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Abstract: The lignocellulosic crop Miscanthus spp. has been identified as a good candidate for biomass production. The responses of Miscanthus sinensis Anderss. to salinity were studied to satisfy the needs for high yields in marginal areas and to avoid competition with food production. The results indicated that the relative advantages of the tolerant accession over the sensitive one under saline conditions were associated with restricted Na+ accumulation in shoots. Seedlings of two accessions (salt-tolerant ‘JM0119’ and salt-sensitive ‘JM0099’) were subjected to 0 (control), 100, 200, and 300 mM NaCl stress to better understand the salt-induced biochemical responses of genes involved in Na+ accumulation in M. sinensis. The adaptation responses of genes encoding for Na+/H+ antiporters, NHX1 and SOS1 to NaCl stress were examined in JM0119 and JM0099.The cDNA sequences of genes examined were highly conserved among the relatives of M. sinensis based on the sequencing on approximate 600 bp-long cDNA fragments obtained from degenerate PCR. These salt-induced variations of gene expression investigated by quantitative real-time PCR provided evidences for insights of the molecular mechanisms of salt tolerance in M. sinensis. The expression of NHX1 was up-regulated by salt stress in JM0119 shoot and root tissues. However, it was hardly affected in JM0099 shoot tissue except for a significant increase at the 100 mM salt treatment, and it was salt-suppressed in the JM0099 root tissue. In the root tissue, the expression of SOS1 was induced by the high salt treatment in JM0119 but repressed by all salt treatments in JM0099. Thus, the remarkably higher expression of NHX1 and SOS1 were associated with the resistance to Na+ toxicity by regulation of the Na+ influx, efflux, and sequestration under different salt conditions.
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1  Introduction

Perennial plants with high net energy output and little CO2 emission are needed to meet the challenge of developing second-generation energy crops capable of growing on marginal lands. Miscanthus sinesis Anderss., the C4 perennial lignocellulosic grass, shows a source of genetic diversity for the development of new hybrid bioenergy crops. Furthermore, the capability of M. sinesis to easily propagate and produce high-yields in various abiotic stress environments implies less management for its establishment or production and well-adaptation to marginal lands as a bioenergy crop.

Salinity affected plants through two stress components: an osmotic stress and an ionic toxicity, especially sodium toxicity at elevated NaCl concentrations. Influx of Na+ could be achieved through plasma-membrane nonselective cation channels (NSCCs) or anatomical ‘leaks’ in the root endodermis [1–4]. A striking increase in cytoplasmic Na+ disrupts enzymatic functions and is toxic to both cells and the whole plant. Therefore, decades of study have been dedicated to the characterization of Na+ transport and distribution in plants [2,4–7]. Sodium transport involves a group of genes that play critical roles in ion homeostasis, and herein in the Na+/H+ antiporters. These genes include the SOS1 (located at the plasma membrane) and NHX1 (located in the tonoplast) which facilitates the maintenance of appropriate Na+ concentrations in the cytosol to minimize cytotoxicity. At the cellular level, SOS3, SOS2, and SOS1 are essential components of the Salt Overly Sensitive (SOS) signaling pathway that mediates cellular signaling under salt stress [8]. The primary calcium sensor SOS3 is a calcineurin-like, myristoylated Ca2+-binding protein. It perceives the increase in cytosolic Ca2+ induced by the excessive cytosolic Na+, and activates the serine/threonine protein kinase SOS2 [9–11]. Thereafter, the SOS1 is activated which causes the extrusion of excessive Na+ from the cytosol [12–15]. At the whole-plant level, SOS1 has been proposed previously to promote Na+ efflux from roots [16–18] and facilitate Na+ retrieval from or delivery to the xylem [17,19,20], maintaining a low-sodium zone at the root [18,21]. Compartmentalization of Na+ into vacuoles is assumed to lower (1) toxic Na+ concentrations in the cytoplasm, and (2)vacuolar osmotic potentials. This osmotic adjustment will allow to maintain turgor pressure and cell expansion under salt stress [4]. The sequestration of Na+ in the vacuole was proved to be important to salt tolerance by overexpression of NHX in various species, such as tomato (Solanum lycopersicum L.), soybean [Glycine max (Linn.) Merr.], rapeseed (Brassica napus L.), rice (Oryza sativa L.), maize (Zea mays L.), wheat (Triticum aestivum L.), cotton (Gossypium hirsutum L.), and tobacco (Nicotiana tabacum L.) [22–29]. In addition to the function of vacuolar sequestration of Na+, NHX1 transporter also plays a role in (1) pH homeostasis [30]; (2) plant development [30,31]; (3) the transport of other monovalent cations like K+, Li+, Rb+, and Cs+ [32–34]; (4)vesicle trafficking and protein targeting [35]; and (5) regulation of stomatal function [36].

