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Abstract 

 

Calligonum mongolicum is a typical pioneer xerophyte for sand fixation. To unravel the drought and salt tolerance of C. 

mongolicum, salt and drought stress were simulated by NaCl and sorbitol treatments respectively, and the accumulation and 

distribution of Na+, K+ in C. mongolicum were analyzed. The results showed that the fresh weight, dry weight and relative 

growth rate of C. mongolicum were increased significantly under the treatment of 25 mM NaCl, suggesting that 25 mM NaCl 

could promote plant growth. The addition of 50-300 mM NaCl increased sharply Na+ concentration in roots and shoots, while 

K+ concentrations remained stable; further study found that the 25-100 NaCl treatment significantly increased the net K+ uptake 

rate. Moreover, compared with moderate salt stress (25 mM NaCl), as the degree of stress intensified (50 and 100 mM NaCl), 

the ST value improved evidently. Therefore, it is suggested that C. mongolicum is able to maintain K+ homeostasis, thus refrain 

from K+ insufficiency brought by the external Na+ competition to resist salt stress. Under -0.25 – -1.0 MPa treatments, net Na+, 

K+ uptake rate was increased significantly, but Na+/K+ ratio, ST value and Na+, K+ relative distribution in tissues of C. 

mongolicum remained stable, implying that maintaining Na+, K+ homeostasis may be especially significant for C. mongolicum 

to deal with drought. 
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Introduction 

 

Drought and soil salinization usually coexist, 

causing serious losses to agricultural production and 

ecological environment. Most crop plants, which due to 

long-term cultivation under more favorable conditions, 

therefore are highly sensitive to salinity and drought and 

unable to cope with these stresses without compromising 

growth and development. Xerophytic species from 

deserts, however, have evolved a series of adaptation 

strategies related to morphology, biochemistry and 

genetics to deal with drought and salt stress (Flowers & 

Colmer, 2008; Ashraf, 2010). To clarify this mechanism, 

it is urgent to explore the strategy that refer to salt and 

drought stress resistance in tolerant species or ecological 

types, which will lay a theoretical foundation to explore 

and utilize the abundant resources of anti-stress genes 

contained in desert plants. 

Calligonum mongolicum (Supplementary Fig. S1), 

a typical sand-fixing pioneer shrub, is a widely 

distributed xerophyte (Polygonaceae) that is resistant 

to wind erosion, sand burying, cutting, drought and 

barren in the desert of the arid area (Ren et al., 2002; 

Fan et al., 2018). Meanwhile, the twigs can be used by 

livestock making C. mongolicum attractive as 

economic forage, and moreover, its fruit is ornamental 

and manifests a valuable species as soil cover and 

landscape in the barren desert. In recent years, there is 

increasing interest in exploring this xerophyte, 

however, data relating to its physiological behavior in 

arid and saline condition are insufficient. 

Drought and salt resistance is a highly complicated 

web including some interacting properties. Osmotic 

adjustment (OA) is generally regarded as one of 

adaptive strategies that plants have evolved, which 

involve in reducing osmotic potential (Ψs) by conserving 

solutes when exposed to drought (Ma et al., 2012; 

Ramanjulu & Sudhakar, 2000). K
+
 is thought to be the 

primary osmolyte, which is accumulated in direct 

response to water deficit in many plants (Mengel & 

Arneke, 1982). Furthermore, a few plants, such as 

Zygophyllum xanthoxylum, Atriplex canescens and 

Sesuvium portulacastrum also accumulate a great 

number of Na
+
 for osmoregulation (Glenn et al., 1998; 

Slama et al., 2007; Wu et al., 2011). However, for most 

of higher plants, Na
+
 is the main source of ion-damage 

(Rains & Epstein, 1967; Shabala & Cuin, 2008). Once 

the toxic Na
+
 enters the cytoplasm in which most 

metabolic processes occur, it will interfere with the 

normal physiological and biochemical processes of 

plants, inhibit plant growth and even lead to death 

(Munns & Tester, 2008). Meanwhile, the concentration 

of K
+
 in soil ranges from 0.2-10 mmol/L, but high 

external Na
+
 concentration also impedes the absorption 

of K
+
 by plants, resulting in K

+
 deficiency (Zhang et al., 

2010). Nevertheless, some plants can sustain the balance 

of ion homeostasis by enhancing the selective absorption 

of K
+
/Na

+
 in roots and regulating these ions transport 

and distribution in the plant to resist and evade salt 

damage (Zhu, 2003). However, studies on the 

accumulation and distribution of K
+
, Na

+
 in the desert 

xerophytes C. mongolicum under salt and drought 

conditions have not been explored. 

