., 2012). To cope with these conditions, plants trigger ROS scavenging enzyme activities, and their transcript levels (Table 2 and Figure 3). Among them, the first line of defense is SOD, which converts highly reactive OH radical and superoxide (O·−) to less toxic H2O2, which reduces damage to DNA, protein, and membranes (Wang J. et al., 2016; Islam et al., 2017). We found that SOD activity was significantly induced in sensitive cultivars HZ and 712, while HAY cultivar maintained less SOD activity under salinity. Several studies proposed that Mn SOD differed from CuZn SOD in perceiving and scavenging cellular ROS levels (Jebara et al., 2005; Ueda et al., 2013). Overexpression of Mn SOD in transgenic Arabidopsis/rice plants resulted in increased salt tolerance (Wang et al., 2004; Wang F. et al., 2016). Zhao et al., 2018 suggested that Mn SOD compared with CuZn SOD might play a complementary role in the maintenance of total SOD activity and the detoxification of ROS in rice under stress conditions.

Besides this, increased salinity-induced oxidative toxicity in cultivars HZ and 712 may be due to malfunctioning of CAT and APX activities. In plants, CAT is involved in scavenging of hydrogen peroxide with a high turnover rate (Gill and Tuteja, 2010; Chrysargyris et al., 2018; Kataria et al., 2019), and its malfunction could impact ROS detoxification in plant as we observed in cultivars HZ and 712. It is suggested that the plant’s defense system could not effectively compensate for overproduced ROS, if the stress was too harsh. Therefore, reduction in antioxidant enzyme activities may damage plants severely (Haddadi et al., 2016) as we observed for cultivars HZ and 712. However, pretreatment of UA also accelerated the activity of POD in rice cultivars. The POD plays a crucial role in imparting salinity tolerance in rice. The qPCR analysis of antioxidant genes is also correlated with the activities of antioxidant enzymes. Overall, the analysis of antioxidant data reveals that pretreatment of UA protected rice plants from salt-induced toxicity by decreasing oxidative stress and by increasing antioxidant enzyme activities in rice cultivar especially in cultivar HAY.

Ascorbate and GSH are water-soluble, non-enzymatic antioxidants that proficiently scavenge salt-induced ROS and control cellular redox potential (Gill and Tuteja, 2010). The AsA-GSH cycle controls the redox potential of these metabolites, where APX catalyzes the reduction of hydrogen peroxide into water using AsA as electron donor, while GR regenerates AsA with the recycling of GSH. The maintenance of a higher concentration of AsA and GSH/GSSG ratio is vital for protection against salt-induced oxidative stress (Islam et al., 2019). Our results showed that saline stress slightly increased the activities of AsA-GSH cycle enzymes and metabolites; however, this increase was not sufficient to detoxify salt-induced oxidative stress in exposed rice cultivars (Table 2). However, pretreatment of rice cultivars with UA demonstrated the significant increase in APX and GR enzyme activities along with higher maintenance of AsA and GSH pool under salinity (Table 2). Our results are in agreement with many previous studies, where superior maintenance of the AsA-GSH cycle by exogenous application of plant metabolites reduces the salt-induced oxidative stress in exposed plants (Li et al., 2014; Cui et al., 2016; Gupta and Seth, 2020). This suggests the potential of UA in maintaining redox homeostasis to destroy the harmful ROS produced under salinity stress, whereas the role of UA pretreatment in regulating these components has rarely been demonstrated in plants.

One of the vital physiological mechanisms enabling plants to adapt to salinity is synthesis of low-molecular-weight compatible solutes (i.e., proline and GB), to improve water potential and protection of photosynthesis machinery from oxidative damages. It was demonstrated that proline provides protection against NaCl-induced oxidative damage by decreasing the levels of ROS accumulation and lipid peroxidation (Kibria et al., 2017; Kumar et al., 2018). In the present study, a sensitive cultivar HZ had a higher proline content than cultivars 712 and HAY, respectively (Figure 2). These results suggest that cultivar HZ has a proline synthesis mechanism in order to deal with salinity. On the other hand, HAY may have different mechanisms along with proline synthesis to cope with salinity (Akcin and Yalcin, 2016). Similarly, GB also has an important role in the activation of antioxidant enzymes and protection of PSII complex and cell membrane under oxidative stress. In the present investigation, UA pretreatment under salinity accelerated GB accumulation in rice cultivars. These results indicate that exogenous application of UA plays an important role in synthesis of compatible solutes in rice cultivars to maintain water potential and cellular redox balance at optimum levels. Plants experience ion imbalance and metabolic disorder due to excessive accumulation of intracellular toxic ions after the onset of salinity stress. The adverse effects of salt-induced ion toxicity could be ameliorated by reducing uptake or accumulation of Na+ or by maintaining a lower cytosolic Na+/K+ ratio under salt stress (Blumwald, 2000). Plant ability to prevent accumulation of toxic Na+ ion in a vital organ like leaf is considered as a key salt tolerance trait. Several authors suggested that accumulation of toxic Na+ ion during salinity is correlated to the salinity tolerance in crops (Cuin et al., 2009; Islam et al., 2016a, b). In the present study, salinity stress triggers Na+ accumulation in leaves of rice cultivars in a dose-dependent manner. The highest increase in Na+ concentration was observed in cultivar HZ followed by 712 and lastly in HAY (Figure 4). Similarly, K+ loss was also observed upon exposure to salinity. Maintenance of shoot K+ content is important for plants in order to retain growth and development under saline conditions (Islam et al., 2016a, 2017). However, there is no previous report regarding the role of UA on homeostasis of ions. However, NO elicitors and exogenous application of NO prevented the accumulation of Na+ in plants via plasma membrane H+-ATP-ase activity (Guo et al., 2005; Zhang A. et al., 2007; Zhang F. et al., 2007; Sehar et al., 2019). The present study results showed that pretreatment of UA prevented the excessive uptake of Na+ by rice cultivars under salinity treatments; the K+ contents were also increased under UA pretreatment when exposed to salinity.

Intracellular Na+ is transported out of the cell via a SOS1 transporter (Shi et al., 2002) or into the root xylem by the high-affinity potassium transporter (OsHKT1;5), which is essential for relieving Na+ toxicity in stems. The expression level of OsSOS1 and OsHKT1;5 was significantly triggered by pretreatment of UA under salinity in cultivar HAY compared with other cultivars (Figure 4). UA pretreatment also meditated the upregulation of SOS1 expression, which maintains ion homeostasis in cells by transporting Na+ out of cells under salinity (Qiu et al., 2002; Peng et al., 2016). Previously, an increase in OsHKT1;5 activity has been observed in resistant cultivar (Pokkali), whereas its expression was suppressed in sensitive cultivar (FL478) (Platten et al., 2013). We also found that cation transporter OsCNGC1, especially transport Na+ under salinity conditions (Assaha et al., 2017), may induce Na+ accumulation and induce toxicity symptoms in rice cultivars. The suppression of OsCNGC1 in rice cultivars may be reason of the decrease in uptake of Na+ under UA pretreatment in saline stress plants (Senadheera et al., 2009). The superior maintenance of transcript expression of OsAKT1 in cultivar HAY would explain the increased K+ accumulation as compared to cultivars HZ and 712 in UA pretreatment under salinity (Figure 4). We therefore speculated that UA strengthens salt tolerance in rice cultivars partly by modulation in the SOS pathway.


Potential Mechanism of UA-Mediated Salt Tolerance

Our results show that pretreatment of UA considerably influences the endogenous NO production and its biosynthesis pathway enzymes (Supplementary Figure 3). These findings suggest that UA pretreatment facilitates endogenous NO production, which in turn stimulates post-translational regulatory pathways of NR and NOS. NR exhibits a defensive role in plants by alleviating salt-induced oxidative stress. Induction of NR activity was observed in leaves of salt-treated rice cultivars. Failure to a sharp increase in NR activity under salinity is associated with a reduced supply of NADH, which might be the outcome of disorganization of chloroplasts (Supplementary Figure 3), decline in photosynthesis, respiration, and NADH oxidation (Khator and Shekhawat, 2019). Previous studies demonstrated that many external factors and plant elicitors or phytohormones could trigger NO production under unfavorable environmental conditions. For example, under chilling stress NOS triggers NO-mediated ALA-induced oxidation resistance in leaves of Elumus mutants (Fu et al., 2015). Phytohormones like melatonin and jasmonic acid stimulated NOS to produce NO burst (Wang and Wu, 2005). Pretreatment of wheat seedling with glucose activates NR to produce NO under aluminum stress (Sun et al., 2018). It has been reported that endogenous NO production could influence the salinity tolerance of several plants, mostly via stimulation of antioxidant defense mechanisms (Khator et al., 2000; Ali et al., 2017; Gadelha et al., 2017; Klein et al., 2018) and suppression in uptake of toxic ions (Fatma et al., 2016; Gadelha et al., 2017). The UA-mediated endogenous NO production may be partly explained the alleviation of salt stress in rice cultivars in the present study.

To confirm whether the UA is involved in the generation of NO under salinity in studied rice cultivars, we employed several pharmacological experiments using NO donors/or NO inhibitors or scavengers. We found that when an NO scavenger/inhibitor was applied to salt stress plants, severe symptoms of salt toxicity were observed in exposed rice cultivars. The rice cultivars accumulated more Na+, and loss of K+ was also increased (Figure 7). Similarly, production of ROS (H2O2, O2.–) and SOD activity was significantly higher in those plants (Figure 6). A significant decrease in CAT, APX, POD, etc., was also observed in PTI-treated plants, which clearly indicates that NO modulation under salinity could disturb plant responses toward salt tolerance. However, when an NO donor (SNP) or UA was applied to salt-treated plants, a significant increase in NO and NR was recorded. Additionally, enhanced NO production due to UA/SNP pretreatment reduces the Na accumulation, K loss, and ROS burst and strengthens the ROS scavenging enzyme activities. From these pharmacological studies (Figures 6, 7), we could speculate that modulation of NO levels by scavenging NO with PTI, downregulating antioxidant gene expression and activities, and depressing rice cultivar salt tolerance and vice versa.



CONCLUSION

This experiment discusses the role of UA to enhance salt tolerance of rice cultivars and the development of seedlings under elevated concentrations of Na+ (NaCl-derived salinity). The growth of sensitive cultivar HZ was significantly inhibited under saline stress compared with 712 and resistant cultivar HAY. The physicochemical analysis showed that ROS production, lipid peroxidation, and Na+ uptake were enhanced in rice cultivars under saline stress conditions. It was also noted that UA pretreatment enhances endogenous production of NO by enhancing the activities of NR and NOS enzymes. UA-mediated NO production stimulated the expression and activities of antioxidant enzymes like SOD, APX, POD, GR, and CAT in rice plants under salinity treatments, which could explain superior stress tolerance in UA pretreatment rice plants. The results also showed that UA pretreatment suppressed the expression of OsCNGC1 transcript and triggers the transcript accumulation of OsSOS1 and OsHKT1;5 genes to facilitate Na+ transport out of the cell. Overall, these findings suggest that UA alleviates salt stress in rice cultivars by reestablishment of redox balance and coordinating NO signal transduction pathways related to the salt stress response at a physiological and transcriptional level. Besides this, it is also possible that salt tolerance of studied rice cultivars under UA application might be improved by acid-medicated pH change in the cells that warrant further investigations and will be explored in our upcoming studies.
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The annual cost of lost crop production from exposure to salinity has major impacts on food security in all parts of the world. Salinity stress disturbs energy metabolism and knowledge of the impacts on critical processes controlling plant energy production is key to successfully breeding salt tolerant crops. To date, little progress has been achieved using classic breeding approaches to develop salt tolerance. The hope of some salinity researchers is that through a better understanding of the metabolic responses and adaptation to salinity exposure, new breeding targets can be suggested to help develop salt tolerant crops. Plants sense and react to salinity through a complex system of sensors, receptor systems, transporters, signal transducers, and gene expression regulators in order to control the uptake of salts and to induce tolerant metabolism that jointly leads to changes in growth rate and biomass production. During this response, there must be a balance between supply of energy from mitochondria and chloroplasts and energy demands for water and ion transport, growth, and osmotic adjustment. The photosynthetic response to salinity has been thoroughly researched and generally we see a sharp drop in photosynthesis after exposure to salinity. However, less attention has been given to the effect of salt stress on plant mitochondrial respiration and the metabolic processes that influence respiratory rate. A further complication is the wide range of respiratory responses that have been observed in different plant species, which have included major and minor increases, decreases, and no change in respiratory rate after salt exposure. In this review, we begin by considering physiological and biochemical impacts of salinity on major crop plants. We then summarize and consider recent advances that have characterized changes in abundance of metabolites that are involved in respiratory pathways and their alternative routes and shunts in terms of energy metabolism in crop plants. We will consider the diverse molecular responses of cellular plant metabolism during salinity exposure and suggest how these metabolic responses might aid in salinity tolerance. Finally, we will consider how this commonality and diversity should influence how future research of the salinity responses of crops plants should proceed.
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Introduction

The impact of salinity stress on crop production is increasing, with over 20% of the world’s cultivated land and two-thirds of irrigated land affected by salt and subsequently degraded (Machado and Serralheiro, 2017). Under moderate salinity conditions (EC 4-8 dS m-1), all major glycophytic crops reduce average yields by 50–80% (Panta et al., 2014) and the difference between the attainable yield and the yield obtained by the farmer is known as the yield gap (Meng et al., 2013). Together with the expected increase in the world’s human population, predicted to reach 9.15 billion by 2050 and with global food production having to rise by more than 50% to match this population growth (Ray et al., 2013), there has been an increasing interest in salt tolerance research in order to improve crop production and decrease the salinity induced yield gap. Identifying the biochemical and molecular basis of salt tolerance is critical for improving crop performance under saline conditions. Unfortunately, to date limited progress has been made to identify suitable genes to modify to overcome salinity induced stress, Genc et al. (2019) has proposed that this has occurred due to an over-emphasis on the sodium exclusion mechanism(s) and less research being focused on osmotic stress/tissue tolerance mechanisms (Jacoby et al., 2011; Munns et al., 2016; Che-Othman et al., 2020). The objective of much salinity research is to work towards the development of salinity tolerant crops and to achieve this the energy supplies from resources and energy demands for growth-related and defence mechanisms need to be considered (Munns et al., 2020). Despite the fact that salinity stress research has been conducted for decades, many of the molecular mechanisms inhibited by salt and the biochemical processes to overcome these inhibitions in plants remain unresolved. No single physiological process can explain why some plants can tolerate exposure to salinity better than others [e.g. barley (Hordeum vulgare) vs wheat (Triticum aestivum) as it involves the interplay of a number of physiological processes controlled by a vast array of genes. This complexity, perhaps explaining why, only a limited number of metabolic process have been examined so far, to assess their molecular response to salinity.