In our previous greenhouse study, two M. sinensis accessions, JM0119 and JM0099, showed variable salt tolerance on plant dry weight, leaf chlorophyll content, total leaf area, tiller number, photosynthetic parameters, and shoot ion content [37]. The objective of the present study was to investigate the differential responses of genes encoding Na+/H+ antiporters NHX1 and SOS1 to NaCl stress in JM0119 (salt-tolerant) and JM0099 (salt-sensitive). The salt-induced variation of gene expression provided evidences for insights of the molecular mechanisms of salt tolerance in M. sinensis.

2  Materials and Methods

2.1 Plant Materials and Growth Conditions

Seeds of two M. sinensis accessions with distinct salt-tolerance, JM0119 (salt-tolerant) and JM0099 (salt-sensitive), were surface-sterilized with 70% ethanol for 30 s and with 1% (v/v) sodium hypochlorite (NaClO) for 10 min, and then rinsed three times with distilled water. Seeds of each accession were germinated on filter paper in a closed, 90-mm Petri dish filled with 20 ml distilled water in a growth chamber at 12 h photoperiod with 500 μmol m-2s-1 PPF, 70% humidity, and 28/22°C day/night regime. Seven-day old uniform seedlings were transplanted into a 500-ml pot and hydroponically acclimated in distilled water for seven days. Seedlings were thinned to ten per pot and grown in salt-free 1/2 Hoagland solution (concentration was gradually increased during five days) for 14 days. Thereafter, seedlings were exposed to salt treatments of 1/2 Hoagland solution containing 0 (control), 100, 200, and 300 mM NaCl. Salt addition gradually increased at a progressive rate of 50 mM per day until the final treatment levels were reached to avoid osmotic shock. Leaf and root samples were harvested 24 h after salt application for each treatment, and three days after salt application for the 300 mM NaCl treatment. These samples were then immediately immersed in liquid nitrogen and stored at –80°C.

2.2 RNA Extraction, Degenerate PCR, Cloning and Sequencing

Frozen samples of leaf tissues of M. sinensis harvested atdifferent dates were ground in liquid nitrogen, and the total RNA from each sample was extracted using a TRIzol reagent according to the protocol (Life technologies Corp. Carlsbad, USA). First-strand cDNA was synthesized with 2 μg of total RNA using a high capacity RNA-to-cDNA kit (Applied Biosystems, Inc. Foster, USA). The first-strand cDNA served as a template for a 50-μl PCR (PrimeSTAR HS DNA Polymerase; TaKaRa Bio Inc. Otsu, Shiga, Japan) primed with gene-specific degenerate primers (Tab. S1). Primers of DP 1 and DP 2 targeting NHX1 were designed based on an alignment of the NHX1 peptide sequences of Aeluropus lagopoides (GU199336), Arabidopsis thaliana (NM_122597), Diplachne fusca (JF933902), Eutrema halophilum (DQ995339), O. sativa (AB021878), Phragmites australis (AB211145), Puccinellia tenuiflora (AB628206), and Z. mays (NM_001111751). Primers of DP 3 and DP 4 targeting SOS1 were designed based on an alignment of the SOS1 peptide sequences of Aegilops speltoides (FN356230), Aeluropus littoralis (JN936862), A. thaliana (AF256224), Brachypodium sylvaticum (FJ234838), O. sativa (AY785147), Ph. australis (AB244217), P. tenuiflora (AB628205), and T. aestivum (AY326952). The PCR was conducted under a regime of 94°C for 4 min, followed by 35 cycles of 98°C for 10 s, 54°C for 15 s (5 s for SOS1 primers), and 72°C for 60 s. Purified amplicon (Agarose Gel DNA Extraction Kit; TaKaRa Bio Inc. Otsu, Japan) was ligated into pBluescript II SK (-) vector (Agilent Technologies, Inc. Santa Clara, USA), and transformed into competent DH5α Escherichia coli cells (Life technologies Corp. Carlsbad, USA). Plasmid DNA was isolated from E. coli culture using a GenElute plasmid miniprep kit (Sigma-Aldrich St. Louis, USA).