Therefore, for elucidating the strategy of drought and 

salt resistance in C. mongolicum, this present work was 

initiated to characterize its K
+
 and Na

+
 accumulation 

when exposed to various treatments of NaCl (0-300 mM), 

osmotic stress (0 - -1.5 MPa).  
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Supplementary Fig. S1: Calligonum mongolicum. The 

photographs show the landscape, the natural habitat and the 

morphological peculiarities of C. mongolicum. These wild C. 

mongolicum plants grew in Minqin County (101°59´E-

104°12´E, 38°08´N-39°26´N), in Gansu Province of northwest 

China. This area is largely surrounded by the Badain Jaran 

Desert in the northwest and the Tengger Desert in the east. The 

climate is arid desert with an average annual precipitation of 

116.5 mm and an average temperature of 7.8°C and has 27.4 

gale-days per year at wind velocity ≥17 m/s with an annual 

mean wind speed of 2.4/ms. 

 

Materials and Methods 

 

Experiment materials culture and stress imposition: 

The experiment material was Calligonum mongolicum, 

seeds were collected from Minqin County, in Gansu 

Province of northwest China. Seeds were immersed in 

98% H2SO4 for 10 minutes and rinsed 8-10 times with 

water, then cultured with wetted vermiculite at room 

temperature. For about 10 days after the seeds 

germination, uniform seedlings were chosen out and 

transferred to plastic containers (5 cm
3
; 2 seedlings/ 

container) filled with sand and irrigated with modified 

Hoagland nutrient solution (Hu et al., 2016). Solutions 

were renewed every 2 days. The temperature of 

greenhouse was 28±2°C/23±2°C (light/dark: 16/8 h), the 

luminous intensity was about 600 μmol/(m
2
•s) and the 

relative humidity was about 65%. 

Four weeks old C. mongolicum seedlings were 

treated as follow: (i) Nutrient solution supplemented with 

additional 0, 25, 50, 100, 200 or 300 mM NaCl for 6 d. (ii) 

Modified Hoagland solution was added without or with 

extra sorbitol where the osmotic potential was 0, -0.25, -

0.5, -1.0 and -1.5 MPa for 6 d. Each treatment contained 

of 5 nutritive cubes consisting 2 seedlings. 

 

Determination of growth, Na
+
 and K

+
 concentrations: 

After treatments, seedling roots were washed twice for 8 

min with cold 20 mM CaCl2 to exchange cell wall-

bound Na
+
; shoots were rinsed in deionized water to 

remove surface salts (Maathuis & Sanders, 2001; Wang 

et al., 2007). Plant was divided into root and shoot, and 

then tissue fresh weight was determined. Tissues were 

then immediately dried in an oven at 80°C. After 72 h, 

tissue dry weights were measured. Na
+
 and K

+
 were 

extracted from dried plant tissues in 100 mM acetic acid 

at 90°C for 2 h, and use flame spectrophotometer (2655-

00; Cole Parmer Instrument Co., USA) to determine the 

concentration. Tissue water content was calculated as 

follow: tissue water content = (leaf fresh weight - leaf 

dry weight)/ leaf dry weight. The relative growth rate 

(RGR) was estimated by the method as described by Ma 

et al., (2012). 

Na
+
 and K

+
 concentration was calculated, net 

selective transport capacity for K
+
 over Na

+
 (ST) = 

(K
+
/Na

+
 in shoots)/(K

+
/Na

+
 in roots) (Ma et al., 2014; 

Yuan et al., 2015). Net uptake rate (NUR) = [∆ whole 

plant Na
+
 (or K

+
) content between salt-treated plant and 

BT plant]/root fresh weight/∆ time, where BT means 

before treatments (Wang et al., 2009). Na
+
 (or K

+
) 

relative distribution (%) = Na
+
 (or K

+
) content in each 

tissue/Na
+ 

(or K
+
) content in the whole plant (Ma et al., 

2014; Yuan et al., 2015). 
 

Data analysis: Results are presented as means with 

standard errors (SE). Data analyses were performed one-

way ANOVA by statistical software (SPSS Ver.17.0, 

SPSS Inc., Chicago, IL, USA). 
 

