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Understanding the unusual physiological mechanisms that enable drought tolerance in xerophytes will be of considerable benefit because of the potential to identify novel and key genetic elements for future crop improvements. These plants are interesting because they are well-adapted for life in arid zones; Zygophyllum xanthoxylum, for example, is a typical xerophytic shrub that inhabits central Asian deserts, accumulating substantial levels of sodium (Na+) in its succulent leaves while growing in soils that contain very low levels of this ion. The physiological importance of this unusual trait to drought adaptations remains poorly understood, however. Thus, 2-week-old Z. xanthoxylum plants were treated with 50 mM NaCl (Na) for 7 days in this study in order to investigate their drought tolerance, leaf osmotic potential (Ψs) related parameters, anatomical characteristics, and transpiration traits. The results demonstrated that NaCl treatment significantly enhanced both the survivability and durability of Z. xanthoxylum plants under extreme drought conditions. The bulk of the Na+ ions encapsulated in plants was overwhelmingly allocated to leaves rather than roots or stems under drought conditions; thus, compared to the control, significantly more Na+ compared to other solutes such as K+, Ca2+, Cl-, sugars, and proline accumulated in the leaves of NaCl-treated plants and led to a marked decrease (31%) in leaf Ψs. In addition, the accumulation of Na+ ions also resulted in mesophyll cell enlargement and leaf succulence, enabling the additional storage of water; Na+ ions also reduced the rate of water loss by decreasing stomatal density and down-regulating stomatal aperture size. The results of this study demonstrate that Z. xanthoxylum has evolved a notable ability to utilize Na+ ions to lower Ψs, swell its leaves, and decrease stomatal aperture sizes, in order to enable the additional uptake and storage of water and mitigate losses. These distinctive drought adaption characteristics mean that the xerophytic plant Z. xanthoxylum presents a fascinating case study for the potential identification of important and novel genetic elements that could improve crops. This report provides insights on the eco-physiological role of sodium accumulation in xerophytes adapted to extremely arid habitats.
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INTRODUCTION

Drought is the most devastating and commonly occurring global environmental stress that severely impairs food productivity in agriculture and grassland systems (Boyer, 1982; Glantz, 1994; Lambers et al., 2008; Zhao and Running, 2010; Nuccio et al., 2015). This stress is likely to cause more and more issues for food security because predictions suggest that droughts will increase in both severity and frequency given current scenarios for ongoing global climate warming (Li et al., 2009; FAO, 2010; Mishra and Singh, 2010; IPCC, 2014). Thus, understanding the resistance mechanisms used by plants in response to drought is extremely important in light of global and regional changes, not just to forecast the population dynamics of natural ecosystems, but also to enhance agricultural management practices (De Micco and Aronne, 2012).

Species adapted to arid environments tend to survive and grow better during droughts than mesic-adapted counterparts when cultivated together in garden experiments or in natural ecotones (Splunder et al., 1996; Allen and Breshears, 1998; Volaire et al., 1998; McDowell et al., 2008). This attribute is indicative of an underlying difference in the genetic inheritance of drought-resistant traits, as well as the fact that plants with the ability to tolerate conditions where water is scare probably evolved novel mechanisms and key genetic resources which are absent in mesophytes. In light of this background, there has been increasing research interest in revealing the physiological behaviors and mechanisms that underpin the drought adaptations and strategies seen in xerophytes (Yoshimura et al., 2008; Esen et al., 2012; Shi et al., 2013; Yuan et al., 2015), plants that live in arid regions such as the Gobi Desert. Developing a deeper understanding of how these plants manage to resist drought at the physiological level will not only be very beneficial in itself but will also capitalize on the increasing availability of bioinformatics data (Ma et al., 2016; Wu and Su, 2016) and will help to identify the genetic components that are key to crop improvements.

The xerophyte Zygophyllum xanthoxylum, a member of the Zygophyllaceae, is a perennial and deciduous succulent shrub that is mainly distributed in the extremely arid regions of northwestern China (Chinese Vegetation Editorial Board, 1980; Ma, 1989; Sheahan and Chase, 2000). The annual precipitation in these areas ranges between 50 and 200 mm, evaporation is more than 2,000 mm per year (Liu and Qiu, 1982), and summer ground temperatures can reach as high as 70°C (Liu et al., 1987); under these conditions, any occasional light rainfall rapidly evaporates. Previous research has shown that Z. xanthoxylum accumulates large amounts of Na+ ions from the soils where it grows containing extremely low levels of salt (Wang et al., 2004). Therefore, in terms of drought resistance, the function of accumulated Na+ in Z. xanthoxylum has mostly been attributed to the fact that an increased amount of these ions will contribute significantly to reducing the osmotic potential (Ψs) of leaves (Ma et al., 2012; Yue et al., 2012), thus enhancing the uptake of water during droughts. At the same time, however, the root system of Z. xanthoxylum tends to be shallow, distributed in sandy loams within the top 100 cm of the soil profile, mainly at depths between 20 and 40 cm (Chen et al., 2001; Zhou et al., 2006; Kuang et al., 2016); the water content at soil depths between 10 and 20 cm is less than 1%, whereas it ranges between 2 and 3% at depths between 20 and 100 cm (Feng and Cheng, 1999; Sheng et al., 2004). As the matric potential of soils with such an extremely low water content is significantly less than -2.0 MPa (Richards and Weaver, 1944; Wadleigh et al., 1946; Serraj and Sinclair, 2002) and the matric potential decreases approximately vertically in such dry soils if soil water is continuing to be consumed (Serraj and Sinclair, 2002), water absorption by Z. xanthoxylum would normally be expected to be impossible via lowering Ψs by Na+ accumulation in its extreme dry habitat. The ability to enhance water uptake via osmotic adjustments due to Na+ accumulation may make a limited, though perhaps critical, contribution that enables Z. xanthoxylum to live in such extreme habitats. Eco-physiologically, however, why Z. xanthoxylum accumulate large quantities of Na+ from their natively low Na+ content soils or how the accumulated Na+ benefits their drought adaptations remains unclear.

This study aims to elucidate the precise role of accumulated Na+ in the drought adaptations of Z. xanthoxylum. Thus, the effects of these ions on mortality under extreme drought, and on leaf succulence, rate of water loss by transpiration, and stomatal aperture size were all investigated and discussed to elucidate the possible eco-physiological role of the accumulated sodium in Z. xanthoxylum.

MATERIALS AND METHODS

Plant Growth Conditions and NaCl Treatments

Seeds of Z. xanthoxylum were collected from wild plants within the Alxa League (39°05′N, 105°34′E at an elevation of 1,360 m) in the Inner-Mongolia Autonomous Region, China. Healthy seeds were washed several times under running water using magnetic stirrers to remove any substances that might inhibit their germination, soaked in distilled water for 1 day at 4°C, and germinated for 2 days in the dark at 25°C. Vigorous germinating seeds with uniform radicle length were selected and transplanted into plastic trays (15 cm × 24 cm × 11 cm; 12 seedlings per container) filled with 2-mm diameter white quartz grits. The quartz grits were washed with standard procedure to remove Na+ as much as possible: firstly, soaked in 2N sulfuric acid and 1N hydrochloric acid for 2 days, then washed with running water four times, and lastly with distilled water six times. It should be noted that there was still trace amounts of Na+ left in washed quartz grits (0.8 ± 0.1 micromoles⋅g-1 dry wt.). And this size of grit is too coarse to maintain or absorb water. The plants were irrigated with modified half-strength Hoagland nutrient solution containing 2 mM KNO3, 0.5 mM NH4H2PO4, 0.25 mM MgSO4⋅H2O, 0.1 mM Ca (NO3)2⋅4H2O, 50 μM Fe-citrate, 92 μM H3BO3, 18 μM MnCl2⋅4H2O, 1.6 μM ZnSO4⋅7H2O, 0.6 μM CuSO4⋅5H2O, and 0.7 μM (NH4)6Mo7O24⋅4H2O. Prior to planting, the weight of each grit-filled container was recorded using an electronic scale to control and record the proper amount of solution added to each tray daily. In order to prevent drowning damage to roots, the amount of culture solution was limited to depths of between 1 and 2 cm, approximately one-seventh the height of each cultivation tray. Seedlings were grown in a culture room at 32°C/26°C (day/night) under a light/dark cycle of 16 h/8 h and at a light intensity of 400 μm mol m-2 s-1. Relative humidity was maintained at approximately 65% in growth room.

The culture boxes containing 2-week-old Z. xanthoxylum seedlings were randomly separated into two groups and treated for 1 week with modified half-strength Hoagland nutrient solution supplemented with, or without, 50 mM NaCl. The NaCl concentration used in this study was based on previous work where 50 mM NaCl was shown to be optimum among a series of concentration gradients to promote growth and alleviate the deleterious impacts of drought stress (Ma et al., 2012; Yue et al., 2012). Distilled water was supplemented every day to maintain a relatively constant culture solution concentration.