Many salt tolerant responses are seen at the cellular level and glycophytes are known to have a cellular salt tolerance (Lerner, 1999; Hasegawa et al., 2000). Salinity exposure results in changes to physiological and metabolic processes and these eventually inhibit crop production (Rahnama et al., 2010; James et al., 2011). At first, soil salinity suppresses plant growth through osmotic stress and an accompanying ion toxicity which is followed by the subsequent impact of nutritional imbalance and oxidative stress (Rahnama et al., 2010; Arzani and Ashraf, 2016). This hyperosmotic stress inhibits the ability of a root system to absorb water and leaf water loss is increased by high salt concentrations (Munns, 2005). Simultaneously, a hyperionic stress which is considered a second major aspect of salinity stress sees both Na+ and Cl− ions cause severe instability in cellular ion homeostasis and the direct inhibition of a range of cellular enzymes resulting in a range of important physiological disturbances. Most of the energy obtained through photosynthesis and fixed in carbon compounds is used for growth and maintenance by plants (Amthor, 2000; Jacoby et al., 2011). The amount of energy acquired during salinity exposure is reduced both due to decreases in the rate of photosynthesis and leaf area and by the reallocation of this energy to defence and tolerance mechanisms (Jacoby et al., 2010; Hsiao, 2012; Yang et al., 2013). Salinity exposure restricts a number of other biosynthetic functions, including amino acid, protein and carbohydrate synthesis (Seki et al., 2002). Photosynthesis is also reduced by lower stomatal conductance and chloroplast protein inhibition and damage (Gunes et al., 2007). An additional factor contributing to lowered photosynthesis and altered respiratory rate is the overwhelming of reactive oxygen species (ROS) defence mechanisms and the accumulation of damaging ROS. This leads to increasing lipid peroxidation and the production of toxic aldehydes (e.g. HNE, HHE, and acrolein) from both the chloroplastic and mitochondrial membranes. This damage will impact the maintenance of ion gradients across these membranes and specific enzymes are known to be inhibited by these lipid-peroxidation end-products (Taylor et al., 2002; Winger et al., 2005; Winger et al., 2007; Chen et al., 2017). Many plants can adapt to salt exposure that is low or moderate, but their growth is increasingly limited above 200 mM NaCl (Hasegawa et al., 2000). Plants use a range of different strategies to broaden stress tolerance by maintaining energy homeostasis under salinity. Salinity exposure causes enhanced energy consumption and often enhanced respiration which are directly linked to the enhanced production of ROS (Tiwari et al., 2002). Therefore, the modulation of energy metabolism is essential for a response to salinity to balance the production of ROS with the requirements for defence. Energy is provided in the form of ATP, which is produced from stored sugars, and is used to drive many of the biochemical reactions in the cell. Its production requires the co-ordination of a number of metabolic processes including glycolysis and the oxidative pentose phosphate (OPP) pathway in cytoplasm/plastid and the tricarboxylic acid (TCA) cycle and mitochondrial electron transfer chain (METC) in mitochondria. Mitochondrial function is known to be essential for the salinity tolerance in crops as it has roles in signal transduction, ion exclusion and homeostasis, ROS detoxification, the generation of ATP, and carbon balance (Jacoby et al., 2011).

An early event consistently observed during saline exposure is the down regulation of energy metabolism and protein synthesis which may be an energy conservation strategy and could represent the transition from plant growth to the induction of protective mechanisms (Liu and Howell, 2010). Similarly, the relative abundance of several metabolites that participate in metabolic processes leading to the production of energy such as those involved in glycolysis, the OPP pathway, TCA cycle, and the METC, have also been identified as early responses to salt exposure. To elucidate salinity responses and tolerance processes in plant tissues and whole plants, it is essential to understand the impact of salinity at the cellular level in terms of its physiological and biochemical effects. In contrast, plants examined from the breeding perspective are often viewed as whole plants where the underlying biochemical responses are not visible and their salinity tolerance is characterized by yield or biomass in comparison to appropriate checks. This review provides an overview of energy metabolism through respiratory pathways and their alternative metabolic routes and shunts under saline conditions. The aim of this review is to discuss previously characterized changes in abundance of metabolites and pathways that are involved in molecular responses of crop plants to salinity exposure. A complete understanding of the plant respiratory response to salinity exposure is yet to be developed, however a number of studies have observed changes in respiratory components, but these are yet to be examined from a respiratory perspective. The study of the impacts of salinity as an energy-driven process opens new opportunities to understand the mechanisms of adaptation and regulation and apply these to a breeding program to enhance salinity tolerance.



Physiological and Biochemical Impacts of Salinity Exposure

Salt accumulation in soil and water prevents plant growth through two major impacts. Firstly, the existence of salt in the soil solution decreases the capacity of a plant to absorb water, which is referred to as the osmotic or water deficiency of salt stress. This impact relies on the concentration of salt outside the plant and growth inhibition is mainly due to water shortage or osmotic stress, with very little genotypic variation in this trait observed. Secondly, the salt-specific or ion-excess salinity impact, whereby the accumulation of Na+ and Cl- ions within the plant leads to toxic impacts on plant biochemistry (Greenway and Munns, 1980). The ionic phase of the growth loss can take some time, in some cases, up to 30 days, to establish and can have impacts on metabolic pathways that are required to provide sufficient energy to drive vital functions in adapting the plant to saline environments (Mittova et al., 2003). This includes the induction of plant proteins and metabolites, compartmentalization of ions at the cellular and tissue levels, the synthesis of compatible solutes, changes in photosynthetic and respiratory pathways, the induction of plant hormones, and alterations in membrane structure. These impacts can ultimately disturb physiological and biochemical homeostasis and lead to yield loss.

Limitations in the activity of photosynthesis induced by salinity exposure is a major physiological impact of salt exposure, reducing photosynthesis both in the short- and long-term. Coupled with the loss of photosynthetic activity, changes in plant respiration have also been extensively observed. These two processes are linked through the concept of carbon-balance, where an estimate of photosynthesis-fixed carbon minus respiratory carbon results in net assimilated carbon for plant growth. Under saline conditions, a slowing of respiration has been observed in some cases, but the impacts on the net carbon status of the plant remains limited due to a significant decrease in photosynthesis (Schwarz and Gale, 1981). However, other experiments have shown that specific respiration rates are either increased (Schwarz and Gale, 1981; Reuveni, 1997; Che-Othman et al., 2020) or are unaffected (Keiper et al., 1998; Epron et al., 1999; Koyro et al., 2006). This coupled to the observation that generally the rate of photosynthesis decreases, indicates that respiratory variation may be essential in determining the differences in yield between salt stressed and non-stressed crop varieties. For example, a susceptible variety of wheat may show a dramatically enhanced rate of respiration under salt conditions, while the tolerant variety retains respiratory homeostasis, as a result the tolerant variety allocates less of its fixed carbon to respiration and more to growth (Kasai et al., 1998).

The disadvantage of elevated respiration rates is that carbon is spent on respiration instead of being assigned to the synthesis of new tissue, thereby restricting growth under a saline environment (Flowers et al., 2015). Mitochondrial respiration during salt exposure is needed to produce more ATP, which provides energy for metabolic processes such as ion exclusion, synthesis of compatible solutes and detoxification of ROS (Munns and Tester, 2008). When mitochondrial respiration is disrupted, this also disrupts the balance between ROS production and scavenging leading to the over accumulation of ROS, which requires greater respiration to detoxify (Jacoby et al., 2010). Additionally, the ability of a plant to exclude Na+ ions is linked to its root respiration rate (Malagoli et al., 2008) and it has been shown that respiratory homeostasis in leaves is associated with salt tolerance in wheat (Jacoby et al., 2013), however, this is yet to be verified in a larger range of species. The greater energy-use efficiency of a plant reduces the need to increase respiration and subsequently this will lower the production of ROS. The changing abundance of metabolites that are components of the metabolic pathways that drive respiration can play an important role in plant salinity tolerance and these compounds can serve as a repository of energy or act to adjust osmotic potential in crops exposed to salinity.



Changes in Respiratory Metabolism in Response to Salinity

To better understand the impacts of salinity on plant growth, it is essential to assess the changes in abundance of metabolites involved in respiratory metabolism. The activity of all enzyme-catalysed responses, including those required to relocate ions and metabolites through membranes is strictly regulated by enzyme production and activity, enabling the adjustment of metabolic products under different environmental conditions and developmental stages. Additionally, plants have multiple subcellular compartments that provide discrete environments for the optimal activity of enzymes and allow for the segregation of metabolic processes. The metabolic reactions within the plant cell are therefore often complex and fluid and may involve the movement of metabolites across multiple membranes into different subcellular compartments. Furthermore, the simple abundance of a particular metabolite may not be sufficient for tolerance and it may be the flux through a particular metabolic pathway that is needed to contribute to stress tolerance (Allen et al., 2009). Changes in abundance of metabolites are dynamic and multifaceted in response to stress conditions and rely not only on the intensity of the stress, but also on the genetic potential of the crop plant exposed. Characterization of changes in abundance of metabolites that are involved in components of the respiratory metabolism can lead to a better understanding how salinity exposure alters metabolite abundance and flux in central carbon metabolism and the impact this has on plant performance.

The provision of respiratory substrates involves the breakdown of sugar molecules involving a number of interconnected metabolic processes including cytosolic glycolysis, the OPP pathway, and the mitochondrial TCA cycle and METC. While the metabolites and proteins involved in these processes were characterized some time ago, their regulation and the impacts of salt exposure are much less well understood. To date, there is no unified consensus on the impacts of salt exposure on energy metabolism, however salinity exposure does typically result in elevated energy requirements and increased respiration (Jacoby et al., 2011). Previous research has identified some of the molecular responses to salinity exposure and many of these have been shown to be linked to glycolysis, the OPP pathway, the TCA cycle, and METC (Table 1). Although we often separate these metabolic pathways to ease our understanding they do operate as an integrated network of reactions and have several distinctive “entry points” and “exit points”, a number of interconnected reactions and reactions that are dependent on ATP (Stitt, 1998). Respiratory metabolism is an integrated network of a large number of reactions that is required to produce the majority of NAD(P)H required to maintain ATP supply (Nunes-Nesi et al., 2013).


Table 1 | Research observations of changes in independent and shared metabolite abundances involved in glycolysis, the oxidative pentose pathway, and the TCA cycle during salinity exposure.