Results 

 

Appropriate NaCl stimulate the growth of C. 

mongolicum: Compared with the control (no additional 

NaCl), 25 mM NaCl added notably enhanced the fresh 

and dry weights by 111.6% and 99.3%, respectively. With 

increase of the external NaCl concentrations, the fresh 

and dry weights decreased gradually, and reached a 

lowest value when the NaCl concentration was 300 mM 

(Fig. 1a, b). No remarkable difference in tissue water 

content was observed under 0-100 mM NaCl treatments, 

while it was significantly reduced when NaCl 

concentration reached 200 and 300 mM (Fig. 1c). As to 

relative growth rate (RGR), under the treatment of 25 mM 

NaCl was substantially higher (303.3%) than others 

besides control, whereas with an rise of NaCl 

concentration, the RGR of C. mongolicum decreased 

gradually, and when plants were confronted with 200 to 

300 mM NaCl its RGR was apparently lower than that of 

other treatments (Fig. 1d). 
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K
+
 and Na

+
 accumulation under NaCl treatment: Na

+
 

concentration in roots was abviously enhanced under 50-

300 mM NaCl; however, in shoots, a notable decrease in 

Na
+
 was exhibited when C. mongolicum seedlings 

cultivated in addition of 25 mM NaCl solution compared 

with no additional NaCl, whereas then increased 

gradually, and was significantly and reached peak value 

under 300 mM NaCl treatment. By contrast, 25-200 mM 

extra NaCl hardly affected K
+
 concentrations in both roots 

and shoots (Fig. 2a, b). 

ST value was significantly reduced when exposed to 

NaCl, while compared with 25 mM NaCl treatment, 

additional 50 and 100 mM NaCl abviously up-regulated 

ST value (Fig. 2c).Compared with control, 50-300 and 

100-300 mM NaCl dramatically improved Na
+
/K

+
 ratio in 

roots and shoots, respectively (Fig. 2d).  

Furthermore, research indicated that net Na
+
 uptake 

rate was dramatically elevated when exposed to NaCl, 

and achieved a maximum at 200 mM NaCl (Fig. 3a). 

Interestingly, 25-100 mM NaCl treatment significantly 

raised the net K
+
 uptake rate (Fig. 3b). 

Moreover, the Na
+
, K

+ 
relative distribution was also 

determined. Under 25-200 mM NaCl treatment, Na
+
 

relative distribution in roots was reduced significantly, 

while in shoot increased significantly. K
+
 relative 

distribution in roots was substantially declined compared 

to control under 50-100 mM NaCl, and then which 

remained relatively stable with the rise of external NaCl 

concentration (200-300 mM NaCl). On the contrary, the 

K
+ 

relative distribution in shoot reaches the maximum 

under the treatment of 50 mM NaCl, and then decreases 

(Fig. 3c, d). 
 

Osmotic stress influenced the growth of C. 

mongolicum: Under the treatment of -0.25 - -1.5 MPa, 

the fresh weight of plants was decreased significantly (Fig. 

4a). However, dry weight gradually increased when 

exposed the osmotic -0.25 - -1.0 MPa and then decreased 

significantly under -1.5 MPa condition (Fig. 4b). The 

tissue water content was significantly decreased under 

osmotic stress of -0.25 - -1.5 MPa, whereas the relative 

growth rate remained stable under the treatment of -0.25 - 

-1.0MPa (Fig. 4c, d). 
 

K
+
 and Na

+
 accumulation under osmotic stress: Na

+
 

and K
+
 accumulation, K

+
/Na

+
, ST value, Na

+
 and K

+
 ratio 

in tissues, Net Na
+
 and K

+
 uptake rate as well as Na

+
 and 

K
+
 relative distribution when plants exposed to additional 

sorbitol was also determined. 

Under the treatment of -0.25 - -1.0 MPa, the Na
+
, K

+
 

concentrations in plant tissues, ST values, Na
+
/K

+
 ratio 

(Fig. 5), the net absorption rates of Na
+
 and Na

+
 or K

+
 

relative distribution in various tissues all remained stable 

(Fig. 6a, c, d); nevertheless, the net absorption rates of K
+
 

increased evidently (Fig. 6b). 
 

Discussion 
 

Maintaining K
+
 homeostasis is important for C. 

mongolicum to improve salt tolerance: The most direct 

response of plants to stress is inhibitive growth, and it is a 

convenient way to evaluate the effects of stress on plants 

is based on the quantification of inhibition on their growth 

(Borsai et al., 2018). In this study, it was found that C. 

mongolicum could grow normally under 25-200 mM 

NaCl treatment, while opposed to 300-400 mM NaCl, the 

growth of plants were restrained and wither or even died. 