Survival Rate and Evapotranspiration Assays

In order to determine whether or not NaCl treatment had a positive effect on drought tolerance in Z. xanthoxylum, plant watering was curtailed after each treatment. The culture solutions quickly became dried out within 2 days through evapotranspiration, plant deaths occurred following unrecoverable wilt, and the survival rate was calculated as (live plants/total plants) × 100%. In addition, the amount of evapotranspiration was recorded in each case on the 7th day of treatment, calculated as the total weight of each tray containing plants following water supplementation at the end of the sixth treatment day minus the total weight of the tray containing plants at the end of the seventh treatment day.

Leaf Cell Damage and Antioxidant Systems Assays

In order to further verify the effects of NaCl, a mimic water deficit experiment was performed using -0.5 MPa mannitol (Michel et al., 1983) prepared with half-strength Hoagland nutrient solution. This combination was applied over a 24-h period to plants that had been treated with NaCl for 7 days, and a number of biochemical indicators were assayed using leaves from the third and fourth nodes counted from the bottom of plants (the same below). Thus, the superoxide radical was determined using hydroxylamine oxidation (Elstner and Heupel, 1976), and lipid peroxidation was assessed by monitoring malondialdehyde (MDA) production in leaves, quantified as thiobarbituric acid reactive substances (Dhindsa et al., 1981). Leaf electrolyte leakage was determined by means of relative membrane permeability as measured using a conductivity meter (Murray et al., 1989), while superoxide dismutase (SOD) was assayed using the nitroblue tetrazolium method (Dhindsa et al., 1981), and catalase (CAT) and peroxidase (POD) activities were measured following the method outlined by Cakmak et al. (1993). The ascorbate peroxidase (APX) activity was determined by Nakano and Asada (1981). Glutathione reductase (GR) activity was determined as described by Rao et al. (1996). The Reduced glutathione (GSH) and oxidized glutathione (GSSG) were determined according to Nagalakshmi and Prasad (2001). Briefly, 0.2 g fresh leaves were homogenized by grinder (BioSpec Mini-Beadbeater-96, United States) in liquid N2. For MDA, 5 ml 0.1% (w/v) trichloroacetic acid was used to extract the sample and then centrifuged; the resulted supernatant was added 5 ml of 0.5% thiobarbituric acid solution and heated for 10 min at 100°C. After cooling, the precipitate was removed by centrifugation. The absorbance of the sample was measured at 450, 535, and 600 nm. For SOD, CAT, POD, and APX, 8 ml 50 mM sodium phosphate buffer (pH 7.8) was used to extract the sample, centrifuged to get the crude enzyme solution, and then measured accordingly. For GR, the sample extracted by 1.5 ml 100 mM potassium phosphate buffer (pH 7.8), 0.1% (v/v) Triton X-100 and 2 mM MgCl2 was centrifuged 10 min at 12,000 g. The supernatant was crude extract. For GSH and GSSG, 5 ml of 5% (w/v) sulphosalicylic acid was used to extract and then centrifuged.

Inorganic and Organic Leaf Solutes and Their Contributions to Ψs

Contents of Na+, K+, and Ca2+ were measured following the method outlined by Wang et al. (2007). Briefly, these ions were extracted from dried plant samples soaked in 100 mM acetic acid at 99°C for 4 h; ion analysis was then performed using a polarization Zeeman atomic absorption spectrophotometer (Hitachi Z-2000, Hitachi High-Technologies Co., Japan). As for chloride (Cl-), 0.2 g fresh leaves oven-dried were grinded (BioSpec Mini-Beadbeater-96, United States) into powder, extracted by 1.2 ml ddH2O twice within boiled water bath for 2 h, and determined by Mohr titration (Korkmaz, 2001).

Total soluble sugar content was measured using the anthrone method (Dubois et al., 1956; Chow and Landhäusser, 2004). Briefly, 0.2 g samples of fresh leaves were dried, ground in liquid nitrogen, and double-extracted using 4 ml of 80% ethanol by boiling in capped polypropylene tubes at 95°C for 30 min. Extraction supernatants were then centrifuged at 12,000 rpm for 10 min and combined for sugar analysis; each 0.5 ml extraction was diluted in 1.5 ml of distilled water, and 0.5 ml of 2% (w/v) anthrone ethyl acetate reagent was rapidly added, followed by 2.5 ml of concentrated sulfuric acid (H2SO4). Absorbance was then measured at 630 nm (Hitachi ultraviolet spectrophotometer U-3900, Hitachi High-Technologies Co., Japan) following 10 min of color development in the dark.

The content of free proline was determined using the sulphosalicylic acid method (Bates et al., 1973). Briefly, 0.2 g samples of fresh leaves were dried and homogenized (Mini-Beadbeater-96, Bio Spec Products Inc. United States) in 5 ml of 3% (w/v) sulphosalicylic acid and centrifuged; ninhydrin and glacial acetic acid were then added to the supernatants, and the mixture was heated at 95°C for 60 min in a water bath. Reactions were then stopped using an ice bath, the mixture was extracted using toluene, and the absorbance was read at 520 nm.

The variable Ψs was measured using a freezing-point osmometer (FM-8P, Shanghai Yida Instrument Co., Japan). Briefly, fresh leaves were frozen and thawed several times in liquid N and then squeezed using a syringe. Leaf sap was then collected, centrifuged, and then used for Ψs determination at 25°C. These readings (mmol kg-1) were used to calculate Ψs in Mpa, as follows:
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In this expression, R = 0.008314 and K = 298.8. Similarly, Ψs values for each inorganic and organic solute were calculated using the Van’t Hoff equation, as follows:
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In this expression, n denotes the number of solute molecules, while R = 0.008314, and T = 298.8. The contributions of each solute to leaf Ψs were then estimated, as follows:
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Fresh and Dry Weights, Water and Absolute Water Contents, Leaf Volume, and Water Loss Rate Assays

At the end of treatments, whole plants were washed with distilled water and tissue samples were rapidly taken and immediately weighed to determine fresh weight (FW). Additional tissues were oven-dried at 80°C for 72 h and dry weight (DW) was determined. Thus, tissue and absolute water contents were calculated as follows:
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The measurement method used to calculate leaf volume was as follows:

[image: image]

This equation was taken from the manual of a patented volumenometer (ZL 2015207858757) with a measurement precision of 0.1 mm3; in this expression, Vleaf refers to leaf volume, while Mleaf is leaf FW, M1 is the weight of the volumenometer fully filled with pure water, M2 denotes the weight of this instrument fully filled with pure water plus the leaf, and ρwater is the density of pure water at ambient temperature.

In order to assess the water loss rate, leaves from the same position as those sampled above were carefully excised from the plant with a scalpel and the cut petiole section was sealed with white vaseline to prevent water loss. These cut leaves were then placed on filter paper in plastic dishes in a dark chamber at constant temperature and humidity and their weights were recorded every 4 h. Water loss rates were calculated as follows:
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In this expression, FWTn is the weight at each time point, while ΔT denotes the time interval between consecutive measurements.

Abscisic Acid (ABA) Content Assay

The extraction and purification of ABA from leaves was carried out following previously described procedures (Dobrev and Vankova, 2012). Briefly, an approximately 1 g sample of fresh leaves was homogenized and extracted using a methanol/double-distilled water/formic acid (15:4:1, v:v:v) mixture. This extract was then passed through a SPE C18 column (T1616-2008, Tianjin BoJin Technology Co., Japan) and the eluate was collected and evaporated using a N2-pressure blowing concentrator at room temperature in the dark to about one-tenth of its original volume. The residue was then dissolved in 2 mL of 80% methanol and filtered through a 0.45-μm filter, prior to the determination of ABA content using liquid chromatography mass spectrometry (Applied Biosystems PE Sciex API 2000, ABSciex, United States).

Light and Scanning Electron Microscope (SEM) Observations

Leaves from Control and Na treatments were fixed using 2.5% (v/v) glutaraldehyde in phosphate-buffered saline (PBS, pH 7.4) for 12 h at 4°C. Samples were then washed with PBS, dehydrated using a graded ethanol series, and embedded in LR White resin (London Resin Co., United Kingdom). The resin was then polymerized at 55°C for 3 days, and 0.5 and 0.1 μm sections were cut with a diamond knife using a Leica EM UC7 ultramicrotome (Leica Mikrosysteme GmbH, Austria).

Semi-thin 0.5 μm sections were placed onto glass slides for light microscope observations, stained with 1% (w/v) Toluidine Blue O (with 1% [wt/vol] sodium borate) for 5 min, and observed using an OLYMPUS BX51 system (Olympus Corporation, Japan).

Leaves were fixed with 2.5% (v/v) glutaraldehyde in pH 7.4 PBS for 12 h at 4°C before being re-washed with PBS, dehydrated using a graded ethanol series, immersed in isoamyl acetate, and fully dried with a critical point dryer for SEM observations. Treated samples were then mounted on copper stubs and sputter-coated with gold-palladium; specimens were observed and photographed using a field emission (FE) SEM (S-4800, HITACHI, Japan) at 10 kV.