2.3 Quantitative Real-Time PCR Analysis

The extracted total RNA was purified and treated with RNase-free DNase (Recombinant DNase I; TaKaRa Bio Inc., Otsu, Japan). Quantitative real-time PCR (qRT-PCR) assay was performed on an Applied Biosystems 7500 real-time PCR system (Applied Biosystems, Inc., Foster, USA), with SYBR Premix Ex Taq II (TaKaRa Bio Inc., Otsu, Japan) under the procedure of the manufacturer’s instructions. Gene-specific primers for real-time PCR analysis were designed using the obtained approximately 600 bp-long sequence of each gene (Tab. S2). The Actin gene of M. sinensis (JN983213) was used as the reference gene. The PCR program consisted of a denaturation at 95°C for 30 s, then 45 cycles of 95°C for 5 s, a combined annealing/extension phase of 60°C for 30 s followed by a melt curve analysis. Ct (cycle threshold) values were (1) Determined in auto Ct mode using the Applied Biosystems 7500 real time PCR system software and (2) Used to calculate the gene expression relative to an internal control gene.

2.4 Data Analysis

All data was analyzed by Statistical Product and Service Solutions (SPSS Statistics, Version 20; IBM Corp. New York, USA). The significance of the differences between salt treatments means was determined by a Student’s t-test (α < 0.05) run on quantitative real-time PCR analysis.

3  Results

3.1 Sequences of NHX1 and SOS1

The cDNA sequences of genes NHX1 and SOS1 were highly conserved. Compared with the other monocotyledonous species, the translated putative protein sequence of NHX1 showed 96%, 94%, 92%, 92%, and 79% identity to that of Cenchrus americanus (L.) Morrone, Diplachne fusca (L.) Beauv., common reed (Phragmites australis (Cav.) Trin. ex Steud.), rice, and maize (Fig. 1). The translated putative protein sequence of MsSOS1 showed 80%, 82%, 82%, 82%, and 79% identity to that of Distichlis spicata (L.) Greene, rice, common reed, Brachypodium sylvaticum (Huds.) Beauv., and common wheat (T. aestivum L.) (Fig. 2).

[image: images]

Figure 1: Alignment of partial putative translated polypeptide of NHX1 from M. sinensis (MISI), Dip. fusca (DIFU), C. americanus (CEAM), reed (PHAU), rice (ORSA), and maize (ZEMA). Amino acid sequences were deduced by translation of cDNA from the partial sequence of MsNHX1 and from GenBank accession numbers JF933902 (DIFU), DQ071264 (CEAM), AB211145 (PHAU), AB021878 (ORSA), and NM_001111751 (ZEMA)
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Figure 2: Alignment of partial putative translated polypeptide of SOS1 from M. sinensis (MISI), rice (ORSA), reed (PHAU), B. sylvaticum (BRSY), wheat (TRAE), and Dis. spicata (DISP). Amino acid sequences were deduced by translation of cDNA from the partial sequence of MsSOS1 and from GenBank accession numbers AY785147 (ORSA), AB244217 (PHAU), FJ234838 (BRSY), AY326952 (TRAE), and GU480079 (DISP)

3.2 The Relative Expression Levels of NHX1 and SOS1

Plant growth of both M. sinensis accessions was severely affected by salt stress. However, the salt-induced phenotypic symptoms such as delay in leaf emergence, burning of leaf tips, yellowing of leaves, and reduction of tiller numbers were observed more prominently in JM0099 than in JM0119 after 200 mM and 300 mM NaCl treatments (Fig. 3).