Biomass is a favored indicator as salt tolerance (Bao et al., 

2009). In our study, the fresh weight, dry weight, tissue 

water content and RGR of C. mongolicum under 25 mM 

NaCl were evidently higher than those under other NaCl 

treatments (Fig. 1), indicating that 25 mM NaCl could 

stimulate the growth of C. mongolicum. Is that, Na
+
 

promotes plant growth as a nutrient may be due to its 

osmotic adjustment function, similar effects of Na
+
 were 

found in Beta vulgaris and Zygophyllum xanthoxylum 

(Wakeel et al., 2011; Yue et al., 2012). Moreover, studies 

showed that, under 200 mM NaCl treatment, the dry 

weight of salt-tolerant plant of B. vulgaris was decreased 

by only 20%, moderate salt-tolerant plant of cotton 

decreased by about 60%, whereas that of salt-sensitive 

plants such as legumes died under the same treatment 

(Greenway & Munns, 1980; Cordovilla, 1994; Delgado et 

al., 1994; Tate, 1995). In this study, at the same NaCl 

level, the dry weight of C. mongolicum was decreased by 

about 20%, while higher than 200 mM NaCl 

concentration arrested growth of plants (Fig. 1), this 

provide an evidence that C. mongolicum with excellent 

adaptability to salt environment. 

K
+
 plays an important role in the regulation of 

enzymatic activation, protein synthesis, photosynthesis, 

cell osmotic regulation and stomatal movement (Mäser et 

al., 2002). High salinity prevents plant absorbing mineral 

nutrition, and as Na
+
 and K

+
 is alike in radius, 

physicochemical properties and transport mechanisms, 

thus Na
+
 usually competitively inhibits the absorption and 

transport of nutrient K
+
 in plants (Shabala & Cuin, 2008; 

Horie et al., 2009). Consequently once excessive Na
+
 is 

accumulated in most of plants, the concentration of K
+
 

will decrease sharply (Zhang et al., 2010). Interestingly, 

in our study, 50-300 mM NaCl treatment markly 

enhanced Na
+
 content in roots and shoots of C. 

mongolicum, while K
+
 concentration remained stable (Fig. 

2). Therefore, it is speculated that maintaining K
+
 

homeostasis is an important countermeasure to resist salt 

stress in C. mongolicum. Further analysis showed that 25-

100 mM NaCl treatment apparently improved net K
+
 

uptake rate (Fig. 4). Meanwhile, compared with mild salt 

treatment (25 mM NaCl), ST value increased significantly 

along with external NaCl concentration increased (50 to 

100 mM NaCl). Previous study has pointed out ST 

indicates the selective transport ability of K
+
 and Na

+
, and 

the larger the value, the greater ability of roots to restrict 

Na
+
, promote K

+
 transport to shoots (Wang et al., 2002). 

We found that when Na
+
 concentration in plants increased 

sharply under salt treatment, C. mongolicum could still 

satisfy itself normal growth and development by adjusting 

K
+
, Na

+
 selective transport system, thus avoiding 

deficiency of K
+
 in tissues caused by excessive Na

+
, 

which may be one of the important salt-resistant strategies 

of C. mongolicum.  
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Fig. 1. Fresh weight (a), dry weight (b), tissue water content (c) and relative growth rate (d) of C. mongolicum with NaCl treatments. 

Values are means ± SE (n = 5) and bars indicate SE. Columns with different letters indicate significant differences at p≤0.05, 

according to Duncan’s multiple range test. 

 

 
 

Fig. 2. Na+ (a), K+ (b) concentration, ST values (c) and Na+/K+ ratio (d) in C. mongolicum after 144 h without (C) and with NaCl 

treatments. Values are means ± SE (n = 5) and bars indicate SE. Columns with different letters indicate significant differences at 

p≤0.05, according to Duncan’s multiple range test. 
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Fig. 3. Net Na+ (a), K+ (d) uptake rate and Na+ (c), K+ (d) relative distribution in tissues of C. mongolicum after 144 h without and with 

NaCl treatments. Values are means ± SE (n = 5) and bars indicate SE. Columns with different letters indicate significant differences at 

p≤0.05, according to Duncan’s multiple range test. 