Statistical Analysis

Each experiment was repeated at least twice and comprised three replicates. All values are reported in this study as means ± standard deviation (SD); analysis of variance (ANOVA) was performed for experiments using the software Excel 2016 applying the Student’s t-test for simple one-way comparisons of two samples.

RESULTS

Application of 50 mM NaCl Enhanced Survival Rate and Durability Under Extreme Drought Conditions

Two-week-old Z. xanthoxylum seedlings were randomly treated either with NaCl, or without NaCl (control), for 1 week. The results revealed that water loss by evapotranspiration from trays of NaCl-treated plants was significantly less than from control plants on the 7th day after treatment (Figure 1A). Watering was stopped following treatment and time-course analyses of survival rate and durability were performed. These experiments showed that because of rapid evapotranspiration and the fact that large quartz grit particles cannot retain moisture, the solution quickly ran out in the culture trays within 2 days or less. On the 3rd day after watering was stopped, the control plants started to visibly wilt; as shown in Figure 1B, the survival rate of this group also sharply decreased between the 4th and 6th day after watering was stopped because of unrecoverable wilt, while this rate did not change in the NaCl- treated group. It is also noteworthy that the plants in the control group were totally dried out by between 6 and 8 days after watering was stopped, while this took between 35 and 45 days in the treatment group (Figures 1C,D). The results corroborated the fact that NaCl treatment enhanced the survival rate and durability of Z. xanthoxylum under absolute drought conditions.
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FIGURE 1. NaCl treatment (50 mM) for 7 days increased the survival rate and durability of 2-week-old Zygophyllum xanthoxylum seedlings compared to controls when water was withheld. (A) Water lost by evapotranspiration per box on the 7th day of NaCl treatment. (B) Survival rate versus days that water was withheld; (C,D) show representative photographs of control and NaCl-treated plants taken after 19 days without water, respectively. Bars denote the mean ± SD of between three and four replicates; each replicate in (A) involved 12 plants. Bars with different letters are significantly different at the level of 0.05.



Treatment With 50 mM NaCl Enhanced Adaptability to Short-Term Osmotic Stress

In order to test whether, or not, NaCl treatment enhances osmotic stress resistance, plants that had been subject to 7 days of treatment were exposed for 24 h to a further culture solution containing an additional -0.5 MPa of mannitol. Observations revealed that less of this solution remained in the control trays than in those treated with NaCl, while visible wilt wrinkles appeared on the leaves of control plants but not on treated individuals. Consistent with these observations, biochemical assays demonstrated that the content of the superoxide radical (O2-⋅), a reactive oxygen species (ROS) produced in plants under stress, was significantly less in NaCl-treated plants than in the control group (Figure 2A). In addition, the content of MDA, an end product of lipid peroxidation that is stimulated by ROS, was also significantly lower in NaCl-treated plants (Figure 2B), while the relative conductivity or electrolyte leakage, proxy for the degree of cell membrane damage due to stress, was also markedly reduced in NaCl-treated plants (Figure 2C). The activity of enzymes involved in removing ROS, such as SOD, POD, CAT, APX, and GR were also significantly reduced in NaCl-treated plants (Figures 2D–H). The Ratio of the non-enzymatic antioxidant reduced/oxidized glutathione (GSH/GSSG) was lower in NaCl-treated plants, too, indicating the treated leaves with more efficiency to use reduced glutathione (Figure 2I). All of these results demonstrated that treatment with NaCl reduced the damage caused by osmotic stress.
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FIGURE 2. NaCl treatment reduced Z. xanthoxylum leaf damage from short-term osmotic stress induced with -0.5 MPa mannitol. Relative biochemical content of (A) superoxide radicals, (B) MDA, (C) electrolyte leakage and antioxidase activity of (D) SOD, (E) POD, (F) CAT, (G) APX, (H) GR as well as (I) Ratio of GSH/GSSH were all analyzed in leaves harvested after 24 h of –0.5 MPa mannitol stress from third and fourth nodes of 2-week-old Z. xanthoxylum seedlings treated with 50 mM NaCl or without (control) for 7 days. Bars denote the mean ± SD (n = 8), with different letters indicating significantly different at the level of 0.05.



Na+ Contributed to, and Significantly Decreased, Leaf Ψs

In order to investigate the function of Na+ in drought tolerance, leaf solute potential (Ψs) and the contents of Na+, K+, Ca2+, Cl-, soluble sugar, and proline in leaves were measured. The concentration of each solute, as well as its relative contribution to Ψs, were also calculated. Results showed (Figure 3A) that Ψs was significantly lowered in NaCl-treated plants compared to the control group and the same was true for K+, Ca2+, soluble sugar, and proline, while opposite pattern was seen in Na+ and Cl- content (Figure 3B). Na+ was greatly accumulated to more than 50 mM in control group plants (Figure 3B), even though these ions were not added to the culture solution and a great deal of effort was expended to clean the quartz grit used in these experiments. At the same time, the contribution of inorganic solutes, such as Na+, K+, Ca2+, and Cl-, to Ψs was as high as 87.36% in the control plants, while the contribution of Na+ was just 11.2% ± 1.1%. In treated plants, the contribution of inorganic solutes was 76.37%, and the Na+ contribution was definitely higher, 63.9% ± 10.4% (Figure 3C). These results suggested that inorganic solutes of Na+, K+, Ca2+, and Cl- are the preferred osmolytes of Z. xanthoxylum and that the first of them is favored overall. Thus, when available, Na+ is rapidly accumulated in leaves, significantly decreasing their solute potential.
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FIGURE 3. Na+ not only significantly decreased Ψs but made a large contribution to Ψs in leaves from the third and fourth nodes in 2-week-old Z. xanthoxylum seedlings treated with 50 mM NaCl or without (control) for 7 days. (A) (Ψs). (B) Solute concentration in leaves. (C) Solute contributions to Ψs. Bars denote the mean ± SD (n = 8), with different letters indicating significantly different at the level of 0.05.



Treatment With 50 mM NaCl Enhanced Leaf Succulence and Water Storage

In order to further determine the effects of accumulated Na+ on leaf growth, mature leaf characteristics pruned from the third and fourth nodes of plants were examined. The results showed that leaf FW and DW, absolute water content, leaflet length, thickness, and volume all markedly increased in treated plants (Figures 4A–F). Results also suggested that NaCl treatment had a great impact on promoting leaf succulence.
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FIGURE 4. Treatment with NaCl promotes leaf succulence. The samples for this experiment were third- and fourth-node leaves from 2-week-old Z. xanthoxylum seedlings treated with 50 mM NaCl or without (control) for 7 days. These results show that NaCl treatment stimulated (A) leaf FW, (B) DW, and (C) absolute water content (D), as well as leaflet length (E), leaf thickness (F) and volume (G), and spongy (H) and palisade cell area, but not (I) leaf cell layers. Bars denote the mean ± SD (n = 8), with different letters indicating significantly different at the level of 0.05.



Further, to examine the effect of NaCl on leaf succulence at the cellular level, semi-thin cross-sections of mature leaves from the same positions on plants were investigated. Compared with the control, both palisade and spongy cells were enlarged dramatically in NaCl-treated plants (Figure 5); because of cell enlargement, morphological differences between palisade and spongy tissues became less obvious in treated plants (Figures 5A,B). Thus, to quantify the effect of Na+ on cell enlargement, areas of the three largest palisade and spongy cells in each different section were measured. These results demonstrated that the areas of these cells were significantly increased by 91.3% ± 18.8% and 89.2% ± 19.5% in NaCl-treated plants compared with the control, respectively (Figures 4G,H, 5C–F). Because the number of leaf cell layers did not differ between the control and treatment (Figure 4I), these results suggested that succulence promoted by Na+ was mainly the result of cell enlargement rather than cell division.
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FIGURE 5. Representative transverse semi-thin sections of leaves. The samples for this experiment were third- and fourth-node leaves from 2-week-old Z. xanthoxylum seedlings treated with 50 mM NaCl or without (control) for 7 days. All these sections were stained with toluidine blue. Semi-thin section of leaf from control (A) and NaCl treatment (B). Palisade cells from control (C) and NaCl treatment (D). Spongy cells from control (E) and NaCl treatment (F). The scale bars in (A,B) are 100 μm, while those in (C–F) are 50 μm.