Metabolic Changes in Glycolysis in Response to Salinity Exposure

Cellular energy is provided in the form of ATP that is produced from the chemical energy stored in sugars through the action of the metabolic pathways of glycolysis, the OPP pathway, the TCA cycle, and the METC (Fernie et al., 2004). The process of glycolysis involves the oxidation of glucose (derived from starch and sucrose) to pyruvate (Figure 1). The TCA cycle then decarboxylates this pyruvate to produce reductants such as NADH and FADH2 are used by the METC to produce ATP by oxidative phosphorylation. An increase in the carbon flow from glycolysis leads to enhanced production of NADH, FADH2, and ultimately the production of ATP. The oxidation of one sucrose molecule by glycolysis results in four ATP, four molecules of pyruvate, and four NADH molecules that are used in the TCA cycle (Munns et al., 2020). Previous research has shown that a number of metabolites of glycolysis change in abundance in several crops, including maize (Guo et al., 2017), barley (Wu et al., 2013) and wheat (Che-Othman et al., 2020) under salinity stress (Figure 1 and Table 1) and that glycolysis and sucrose metabolism are co-induced during long term salt exposure (Urano et al., 2010). A considerable reduction in saccharide abundance, including glucose, fructose, xylose, and sucrose has been reported in a number of plants exposed to salinity including Oryza sativa (Sanchez et al., 2008), Hordeum spontaneous (Wu et al., 2013), and barley (Wu et al., 2013). These saccharides are required as sources of glucose for glycolysis and may also contribute to osmotic adjustment in plants.




Figure 1 | The glycolytic pathway. OPP, Oxidative pentose phosphate pathway; PPi, pyrophosphate, Pi, inorganic phosphate; TPI, triose phosphate isomerase; NAD+, nicotinamide adenine dinucleotide (oxidized); NADH, nicotinamide adenine dinucleotide (reduced); NADP+, nicotinamide adenine dinucleotide phosphate (oxidized); NADPH; nicotinamide adenine dinucleotide phosphate (reduced); ATP, adenosine triphosphate; ADP, adenosine diphosphate; MDH, malate dehydrogenase; PEPC, phosphoenolpyruvate carboxylase; PK, pyruvate kinase. G1-G13 represent each metabolite of glycolysis and the number before the red arrows indicate the number of papers that report an increase in abundance, the number before the green arrows indicates the number of papers that report a decrease in abundance, and the number before the black dashes indicates the number of papers that report no change in abundance.



The abundance of glucose, glucose-6-phosphate (glucose-6-P) and fructose-6-phosphate (fructose-6-P), as intermediate metabolites of glycolysis, has been shown to decrease in a tolerant and increase in a salt-sensitive soybean [Table 1 and Figure 1; (Zhang et al., 2016)]. While pyruvate, the final output of glycolysis, has been shown to accumulate in two soybean lines, the accumulation rate in salt-sensitive genotype was greater than in salt-tolerant genotype (Zhang et al., 2016). This suggests that the glycolysis pathway is essential for regulating energy metabolism under salinity. Similarly, Wu et al. (2013) have reported that in two salt tolerant barley genotypes, wild barley (Hordeum spontaneum) has a greater chlorophyll and compatible solute concentration during salt exposure, while cultivated barley (Hordeum vulgare) increases its salt tolerance primarily by enhancing glycolysis in leaves when it was exposed to salt. Specifically, increases in the abundance of glucose, glucose-6-P, fructose-6-P, and 3-phosphoglyceric acid (3-PGA) were observed, whereas pyruvate only accumulated markedly in the wild barley. In contrast, in the roots of both genotypes intermediate metabolites of glycolysis, fructose-6-P, glucose-6-P, and 3-PGA were decreased in abundance. Also, in sugar beet cultivars, glycolysis metabolites were seen to increase in abundance in response to increased energy demand under salinity stress (Hossain et al., 2017). This increased activity of glycolysis is consistent with the lower glucose abundance also seen in some other crops including wheat (Che-Othman et al., 2020) and barley (Widodo et al., 2009; Wu et al., 2013) as glucose is consumed by glycolysis to produce pyruvate for the TCA cycle (Fernie et al., 2004). However, pyruvate utilization may also be reduced under salt stress and this can result in the accumulation of pyruvate and feedback inhibition of glycolysis (Che-Othman et al., 2020). Taken together, the observed patterns of changes in abundance of metabolites indicate that typically glycolysis is up-regulated in order to release more energy and accelerate the metabolic response to stress. During this increase in activity glucose and its energized form, glucose-6-P are the starting point of glycolysis that breaks down glucose to pyruvate, which is coupled to the production of two molecules of ATP. In addition, the pyruvate produced can be utilized in the TCA cycle to yield additional reductants for further ATP production.



Is the Oxidative Pentose Phosphate Pathway a Shunt for Glycolysis Under Salinity?

The OPP pathway is an alternative partially independent metabolic pathway connecting mitochondrial respiration and energy metabolism and has a central role in the catabolism of carbohydrates, producing the reductant NADPH (Figure 2). This NADPH produced during a plants response to salt stress is thought to be critical in enabling survival (Huan et al., 2014). Glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase are key enzymes in this pathway with Glucose-6-P the second intermediate metabolite of glycolysis and the first metabolite of the OPP pathway (Figure 2 and Table 1). This pathway provides NADPH for reductive synthesis and intermediary metabolites such as pentose and erythrose-4-phosphate that are precursors for various biosynthetic pathways including aromatic amino acids, phytoalexins, nucleic acids, sugar derivatives, and co-enzymes which are involved in plant stress tolerance (Hauschild and Von Schaewen, 2003; Kruger and Von Schaewen, 2003). The oxidative pentose phosphate pathway is the main route of NADPH formation which is used in plant cells for biosynthesis and redox stability (Cardi et al., 2011). The OPP pathway also produces ribose 5-phosphate that is required for the Calvin cycle and in nucleotide synthesis (Debnam and Emes, 1999).




Figure 2 | The oxidative pentose phosphate pathway. NADPH, nicotinamide adenine dinucleotide phosphate (reduced); R-5-p I, ribose-5-phosphate isomerase; R-5-p Epimerase, ribulose-5-phosphate epimerase. O1-O10 represent each metabolite of the OPP pathway and the number before the red arrows indicate the number of papers that report an increase in abundance, the number before the green arrows indicates the number of papers that report a decrease in abundance and the number before the black dashes indicates the number of papers that report no change in abundance.



In response to salinity exposure, a number of oxidative pentose phosphate pathway metabolites have been shown to increase in abundance [Figure 2 and Table 1; (Wu et al., 2013; Zhang et al., 2016; Hossain et al., 2017)]. It has been reported that in some cases salinity stress produces a significant suppression of the TCA cycle and amino acid metabolism, that restricts glycolysis and diverts carbon into the OPP pathway (Krishnaraj and Thorpe, 1996; Nemoto and Sasakuma, 2000). Research in wheat has shown that the OPP pathway is involved in the salinity response with an increase in OPP activity at the expense of the glycolytic pathway demonstrated through the use of 14C-6-glucose (Krishnaraj and Thorpe, 1996) and the induction of glucose-6-P dehydrogenase mRNA after short term salinity exposure (Nemoto and Sasakuma, 2000). Similarly, in Tamarix tetragyna exposed to 120 mM NaCl an enhanced proportion of 14C-glucose was oxidized through the OPP pathway but did not influence the glycolytic pathway (Kalir and Poljakoff-Mayber, 1976). This stimulation of OPP pathway identified by using labelled glucose has also been reported in pea roots (Porath and Poljakoff-Maybee, 1968). As energy requirements increase under salt exposure many metabolites related to ATP production have been reported to increase in abundance in many plants, especially halophytic species (Sobhanian et al., 2010; Cheng et al., 2015). Similarly, the abundance of a number of enzymes of the OPP pathway have also been reported to increase during salt exposure (Nemoto and Sasakuma, 2000; Hou et al., 2007; Sobhanian et al., 2010). The OPP pathway is a central component of metabolism and is highly flexible and dynamic under stress conditions (Kaur and Asthir, 2015; Lu et al., 2016). The interaction of the OPP pathway and glycolysis allows the fine tuning of the abundance of reducing power in the form of NADPH, NADH, and ATP under salinity (Couee et al., 2006). However, the precise function of OPP pathway is largely unclear in the plant response to salinity stress and the impact of salt exposure on the activity of its enzymes remains to be examined.



Tricarboxylic Acid Cycle Metabolite Changes During Salinity Exposure

Respiratory metabolism involving glycolysis and the OPP pathway is linked to the mitochondrial TCA cycle, converting phosphoenolpyruvate (PEP) to malate, oxaloacetate or pyruvate (Table 1 and Figure 1). Subsequently these organic acids are interconverted in the TCA network (Figure 3), to generate energy and eventually yield 15 ATP equivalents per pyruvate (Fernie et al., 2004). The response of TCA cycle components to salinity exposure in crops has been investigated (Figure 3 and Table 1), but in most cases the molecular mechanism and the impact of these modifications on TCA cycle activity are still not fully understood. Furthermore, it is not apparent whether these changes in the activity of TCA cycle components results from the impacts of stress or are in fact tolerance mechanisms induced to overcome stress.




Figure 3 | The tricarboxylic acid cycle. NAD+, nicotinamide adenine dinucleotide (oxidized); NADH, nicotinamide adenine dinucleotide (reduced); ATP, adenosine triphosphate; ADP, adenosine diphosphate; Pi, inorganic phosphate; GTP, guanosine triphosphate; GDP, guanosine diphosphate; Q, qunione; QH2, dihydroquinone. T1-T15 represent each metabolite of the TCA pathway and the number before the red arrows indicate the number of papers that report an increase in abundance, the number before the green arrows indicates the number of papers that report a decrease in abundance, and the number before the black dashes indicates the number of papers that report no change in abundance.



The TCA cycle consumes acetate (in the form of acetyl-CoA), converts NAD+ to NADH and is a key element of the synthesis of respiratory ATP by providing reductant for the METC. While a wide range of research has examined the TCA cycle metabolite content of salt-treated crops, the metabolite changes in response to salt treatments differs between species or in some cases genotypes within the same species and this complicates our current understanding (Gong et al., 2005). Typically, an accumulation of sucrose and amino acids, especially proline, alanine, GABA, and lysine are seen in wheat (Che-Othman et al., 2020), barley (Widodo et al., 2009) and other crops (Sanchez et al., 2008; Hossain et al., 2017) following salt exposure. The biosynthesis of these amino acids involves the TCA cycle intermediates 2-oxoglutarate, pyruvate and oxaloacetate, which is likely why when increases in these amino acids are observed, decreases are also seen in the corresponding organic acids. (Hanning et al., 1999; Wu et al., 2013; Diab and Limami, 2016). In most reports, organic acids and intermediates in the TCA cycle decline in abundance after salt stress in many crops [Table 1 and Figure 1; (Gagneul et al., 2007; Kim et al., 2007; Zuther et al., 2007; Sanchez et al., 2008; Che-Othman et al., 2020)]. For example, Zuther et al. (2007) showed a significant differentiation of metabotypes from sensitive and tolerant rice cultivars that was more apparent in the root than in the leaf. The roots of the more tolerant rice cultivars had reduced TCA cycle intermediate abundance and a greater abundance of amino acids. In contrast in the barley cultivar Sahara (salt sensitive), the TCA cycle intermediates (α-ketoglutarate, aconitate, citrate, isocitrate, malate, and succinate) increased in abundance during salt exposure, while similarly treated Clipper (salt tolerant cultivar) showed no significant change in abundance after 3 weeks of exposure (Widodo et al., 2009). In a similar study using the same barley cultivars examining short term salinity exposure, both varieties showed an increased abundance of TCA cycle intermediates in the root elongation zone, likely indicating an increased energy requirement for cell division (Shelden et al., 2016). Analysis of the abundances of organic acids in wheat plants showed a reduction in the abundance of aconitate, citrate, malate and fumarate in salt-stressed plants, while succinate and 2-oxoglutarate increased in abundance (Che-Othman et al., 2020). 2-Oxoglutarate is generated from oxidative decarboxylation of isocitrate by the TCA cycle enzyme isocitrate dehydrogenase and can also be generated by glutamate dehydrogenase from deamination of glutamate. The enhanced abundance of this metabolite may be the consequence of enhanced activity of one or both of these enzymes (Masclaux-Daubresse et al., 2006). A greater abundance of lysine, methionine, and asparagine was also observed, which are derived from oxaloacetate, these amino acids can arise from various sources including protein degradation and de novo synthesis by assimilating nitrogen into carbon skeletons obtained from glycolysis and TCA cycle intermediates (Gilbert et al., 1998). Glutamate is used as an ammonia donor to synthesize proline, glutamine, and ornithine which also increased in wheat plants under salt stress (Carillo et al., 2008; Che-Othman et al., 2020). When the ammonia group is given to oxaloacetate from glutamate through aspartate aminotransferase, aspartate is produced which is a precursor for synthesis of asparagine, lysine, and methionine that also increased in abundance during salt exposure (Petrov et al., 2015; Che-Othman et al., 2020).