 

 
 

Fig. 4. Fresh weight (a), dry weight (b), tissue water content (c) and relative growth rate (d) of C. mongolicum with osmotic stress 

treatments. Values are means ± SE (n = 5) and bars indicate SE. Columns with different letters indicate significant differences at 

p≤0.05, according to Duncan’s multiple range test. 
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Fig. 5. Na+ (a), K+ (b) concentration, ST values (c) and Na+/K+ ratio (d) in C. mongolicum with osmotic stress treatments. Values are 

means ± SE (n = 5) and bars indicate SE. Columns with different letters indicate significant differences at p≤0.05, according to 

Duncan’s multiple range test. 

 

 
 

Fig. 6. Net Na+ (a), K+ (b) uptake rate, Na+ (c), K+ (d) relative distribution of C. mongolicum with osmotic stress treatments. Values 

are means ± SE (n = 5) and bars indicate SE. Columns with different letters indicate significant differences at p≤0.05, according to 

Duncan’s multiple range test. 
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Then, the question-under salt condition, how does C. 

mongolicum regulating K
+
 and Na

+
 transport system? The 

possible explanations are as follows. It has been reported 

SOS1, an plasma membrane Na
+
/H

+
 antiporter has 

necessary role in transportation of Na
+
 from root to shoot 

(Olías et al., 2009a, b). The tonoplast Na
+
/H

+
 antiporters 

(NHXs), which could sequestrate Na
+
 into vacuoles so as 

to reduce cytoplasmic Na
+
 content (Bao et al., 2014). 

Recent study suggested that NHX1 and NHX2 also 

mediate K
+
 compartmentalize into leaf vacuoles as osmo-

regulator (Andrés et al., 2014). AKT1 (Arabidopsis K
+
 

transporter 1) has been proved to mediate K
+
 uptake at the 

root, is essential in maintaining plant K
+
 homeostasis 

(Rubio et al., 2008). Thus, in the current work, under the 

moderate salt situation (25-100 mM NaCl), SOS1 loaded 

Na
+
 into xylem, then NHX mediated sequestration most 

Na
+
 into vacuoles to decrease excessive Na

+
 damage to 

cytoplasm. Meanwhile, the expression of NHX also could 

promote K
+
 transport to the shoot, and thereby in turn 

prompted AKT1 up-regulating and increasing K
+
 uptake. 

Thus the uptake rate of K
+
 was increased (Fig. 3b). 

During severe salt stress (200-300 mM NaCl), Na
+
 in 

XPCs (xylem parenchyma cells) is secreted to 

extracellular by SOS1 and subsequently spreads into 

xylem to alleviate damage to cytoplasm, and part of 

which is recovered in the xylem by HKT localized at 

XPCs (Guo et al., 2012; Wang et al., 2015). Then strong 

membrane depolarization induced by Na
+
 activates K

+
 

efflux (Shabala et al., 2006), leading to K
+
 loss, so K

+
 

uptake rate is decreased and even released (Fig. 3b) . 
 

Maintaining Na
+
, K

+
 homeostasis may be an effective 

strategy to resist drought in C. mongolicum: Under the 

treatment of -0.25- -1.0 MPa, C. mongolicum could grow 

normally; while the treatment of -1.5 MPa causes C. 

mongolicum to wilt and almost die. In addition, -0.25 - - 

1.0 MPa treatment increased plant dry weight and relative 

growth rate, indicating that C. mongolicum had strong 

drought tolerance (Fig. 4). 

Keeping adequate K
+
 nutrition is essential for plants 

to adapt to drought (Cakmak, 2005). Furthermore, studies 

have shown that plants have greater demand for K
+
 when 

they are subjected to drought stress (Cakmak et al., 1999). 

Moreover, increasing K
+
 can effectively alleviate the 

damage caused by drought stress to plants, but K
+
 uptake 

capacity often decreases significantly under drought stress 

(Hu & Schmidhalter, 2005). Wang et al., (2019) found 

that with the prolongation of osmotic stress (-0.5 MPa) 

treatment time, the shoots K
+
 concentration in 

Arabidopsis thaliana decreased significantly, while the 

shoots K
+
 concentration in Z. xanthoxylum remained 

stable. Preserving K
+
 stability in shoots is one of the 

important strategies for drought tolerance of Z. 