In order to gain a deeper understanding of the significance of Na+ in Z. xanthoxylum, the distributions of both water and Na+ at the organ level in plants were also investigated. These results showed that Na+ sequestered in plants was overwhelmingly allocated to leaves, irrespective of treatment or control (Figure 6A), and that the same distribution pattern was seen for water in different organs (Figure 6B). And the Na+ concentration was the highest in leaves (Figure 6C). Correlation analysis showed that the Na+ distribution varies across organs at the whole plant level, but was positively correlated with the corresponding water distribution (Figure 6D). Thus, absolute plant water content increased by 188.0% ± 33. 5% in NaCl-treated plants compared to the control and that this increment comprised as much as a 99.4% ± 19.0% increase in leaves. These results also showed strongly that Na+ absorbed by Z. xanthoxylum was mainly allocated to leaves so that cells could be enlarged for water storage.
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FIGURE 6. Plant water distribution is positively correlated with plant Na+ distribution in root, stem, and leaf organs. The samples for this experiment were third- and fourth-node leaves from 2-week-old Z. xanthoxylum seedlings treated with 50 mM NaCl or without (control) for 7 days. (A) Na+ content in root, stem, and leaf organs. (B) Absolute water content in root, stem, and leaf organs. (C) Na+ concentration in root, stem, and leaf organs. (D) Correlation analysis between the proportional distribution of Na+ and water in different organs across the whole plant. Bars represent the mean ± SD (n = 8), with different letters indicating significantly different at the level of 0.05.



Treatment With 50 mM NaCl Decreased Leaf Water Loss and Stomatal Aperture Size

Because the results of this study showed that water loss via evapotranspiration at the plant tray level was reduced by NaCl treatment (Figure 1A), it was further hypothesized that this might also act to reduce the plant water loss rate. Thus, to test this, the water loss rates of detached third and fourth node leaves from 2-week-old seedlings treated for 7 days with NaCl and without NaCl (control) were investigated (Figure 7). The results of this comparison showed that when leaves were detached from their parent plant their water content generally declined; however, the rate of water content loss was clearly less in NaCl-treated leaves than in those from control plants (Figure 7A). Results showed that the water loss rate of detached leaves from NaCl-treated plants was only about one eighth of that from their control counterparts after a period of up to 4 h (Figure 7B) and that the rate in leaves from the latter remained significantly higher throughout this period even though overall water content was lower (Figure 7A,B). This suggested that the water loss rate of detached leaves was independent of cell sap concentration; this rate also fell to almost zero in NaCl-treated detached leaves within 12 h, while that in control leaves continued to decline (Figure 7B). This suggested that NaCl treatment promoted water retention and greatly reduced leaf water losses.
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FIGURE 7. Treatment with NaCl reduced the rate of water loss and stomatal density in detached leaves but did not influence ABA content. The samples for this experiment were third- and fourth-node leaves from 2-week-old Z. xanthoxylum seedlings treated with 50 mM NaCl or without (control) for 7 days. (A) Water content of detached leaves versus length of time (h) detached (n = 8). (B) Water loss rate of detached leaves (n = 8). (C) Stomatal density on adaxial and abaxial leaf surface (n = 18). (D) Leaf ABA content (n = 4). Bars denote the mean ± SD (n = 8), with different letters indicating significantly different at the level of 0.05.



To further understand how this treatment influences water loss, leaf stomata from the third and fourth nodes of 2-week-old plants subjected to treatment with, and without, NaCl for 7 days were examined via SEM. These observations showed that although the stomata of control group leaves were mostly open, those on both the adaxial and abaxial surfaces of treatment group plants were closed (Figure 8). Further SEM analysis revealed that 69.5 and 94.4% of adaxial and abaxial epidermal stomata were open in control plants, respectively, while just 5.7 and 6.1% were open in their NaCl-treated counterparts (Supplementary Table S1). Statistical analysis also showed that stomatal density on both the adaxial and abaxial surfaces of NaCl-treated plants was significantly reduced compared to the control (Figure 7C); however, as these leaves were completely developed on the third and fourth nodes of 2-week old-seedlings, this decrease in stomatal density might also be due to the enlargement of epidermal cells in treated plants (Figures 5A,B, 8A–D). Taken together, these results demonstrated that NaCl treatment influenced water loss reduction mainly via stomatal closure and decreases in the density of these structures.


[image: image]

FIGURE 8. SEM images. The samples for this experiment were third- and fourth-node leaves from 2-week-old Z. xanthoxylum seedlings treated with 50 mM NaCl or without (control) for 7 days. (A,E) Adaxial stomata in control plants. (B,F) Abaxial stomata in control plants. (C,G) Adaxial stomata in NaCl-treated plants. (D,H) Abaxial stomata in NaCl-treated plants. Scale bars in (A–C), and (D) are 20 μm, while those in (E–H) are 4 μm. Scanning electron microscope (SEM) analysis of leaves on the 3rd–4th nodes of 2-week Z. xanthoxylum seedlings treated without (Control) or with 50 mM NaCl (Na) for 7 days. (A,E) Adaxial stomata in control plants. (B,F) Abaxial stomata in control plants. (C,G) Adaxial stomata in Na treatment plants. (D,H) Abaxial stomata in Na treatment plants. Scale bar: (A–D) 20 μm; (E–H) 4 μm.



It is likely that levels of the stress signaling molecule ABA, which promotes stomatal closure, increase when plants are subject to water stress. Thus, to detect whether, or not, reductions in stomatal aperture size can be linked to changes in the proportions of this molecule, ABA content was measured. The data showed that ABA content did not vary significantly between the control and NaCl-treated plants (Figure 7D); this suggested that the leaves of NaCl-treated plants may not suffer stress and that stomatal closure was probably independent of ABA.

DISCUSSION

Droughts occurring in arid regions, or generally because of insufficient rainfall, have always been the main factor limiting crop production across most of the world (Steduto et al., 2012). However, in extremely arid environments, such as the deserts of northwestern China, succulent xerophytes such as Z. xanthoxylum manage to grow well. These plants are important because they possess outstanding ability to thrive in arid areas in which model and agronomic plant species cannot survive, and thus they may have evolved a range of novel strategies to cope with drought. Unfortunately, most of the plants that have been the focus of detailed research to date have limited tolerance to drought, including Arabidopsis (Clauw et al., 2016), tobacco (Xie et al., 2016), rice (Todaka et al., 2017), wheat (Sukumaran et al., 2016), and maize (Wang et al., 2016). Thus far, relatively little attention has been focused on plants which are already adapted for growth in conditions of severe drought, due largely to the difficulties of working with these slow-growing species. As a result, however, the precise physiological mechanisms exhibited by these drought-tolerant plants remain to be elucidated.

The subject of this paper, the xerophyte Z. xanthoxylum, possesses this ability as it could live in the Gobi Desert of northwestern China (Liu et al., 1987). In earlier work, Wang et al. (2004) noted that this plant accumulates abundant Na+ from non-saline soils even though its natural habitats are characterized by very low salt content; this suggests that this ion might exert a positive influence on drought tolerance in this species. The results of this study showed that treatment with 50 mM NaCl not only enhanced the survival rate and durability of Z. xanthoxylum under extreme drought conditions, but that the presence of this ion also increased the adaptability of this plant to short-term osmotic stress (Figures 1, 2). These results highlighted the fact that Na+ is an important component of the desert adaptations seen in Z. xanthoxylum.

Increased water uptake in plants can be achieved by decreasing Ψs via the enhanced accumulation of solutes during droughts or periods of salinity, a process termed osmotic adjustment (Turner and Jones, 1980; Verslues et al., 2006). This adaptation is seen in numerous plant species and is well known to play a role in combating dehydration (Blum, 2017). Indeed, the treatment with 50 mM NaCl applied in this study to Z. xanthoxylum significantly decreased leaf Ψs compared to the control (Figure 3A), a reduction that was overwhelmingly due to increased Na+ accumulation (Figures 3B,C). Halophyte plants that live on seacoasts or in saltmarshes, like Suaeda maritima (Yeo and Flowers, 1980) and Atriplex vesicaria (Black, 1960), also accumulate large quantities of this ion in their leaves to enable enhanced water uptake so as to counteract the external osmotic stresses imposed by the high salt concentrations in their environments (Flowers et al., 1977). However, unlike halophytes that live in habitats where there is plenty of water, this resource is almost entirely absent from the upper desert layer and thus increasing water uptake via Na+ accumulation cannot play a great role in the adaptations of Z. xanthoxylum in deserts. It is because that water uptake via osmotic adjustments can only function at the onset of drought or during mild-to-moderate events of this kind, in the first place because soil water potentials become far too low to extract additional water during long periods of drought. This is especially the case in soil horizons below depths of 100 cm in arid regions (Nobel, 1977; von Willert et al., 1992). In addition, it is also possible that water potential can drop sharply in severely arid soils if any depletion occurs which further acts to limit the uptake of plants (Serraj and Sinclair, 2002). This conclusion is corroborated by the results of this study because in experiments in which watering was withheld, the Ψs in control plants fell to lower levels than in NaCl-treated individuals because of the passive decrease associated with wilting. Nevertheless, plants in the control group still died faster and earlier because of no water available (Figure 1). Our results also showed that at the start of the short-term osmotic stress experiment reported in this study, the total calculated Ψs values of the culture solutions were -0.52 and -0.76 MPa for the control and treatment, respectively; data showed that although control plants should tend to suffer less, they were nevertheless damaged to a greater extent because of a rapid decrease in the Ψs of the culture solution due to fast water depletion (Figure 2). Thus, in terms of long-term survival, the role of Na+ in osmotic adjustment may only contribute to the desert adaptations of Z. xanthoxylum to a limited extent because most of the growing season for this plant coincides with extreme drought conditions.