Increases in respiration have been suggested as a short-term adjustment mechanism for salinity exposure in order to manage the demand for rising energy consumption (Bloom and Epstein, 1984). Organic acid concentrations, particularly those that are components of the TCA cycle contribute to this metabolic activity of the tissue under stress. Increases in the abundance of these organic acids is associated with the plant’s capacity to maintain or enhance yield when stressed (Widodo et al., 2009). In contrast, a lower abundance of several organic acids (most notably citrate and isocitrate) in wheat leaves (Che-Othman et al., 2020), barley leaves (Wu et al., 2013), and rice roots (Sanchez et al., 2008) under salinity stress shows that these metabolites which are downstream of pyruvate are depleted likely through the inhibition of pyruvate transport into the mitochondria or its conversion to acetyl-CoA. In many instances, a long-term reaction to salinity exposure involves a reduction in respiration, and this is followed by a reduction in energy because as growth slows under the stress the organic acids decline, in particular in TCA intermidiates (Lambers et al., 2008). However, a decrease in pyruvate carrier abundance and subunits of pyruvate dehydrogenase complex also reduces the ability of TCA cycle to produce NADH for respiration (Che-Othman et al., 2020).

Interestingly, there has been some suggestion that there are differing responses of TCA cycle intermediates in the leaves and roots of some plants. For example, in maize roots, malate, and succinate levels increased, while in shoots, glutamate and asparagine increased and malate decreased in abundance indicating tissue specific variations in the salinity response of TCA cycle components (Gavaghan et al., 2011). Similarly, in the leaves and roots of barley aconitate and citrate were observed to increase in abundance, however they decreased in abundance in the roots following salinity exposure. At the same time, there have been examples of TCA cycle intermediates in the same plants tissues responding differentially to salt exposure across different experiments. For example, in studies examining the leaves (Widodo et al., 2009) and roots of barley (Wu et al., 2014) exposed to salinity the TCA cycle intermediates α-ketoglutarate, aconitate, citrate, isocitrate, malate, succinate all increased in abundance, while aconitate and citrate decreased in abundance only in barley leaves (Wu et al., 2014). Similarly there have also been reports of differing responses of TCA cycle intermediates between salt sensitive and salt tolerant varieties, for example in the flower and pod tissues of the desi chickpea cultivar, cv Rupali (salt sensitive) isocitrate and aconitate increased during salt exposure while in the salt tolerant cv Genesis 836 this did not occur (Dias et al., 2015). In other words, salt-sensitive and salt tolerance lines may utilize differential metabolite responses when exposed to salinity. Additionally in some cases these factors are compounding such as, the study of Zuther et al. (2007) which showed a significant differentiation of metabolite contents from sensitive and tolerant rice cultivars that was more apparent in the root than in the leaf. The roots of the more tolerant rice cultivars had reduced TCA cycle intermediate abundance and a greater abundance of amino acids. While these differences between salt sensitive and tolerant varieties, or between roots and shoots appear to be interesting leads we must also take into account that many of these responses have been recorded on different time scales, intensities of treatment, across experiments and thus the apparent differences observed between tissues, genotypes, and tolerance must be taken with a grain of salt. Until a unified consensus is reached through a large number of studies it is very difficult to determine if these are a consequence of salt exposure or an induction of a tolerance mechanism.



The Role of the γ-Aminobutyric-Acid Shunt During Salinity

There are several alternative pathways of TCA cycle metabolism and other metabolic pathways that can provide reductants to the METC, including the malate-pyruvate pathway catalyzed by malic enzyme, beta-oxidation, and the γ-aminobutyric-acid (GABA) shunt which have all been characterized in crops (Che-Othman et al., 2017; Munns et al., 2020). The GABA shunt was first identified in potato (Solanum tuberosum) more than 70 years ago (Steward et al., 1949), however, to date its function is not yet fully understood. Its activity involves the assimilation of ammonia into 2-oxoglutarate by glutamate dehydrogenase to produce glutamate which is decarboxylated to generate GABA and CO2 in the cytosol. A GABA transporter transfers GABA to the mitochondria where it is transformed to succinic semialdehyde (SSA) and then to succinate (Figure 3). The GABA shunt maintains TCA cycle function, bypassing the steps catalyzed by 2-oxoglutarate dehydrogenase and succinyl-CoA synthase maintaining NADH and succinate production for the METC (Bouche et al., 2003; Studart-Guimaraes et al., 2007). The metabolite GABA has been shown to accumulate in response to a range of both biotic and abiotic stresses. This is likely due to GABA transaminase (4-aminobutyrate:2-oxoglutarate aminotransferase, GABA-T) activity being restricted under stress environments, leading to the accumulation of GABA for the supply of succinate to the TCA cycle (Shelp et al., 2012). When GABA catabolism into the TCA cycle is reduced, this impacts the growth of the root systems and the structure of cell walls and sugar and starch catabolism increases (Renault et al., 2013). The GABA shunt is imperative both for plant development and in responses to various stresses and GABA can also act as a signalling molecule that interacts and modifies protein activity (Fait et al., 2008; Long et al., 2020).

Recent studies point to a GABA shunt pathway that is responsive to numerous environmental stresses including cold, heat, drought, and salinity and acts as an accumulative adaptive metabolite in crops. Other probable roles for GABA and the GABA shunt in crops include the maintenance of C:N equilibrium under a range of abiotic stresses (Mazzucotelli et al., 2006), oxidative stress defence (Fait et al., 2006), biotic defence (Mclean et al., 2003), osmoregulation (Bor et al., 2009), and cytosolic pH regulation (Snedden et al., 1995). GABA abundance is primarily controlled through the rate of synthesis, although GABA has been shown to increase in Arabidopsis GABA-T deficient mutants under salinity stress indicating its concentration can also be controlled by its degradation (Fait et al., 2008; Renault et al., 2010). Increases in GABA abundance in response to salt stress could also result from the reverse reaction of GABA-T, which can catalyze the conversion of SSA to GABA (Akcay et al., 2012). GABA and proline abundance has been shown to increase in response to salinity and a range of other abiotic stresses in wheat (Al-Quraan et al., 2013; Che-Othman et al., 2020), maize (Wang et al., 2017), soybean (Xing et al., 2007), tobacco (Allan et al., 2008), sesame (Bor et al., 2009), and barley (Widodo et al., 2009). These two metabolites can be quickly produced for cellular stress protection, primarily as osmolytes, ROS scavengers and signalling molecules (Carillo et al., 2008). The abundance of glutamate as a precursor for proline and GABA also increases under stress conditions (Liu et al., 2011; Carillo, 2018) along with other associated amino acids. Although the primary source of GABA is GAD activity, it could also be obtained from putrescine during glycine betaine biosynthesis (Shelp et al., 2012) and also proline under oxidative stress conditions (Signorelli et al., 2015). While there is one report that shows a decrease in GABA abundance under salinity stress, it seems likely the severe treatment of tobacco plants with 500 mM NaCl caused this loss (Zhang et al., 2011). The activity of the GABA shunt is influenced by GAD activity which is dependent on pH and calcium ion abundance (Che-Othman et al., 2017). This has been demonstrated in soybeans exposed to CaCl2 where increases in the activity of GAD and the GABA shunt led to increased respiration (Yin et al., 2015). The high expression of GAD under salinity conditions indicates that the main route of GABA production would be GAD-mediated conversion of glutamate to GABA.

Salt exposure also increases two other GABA shunt metabolites, glutamate and alanine, and the activity GABA metabolism enzymes (Renault et al., 2010; Al-Quraan et al., 2019; Che-Othman et al., 2020). Because GABA production is closely connected to the abundance of glutamate, GABA synthesis plays an important role in determining glutamate abundance with GABA acting as a nitrogen storage metabolite. Glutamate is a precursor to many metabolites linked to stress exposure and maintaining high levels of this metabolite under salinity stress is vital in spite of glutamate abundance being significantly impacted by GAD expression (Forde and Lea, 2007). Organic acid pools of fumarate and malate which occur after the GABA shunt in the TCA cycle show significant decreases in abundance under salt stress in alfalfa (Medicago sativa) (Fougere et al., 1991) and wheat (Che-Othman et al., 2020). These metabolites are used for the synthesis of aspartate-derived amino acids including asparagine, lysine, threonine, isoleucine, and methionine, are derived from oxaloacetate from the TCA cycle and increase in abundance under salt exposure (Che-Othman et al., 2020). Recently in wheat it was shown that during salt exposure an increase in GABA shunt activity provides an alternative carbon supply into the TCA cycle through succinate production that bypasses the 2-oxoglutarate dehydrogenase complex (OGDC) and succinyl Co-A synthetase catalysed steps of the TCA cycle (Che-Othman et al., 2020). This induction was required as OGDC was shown to be significantly inhibited during salt exposure (Che-Othman et al., 2020). Similarly, it has been previously shown in transgenic tomato that had a reduced activity of the β-subunit of succinyl-CoA synthetase that this enzyme was dispensable due to the up regulation of the GABA shunt, bypassing the need for succinyl-CoA synthetase activity (Studart-Guimaraes et al., 2007). In addition to the reduced OGDC activity, both a reduction in the abundance of the pyruvate carrier and the activity and abundance in pyruvate dehydrogenase (PDC) subunits was observed in wheat exposed to salt (Che-Othman et al., 2020). This lowers the capacity for cyclic operation of the TCA cycle to provide reductant for respiration, however, it was shown through the use of inhibitors that the GABA shunt contributes to overcoming this limitation (Che-Othman et al., 2020).



Could an Enzymatic Bypass and/or β-Oxidation Support NADH Production During Salinity?

As the capacity for the cyclic operation of the TCA cycle is restricted due to the inhibition of OGDC and PDC and pyruvate transport during salt exposure, the amount reductant supplied for respiration will decrease. However, it has been shown in many studies that during salinity exposure the respiration rate increases (Jacoby et al., 2011), so how can reductant production be maintained or enhanced? The inhibition of OGDC is overcome by the induction of the GABA shunt, but without mitochondrial pyruvate abundance and PDC activity, normal cyclic TCA operation is not possible as acetyl-CoA production is reduced. Interestingly, a similar situation is encountered during phosphate starvation as a restriction in the availability of Pi and adenylates restricts the availability of pyruvate (Theodorou and Plaxton, 1993). The production of pyruvate from phosphoenolpyruvate requires the activity of PK and ADP (Figure 1) and with lower ADP abundance during phosphate starvation pyruvate production is reduced. To overcome this limitation the combined activities of phosphoenolpyruvate carboxylase (PEPC), malate dehydrogenase (MDH), and NAD-malic enzymes act to function as an alternative pathway to provide pyruvate to the mitochondria (Theodorou and Plaxton, 1993). Under salt exposure, a similar response may be involved with both PEPC and cytosolic MDH supplying malate to the mitochondria, that is then converted to OAA by mitochondrial MDH producing NADH. This OAA could then be utilized in the production of aspartate-derived amino acids including asparagine, lysine, and methionine which are all seen to increase dramatically during salt exposure (Che-Othman et al., 2020) or combined with acetyl-CoA derived from β-oxidation. Whether this bypass is implemented during salinity is yet to be confirmed but it is known that MDH is salt tolerant (Che-Othman et al., 2020) and that PEPC expression and activity increases during salinity exposure of crops (Echevarria et al., 2001; Gonzalez et al., 2003).

A second mechanism by which NADH production may be maintained is through β-oxidation. β-oxidation is the catabolic pathway whereby fatty acid molecules in the mitochondria are decomposed in a cyclic process, involving the repeated oxidation of the β carbon atom of a fatty acid and the removal of two carbon atoms in the form of acetyl-CoA reducing the fatty acid length (Masterson and Wood, 2009). The acetyl-CoA can then enter the TCA cycle to provide carbon for the cyclic operation of the TCA cycle, by combining with OAA to produce citrate. Additionally, during β-oxidation NADH and FADH2 are also produced and can be used by electron transport chain to produce ATP. A metabolite profiling study in salt-treated soybean seedlings indicated a significant role in the energy production from β-oxidation (Zhang et al., 2016). In this report, significant changes in the abundance of several fatty acids were observed in salt sensitive and salt tolerant soybean plants. Similarly increases in citrate production via β-oxidation has also been reported in sweet potato under salinity stress (Mclachlan et al., 2016; Yu et al., 2018). In sweet potato, β-oxidation inhibition led to a noticeable accumulation of lipids in vegetative tissues under NaCl stress and also disturbed K+/Na+ homeostasis and the exogenous stimulation of this pathway showed plasma membrane H+–ATPase activity and restored K+/Na+ homeostasis (Yu et al., 2018). In these plants, the resulting acetyl-CoA was thought to be used by citrate synthase to catalyse citrate entering to TCA cycle (Yu et al., 2018). Interestingly when the development of and during the recovery of salt treated Arabidopsis plants was examined in the presence and absence of carnitine, those exposed to carnitine showed untreated growth rates and recovery from salt exposure (Charrier et al., 2012). Similarly, the application to carnitine to barley seedlings reduced the damage caused by salt exposure by increasing mitosis and decreasing DNA damage (Oney-Birol, 2019). Carnitine facilitates the transport of cytosolic fatty acids into mitochondria which can then undergo β-oxidation and supply acetyl CoA to the TCA cycle. Under cold exposure which in addition to salinity exposure causes the breakdown of triacylglycerols, this carnitine was also shown to increase the transport of fatty acids in to mitochondria, stimulate respiration, and the activity of citrate synthase in maize (Turk et al., 2019). Taken together, the transport of malate produced by PEPC and cytosolic MDH into the mitochondria could be coupled to acetyl-CoA produced from β-oxidation to restore the cyclic operation of the TCA cycle. This in combination with the GABA shunt would overcome the inhibition of OGDC, PDC, and pyruvate transport seen in wheat (Che-Othman et al., 2020). This could allow sufficient supply of reductant to the METC to facilitate the high rates of respiration seen in response to salt exposure.