xanthoxylum (Hu et al., 2016). Studies pointed out that 

sorbitol solution would lead to serious membrane 

hyperpolarization, contributing to the increase of K
+
 

absorption (Shabala, 2002, 2009). In this study, - 0.25 - -

1.0 MPa treatment significantly increased the net K
+
 

uptake rate (Fig. 6b), indicating that under drought stress, 

C. mongolicum could improve its drought resistance by 

regulating the K
+
 transport system. Further analysis 

showed that Na
+
/K

+
 ratio, ST value and relative 

distribution ratio did not change significantly under 

drought stress. Therefore, it is proposed that maintaining 

Na
+
, K

+
 homeostasis might be an efficient mechanism for 

C. mongolicum to resist drought stress.  

 

Acknowledgements 
 

This research was supported by the Opening 

Foundation of the State Key Laboratory Breeding Base of 

Desertification and Aeolian Sand Disaster Combating, 

Gansu Desert Control Research Institute (GSDC201501), 

the Natural Science Foundation of Gansu Province 

(20JR5RA093), the National Natural Science Foundation 

of China (32060376 and 31700338). 

 
References 

 

Andrés, Z., J. Pérez-Hormaeche, Leidi, E.O.K. Schlücking, L. 

Steinhorst, D.H. McLachlan, K. Schumacher, A.M. 

Hetherington, J. Kudla, B. Cubero and J.M. Pardo. 2014. 

Control of vacuolar dynamics and regulation of stomatal 

aperture by tonoplast potassium uptake. Proc. Natl Acad. 

Sci. USA, 111: E1806-E1814. 

Ashraf, M. 2010. Inducing drought tolerance in plants: Recent 

advances. Biotechnol. Adv., 28: 169-183. 

Bao, A.K., Y.W. Wang, J.J. Xi, C. Liu, J.L. Zhang and S.M. 

Wang. 2014. Co-expression of xerophyte Zygophyllum 

xanthoxylum ZxNHX and ZxVP1-1enhances salt and drought 

tolerance in transgenic Lotus corniculatusby increasing 

cations accumulation. Fun. Plant Biol., 41: 203-214. 

Bao, A.K., Z.G. Guo, H.F. Zhang and S.M. Wang. 2009. A 

procedure for assessing the salt tolerance of lucerne 

(Medicago sativa L.) cultivar seedlings by combining 

agronomic and physiological indicators. New Zeal J. Agri. 

Res., 52(4): 435-442. 

Borsai, O., M.A. Hassan, M. Boscaiu, R.E. Sestras and O. 

Vicente. 2018. The genus Portulaca as a suitable model to 

study the mechanisms of plant tolerance to drought and 

salinity. E.B.T.J., 2(2): 104-113. 

Cakmak, I. 2005. The role of potassium in alleviating 

detrimental effects of abiotic stresses in plants. J. Plant 

Nutr. Soil Sci., 168: 521-530. 

Cakmak, I., C. Engels and Z. Rengel. 1999. Role of mineral 

nutrients in photosynthesis and yield formation. Mineral 

Nutrition of Crops: Fundamental Mechanisms & 

Implications, 141-168. 

Cordovilla, M.P., F. Ligero and C. Lluch. 1994. The effect of 

salinity on N fixation and assimilation in Vicia faba. J. Exp. 

Bot., 45: 1483-1488. 

Delgado, M.J., F. Ligero and C. Lluch. 1994. Effects of salt 

stress on growth and nitrogen fixation by pea, faba-bean, 

common bean and soybean plants. Soil Biol. Biochem., 26: 

371-376. 

Fan, B., A.D. Mchugh, S. Guo, Q. Ma, J. Zhang, X. Zhang, W. 

Zhang, J. Du, Q. Yu and C. Zhao. 2018. Factors 

influencing the natural regeneration of the pioneering shrub 

calligonum mongolicum in sand dune stabilization 

plantations in arid deserts of northwest china. Ecol. Evol., 

8(5): 2975-2984.  

Flowers, T.J. and T.D. Colmer. 2008. Salinity tolerance in 

halophytes. New Phytol., 179: 945-963 

Glenn, E.P. and J.J. Brown. 1998. Effects of soil salt levels on the 

growth and water use efficiency of Atriplex canescens 

(Chenopodiaceae) varieties in drying soil. Amer. J. Bot., 85: 

10-16. 

Greenway, H. and R. Munns. 1980. Mechanisms of salt 

tolerance of the cultivated tomato Responses of 



JING HU ET AL., 1934 

Lycopersicon esculentum, non-halophytes. Ann. Rev. Plant 

Physiol., l 31: 149-190. 