The swelling of tissues and organs for water storage, a process known as succulence, is another important adaptation seen in a diverse range of plant species that cope with semi-arid and arid environments (Ogburn and Edwards, 2010; Males, 2017). This process of tissue and organ swelling involves an increase in cell volume accompanied by the intake of vast amounts of water. Water uptake by cells is generally associated with, or modulated by, cell wall relaxation to reduce turgor pressure (Ψp), modification of cell solute content, and changes in plant hydraulic conductance; the last of these factors, however, only works in cells that are far from their water potential equilibrium (Cosgrove, 1993). This means that water uptake into a cell is mainly controlled by cell wall elasticity and solute content, themselves affected by the Ψp and Ψs, respectively (Steudle et al., 1977). In a rigid plant cell, Ψp is primarily dependent on cell solute content; thus, any increase in this variable will result in a concomitant Ψp increase, leading to a large tensile stress on the cell wall. If a cell wall is in an “extensible” state, it will undergo turgor-driven expansion and water uptake (Cosgrove, 2000). The Ψs values measured in this study (Figure 3A) showed that total solute content by concentration increased by around 31.3% in leaves of NaCl-treated plants, compared to the control group, a result that was consistent with a previously reported 28.8% increase in cell Ψp in similarly treated plants (Ma et al., 2012). In contrast, if the leaf cell size of NaCl-treated plants is reduced to the same size as the control group (Figure 5), between two and four times more solute concentration is generated, based on estimates for cell wall increases (Figures 4G,H). This result suggested that cells in the leaves of NaCl-treated plants underwent both turgor-driven expansion and water uptake. The data presented in this study also showed that of the accumulated solutes analyzed, Na+ comprised 86.2% of the total in leaves of plants treated in this way (Figures 3B,C); this means that this ion made a major contribution to the increase in Ψp and cell size. The NaCl treatment therefore notably enhanced water storage by promoting leaf succulence in Z. xanthoxylum through cell enlargement (Figures 4, 5). This leads to a number of inevitable conclusions, including that the majority of Na+ contained in plants is allocated to leaves, the water distribution at the individual level is tightly positively correlated to the distribution of this ion in different organs, and the prominent rise in absolute water content in NaCl-treated plants was nearly all the result of water increase from leaves (Figure 6). We therefore concluded that the role of absorbed Na+ in Z. xanthoxylum is mainly to promote leaf succulence by enlarging cells for enhanced water storage. This resource, once stored, helps to mitigate drought stress in tissues and buffer stomatal conductance and photosynthesis over a period of days in the face of soil water deficits (Sinclair, 1983; Martin, 1994). The resultant increase in leaf hydration recorded in this study was also partially responsible for enhanced durability and reduced cell damage (Figures 1, 2) and in addition improved photosynthetic performance under drought stress (Ma et al., 2012; Yue et al., 2012).

Water retention by down-regulating transpiration is another common strategy utilized by plants to sustain the balance of water resource as a drought resistance adaption. This can be achieved via the formation of xeromorphic traits including leaf shedding, a lower leaf number, smaller leaf size, and the presence of xeromorphic leaves with features such as thick cuticles, and stiff or sunken stomata in plants that live in arid and semiarid environments (De Micco and Aronne, 2012). This adaptation can also result from instant adjustments in the stomatal aperture of most plants when subject to water shortages (Sperry, 2000; Liu et al., 2005). This water-saving process could be fulfilled in our study via intensive accumulation of Na+ in leaves which consequently resulted in a marked decrease in water loss rate the via down-regulation of stomatal aperture size and decrease in density (Figures 7, 8). This is perhaps one major reason why Z. xanthoxylum plants are able to withstand many days under conditions of extreme drought (Figure 1) or are adapted to their desert habitats because of lower water demand and expenditure. As regards stomatal closure, various studies demonstrated that ABA produced in root tips in response to drought in drying soils is a major signaling molecule transported into leaves via the transpiration stream. When this molecule reaches a leaf it leads to an increase in ABA and reduced stomatal conductance (Davies and Zhang, 1991; Davies et al., 1994). The NaCl-treated plants in our study, however, did not suffer from water shortage and so the content of this stress signaling molecule (ABA) was not difference in control and treated plant leaves (Figure 7D); this indicated that stomatal closure in NaCl-treated plants did not result in detectable ABA changes. Additional studies on the stomatal behavior of isolated epidermis have shown that Na+ can directly inhibit the opening of these structures in the non-succulent halophyte Aster tripolium, and that this process is not mediated by ABA (Perera et al., 1994). Compared to the contrasting and unusual stomatal response of A. tripolium, Na+ appears to promote opening in non-halophyte and glycophyte species such as Commelina communis and A. amellus (a relative of A. tripolium), finally leading to irreversible opening, disrupting the ability of stomata to close in response to both environmental signals (i.e., darkness and CO2) and ABA (Jarvis and Mansfield, 1980; Zeiger, 1983; Perera et al., 1994). The presence of this notable distinction in Na+ effects on stomatal behavior between halophytes and glycophytes mainly relies on the fact that the former has evolved a novel mechanism to sense Na+ signaling and then to downregulate K+ uptake, as the latter is the main ion involving in stomatal opening (Perera et al., 1997; Véry et al., 1998). The mechanism by which Na+ downregulates stomatal aperture size could also decrease transpiration and limit the excessive upward passage of this ion in the xylem to the shoots, enabling A. tripolium to avoid toxicity in its saline habitat (Kerstiens et al., 2002). It is likely that a similar mechanism has also evolved in the xerophyte Z. xanthoxylum. However, unlike halophytes that inhabit saline environments, the species studied in this research lives in soils that contain very low Na+ concentrations and also has a marked ability to absorb and distribute large concentrations of this element in its leaves. This means that the active accumulation of larger quantities of Na+ in leaves acts to downregulate water loss by transpiration, an additional arid habitat adaptation. This result implies that the xerophyte Z. xanthoxylum possesses some unique molecular systems that are distinct from both halophytes and glycophytes.

An ever-increasing body of research demonstrates that, in addition to reduced transpiration, decreased stomatal opening could also result in a lower influx of stomatal CO2 and increased temperatures inside leaves, limiting photosynthesis (Sharkey, 2005; Allakhverdiev et al., 2008; Farooq et al., 2012). The results of this study show, however, that both the FW and DW of NaCl-treated plants, and especially of their leaves, increased markedly in comparison to control plants (data not shown). Similar results also have been reported in other studies (Ma et al., 2012; Yue et al., 2012), and provide insights into the presence of possible additional mechanisms in Z. xanthoxylum that might act to neutralize the adverse effects on photosynthesis of reduced stomatal opening. One critical mechanism to separate the excess Na+ form cytosol in leaf cell should exist, because lots of important metabolic enzymes like malate dehydrogenase, aspartate transaminase, glucose-6-phosphate dehydrogenase, isocitrate dehydrogenase, phosphoribose isomerase, lactate dehydrogenase, nitrate reductase, and 6-phosphogluconate dehydrogenase are all sensitive to high Na+ concentrations (Flowers et al., 1977). And most likely, the much Na+ accumulated in leave of Z. xanthoxylum is localized in vacuole (Flowers et al., 1977; Wu et al., 2011).
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FIGURE 9. The probable roles of Na+ in Z. xanthoxylum drought tolerance. A great deal of Na+ resulted in a decrease in leaf Ψs and facilitated more water uptake. Accumulated Na+ in leaves enhances water storage by enlarging leaf cells and reduces transpiration by closing stomata. The three possible physiological roles of Na+ shown in this figure are likely to enable the xerophyte Z. xanthoxylum to thrive in extremely arid habitats.



Drought tolerance in plants depends on the maximization of water uptake and storage and the minimization of water loss (De Micco and Aronne, 2012). The results presented in this study showed that the xerophyte Z. xanthoxylum achieves these three aims simultaneously by accumulating Na+ in its leaves by decreasing cell Ψs, enhancing leaf succulence, and down-regulating transpiration (Figure 9). Similar strategies may also be employed by leaf-succulent shrubs including Nolana mollis, Heliotropium pycnophyllum, and Tetragonia maritima that are native to the Atacama Desert, as they also accumulate extremely high levels of Na+ in their leaves (Rundel et al., 1980). These strategies are important because this desert in northern Chile in one of the two most arid regions globally, with a mean precipitation of less than 25 mm year-1. Acquiring and storing water using these approaches is optimal and adaptive because brief precipitation is exhausted quickly, usually within 2 or 3 days, by the scorching summer desert sun (Feng and Cheng, 1999).