The Mitochondrial Electron Transport Chain and Salinity

The efficient generation of ATP by mitochondria is critical to provide energy required for salinity tolerance mechanisms in plants (Jacoby et al., 2011). The process of oxidative phosphorylation connects the oxidation of reductants such as NADH to the transport of electrons through the METC to ultimately reduce O2 to water. During this process an electrochemical gradient is established across the inner mitochondrial membrane through the transport of H+ ions from the mitochondrial matrix to the intermembrane space. This electrochemical gradient is then used by ATP synthase to generate ATP. Electrons can enter the METC through one of four unique pathways in plants (Schertl and Braun, 2014): (1) Dehydrogenases in the mitochondrial matrix reduce compounds such as NAD(P)+ to NAD(P)H and these electrons are then transmitted to the METC through Complex I, Complex II or matrix facing NAD(P)H dehydrogenases that oxidize the NADH, (2) The matrix-FADH2 route where FAD+ is reduced and passes electrons to the ubiquinone pool, sometimes via the electron transfer flavoprotein/electron transfer flavoprotein oxidoreductase, (3) Intermembrane space (IMS) NAD(P)H is oxidized by IMS facing alternative NAD(P)H dehydrogenases, (4) The IMS-FADH2 route where reduced FADH2 or FMNH2 pass electrons directly to the ubiquinone pool and cytochrome c. The contribution of each of these four pathways is dependent on the physiological state of the cell and the impacts of biotic and abiotic stresses. Under normal conditions cyclic TCA cycle activity is the main source of reducing agents for the METC.

Only a limited number of studies have examined the impact of salinity of the function of the METC in plants. The observation that salinity can differentially impact the activity of the METC was first shown by Hamilton and Heckathorm (2001) in isolated maize mitochondria. They demonstrated that CI was more sensitive to salinity exposure than CII and that while the activity of CI could be restored by antioxidants including ascorbate, glutathione, SOD, catalase, and α-tocopherol while CII activity was restored by osmoprotectants such as proline and glycine betaine. More recently, we showed that MTEC activity was inhibited by NaCl concentrations above 400 mM. However, different electron transfer chains showed divergent responses to NaCl concentrations between 0–200 mM. A stimulation of oxygen consumption was measured in isolated wheat mitochondria in response to NaCl when exogenous NADH was provided as substrate and electron flow was coupled to the generation of a proton gradient across the inner membrane (Jacoby et al., 2016). Furthermore, it has been demonstrated that supplying NADH and succinate to the METC can maintain oxidative phosphorylation performance under stress and fulfil energy demands during stress conditions (Jacoby et al., 2016). These observations are consistent with the results described by (Che-Othman et al., 2020) in that succinate production via GABA shunt can the enhance METC pathway and support the coupled oxidative phosphorylation pathway in wheat under salinity stress. In addition to succinate, proline is another important metabolite that its accumulated and decomposed during exposure to environmental stresses and can provide electrons to the mitochondrial electron transport chain leading to the production of ATP (Szabados and Savoure, 2010). This is carried out by the activity of proline dehydrogenase, a mitochondrial flavoenzyme that is in close association with the mitochondrial inner membrane and METC. Electrons from proline are transferred to the FAD cofactor, and from there to a quinone acceptor in the METC. Several reports have shown a reduction in the expression of mitochondrial enzyme proline dehydrogenase under salt stress (Ben Rejeb et al., 2014; Kaur and Asthir, 2015). Generally, when proline is accumulated under salinity stress, this accumulation is thought to provide a protective role as suggested for CII suggested above. However, its role in the recovery from salinity exposure, once its osmoprotectant role is no longer needed is yet to be examined.



Conclusion and Future Directions

Soil is increasingly becoming salinized and we need to employ multiple research approaches to maintain and enhance crop growth and yield. One approach to achieve this is may arise from a better understanding of the response of the metabolic pathways involved in respiration to salinity and the metabolic engineering of these pathways to enhance energy efficiency, enabling more of the energy harvested by photosynthesis to be utilized for crop production. This review has examined the impact of salinity exposure on the metabolites involved in respiratory metabolism and suggested alternative metabolic pathways and shunts that are or maybe involved in the metabolic response to salinity in crops that lead to the increase respiratory rates that are often observed. To date, there has been a lack research how these pathways are impacted by salt exposure and we are yet to characterize all the enzymes inhibited by salinity. In addition, the suggested alternative metabolic routes and shunts proposed here are yet to be examined holistically, although individual experiments do suggest their role in the salinity response is required to overcome the metabolic road blocks cause by direct inhibition of some enzymes. Breeding plants that can overcome these metabolic road blocks will likely be enhanced by the use of genetic diversity with varying salinity tolerance by identifying enzymes that are more salt tolerant. However, the identification of these isoforms will be much more efficient if they are coupled to a full knowledge of the mechanisms of inhibition and stimulation of the major respiratory pathways and related shunts. The studies examined in this review demonstrate the flexibility of respiratory metabolism and how this regulates metabolite fluxes to enhance the ability to maintain or enhance energy production under salt exposure.

The mechanism of GABA shunt activation during salinity exposure is yet to be revealed, although the link between exposure to salinity and GABA shunt activity has been demonstrated, where the maximum respiratory rate is dependent on GABA shunt activity (Che-Othman et al., 2020). It is likely that GABA plays a dual function, similar to glutamate and sugars, as a signalling molecule and a metabolite in energy metabolism by providing a carbon source as an alternative pathway for the TCA cycle during salinity exposure (Bouche and Fromm, 2004). The GABA shunt produces glutamate that enters from cytosol to the mitochondria for further catabolic activity and its biochemical interactions with other cytosolic respiratory pathways such as glycolysis and the oxidative pentose pathway remain to be resolved. The GABA shunt is a conserved pathway in eukaryotes (Bouche and Fromm, 2004) and the important role it plays in respiratory metabolism during salinity exposure has been shown in barley and wheat during a range of developmental stages including seed germination, seedling growth, and in mature plants (Al-Quraan et al., 2019; Che-Othman et al., 2020). This functional bypass of 2-oxoglutarte dehydrogenase to supply succinate to the TCA cycle may be one of many metabolic bypasses and shunts that are induced during salinity exposure to overcome salinity induced enzyme inhibition. Here, we have proposed responses by which the observed inhibition of both pyruvate transport and the activity of two 2-oxoacid dehydrogenase complexes during salinity exposure (Che-Othman et al., 2020) may be overcome through the interaction of existing salt tolerant enzymes and the production of acetyl CoA from β-oxidation. However, to date, these are yet to be examined experimentally.

There is a need to better understand and predict metabolic behaviour under salinity, to enable the connection of genotypes to specific metabolic outputs so that plant breeders and metabolic engineers can generate new varieties of crops with greater salt tolerance. This will need to be coupled to metabolite profiling approaches that encompass the simultaneous measurement of all metabolites involved in respiratory metabolism. This joint strategy is essential for identifying the enzymes inhibited during salinity exposure and the existing metabolic pathways required to overcome these restrictions. In addition, this should be integrated with information from genomic, transcriptomic, proteomic, and enzymatic studies during salinity exposure to provide a framework for the targeted protein synthesis required to produce salinity tolerant crops. Plant respiration is a particularly dynamic process. The networks principle function is to provide electrons to the METC and the flow of electrons through multiple processes is dependent on the current restraints placed on that plant by its environment, which may include salinity but also temperature, the availability of nutrients and sunlight. Experimental approach that encompass all these characteristics will be essential for the physiological investigation of the function of these constraints in future studies. Some of the findings presented in this review are difficult to interpret because the source of an amino acid, organic acid, or carbohydrate is difficult to predict without the use of metabolic tags. As a result, they may be the products of degradation or they may have been produced by targeted biosynthesis depending if the accumulation of each metabolite under salt stress is advantageous or not. This can be further explored by the use of radiolabelled tracer studies or NMR flux assessment of the respiratory metabolic pathways under saline environments and by a comparative analysis between varieties with contrasting salinity tolerances. At the same time a number of technical challenges remain in assessing the low abundance plant organelle metabolites involved in the respiratory metabolism and the limitations that these present are well understood (Dietz, 2017). Systematic analysis using model plants is obviously necessary in order to validate many of the hypothesis that may be predicted from system biology analysis, but it is comforting to see that many of the approaches previously limited to such models are now becoming increasingly available for use in crop plants. In the future, a comprehensive analysis of the impacts of salinity on energy metabolism and associated stress variables including time and dosage of exposure will contribute vital metabolic understanding to increasing salt tolerance in plant breeding projects.



Perspective on Plant Breeding

Salinity tolerance ultimately means higher saline field production. Thus, while experiments can aim to explain mechanisms, unfortunately, they do not permit a working model for crop performance in the field. The challenge is to gather quantitative information on plant biochemical activities such as mitochondrial respiration pathways along with metabolites, which maintain energy production under salinity stress at the cellular, tissue, and whole plant levels. This metabolite information needs to be placed in the context of the whole plant cellular metabolism network, as simply changing the abundance of a metabolite or group of metabolites is likely to have a vast array of unintended cellular consequences. A thorough understanding of a metabolic network and its response to salinity will provide the opportunity for targeted plant breeding, which has had only limited application for stress tolerance to date. In addition, considering the wide variation in germplasm (genetic diversity through intra-specific and inter-specific levels), actual salinity environments, and interaction between them will probably change these networks and this variation will lead to greater yield breeding and the generation of abiotic stress tolerant crops.

The authors have found that current experiments may provide information on tolerance via maintenance of energy production through respiratory pathways and related metabolites, but it cannot provide a basis for enhanced tolerance for the plant in all environments and against all stresses throughout its development. This data shows the potential of metabotypes that can be applied for sensitive plants and economically valuable crops, and will enable breeding to better tolerate unfavourable conditions. Results indicate that breeding or engineering for higher energy-use efficiency could be a valuable approach to enhance overall salinity tolerance in crops. Future efforts toward multi-cell, multi-tissue, and ultimately whole-plant flux analysis of plant metabolic networks will form an important component of computational models of plant growth and development (Sweetlove and Ratcliffe, 2011) and are likely to play a major role in efforts to improve crop yield and quality. In the future, we will need further research including metabolomics to study the plant reactions to a range of stress circumstances as part of a systems biology strategy. Omics technologies and modelling give us an overview of how plants react salinity and allow us to design advanced approaches to breed plant tolerance to salinity.
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Calcineurin B-like protein-interacting protein kinases (CIPKs) play essential roles in plant abiotic stress response. In order to better understand salt tolerance, we cloned and analyzed the NtCIPK9 gene from the halophyte Nitraria tangutorum. Phylogenetic analysis shows that NtCIPK9 belongs to a sister clade with the Arabidopsis AtCIPK9 gene and is thought to localize to the plasma membrane. NtCIPK9 shows the highest expression level in the Nitraria tangutorum root under normal growth conditions, whereas after NaCl treatment, the highest expression was found in the blade. NtCIPK9-overexpressing Arabidopsis plants have a higher seed germination rate, longer root length, and displayed higher salt tolerance than wild type seedlings under salt stress conditions. Furthermore, NtCIPK9 overexpression might enhance the expression of genes related to K+ transportation after NaCl treatment. Thus, we conclude that NtCIPK9 increases transgenic plant salt tolerance and reduces damage associated with salt stress by promoting the expression of genes controlling ion homeostasis. Our results suggest that NtCIPK9 could serve as an ideal candidate gene to genetically engineer salt-tolerant plants.
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Introduction

Soil salinity gradually accumulates along with global environmental degradation and limits the quality and productivity of most important agricultural crops and trees worldwide (Mahajan and Tuteja, 2005; Zhou et al., 2014; Guo et al., 2018). Currently, soil salinization is estimated to result in one-third of the world’s limited arable land loss, and will increase to 50% by the middle of 21st century (Zhu et al., 1998; Wang et al., 2003). Thus, improving the adaptability of plants to salinized soil is crucial not only for plant survival, but also for effective soil utilization. Genetic engineering to improve the salt tolerance of crops has been actively investigated by plant scientists worldwide (Wang et al., 2003; Hu et al., 2005; Ashraf and Akram, 2009).