Guo, Q., P. Wang, Q. Ma, J.L. Zhang, A.K. Bao and S.M. Wang. 

2012. Selective transport capacity for K+ over Na+ is linked 

to the expression levels of PtSOS1 in halophyte Puccinellia 

tenuiflora. Fun. Plant Biol., 39: 1047-1057. 

Horie, T., F. Hauser and J. Schroeder. 2009. HKT transporter-

mediated salinity resistance mechanisms in Arabidopsis 

and monocot crop plants. Trends Plant Sci., 14: 660-668. 

Hu, J., Q. Ma, T. Kumar, H.R. Duan, J.L. Zhang, H.J. Yuan, Q. 

Wang, S.A. Khan, P. Wang and S.M. Wang. 2016. 

ZxSKOR is important for salinity and drought tolerance of 

Zygophyllum xanthoxylum by maintaining K+ homeostasis. 

Plant Growth Regul., 80(2): 195-205. 

Hu, Y. and U. Schmidhalter. 2005. Drought and salinity: a 

comparison of their effects on mineral nutrition of plants. J. 

Plant Nutr. Soil Sci., 168: 541-549. 

Ma, Q., L.J. Yue, J.L. Zhang, G.Q. Wu, A.K. Bao and S.M. 

Wang. 2012. Sodium chloride improves photosynthesis and 

water status in the succulent xerophyte Zygophyllum 

xanthoxylum. Tree Physiol., 32(1): 4-13. 

Ma, Q., Y.X. Li, H.J. Yuan, J. Hu, L. Wei, A.K. Bao, J.L. Zhang 

and S.M. Wang. 2014. ZxSOS1 is essential for long-

distance transport and spatial distribution of Na+ and K+ in 

the xerophyte Zygophyllum xanthoxylum. Plant Soil, 374(1-

2): 661-676. 

Maathuis, F.J. and D. Sanders. 2001. Sodium uptake in 

Arabidopsis roots is regulated by cyclic nucleotides. Plant 

Physiol., 127: 1617-1625. 

Mäser, P., Y. Hosoo, S. Goshima, T. Horie, B. Eckelman, K. 

Yamada, K. Yoshida, E.P. Bakker, A. Shinmyo, S. Oiki, J.I. 

Schroeder and N. Uozum. 2002. Glycine residues in 

potassium channel-like selectivity filters determine 

potassium selectivity in four-loop-per-subunit HKT 

transporters from plants. PNAS, 99(9): 6428-6433. 

Mengel, K. and W.W. Arneke. 1982. Effect of potassium on the 

water potential, the pressure potential, the osmotic potential 

and cell elongation in leaves of Phaseolus vulgaris. Physiol. 

Plant, 54: 402-408. 

Munns, R. and M. Tester. 2008. Mechanisms of salinity 

tolerance. Ann. Rev. Plant Biol., 59: 651-681 

Olías, R, Z. Eljakaoui, J.M. Pardo and A. Belver, 2009b. The 

Na+/H+ exchanger SOS1 controls extrusion and distribution 

of Na+ in tomato plants under salinity conditions. Plant 

Signal. Behav., 4: 973-976. 

Olías, R., Z. Eljakaoui, J. Li and P.A. De Morales, M.C. Marín-

Manzano, J.M. Pardo and A. Belver. 2009a. The plasma 

membrane Na+/H+ antiporter SOS1 is essential for salt 

tolerance in tomato and affects the partitioning of Na+ 

between plant organs. Plant Cell Environ., 32: 904-916. 

Rains, D.W. and E. Epstein. 1967. Sodium absorption by barley 

roots, its mediation by mechanism 2 of alkali cation 

transport. Plant Physiol., 42(3): 319-323. 

Ramanjulu, S. and C. Sudhakar. 2000. Proline metabolism 

during dehydration in two mulberry genotypes with 

contrasting drought tolerance. J. Plant Physiol., 157: 81-85. 

Ren, J., L. Tao and X.M. Liu. 2002. Effect of sand burial depth 

on seed germination and seedling emergence of 

Calligonum L. species. J. Arid Environ., 51: 603-611. 

Rubio, F., M. Nieves-Cordones, F. Alemán and V. Martínez. 

2008. Relative contribution of AtHAK5 and AtAKT1 to K+ 

uptake in the high-affinity range of concentrations. Physiol. 

Plant, 134: 598-608. 