CONCLUSION

The results of this study demonstrated that Na+ can significantly increase the survivability and durability of the xerophyte Z. xanthoxylum under drought conditions. These drought adaptations are physiologically most likely the result of high concentrations of Na+ distributed in leaves that act to lower Ψs, swell leaf organs, and decrease stomatal aperture size, enabling enhanced water uptake and storage and reducing losses. This intriguing ability to utilize Na+ to balance the water budget as an adaptation to life in arid areas suggests that the xerophyte Z. xanthoxylum will be a key species for further study, especially in light of increasing global warming and frequent drought scenarios. This species presents a number of novel physiological mechanisms for drought resistance, as well as putatively related key genetic characteristics for the improvement of crops and pastures.

AUTHOR CONTRIBUTIONS

J-JX, R-JC, S-MW, and T-MH planned and designed the research. H-YC, W-PB, R-CY, and P-ZY performed the experiments. J-JX analyzed the data. J-JX and R-JC wrote the manuscript. All authors read and approved the final manuscript.

FUNDING

This study was supported by the National Natural Science Foundation of China (31402127), the Key R&D Plan of Shaanxi Province of China (2018ZDXM-NY-040), the Natural Science Foundation of Shaanxi Province of China (2015JQ3079), Ph.D. Research Start-Up Funds (2013BSJJ004) from Northwest A&F University, and the Fundamental Research Funds for the Central Universities (2452015028) of Northwest A&F University.

ACKNOWLEDGMENTS

We thank S. J. Chen, X. Li, Y. L. Jiang, and X. R. Song for their help with the experiments presented in this paper.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2018.01678/full#supplementary-material

REFERENCES

Allakhverdiev, S. I., Kreslavski, V. D., Klimov, V. V., Los, D. A., Carpentier, R., and Mohanty, P. (2008). Heat stress: an overview of molecular responses in photosynthesis. Photosynth. Res. 98, 541. doi: 10.1007/s11120-008-9331-0

Allen, C. D., and Breshears, D. D. (1998). Drought-induced shift of a forest-woodland ecotone: rapid landscape response to climate variation. Pro. Natl. Acad. Sci. U.S.A. 95, 14839–14842.

Bates, L., Waldren, R., and Teare, I. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1016/j.dental.2010.07.006

Black, R. (1960). Effects of NaCI on the ion uptake and growth of Atriplex vesicaria Heward. Aust. J. Biol. Sci. 13, 249–266. doi: 10.1071/BI9600249

Blum, A. (2017). Osmotic adjustment is a prime drought stress adaptive engine in support of plant production. Plant Cell Environ. 40, 4–10. doi: 10.1111/pce.12800

Boyer, J. S. (1982). Plant productivity and environment. Science 218, 443–448. doi: 10.1126/science.218.4571.443

Cakmak, I., Strbac, D., and Marschner, H. (1993). Activities of hydrogen peroxide-scavenging enzymes in germinating wheat seeds. J. Exp. Bot. 44, 127–132. doi: 10.1093/jxb/44.1.127

Chen, S., Zhang, H., Wang, L., Bu, Z., and Zhao, M. (2001). Root Systems of Grassland Plants in the North of China. Changchun: Jilin University Press.

Chinese Vegetation Editorial Board. (1980). China Vegetation. Beijing: Science Press.

Chow, P. S., and Landhäusser, S. M. (2004). A method for routine measurements of total sugar and starch content in woody plant tissues. Tree Physiol. 24, 1129–1136.

Clauw, P., Coppens, F., Korte, A., Herman, D., Slabbinck, B., Dhondt, S., et al. (2016). Leaf growth response to mild drought: natural variation in Arabidopsis sheds light on trait architecture. Plant Cell 28, 2417–2434. doi: 10.1105/tpc.16.00483

Cosgrove, D. J. (1993). Water uptake by growing cells: an assessment of the controlling roles of wall relaxation, solute uptake, and hydraulic conductance. Int. J. Plant Sci. 154, 10–21. doi: 10.1086/297087

Cosgrove, D. J. (2000). Loosening of plant cell walls by expansins. Nature 407, 321–326.

Davies, W. J., Tardieu, F., and Trejo, C. L. (1994). How do chemical signals work in plants that grow in drying soil? Plant Physiol. 104:309. doi: 10.1104/pp.104.2.309

Davies, W. J., and Zhang, J. (1991). Root signals and the regulation of growth and development of plants in drying soil. Annu. Rev. Plant Biol. 42, 55–76. doi: 10.1146/annurev.pp.42.060191.000415

De Micco, V., and Aronne, G. (2012). “Morpho-anatomical traits for plant adaptation to drought,” in Plant Responses to Drought Stress, ed. R. Aroca (Berlin: Springer), 37–61. doi: 10.1007/978-3-642-32653-0

Dhindsa, R. S., Plumb-Dhindsa, P., and Thorpe, T. A. (1981). Leaf senescence: correlated with increased levels of membrane permeability and lipid peroxidation, and decreased levels of superoxide dismutase and catalase. J. Exp. Bot. 32, 93–101. doi: 10.1093/jxb/32.1.93

Dobrev, P. I., and Vankova, R. (2012). “Quantification of abscisic acid, cytokinin, and auxin content in salt-stressed plant tissues,” in Plant Salt Tolerance: Methods and Protocols, eds S. Shabala and T. A. Cuin (Berlin: Springer), 251–261.

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P., and Smith, F. (1956). Colorimetric method for determination of sugars and related substances. Anal. Chem. 28, 350–356. doi: 10.1007/978-1-61779-986-0

Elstner, E. F., and Heupel, A. (1976). Inhibition of nitrite formation from hydroxylammoniumchloride: a simple assay for superoxide dismutase. Anal. Chem. 70, 616–620.

Esen, A. H. S., Özgür, R., Uzilday, B., Tanyolaç, Z. Ö, and Dinc, A. (2012). The response of the xerophytic plant Gypsophila aucheri to salt and drought stresses: the role of the antioxidant defence system. Turk. J. Bot. 36, 697–706.

FAO. (2010). Climate Change Implications for Food Security and Natural Resources Management in Africa. Luanda: Food and Agriculture Organization of the United Nations.

Farooq, M., Hussain, M., Wahid, A., and Siddique, K. (2012). “Drought stress in plants: an overview,” in Plant Responses to Drought Stress, ed. R. Aroca (Berlin: Springer), 1–33. doi: 10.1007/978-3-642-32653-0

Feng, Q., and Cheng, G. D. (1999). Moisture distribution and movement in sandy lands of China. Acta Pedol. Sin. 36, 225–236.

Flowers, T., Troke, P., and Yeo, A. (1977). The mechanism of salt tolerance in halophytes. Ann. Rev. Plant Physio. 28, 89–121. doi: 10.1146/annurev.pp.28.060177.000513

Glantz, M. H. (1994). “Drought, desertification and food production,” in Drought Follows the Plow, ed. M. H. Glantz (Denver, CO: Cambridge University Press), 9–30.

Guerrier, G. (1996). Fluxes of Na+, K+ and Cl-, and osmotic adjustment in Lycopersicon pimpinellifolium and L. esculentum during short- and long-term exposures to NaCl. Physiol. Plantarum 97, 583–591. doi: 10.1111/j.1399-3054.1996.tb00519.x

IPCC. (2014). “In: climate change 2014: synthesis report. contribution of working groups I, II and III to the fifth assessment report of the intergovernmental panel on climate change,” in The Core Writing Team, eds R. K. Pachauri and L. Meyer (Geneva: IPCC).

Jarvis, R., and Mansfield, T. (1980). Reduced stomatal responses to light, carbon dioxide and abscisic acid in the presence of sodium ions. Plant Cell Environ. 3, 279–283.

Kerstiens, G., Tych, W., Robinson, M. F., and Mansfield, T. A. (2002). Sodium-related partial stomatal closure and salt tolerance of Aster tripolium. New Phytol. 153, 509–515. doi: 10.1046/j.0028-646X.2001.00330.x

Korkmaz, D. (2001). Precipitation Titration:Determination of Chloride by the Mohr Method. Available at: http://academic.brooklyn.cuny.edu/esl/gonsalves/tutorials/Writing_a_Lab_Report/xPrecipitation%20Titration%20edited%203.pdf

Kuang, W., Qian, J., Ma, Q., and Liu, Z. (2016). Vertical distribution of soil organic carbon and its relation to root distribution in five desert shrub communities. Chin. J. Ecol. 35, 275–281.