Calcineurin B-like proteins (CBLs) and their targets CBL-interacting protein kinases (CIPKs) are involved in the Ca2+ signal pathway that functions during stress response (Kudla et al., 1999; Shi et al., 1999; Kim et al., 2000); they play important roles in maintaining cytoplasm ion homeostasis and improving salt tolerance. CIPKs contain a typical protein kinase domain with a putative activation loop and a unique C-terminal regulatory region with a conserved NAF/FISL motif, both of which are necessary and sufficient for the function of these genes (Shi et al., 1999; Albrecht et al., 2001; Guo et al., 2001). CIPKs have been identified in many plant species (Albrecht et al., 2001; Kolukisaoglu et al., 2004; Lyzenga et al., 2013; Zhang et al., 2014), and remarkable progress has been made in exploring the functions of CIPKs (Zhu et al., 1998; Halfter et al., 2000; Shi et al., 2000; Qiu et al., 2002; Cheong et al., 2003; Chinnusamy et al., 2004; Sánchez-Barrena et al., 2005; Luan, 2009). In Arabidopsis, CIPKs affect cellular ion homeostasis under saline conditions by regulating ion transporters, such as HKT1 (HIGH-AFFINITY K+ TRANSPORTER1). HKT1 improves salinity tolerance by removing Na+ from the transpiration stream and promoting the absorption of K+ in Arabidopsis (Kato et al., 2001; Cheong et al., 2003; Li et al., 2006; Xu et al., 2006; Grefen and Blatt, 2012). In addition, CIPKs also regulate the expression of stress-responsive genes mediated by the abscisic acid pathway during seed germination and at the seedling stage (Kim et al., 2003; Pandey et al., 2008a; Piao et al., 2010). CIPK function is highly conserved across plant families, shown by studies in apple and tomato (Hu et al., 2016), Cicer arietinum (Tripathi et al., 2009), Hordeum brevisubulatum (Li et al., 2012), and Nitraria tangutorum (Himabindu et al., 2016). However, most studies have been performed in salinity sensitive plants (glycophytes), such as Arabidopsis, rice, and maize (Kolukisaoglu et al., 2004; Zhao et al., 2009; Rigó et al., 2016), limiting our understanding of how plants may adapt to saline environments. Therefore, studying how halophyte CIPKs homologs function might provide crucial perspective in addressing this question, as these genes could be functionally more efficient than their glycophyte counterparts (Himabindu et al., 2016).

Nitraria tangutorum Bobr. (a halophyte), is a shrub that belongs to the family Nitrariaceae Nitraria in Sapindales (Zhao et al., 2002; Chase and Reveal, 2009; Group, 2016; Lu et al., 2018), and is widely distributed in China’s northwestern region (Wang et al., 2014). This typical plant has a strong adaptability to high salinity, arid or semiarid environments. It can efficiently alleviate the degree of soil salinity–alkalinity, which could improve the utilization of saline areas and prevent soil desertification (Zhao et al., 2002; Yang et al., 2010a; Jie et al., 2011). Due to its ecological effect, studies on Nitraria tangutorum have mainly focused on the physiological and biochemical aspects of its adaptive mechanisms to abiotic stresses (Yang et al., 2010a; Yang et al., 2010b; Yang et al., 2012; Yang et al., 2013). Although NtCIPK2 and NtP5CS from Nitraria tangutorum have been cloned and analyzed to a certain extent (Zheng L. et al., 2014; Zheng L. L. et al., 2014), there is a current lack of knowledge on how Nitraria tangutorum responds molecularly to salt stress. In order to reveal the functional genes supporting Nitraria tangutorum to deal with high salinity and promote the application of these functional genes from halophyte to glycophyte, in our study, we used rapid amplification of cDNA end (RACE) cloning to identify a novel Nitraria tangutorum CIPK gene, which shows significant homology to Arabidopsis CIPK9. Therefore, we named it NtCIPK9 (Nitraria tangutorum CIPK9). Quantitative PCR analysis showed that NtCIPK9 positively responds to 500 mM NaCl treatment in both the root and leaf of Nitraria tangutorum. We overexpressed NtCIPK9 in Arabidopsis and compared the different abilities of salt resistance between transgenic plants and wild type plants. NtCIPK9 overexpressing-plants displayed a higher germination efficiency, longer root length, more leaves, and a lower death rate than the wild type under salt stresses. The high K+ content and AtHKT1 expression level in transgenic seedlings suggest that NtCIPK9 enhanced salt tolerance by regulating expression of genes controlling ion homeostasis.



Materials and Methods


Plant Materials and Treatments


Nitraria tangutorum

Nitraria tangutorum seeds, provided by the Experimental Center for Desert Forestry of the Chinese Academy of forestry, were kept in sand with around 7% water at 4℃ for four weeks. Seeds were germinated in pots containing a mixture of soil and sand (1:1 ratio) at 26°C to 28°C and 16-h light/8-h dark cycle condition. The humidity of the chamber for plant growth was 55% to 60%. 6-month-old Nitraria tangutorum plants were irrigated with 500 mM NaCl and harvested at 0, 1, and 2 h after treatment for RNA extraction.



Arabidopsis thaliana

The Arabidopsis thaliana Columbia ecotype was used for NtCIPK9 gene transformation through the floral dip method (Clough and Bent, 1998). Positive transgenic plants were selected using 50 mg/L Kanamycin and confirmed by PCR. Wild type and transgenic plants were grown under identical growth conditions in parallel. Seeds were harvested at the same time for phenotypical analysis. Arabidopsis seeds were sown on ½MS with 0, 100, and 150 mM NaCl for germination rate analysis, phenotypical observation, and ion content measurements. Three biological replicates were used for germination rate analysis. Each biological replicate included three technical replicates. At least 200 seeds per line have been used. WT and transgenic plants were sown on the same plates. 10-day-old seedlings were transferred to ½MS with 0, 100, and 150 NaCl for another 10 days to analyze survival rate of transgenic plants, three biological replicates for each experiment. Seedlings from 0 and 100 mM NaCl treatment were frozen in liquid nitrogen and stored at −80°C for qPCR experiments. NtCIPK9 transgenic T2 heterozygous seeds have been sown in the pots. After four weeks, seedlings in pots were watered by 200 mM NaCl for 4 days. Three biological replicates and four experimental repeats have been conducted.




Gene Cloning

Total RNA was extracted from Nitraria tangutorum leaves using a Total RNA Purification Kit (NORGEN, Thorold, ON, Canada), followed by removal of genomic DNA contamination using DNaseI (TaKaRa, Japan). Total RNA concentration and integrity were quantified by ultraviolet spectrophotometry and electrophoresis, respectively. First-strand cDNA was synthesized using reverse transcriptase (Invitrogen, Carlsbad, USA). Degenerate primers to amplify the CIPK fragment were designed based on the homeodomain of CIPK from poplar (Chen et al., 2011) and are listed in Supplementary Table 1. The full length sequence was obtained by 5’ and 3’-RACE (rapid amplification of cDNA ends) according to the SMARTer™ RACE cDNA Amplification Kit User manual (BD Bioscience Clontech, USA). Primers for RACE are listed in Supplementary Table 2. The amplified PCR product was purified and cloned into pMD19-T (TaKaRa, Japan) and sequenced (GenScript, Nanjing, China). After assembly, the complete NtCIPK9 sequence was amplified from cDNA using the primers mentioned in Supplementary Table 3. To confirm whether the NtCIPK9 genomic region also contains introns, we amplified NtCIPK9 from Nitraria tangutorum genomic DNA using the same primers (Supplementary Table 3).



Bioinformatics Analysis

The NtCIPK9 homolog was identified by using NCBI blastp. Multisequence alignment was performed using DNAMAN 6.0 software (Lynnon Biosoft, Quebec, Canada). Conserved domains of NtCIPK9 were predicted using InterProScan online software (http://www.ebi.ac.uk/InterProScan/). Phylogenetic trees were constructed with amino acid sequences of NtCIPK9 and 26 Arabidopsis CIPK proteins using the Neighbor-joining method with 1,000 bootstrap replications and the Jones-Taylor-Thornton model in Mega 6 software. Sequence accession numbers are listed in Supplementary Table 4. Hydrophobic analysis and transmembrane domain prediction of the NtCIPK9 protein were performed using ProtScale (http://ca.expasy.org/tools/protscale.html) and the TMHMM server (http://www.cbs.dtu.dk/services/TMHMM/).

56 protein-coding genes from 46 chloroplast genomes (Supplementary Table 5) were selected for phylogenetic analysis of Nitraria tangutorum, Vitis vinifera as outgroup. Sequences alignment was performed using ClustalW. Each orthologous gene was trimmed with trimAl version 1.2 (Capella-Gutiérrez et al., 2009). The trimmed alignments were concatenated using SequenceMatriX version 1.7.8 (Vaidya et al., 2011). A nucleotide matrix of 44780 sites was then constituted for Maximum parsimony analysis by PAUP 4.0 (Swofford, 2002).



Subcellular Localization Assay

The full-length coding region of NtCIPK9 was cloned into vector pJIT166:GFP for subcellular localization analysis. The recombinant plasmids were bombarded into onion epidermal cells according to a previously described method (Yokoi et al., 2002) and followed by fluorescence detection using a ZEISS X-cite 120Q fluorescence microscope (ZEISS, Germany). Three technical replicates have been performed. The primers for construction of GFP tagged NtCIPK9 are listed in Supplementary Table 6.



Quantitative Real-Time PCR Analysis

Total RNA isolation and reverse transcription were performed as mentioned above. Quantitative real-time PCR was performed using a SYBR-Green PCR Mastermix on a LightCycler®480 real-time PCR detection system (Roche, Basel, Switzerland) according to the manufacturer’s instruction. Expression levels of target genes were normalized using the housekeeping gene actin in Nitraria tangutorum (Wang et al., 2012) and ubiquitin10 (UBQ10) in Arabidopsis (Geldner et al., 2009). Three technical replicates for three independent transgenic lines were carried out for real-time PCR. Sequence-specific primers were designed using Primer 3.0 and Oligo 7 and are listed in Supplementary Table 7.



Cation Content Measurements

Twenty-day-old seedlings grown on ½MS with 0, 100, and l50 mM NaCl were collected, respectively, and washed three times with ddH2O, then dried at 80°C for 3 day. Harvested samples were digested with the HNO3-HClO4 method (Zhao et al., 1994). After acid digestion, samples were diluted to a total volume of 50 mL with ddH2O and kept in new tubes before analysis using flame atomic absorption spectrophotometry (FAAS) (Karpiuk et al., 2016). Three biological replicates were performed for each ion content test experiment. Three technical replicates were repeated for each biological replicate.




Results


Conserved Domain of NtCIPK9

To start, we analyzed the basic properties of NtCIPK9 sequence. Full length NtCIPK9 is 1735 bp with a predicted open reading frame of 1332 bp nucleotides, a 5′UTR of 239 bp and a 3′UTR of 164 bp in length, encoding 443 amino acids with an estimated molecular weight 50.52 kDa. The acquired coding sequence shares high similarity with CIPKs from different plant species. The deduced NtCIPK9 protein sequence showed 82.18% identity with Theobroma cacao CIPK9 (TcCIPK9), 80% identity with Populus trichocarpa CIPK9 (PtCIPK9) and 77.78% identity with Arabidopsis thaliana CIPK9 (AtCIPK9) (Figure 1A). Consistent with other CIPKs, NtCIPK9 possesses an N-terminal SNF-1–related serine/threonine protein kinase domain (14–268 aa) and a C-terminal regulatory domain (305–421 aa) with a CBL-interacting NAF/FISL module (Figure 1B). Thus, this gene was designated as NtCIPK9, a novel member of the plant CIPK gene family.




Figure 1 | Multiple alignment and domain prediction of NtCIPK9. (A) Amino acid sequence alignment of NtCIPK9 with homologs from Theobroma cacao (EOX95608.1), Populus trichocarpa (XP_024450759.1), Arabidopsis thaliana (NP_171622.1), Morus notabilis (EXB83832.1), Oryza sativa (XP_015630713.1), Hordeum vulgare (AEZ51503.1), and Zea mays (PWZ05904.1). Dark blue shading indicates identical residues, and pink shading indicates similar residues. Dark lines demarcate the N-terminal kinase and C-terminal regulatory domains, while their active sites and NAF/FISH domain are marked with a red lines, the sequence identities between NtCIPK9 and others were shown at the end of the Multiple Alignment. (B) Schematic diagram of the domains of the NtCIPK9 protein. The amino acid position of the NtCIPK9 domain borders was predicted by InterProScan online software.



Phylogenetic comparison of NtCIPK9 with the Arabidopsis CIPK family clustered NtCIPK9 as a sister branch of AtCIPK9 to the intron-rich subgroup (Yu et al., 2007) (Figure 2). To analyze whether the NtCIPK9 gene contains introns, we amplified the genomic NtCIPK9 sequence from genomic DNA. The result show genomic NtCIPK9 harbors introns by DNA electrophoresis and sequencing (Supplementary Figure 1A), which is consistent with the results of our phylogenetic analysis. Besides, evolutionary study showed the Nitraria tangutorum was claded with Sapindus mukorossi, Azadirachta indica, Zanthoxylum piperitum, and Citrus sinensis in Sapindales (Supplementary Figure 2). Citrus sinensis is one of most important commercial fruit crops (Bausher et al., 2006).