Shabala, S. 2002. Turgor regulation in osmotically stressed 

Arabidopsis epidermal root cells. Direct support for the role 

of inorganic ion uptake as revealed by concurrent flux and 

cell turgor measurements. Plant Physiol., 129: 290-299. 

Shabala, S. 2009. Salinity and programmed cell death: 

unravelling mechanisms for ion specific signalling. J. Exp. 

Bot., 60(3): 709-712. 

Shabala, S. and T.A. Cuin. 2008. Potassium transport and plant 

salt tolerance. Physiol. Plantarum, 133: 651-669. 

Shabala, S., V. Demidchik, L. Shabala, T.A. Cuin, S.J. Smith, 

A.J. Miller, J.M. Davies and I.A. Newman. 2006. 

Extracellular Ca2+ameliorates NaCl-induced K+ loss from 

Arabidopsisroot and leaf cells by controlling plasma 

membrane K+-permeable channels. Plant Physiol., 141: 

1653-1665. 

Slama, I., T. Ghnaya, D. Messedi, K. Hessini, N. Labidi, A. 

Savoure and C. Abdelly. 2007. Effect of sodium chloride 

on the response of the halophyte species Sesuvium 

portulacastrum grown in mannitol-induced water stress. J. 

Plant Res., 120: 291-299. 

Tate, R.L. 1995. Soil Microbiology (symbiotic nitrogen fixation). 

New York, N.Y: John Wiley & Sons, Inc 307-333. 

Wakeel, A, A.R. Asif, B. Pitann and S. Schubert. 2011. 

Proteome analysis of sugar beet (Beta vulgaris L.) 

elucidates constitutive adaptation during the first phase of 

salt stress. J. Plant Physiol., 168(6): 519-526. 

Wang, C.M., J.L. Zhang, X.S. Liu, Z. Li, G.Q. Wu, J.Y. Cai, T.J. 

Flowers and S.M. Wang. 2009. Puccinellia tenuiflora 

maintains a low Na+ level under salinity by limiting 

unidirectional Na+ influx resulting in a high selectivity for 

K+ over Na+. Plant Cell Environ., 32: 486-496. 

Wang, P., Q. Guo, Q. Wang , X.R. Zhou and S.M. Wang. 2015. 

PtAKT1 maintains selective absorption capacity for K+ 

over Na+ in halophyte Puccinellia tenuiflora under salt 

stress. Acta Physiol. Plant., 37(5): 100. 

Wang, S.M., J.L. Zhang and T.J. Flowers. 2007. Low-affinity 

Na+ uptake in the halophyte Suaeda maritima. Plant 

Physiol., 145: 559-571. 

Wang, S.M., W.J. Zheng, J.Z. Ren and C.L. Zhang. 2002. 

Selectivity of various types of salt-resistant plants for K+ 

over Na+. J. Arid Environ., 52: 457-472. 

Wang, W.Y., W.W. Chai, C.Y. Zhao, O. Rowland, B.S. Wang, 

X. Song, Y.Q. Liu, Q. Ma and S.M. Wang. 2019. Under 

drought conditions NaCl improves the nutritional status of 

the xerophyte Zygophyllum xanthoxylum but not the 

glycophyte Arabidopsis thaliana. J. Plant Nutr. Soil Sci. 

DOI: 10.1002/jpln.201800472. 

Wu, G.Q., J.J. Xi, Q. Wang, A.K. Bao, Q. Ma, J.L. Zhang and 

S.M. Wang. 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. 

Yuan, H.J., Q. Ma, G.Q. Wu, P. Wang, J. Hu and S.M. Wang. 

2015. ZxNHX controls Na+ and K+ homeostasis at whole-

plant level through feedback regulating the expression of 

genes involved in their transport in Zygophyllum 

xanthoxylum. Ann. Bot., 115(3): 495-507. 

Yue, L.J., S.X. Li, Q. Ma, X.R Zhou., G.Q. Wu, A.K. Bao, J.L. 

Zhang and S.M. Wang. 2012. NaCl stimulates growth and 

alleviates water stress in the xerophyte Zygophyllum 

xanthoxylum. J. Arid Environ., 87(12): 153-160. 

Zhang, J.L., T.J. Flowers and S.M. Wang. 2010. Mechanisms of 

sodium uptake by roots of higher plants. Plant Soil, 326: 

45-60. 

Zhu, J.K. 2003. Regulation of ion homeostasis under salt stress. 

Curr. Opin. Plant Biol., 6: 441-445. 

 

(Received for publication 28 February 2019) 