Lambers, H., Chapin, F. S. III, and Pons, T. L. (2008). “Plant water relations,” in Plant Physiological Ecology, ed. I. Forseth (New York, NY: Springer), 163–223. doi: 10.1007/978-0-387-78341-3

Li, Y., Ye, W., Wang, M., and Yan, X. (2009). Climate change and drought: a risk assessment of crop-yield impacts. Clim. Res. 39, 31–46. doi: 10.3354/cr00797

Liu, F., Andersen, M. N., Jacobsen, S.-E., and Jensen, C. R. (2005). Stomatal control and water use efficiency of soybean (Glycine max L. Merr.) during progressive soil drying. Environ. Exp. Bot. 54, 33–40. doi: 10.1016/j.envexpbot.2004.05.002

Liu, J. Q., Pu, J. C., and Liu, X. M. (1987). Comparative studies on water relations and xeromorphic structures of some plant species in the middle part of the desert zone in China. Acta Bot. Sin. 29, 662–673.

Liu, J. Q., and Qiu, M. X. (1982). Ecological, physiological and anatomical traits of Ammopiptanthus mongolicus grown in desert of China. Acta Bot. Sin. 24, 568–574.

Ma, Q., Bao, A.-K., Chai, W. W., Wang, W.-Y., Zhang, J. L., Li, Y. X., et al. (2016). Transcriptomic analysis of the succulent xerophyte Zygophyllum xanthoxylum in response to salt treatment and osmotic stress. Plant Soil 402, 343–361. doi: 10.1007/s11104-016-2809-1

Ma, Q., Yue, L. J., Zhang, J. L., Wu, G. Q., Bao, A. K., and Wang, S. M. (2012). Sodium chloride improves photosynthesis and water status in the succulent xerophyte Zygophyllum xanthoxylum. Tree Physiol. 32, 4–13. doi: 10.1093/treephys/tpr098

Ma, Y. (1989). Inner Mongolia Flora. Hohhot: Inner Mongolia People’s Publishing House.

Males, J. (2017). Secrets of succulence. J. Exp. Bot. 68, 2121–2134. doi: 10.1093/jxb/erx096

Martin, C. E. (1994). Physiological ecology of the Bromeliaceae. Bot. Rev. 60, 1–82. doi: 10.1007/BF02856593

McDowell, N., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N., Kolb, T., et al. (2008). Mechanisms of plant survival and mortality during drought: why do some plants survive while others succumb to drought? New Phytol. 178, 719–739. doi: 10.1111/j.1469-8137.2008.02436.x

Michel, B. E., Wiggins, O. K., and Outlaw, W. H. (1983). A guide to establishing water potential of aqueous two-phase solutions (Polyethylene Glycol plus Dextran) by amendment with mannitol. Plant Physiol. 72, 60–65.

Mishra, A. K., and Singh, V. P. (2010). A review of drought concepts. J. Hydrol. 391, 202–216. doi: 10.1016/j.jhydrol.2010.07.012

Murray, M., Cape, J., and Fowler, D. (1989). Quantification of frost damage in plant tissues by rates of electrolyte leakage. New Phytol. 113, 307–311. doi: 10.1111/j.1469-8137.1989.tb02408.x

Nagalakshmi, N., and Prasad, M. N. V. (2001). Responses of glutathione cycle enzymes and glutathione metabolism to copper stress in Scenedesmus bijugatus. Plant Sci. 160, 291–299. doi: 10.1016/S0168-9452(00)00392-7

Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880. doi: 10.1093/oxfordjournals.pcp.a076232

Nobel, P. S. (1977). Water relations and photosynthesis of a barrel cactus, Ferocactus acanthodes, in the Colorado Desert. Oecologia 27, 117–133. doi: 10.1007/BF00345817

Nuccio, M. L., Wu, J., Mowers, R., Zhou, H. P., Meghji, M., Primavesi, L. F., et al. (2015). Expression of trehalose-6-phosphate phosphatase in maize ears improves yield in well-watered and drought conditions. Nat. Biotechnol. 33:862. doi: 10.1038/nbt.3277

Ogburn, R., and Edwards, E. J. (2010). The ecological water-use strategies of succulent plants. Adv. Bot. Res. 55, 179–225. doi: 10.1016/S0065-2296(10)55004-3

Perera, L., De Silva, D., and Mansfield, T. (1997). Avoidance of sodium accumulation by the stomatal guard cells of the halophyte Aster tripolium. J. Exp. Bot. 48, 707–711. doi: 10.1093/jxb/48.3.707

Perera, L., Mansfield, T., and Malloch, A. (1994). Stomatal responses to sodium ions in Aster tripolium: a new hypothesis to explain salinity regulation in above-ground tissues. Plant Cell Environ. 17, 335–340. doi: 10.1111/j.1365-3040.1994.tb00300.x

Rao, M. V., Paliyath, G., and Ormrod, D. P. (1996). Ultraviolet-B-and ozone-induced biochemical changes in antioxidant enzymes of Arabidopsis thaliana. Plant Physiol. 110, 125–136. doi: 10.1104/pp.110.1.125

Richards, L., and Weaver, L. (1944). Moisture retention by some irrigated soils as related to soil moisture tension. J. Agric. Res. 69, 215–235.

Rundel, P., Ehleringer, J., Mooney, H., and Gulmon, S. (1980). Patterns of drought response in leaf-succulent shrubs of the coastal Atacama Desert in northern Chile. Oecologia 46, 196–200. doi: 10.1007/BF00540126

Serraj, R., and Sinclair, T. (2002). Osmolyte accumulation: can it really help increase crop yield under drought conditions? Plant Cell Environ. 25, 333–341. doi: 10.1046/j.1365-3040.2002.00754.x

Sharkey, T. D. (2005). Effects of moderate heat stress on photosynthesis: importance of thylakoid reactions, rubisco deactivation, reactive oxygen species, and thermotolerance provided by isoprene. Plant Cell Environ. 28, 269–277. doi: 10.1111/j.1365-3040.2005.01324.x

Sheahan, M. C., and Chase, M. W. (2000). Phylogenetic relationships within Zygophyllaceae based on DNA sequences of three plastid regions, with special emphasis on Zygophylloideae. Syst. Bot. 25, 371–384. doi: 10.2307/2666648

Sheng, J., Qiao, Y., Liu, H., Zhai, Z., and Guo, Y. (2004). A study of the root system of Haloxylon ammodendron. Acta Agrestia. Sin. 12, 91–94. doi: 10.1371/journal.pone.0180875

Shi, Y., Yan, X., Zhao, P., Yin, H., Zhao, X., Xiao, H., et al. (2013). Transcriptomic analysis of a tertiary relict plant, extreme xerophyte Reaumuria soongorica to identify genes related to drought adaptation. PLoS One 8:e63993. doi: 10.1371/journal.pone.0063993

Sinclair, R. (1983). Water relations of tropical epiphytes: II. Performance during droughting. J. Exp. Bot. 34, 1664–1675. doi: 10.1007/s004420100714

Sperry, J. S. (2000). Hydraulic constraints on plant gas exchange. Agr. For. Meteorol. 104, 13–23. doi: 10.1016/S0168-1923(00)00144-1

Splunder, I. V., Voesenek, L., Vries, X. D., Blom, C., and Coops, H. (1996). Morphological responses of seedlings of four species of Salicaceae to drought. Can. J. Bot. 74, 1988–1995. doi: 10.1139/b96-238

Steduto, P., Hsiao, T. C., Fereres, E., and Raes, D. (2012). Crop Yield Response to Water. Rome: FAO.

Steudle, E., Zimmermann, U., and Lüttge, U. (1977). Effect of turgor pressure and cell size on the wall elasticity of plant cells. Plant Physiol. 59, 285–289.

Sukumaran, S., Cossani, C., Molero, G., Valluru, R., Tattaris, M., and Reynolds, M. (2016). Genetic Mapping and Physiological Breeding Towards Heat and Drought Tolerance in Spring Wheat. Mexico City: CIMMYT.

Todaka, D., Zhao, Y., Yoshida, T., Kudo, M., Kidokoro, S., Mizoi, J., et al. (2017). Temporal and spatial changes in gene expression, metabolite accumulation and phytohormone content in rice seedlings grown under drought stress conditions. Plant J. 90, 61–78. doi: 10.1111/tpj.13468

Turner, N., and Jones, M. (1980). “Turgor maintenance by osmotic adjustment: a review and evaluation,” in Adaptation of Plants to Water and High Temperature Stress, eds N. C. Turner and P. J. Kramer (New York, NY: John Wiley & Sons), 87–103.

Verslues, P. E., Agarwal, M., Katiyar-Agarwal, S., Zhu, J., and Zhu, J. K. (2006). Methods and concepts in quantifying resistance to drought, salt and freezing, abiotic stresses that affect plant water status. Plant J. 45, 523–539. doi: 10.1111/j.1365-313X.2005.02593.x

Véry, A. A., Robinson, M. F., Mansfield, T. A., and Sanders, D. (1998). Guard cell cation channels are involved in Na+-induced stomatal closure in a halophyte. Plant J. 14, 509–521. doi: 10.1046/j.1365-313X.1998.00147.x

Volaire, F., Thomas, H., and Lelievre, F. (1998). Survival and recovery of perennial forage grasses under prolonged Mediterranean drought: I. Growth, death, water relations and solute content in herbage and stubble. New Phytol. 140, 439–449. doi: 10.1046/j.1469-8137.1998.00288.x

von Willert, D. J., Eller, B. M., Werger, M. J. A., Brinckmann, E., and Ihlenfeldt, H. D. (1992). Life Strategies of Succulents in Deserts: with Special Reference to the Namib Desert. Cambridge: Cambridge University Press.