Figure 2 | Phylogenetic analysis of NtCIPK9 with Arabidopsis CIPKs. The pink branch represents the subgroup of CIPKs with introns. The blue branch represents the clusters without intron.





Subcellular Location of NtCIPK9

A hydrophobicity blot indicated that the most hydrophobic segment of NtCIPK9 was located between amino acid residues 196 to 211 (Figure 3A), corresponding to the transmembrane domain predicted by the TMHMM Server 2.0 (Figure 3B). To further confirm the subcellular localization of NtCIPK9 in plant cells, a 35S:NtCIPK9-GFP translational fusion was constructed with GFP tagged to the C-terminus of NtCIPK9 and 35S:GFP was used as control (Figure 3C). The two vectors were bombarded into onion epidermal cells and transient expression of NtCIPK9-GFP was detected by epi-fluorescence. 35S:GFP fluorescence was detected in the membrane and cytoplasm (Figures 3D, E), similar to the localization of NtCIPK9-GFP (Figures 3F, G). The hydrophobicity and subcellular location analysis suggest that NtCIPK9 might be one of membrane-bound proteins.




Figure 3 | Structure analysis and subcellular localization of NtCIPK9. (A) Hydrophobicity plot of NtCIPK9. (B) The predicted transmembrane helix domain of NtCIPK9. (C) Schematic of the vectors used for analysis of NtCIPK9 subcellular localization. (D–G) NtCIPK9 subcellular localization. p35S:GFP serves as the control. (H) Relative expression level of NtCIPK9 in different tissues of Nitraria tangutorum. Data represent means ± SD from three biological replicates.





NtCIPK9 Responds to Salt Treatment in Nitraria tangutorum

To assess the expression of NtCIPK9 in Nitraria tangutorum under salt stress conditions, we isolated total mRNA from different tissues (including root, stem, and leaf) after 2 h 500 mM NaCl treatment. qPCR results revealed that NtCIPK9 showed relatively higher expression levels in the root than in the leaf and stem before salt treatment (Figure 3H). However, NtCIPK9 transcription was upregulated in leaves after a 500 mM NaCl treatment (Figure 3H). Besides, the expression patterns in whole plants also showed the positive response of NtCIPK9 to salt stress (Supplementary Figure 1B and Supplementary Figure 3A).



Ectopic Expression of NtCIPK9 in Arabidopsis Promotes Seed Germination Under Salt Stress

To further investigate how NtCIPK9 affects salt tolerance, we overexpressed (35S:NtCIPK9) it in Arabidopsis. Seeds from three individual homozygous lines and WT were sown on ½ MS-agar plates to test their germination rate. On ½ MS without added NaCl, wild type and transgenic seeds showed no difference; yet on ½ MS with 100 and 150 mM added NaCl, 98.18% and 65.91% of 35S:NtCIPK9 seeds germinated, respectively, while only 54.39% and 7.42% of WT seeds germinated under the same conditions (Figures 4A–L). Therefore, we conclude that NtCIPK9 significantly promotes seed germination under salt stress conditions (Figure 4M).




Figure 4 | NtCIPK9 promotes seed germination rate of Arabidopsis. (A–C) Wild type seeds germinated on ½ MS medium with 0, 100, and 150 mM NaCl respectively after 4 days. (D–L) Three independent transgenic lines of 35S:NtCIPK9, depicted as OX-1, OX-2, and OX-3, germinated on different salt media as indicated. (M) Graphic of germination rate. Six technical replicates for each line were used in three biological replicates. **P < 0.01, ANOVA test was used for statistical analysis.





Ectopic Expressing NtCIPK9 Enhances Salt Tolerance in Arabidopsis

To address whether ectopic expression of NtCIPK9 could influence salt tolerance of plants, we grew 35S:NtCIPK9 and WT seeds on salt-rich media with 100 and 150 mM NaCl. 35S:NtCIPK9 seedlings showed better growth with more leaves and longer primary root on both media compared to WT plants, 20 days after germination (Figures 5A–C). This effect is more clear when plants grew on medium with a higher salt concentration (Figures 5B, C). To further assess salt-tolerance of the transgenic plants, 10-day-old seedlings were treated with 150 mM NaCl. 10 days after treatment, plants grown on medium without salt (Figure 6A) displayed no different phenotype. However, the number of whitening leaves and the mortality rate in WT were significantly higher than that of three transgenic lines grown on media with 150 mM NaCl (Figures 6B, C). In addition, enhanced tolerance to salt was also observed in plants grown in pots. Four weeks-old plants of WT and T2 heterozygous transgenic lines, four in a pot in duplicate, were irrigated with 200 mM NaCl for 4 days. All plants displayed withering blades from first day after salt treatment (Figures 7A–D). But the plants overexpressing NtCIPK9 showed a lower percentage of withering leaves than WT under salt stress (Figure 7E). Similarly, four-week-old T3 homozygous transgenic plants in pots also showed a higher salt tolerance than WT under 200 mM NaCl treatment for 4 days (Figures 8A, B).




Figure 5 | NtCIPK9 transgenic plants show more vigorous growth than WT. (A) Transgenic plants grew faster 20 days post germination under different NaCl treatment conditions. (B) Quantification of plant leaf number. (C) Plant primary root length. At least 90 plants were analyzed for each line. (D) Na+ content of whole seedlings treated with 100 mM NaCl. (E) K+ content of whole seedlings treated with 100 mM NaCl. Three biological replicates and three technical replicates were performed for each ion content test experiment. ***P < 0.001; **P < 0.01; *P < 0.05. ANOVA test was performed for statistical analysis. Data represent means ± SD from three technical replicates.






Figure 6 | 35S:NtCIPK9 transgenic plants show a lower mortality rate than WT. (A) WT and transgenic plants grown on media without added NaCl for 20 days. (B) The phenotypes of WT and transgenic plants grown on media supplemented with 150 mM NaCl for 10 days. (C) The percentage of chlorotic leaves and mortality of plants. 18 plants were used for statistics by ANOVA, three biological replicates for each experiment. ANOVA test was used for statistical analysis. **P < 0.01; *P < 0.05.






Figure 7 | Improved salinity tolerance in heterozygous plants with NtCIPK9 overexpression. (A–D) 200 mM NaCl treated 4-week-old T2 transgenic plants and WT in pots for four days respectively. (E) Percentage of withering leaves during salt treatment in pots. ANOVA test was used for statistical analysis. ***P < 0.001; **P < 0.01; *P < 0.05. Four experimental repeats have been used in three independent replicates.





Ectopic Expression of NtCIPK9 in Arabidopsis Elevates K+ Accumulation

To investigate how ectopic expression of NtCIPK9 causes increased salt tolerance, we measured the Na+ and K+ content of 35S:NtCIPK9 transgenic plants under salt stress. Under normal conditions, the ion content of these transgenic lines has no difference with WT. By contrast, although salt stress increased the Na+ content of both WT and transgenic plants, transgenic plants do show a slightly lower Na+ content than WT (Figure 5D). More importantly, salt treatment reduced the K+ content of transgenic plants to a lesser extent than that of WT (Figure 5E).

To figure out what might be causing the difference in Na+ and K+ content, we analyzed five genes which are known to be involved in Na+ or/and K+ transportation. We found that AtHKT1 was around 2-fold upregulated in at least two NtCIPK9 transgenic plants, compared to wildtype plants treated in pots (Figure 8C). Similarly, the AtHKT1 expression level was also significantly upregulated in the transgenic plants treated on petri dishes (Figure 9A). Besides, the expression level of the other four genes (AtNHX1, AtNHX7, AtTRH1, and AtAKT2) was higher in the transgenic plants than in WT seedlings under salt stress (Figures 9B–E). To further ensure the function of CIPKs in salt stress, we checked the transcription of other known CIPKs in Nitraria tangutorum (NtCIPK2) (Zheng L. L. et al., 2014). The results showed that the CIPKs were also positively response to salt stress in both Nitraria tangutorum and Arabidopsis thaliana (Supplementary Figure 3).




Figure 8 | NtCIPK9 overexpressing homozygous Arabidopsis showed a higher salt tolerance than WT. (A) 200 mM NaCl treated T3 transgenic plants and WT for 4 days. (B) Percentage of withering blades. (C) AtHKT1 expression of transgenic plants (OX-1, OX-2, OX-3) and WT in pots treated by salt stress. ANOVA test was conducted to determine statistical significance of the results. ***P < 0.001; **P < 0.01; *P < 0.05.






Figure 9 | NtCIPK9 promoted the expression of Na+ or/and K+ transporter genes. (A–E) Gene expression level of transgenic plants (OX-1, OX-2, OX-3) and WT treated by 100 mM NaCl on petri dishes for 20 days. Data represent means ± SD from three technical replicates. ANOVA test was used for statistical analysis. ***P < 0.001; **P < 0.01; *P < 0.05.






Discussion

Salinization of arable land is a serious threat to agricultural and ecological stability. Therefore, halophytes have become promising candidates for further management of salinized areas. In order to adapt to their stressful environment, these plants developed a series of regulatory mechanisms during evolution. At the same time, genetic engineering of glycophytes by transforming genes from halophytes has been widely used to improve their salt resistance (Himabindu et al., 2016). In our study, we found that overexpression of NtCIPK9 from Nitraria tangutorum in Arabidopsis increased seed germination rate under salt stress. There’s one possible reason that could cause the higher seed germination of transgenic plants. AtCIPK3 from Arabidopsis has been reported to be involved in the phytohormone abscisic acid (ABA) response, which plays a vital role in seed maturation, dormancy, and seed germination (Finkelstein et al., 2002; Pandey et al., 2008b). Therefore, we thought NtCIPK9 increasing seed germination rate could also be related with plant endogenous ABA. On the media without NaCl, we found the WT has a high germination rate as the NtCIPK9-overexpressing seeds. NtCIPK9 here didn’t show a positive function on seed germination because the germination rate of WT was close to 100% at normal condition. However, NtCIPK9 effectively enhanced the seed germination under salt treatment, that reflected the function of NtCIPK9 on coping with salt stress.

BnCIPK9 from Brassica napus L. was reported to regulate seed oil content, a different function than was reported for Arabidopsis AtCIPK9 (Guo et al., 2018), suggesting that CIPK orthologs from different species can also have roles other than only being involved in salt tolerance. However, we found that NtCIPK9 may share a similar role in regulating ion homeostasis with the ortholog of Arabidopsis (Pandey et al., 2007; Li-Li et al., 2013). AtCIPK9 has been identified as a critical regulator of potassium transporters in Arabidopsis, that are involved in potassium acquisition, with some of them being critical for potassium nutrition under low potassium conditions (Pandey et al., 2007). In our study, the results also suggested that the overexpression of NtCIPK9 might regulate the expression of potassium transporter AtHKT1 to promote the homeostasis of Na+ and K+ in Arabidopsis resistance for salt stress. This revealed the common identity of orthologs from different species. However, other genes for cation transportation (AtNHX1, AtNHX7, AtTRH1 and AtAKT2), which have been reported to respond to salinity, were not upregulated even in transgenic plants after salt treatment. But compared with WT, the transgenic plants have a relative higher expression level (Figures 9B–E). The possible reason could be that these gene are not the key factors regulated by NtCIPK9; or these genes responding to the stress are asynchrony because of the necessity for long-time stress resistance.



Conclusion

In our research, we identified a novel CIPK gene, NtCIPK9, which positively responds to salt stress in Nitraria tangutorum. Overexpression of NtCIPK9 in Arabidopsis plants increases seed germination rate, root length, leaf number, and reduces mortality rate under salt stress. Furthermore, NtCIPK9 may enhance the tolerance of transgenic plants to salinity by increasing the expression level of genes in balancing ion homeostasis after the salt treatment. Altogether, our study revealed that NtCIPK9 from the halophyte Nitraria tangutorum could improve the salt tolerance of Arabidopsis, which would further contribute to the genetic engineering of other glycophytes for stronger salt resistance and sheds light on the molecular mechanism causing the enhanced resistance. However, more practical application of halophytes facing various degree of stresses need to be further investigated.
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AFY08293.1 Onyza satva cv. Nona Bokca Toorant Patenetal, 2019
ABN18306.1 Ona satva cv. Pokdcal Torant Patenctal, 2013)
AFY08290.1 Onzasathacv TaLay Toorant Patenctal, 2013
AFY08295.1 Onyza satva cv. FLATE Toorant Pattenctal, 2013)
AFY08291.1 Onaa sata cv. Hasavi Toorant Patenctal, 2013)
AFY08297.1 Onyza satva cv. Agami Torant Waia et ., 2007)
AFY08296.1 Oyza satva cv. Basmati 217 Torant Patiencta, 2013)
EEC70496.1 Oyza satva cv. 93-11 Sensitvo Patiental, 2013)
AOMB7303.1 Onza satva IR29 Sensitve Pattent ., 2013)
XP_015631955.1 Onyza satva cv. Npporbare Sensitvo Patienctal, 2013)
XP_015688561.1 Onzabrachyantha Uniooun

AMIY98961.1 Onza coartata Torant (@aland Dut, 1986
AFY08292.1 Onza glberima Torant Patenetal, 201
AFY08287.1 Onzarufoogon Torant (Tanetal, 2011)
Nucieotde sequence.