[image: images]

Figure 3: Phenotypic responses of two M. sinensis accessions to NaCl stress. A and F, seedlings grown in the absence of stress; B–D and G–I, seedlings exposed to increasing NaCl concentrations; E and J, seedlings after three-day-exposure to 300 mM NaCl

The relative expression of the genes encoding the Na+/H+ antiporters NHX1 and SOS1 varied with salt stress treatments and treatment duration, and showed remarkable differences between accessions. In plant shoots, the expression of NHX1 was dramatically up-regulated by salt stress in JM0119, while this increase was reduced after 3-day-exposure to 300 mM NaCl concentration (Fig. 4A). In JM0119, the expression of shoot NHX1 was 13-fold higher than that in the control after 24 h exposure to 300 mM NaCl, and fell to about 4-fold higher than that in the control after 3-day-exposure to 300 mM NaCl. A significant increase in the expression of NHX1 was also observed in the root tissue of JM0119 after exposure to the 300 mM salt treatment, after the repression at low and moderate salt levels (Fig. 4B). However, NHX1 expression was hardly changed in the shoot tissue of JM0099 except for a significant increase at 100 mM salt treatment (Fig. 4A), and it was suppressed by salt stress in the root tissue of JM0099 (Fig. 4B). The expression of SOS1 was around the control levels in the shoot tissues of both accessions (Fig. 5A). However, in the root tissue, it was markedly induced by the high salt treatment in JM0119, and repressed by all salt treatments in JM0099 (Fig. 5B).
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Figure 4: Effects of salinity on the expression of MsNHX1 in plant shoot (A) and root (B) to increasing NaCl concentrations in two M. sinensis accessions. Values are means ± SE (n = 3). Asterisks indicate significant differences relative to the control in each accession, * P ≤ 0.05; ** P ≤ 0.01. Absence of an asterisk denotes a non-significant effect (Student’s t-test0.05)
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Figure 5: Effects of salinity on the expression of MsSOS1 in plant shoot (A) and root (B) to increasing NaCl concentrations in two M. sinensis accessions. Values are means ± SE (n = 3). Asterisks indicate significant differences relative to the control in each accession, * P ≤ 0.05; ** P ≤ 0.01. Absence of an asterisk denotes a non-significant effect (Student’s t-test0.05)

4  Discussion and Conclusion

The important mechanisms coping with high salinity in plants are the regulation of Na+ influx, efflux and vacuolar compartmentation [4]. The distinct expression patterns of SOS1 and NHX1 during the increase of salt concentration in the two studied accessions indicate different salt-resistant mechanisms in M. sinensis. Under 100 mM NaCl stress, SOS1 and NHX1 expressions were repressed in the salt-treated root tissue of JM0119 and remarkably promoted in the shoot tissue. In this case, Na+ could not be efficiently sequestered into the root cell vacuole and would not act as a cellular osmoticum. Thus, to avoid the increase of environmental osmotic stress by root sodium extrusion, SOS1 expression was also restricted as observed in the NHX1 expression [38,39]. The increased expression of SOS1 and NHX1 in plant shoots may be a prompt response to maintain a low cytosolic Na+ concentration in the leaf to protect photosynthesis [17,18]. When salt stress became more severe (200 mM NaCl), the SOS1 and NHX1 expression recoverment in the root and reduction in the shoot may be the consequence of a controlled delivery of Na+ from the root to the shoot [19]. Under high salt stress (300 mM NaCl), both SOS1 and NHX1 expressions were up-regulated in the roots of JM0119, together with a dramatic increase of NHX1 expression in the shoots. This suggested that there were greatly activated Na+ extrusion out of the root cells and a strong sequestration of Na+ into the cell vacuoles in the salt-tolerant accession as it has been observed in other plants [7,18,21,23,29]. After 3-d under high salinity, shoot NHX1 and SOS1 expressions were both lower than those measured 24 h after treatment with 300 mM NaCl. This may be due to the severe damage to the shoot by Na+ accumulation. Compared with JM0119, the salt-sensitive accession, JM0099, showed suppressed expression of both genes in the root and changeless expression in the shoot (apart from a significant promotion at 100 mM salt concentration). This was consistent with the dramatic increase in Na+ content in the JM0099 shoots as described in a previous study [37]. It indicated the lack of Na+ efflux and compartmentalization which resulted in a high Na+ accumulation in the shoots of the salt-sensitive M. sinensis even under moderate salt stress.

In conclusion, the remarkably high expressions of NHX1 and SOS1 were associated with the regulation of Na+ accumulation in M. sinensis by mechanisms involved in Na+ influx, efflux, and sequestration.
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Supplementary tables

Table S1: Sequences of primer pairs used for degenerate PCR in Miscanthus sinensis
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Table S2: Sequences of gene specific primer pairs used for real-time PCR in Miscanthus sinensis
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