Wadleigh, C. H., Gauch, H. G., and Magistad, O. C. (1946). Growth and Rubber Accumulation in Guayule as Conditioned by Soil Salinity and Irrigation Regime. Washington, DC: United States Department of Agriculture.

Wang, S. M., Wan, C., Wang, Y., Chen, H., Zhou, Z., Fu, H., et al. (2004). The characteristics of Na+, K+ and free proline distribution in several drought-resistant plants of the Alxa Desert, China. J. Arid. Environ. 56, 525–539. doi: 10.1016/S0140-1963(03)00063-6

Wang, S. M., Zhang, J. L., and Flowers, T. J. (2007). Low-affinity Na+ uptake in the halophyte Suaeda maritima. Plant Physiol. 145, 559–571. doi: 10.1104/pp.107.104315

Wang, X., Wang, H., Liu, S., Ferjani, A., Li, J., Yan, J., et al. (2016). Genetic variation in ZmVPP1 contributes to drought tolerance in maize seedlings. Nat. Genet. 48, 1233–1241. doi: 10.1038/ng.3636

Wu, B., and Su, X. (2016). Identification of drought response genes in Zygophyllum xanthoxylum by suppression subtractive hybridization. J. Plant Biol. 59, 377–385. doi: 10.1007/s12374-015-0580-0

Wu, G. Q., Xi, J. J., Wang, Q., Bao, A. K., Ma, Q., Zhang, J. L., et al. (2011). The ZxNHX gene encoding tonoplast Na+/H+ antiporter from the xerophyte Zygophyllum xanthoxylum plays important roles in response to salt and drought. J. Plant Physiol. 168, 758–767. doi: 10.1016/j.jplph.2010.10.015

Xie, H., Yang, D.-H., Yao, H., Bai, G., Zhang, Y.-H., and Xiao, B.-G. (2016). iTRAQ-based quantitative proteomic analysis reveals proteomic changes in leaves of cultivated tobacco (Nicotiana tabacum) in response to drought stress. Biochem. Bioph. Res. Commun. 469, 768–775. doi: 10.1016/j.bbrc.2015.11.133

Yeo, A., and Flowers, T. (1980). Salt tolerance in the halophyte Suaeda maritima L. Dum.: evaluation of the effect of salinity upon growth. J. Exp. Bot. 31, 1171–1183. doi: 10.1007/BF00392237

Yoshimura, K., Masuda, A., Kuwano, M., Yokota, A., and Akashi, K. (2008). Programmed proteome response for drought avoidance/tolerance in the root of a C3 xerophyte (wild watermelon) under water deficits. Plant Cell Physiol. 49, 226–241. doi: 10.1093/pcp/pcm180

Yuan, H. J., Ma, Q., Wu, G. Q., Wang, P., Hu, J., and Wang, S. M. (2015). ZxNHX controls Na+ and K+ homeostasis at the whole-plant level in Zygophyllum xanthoxylum through feedback regulation of the expression of genes involved in their transport. Ann. Bot. London 115, 495–507. doi: 10.1093/aob/mcu177

Yue, L. J., Li, S. X., Ma, Q., Zhou, X. R., Wu, G. Q., Bao, A. K., et al. (2012). NaCl stimulates growth and alleviates water stress in the xerophyte Zygophyllum xanthoxylum. J. Arid. Environ. 87, 153–160. doi: 10.1016/j.jaridenv.2012.06.002

Zeiger, E. (1983). The biology of stomatal guard cells. Annu. Rev. Plant Biol. 34, 441–474. doi: 10.1146/annurev.pp.34.060183.002301

Zhao, M., and Running, S. W. (2010). Drought-induced reduction in global terrestrial net primary production from 2000 through 2009. Science 329, 940–943. doi: 10.1126/science.1192666

Zhou, X., Zhou, Z., and Wu, C. (2006). The research of the breeding characters of Zygophyllum xanthoxylum. Pratacult. Sci. 23, 38–41.

Conflict of Interest Statement: R-JC was employed by company Noble Research Institute LLC.

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

Copyright © 2018 Xi, Chen, Bai, Yang, Yang, Chen, Hu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-09-01678-g001.jpg
(A) 125 -

100

~J
N
]

[\
V)
]

Evapo-transpiration
(g H,O/Box)
N
=
|

e

-
|

Control Na

(B)IOO-. 200000 --0---0---0--0---90

o0
S
1

--4&-- Control

60 - ~~®-Na
40 -

20 A

Survival rate (%)

2
>
:
+
-
+
.

0 5 10 15 20 25 30
Days without watering (Day)






OPS/images/fpls-09-01678-g002.jpg
a
I b
Control  Na
a
b
Conwol ~ Na
a
I |
Control  Na

2 8 8 °© wT e &I o & 2 & o
© (%) AHANONPUO JANRY W (WA F-0001) VD —  HSSOMHSOJooney

b
Na
b
Na

Control

TI”
< &l £
“

S o
E-

(00w M F-HAAVN WU 001)
o (Md, 5 jowr) vaw w (g 38D aod ¢ ¥

a
I |
Control  Na

a
I b
Control ~ Na

a
I b
Control  Na

% 5 v 4 e S I 2 & =+ =
(Md8-Brigo1%) (@ ,.5-0001)
< spoipeiopixoradng o Md,8-10001) A0S © Xdv






OPS/images/fpls-09-01678-g003.jpg
a
Na
ST

b
Control

§ 8 £ g 8 ° NEEEEX
G wonmmsu oS e ()" o omnqunuos o 1






OPS/images/fpls-09-01678-g004.jpg
o
5
250

a
504
0
b
0
o
Control ~ Na
a
b
Control ~ Na
Control  Na

By
(geory/Bu) wauod ( unwj ownos ye
O owm amjosqy w -

8
&
L

a
Na
a
Na
a
b

b
Control

b
Control
Control

L g
g oS o gggsg

s 2 B
23 % & 3 g
(Geay/w) ma e “leunbran

20004

3
g
g
<

1

n w () ssowprpgeey  x 1e (109 apustied
z
K K El
: [
< o <
ERERE: EEEE N
jea)/Bw) 0 (i —w:» e’ | il
< eay/By :s: it o A I { = 1 I





OPS/images/fpls-09-01678-g005.jpg





OPS/images/fpls-09-01678-g006.jpg
>
L

Control
Na

»

Na® content (mg/xlanl%
pr=r
s

b b

Absolute water content (g/plant)

°

Control
Na

Root Stem Leaf

o
°

180 a
Counl

. | B .
E 4
%0150 g
5 3
g H
: g
i £
H g
230 £
z

Root

Stem  Leaf

on plant Na'(%)

&

3

4 Control
* Na
1.069%x-2.33

o1s*

F 062
» Pearson's

987

0 20 40 60 80 100
Propottion of organ water
on plant water(%)





OPS/images/fpls-09-01678-g007.jpg
—A— Control
——Na
5

S ¢ g ©°
:.a.?m_..m.m_é
SoAEa POTIEIO JO aJEx SSO] LA

80

fuce
fuse
fure
fuoz
fuot

(9%)s0a0] parjoEIop Jo JaNI0D Taje A

P P S °
2 & 2
(M4 3:3u) Jueuod vy

2

L sod ) Ayisuap wyewols





OPS/images/fpls-09-01678-e005.jpg
Vieaf = (Myeaf + My — M1 )/ pyater-





OPS/images/fpls-09-01678-e004.jpg





OPS/images/fpls-09-01678-e003.jpg
COP/Y¥s x 100% (Guerrier, 1996).






OPS/images/fpls-09-01678-e002.jpg
Calculated Vs (COP)

—nRT.





OPS/images/fpls-09-01678-e001.jpg
moles of solute x R x K.






OPS/images/cover.jpg
, frontiers

in Plant Science

Sodium-Related Adaptations to
Drought: New Insights From the
Xerophyte Plant Zygophyllum
xanthoxylum









OPS/images/fpls-09-01678-e006.jpg
Water loss rate = (FWrp — FWrn41 )/ (AT FWry).





OPS/images/fpls-09-01678-g008.jpg





OPS/images/fpls-09-01678-g009.jpg
.AL

Sucullent leaf

Enlarge )| Close
Lower leaf stomata
leaf cells to to
osmotic store reduce
potential more transpira
- )\ water )| tion
* *
‘ Distributed in leaves J

Na*





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/cross.jpg
3,

i