KT796051.1 Onyza satvasokto NPT11 Sonsitve (hush, 1995; Pong et L, 1999
KT796050.1 Onyza satva soiate PB ‘Sonsitve Pattenetal, 2013)
KT79604.1 Oyaa satva soate CSRT Torant (Redoy et al, 2017)
KT796018.1 Onyza satva solate CSAT1 Torant (T et a., 2016)
KT796047.1 Oyza satva scate VSR1S6 Toleant (Serguituelot . 2016)
KT796046.1 Oyza satva soate Mg Modecately Tolerant Mshaotal, 2016)
KT796044.1 Oyza satva sciato PUSA 44 Moderately Tolerant Mshraetal, 2016)
KT796058.1 Oyza ivara iolte 336684 Toorant Mshvaotal, 2016)

KT796056.1 Onza nivara isolato NKSWR185 Toerant Mishva et al 2016)
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Treatment Description

Contl Control with EC 1.2 dS m~'

UA Foliar application of UA 100 uM

St 4.dSm~1 saline treatment

S2 8 dS m~" saline treatment

UAS1 4 dSm~" + foliar application of UA 100 uM

UAS2 8 dS m~" + foliar application of UA 100 pM
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Cultivar Treatment SOD (U mg~! POD (U mg~! CAT (Umg~! APX (U mg~1! GSH (nmol GSSG (nmol GR (U mg~! AsA (wmol
protein) protein) protein) protein) g1 Fw) g1 Fw) protein) g1 Fw)

HZ Contl 25.830 £+ 1.51f 13.54 + 0.76ef 21.86 + 1.24fg 19.38 +1.19h 55.15 + 2.35¢g 24.22 + 2.60f 23.15f £ 1.12g 4.20 £ 0.15g
UA 30.51 4+ 1.82f 14.20 + 0.59ef 20.75 4+ 0.95g 18.73 £ 1.45h 58.72 + 2.28efg 26.63 4+ 1.16def 26.21 + 1.29efg 4.50 + 0.25fg
S1 62.45 £ 2.51c 21.93 £+ 1.55¢cd 25.31 &+ 1.12defg 19.47 £ 0.65h 60.37 £ 3.79efg 30.37 £ 1.76¢cd 23.09 + 1.56ef 4.97 £ 0.16defg
S2 83.71 +£ 2.03a 25.14 £ 1.52b 25.86 + 1.21def 20.12 + 1.19¢f 64.60 + 4.58cde 39.86 + 1.55a 20.07 £+ 1.83g 5.09 £ 0.26defg
UASH 50.75 £ 2.47d 31.45 £ 2.25a 36.64 +1.72¢c 24.44 + 1.56defg 71.25 £6.91c 30.74 £+ 1.49cd 25.71 £ 2.25efg 7.23 +£0.9c
UAS2 71.45 £ 2.34b 30.81 + 1.55a 41.66 + 2.07ab 25.42 + 1.09de 69.97 + 4.61cd 37.23 £ 1.18ab 28.52 + 1.25deg 7.40 £ 0.4c

712 Contl 23.26 + 1.55f 13.67 + 0.74ef 28.72 + 1.20efg 18.32 +1.08h 56.46 + 2.52g 23.93 £+ 0.94fg 22.33 £ 2.03ef 4.57 £ 0.241g
UA 25.98 + 2.22f 13.80 + 0.75ef 22.45 £ 1.73fg 20.65 + 1.52fgh 57.64 + 4.60efg 24.56 + 0.59ef 27.39 £ 1.71defg 4.90 £ 0.12defg
S1 51.68 + 2.42¢c 23.42 + 1.50bc 27.79 £ 0.97de 23.98 £ 1.29defg 63.66 + 3.89deg 29.82 + 1.45d 30.06 + 2.02de 5.20 + 0.21def
S2 81.54 + 2.25a 24.37 £ 0.78b 25.61 &+ 1.24defg 21.26 &+ 1.80rfgh 69.97 £ 7.39cd 35.94 + 1.40ab 31.08 + 1.36¢cde 5.47 £ 0.15defg
UASH 45.34 4+ 2.95d 31.95 +£ 1.59a 41.31 £ 2.15ab 27.86 + 1.18bc 89.82 + 5.63b 27.25 + 1.51deg 35.783 + 1.44bc 8.30 + 0.20c
UAS2 68.04 + 4.66b 30.47 + 1.69a 37.50 + 2.24bc 29.68 £+ 0.69¢c 93.71 + 6.24b 34.26 &+ 1.65bc 39.63 + 1.16ab 9.96 + 1.02b
Contl 25.19 £ 1.42f 12.71 = 0.60ef 22.20 £ 1.75fg 20.33 £+ 1.50h 55.71 + 1.45¢g 22.96 + 0.94fg 24.64 £+ 1.02fgh 4.89 £ 0.24defg
UA 24.89 + 1.99f 14.53 + 1.60ef 24.02 + 0.62efg 20.17 + 1.26gh 57.23 + 4.78fg 23.12 £ 0.72fg 28.71 + 1.13deg 4.87 & 0.17efg

HAY S 45.36 + 1.62de 17.48 £ 1.28de 27.45 + 1.45de 24.74 +1.21frh 64.82 + 3.74cde 28.62 + 1.34de 30.52 + 2.58de 5.85 4+ 0.28de
S2 71.29 £ 3.82b 20.08 £+ 1.1cd 30.238 + 1.42d 27.08 £+ 1.68bc 68.73 £ 7.81cd 23.20 &+ 0.88fg 32.30 + 2.00cd 6.11 + 0.28d
UASH 40.47 + 2.55e 23.96 + 0.97bc 45.32 £ 1.75a 33.87 £2.15b 94.78 + 7.34b 19.86 + 1.55¢g 39.583 + 1.60ab 10.30 + 0.45b
UAS2 50.93 + 3.26d 32.16 £ 0.80a 44.83 4+ 1.58a 38.86 + 1.13a 104.42 4+ 9.64a 16.78 = 1.14h 4416 + 2.42a 11.75 £ 0.74a

Treatment (T) - N o . - o N -

Cultivar (C) * * ** * ns ** ns *

TxC ns * ns ns ns * ns ns

Data are the means of five replicates + SE, and three/four plants were bulked for each replicate. Values followed by the different letters indicate significant differences based on two-way ANOVA followed by Duncan’s
test (p < 0.05) for each cultivar at different saline stress treatments. *p < 0.05; **p < 0.01 level; ns, non-significant. Contl, control; UA-, ursolic acid. S1, 4 dS m~'; S2, 8 dS m~"; UAS1, Ursolic acid + 4 dS m~;
UAS2, Ursolic acid + 8 dS m~".





OPS/images/fpls-11-00697/fpls-11-00697-t001.jpg
Cultivar Treatment Fresh weight of root Dry weight of root Fresh weight of Dry weight of shoot Chla (mgg~! Chib (mgg~? TChi(mgg!
(g per plant~1) (g per plant—1) shoot (g per plant—1) (g per plant~1) FW) FW) FW)

HZ Contl 0.69 + 0.006a 0.091 + 0.001a 0.99 + 0.038a 0.206 + 0.013a 1.94 £ 0.24a 1.01 £0.13ab 2.95 + 0.33a
UA 0.63 + 0.012b 0.049 + 0.002fg 0.96 + 0.0020abc 0.159 + 0.004efg 1.95 £ 0.19a 1.02 £0.11a 298 +£0.31a
S1 0.36 + 0.014h 0.033 + 0.001i 0.53 + 0.084f 0.128 + 0.003gh 1.40 £ 0.10fgh 0.71 £ 0.04de 2.11 £ 0.18cd
S2 0.27 £ 0.006i 0.082 + 0.002i 0.44 + 0.03f 0.090 + 0.017cd 0.90 + 0.08h 0.23 +0.01h 113 £0.18g
UAS1 0.48 + 0.017de 0.048 + 0.005fgh 0.84 + 0.043ab 0.176 + 0.005b 1.76 £ 0.18abced 0.89 + 0.05bc 2.65 + 0.31ab
UAS2 0.41 + 0.014gh 0.044 + 0.002gh 0.64 + 0.078cde 0.126 + 0.007h 1.30 £ 0.14gh 0.43 £0.2¢g 1.73 £ 0.16def

712 Contl 0.60 £ 0.009b 0.073 + 0.001bc 1.04 £ 0.064a 0.211 4 0.009a 1.92 £ 0.19a 1.00 + 0.06ab 2.92 + 0.24a
UA 0.54 + 0.003¢ 0.058 + 0.003de 0.99 + 0.009bcd 0.142 + 0.005efg 1.96 £ 0.14e 1.08 £0.01a 2.99 +£0.31a
S1 0.36 + 0.029h 0.040 + 0.02h 0.56 + 0.066f 0.123 + 0.006gh 1.63 £ 0.15bcd 0.79 + 0.043ef 2.42 + 0.39%bc
S2 0.29 £ 0.040i 0.0387 + 0.001h 0.49 =+ 0.049ef 0.157 £ 0.010cd 1.24 £0.11g 0.43 £ 0.041g 1.67 £ 0.21ef
UAS1 0.44 + 0.023efg 0.046 + 0.003fgh 0.85 +0.115a 0.187 + 0.009b 1.86 £ 0.19abc 0.89 + 0.046¢cd 2.75 + 0.19ab
UAS2 0.37 + 0.026gh 0.050 + 0.002gh 0.69 + 0.010def 0.118 £ 0.011h 1.60 £ 0.12cde 0.56 + 0.034ef 2.16 + 0.22cdf

HAY Contl 0.55 £ 0.029¢ 0.076 + 0.006b 0.94 + 0.017abb 0.222 + 0.009a 1.93 £ 0.19ab 1.02 £ 0.02ab 2.95 + 0.31a
UA 0.53 £ 0.006¢ 0.065 + 0.007cd 0.98 =+ 0.0abc 0.154 + 0.005e 1.90 + 0.13ab 1.01 £0.01a 2.91 +0.27a
S1 0.46 + 0.032efg 0.055 + 0.005ef 0.65 + 0.061def 0.146 + 0.006fg 1.58 £+ 0.12efg 0.65 + 0.03ef 2.18 £ 0.22¢cd
S2 0.37 £ 0.035h 0.043 + 0.002ef 0.60 =+ 0.095def 0.183 + 0.010bc 1.23 £0.18g 0.35+0.12g 1.68 £ 0.13f
UAST 0.51 4 0.029c¢d 0.043 + 0.004ef 0.96 + 0.058abc 0.177 £+ 0.009bc 1.93 £ 0.17ab 0.78 & 0.04cd 2.71 4+ 0.25ab
UAS2 0.43 + 0.066fg 0.057 £ 0.010de 0.78 £ 0.075bcd 0.159 £ 0.011cde 1.70 £ 0.16abcd 0.63 + 0.03ef 2.33 + 0.29bc

Treatrent (T) o . . o . o .

Cultivar (C) * * * * ns ns ns

TxC ns ns ns ns ns ns ns

Data are the means of five replicates + SE, and three/four plants were bulked for each replicate. Values followed by the different letters indicate significant differences based on two-way ANOVA followed by Duncan’s
test (p < 0.05) for each cultivar at different saline stress treatments. *p < 0.05; **p < 0.01 level; ns, non-significant. Contl, control; UA-, ursolic acid. S1, 4 dS m~'; S2, 8 dS m~; UAS1, Ursolic acid + 4 dS m~';
UAS?2, Ursolic acid + 8 dS m~".
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Treatment

Contl —
Contl +

UA —

UA +

PTI —

PTI +

SNP —
SNP +

UA + PTI —
UA + PTI +

SNP + PTI —
SNP + PTl +

Description

Control without saline treatment

Control with saline treatment of 8 dS m~"

Ursolic acid (100 uM) + without saline treatment

Ursolic acid (100 M) + with saline treatment of 8 dS m~"

PTI (100 uM) + without saline treatment

PTI (100 M) + with saline treatment of 8 dS m~"

SNP (100 nM) + without saline treatment

SNP (100 M) + with saline treatment of 8 dS m~"

Ursolic acid (100 M) + PTI (100 M) + without saline treatment

Ursolic acid (100 uM) + PTI (100 pM) + with saline treatment of
8dSm~!

SNP (100 uM) + PTI (100 M) + without saline treatment
SNP (100 M) + PTI (100 M) + with saline treatment of 8 dS m~!
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RWC(%) = [(FW — DW)/(TW — DW)] x 100.
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