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Abstract

Zygophyllum xanthoxylum is a salt-accumulating xerophytic species with excellent adaptability
to adverse environments. Previous studies demonstrated that Z. xanthoxylum absorbs a great
quantity of Na+ as an osmoregulatory substance under arid conditions. To investigate the nutri-
tional status of Z. xanthoxylum in comparison with a typical glycophyte, Arabidopsis thaliana,
seedlings were exposed to NaCl (50 mM for Z. xanthoxylum and 5 mM for A. thaliana), osmotic
stress (–0.5 MPa), and osmotic stress combined with the NaCl treatment. Compared to the con-
trol, NaCl treatment or osmotic stress significantly increased Na+ concentration in leaves and
roots of Z. xanthoxylum, but not of A. thaliana. Under osmotic stress, the addition of NaCl signifi-
cantly increased Na+ concentration in leaves and roots of Z. xanthoxylum, resulting in improved
biomass and tissue water content. However, such changes were not observed in A. thaliana.
Compared to the control, K+ concentrations in leaves and roots remained unchanged in Z. xan-
thoxylum when exposed to osmotic stress, with or without additional 50 mM NaCl. In contrast,
significant reductions in shoot K+ concentrations of A. thaliana were observed under osmotic
stress alone or when combined with 5 mM NaCl. Moreover, NaCl alone or when combined with
osmotic stress enhanced the accumulation of N, P, Fe, Si, Ca2+, and Mg2+ in Z. xanthoxylum, but
did not cause such nutritional changes in A. thaliana. Compared to the glycophyte A. thaliana,
Z. xanthoxylum could accumulate Na+ and maintain the stability of nutritional status at a relative-
ly constant level to cope with drought stress.
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1 Introduction

Drought is a major abiotic stress that threatens agricultural
productivity all over the world (Martı́nez et al., 2003; Bartels
and Sunkar, 2005; Hassine et al., 2010). About 25% of the
world’s agricultural land is affected by drought stress (Jajarmi,
2009). Global climatic change is predicted to alter growth-
season precipitation-patterns, potentially increasing the risk
of drought, and in particular extreme drought events during
this century (Anand et al., 2003; Luo et al., 2018). Drought
stress induces a set of physiological and biochemical reac-
tions including reducing water use efficiency in plants, which
impair normal growth and water status (Farooq et al., 2012;
Sahin et al., 2018). Drought also generally results in inhibition
of plant growth by disturbing the uptake of ions (Farooq et al.,
2012; Huang et al., 2018). To mitigate the adverse effects of
drought stress, plants have developed various adaptations
which generally involve a mixture of stress tolerance and salt
avoidance mechanisms (Javadi et al., 2017). In particular,
xerophytes have evolved a range of adaptive mechanisms

that ensure their survival and reproduction in arid or semi-arid
environments (Farooq et al., 2012; Wu et al., 2015a).

Zygophyllum xanthoxylum, which naturally grows in the des-
ert areas of northwest China and Mongolia, is a salt-accumu-
lating xerophytic species with strong adaptability to adverse
environments (Liu et al., 1987; Wang et al., 2004; Wu et al.,
2011; Yuan et al., 2015). Our previous studies showed that
Z. xanthoxylum absorbs Na+ from low-salt soils and accumu-
lates Na+ in leaves for osmotic adjustment (Wang et al., 2004;
Cai et al., 2011; Wu et al., 2011; Janz and Polle, 2012; Yuan
et al., 2015). Further investigations revealed that Z. xanthoxy-
lum becomes more tolerant to drought in the presence of
moderate salinity with improved photosynthesis and water
status (Ma et al., 2012; Yue et al., 2012). Although the addi-
tion of 50 mM NaCl significantly increased the leaf Na+ con-
centration in Z. xanthoxylum under drought stress, no signifi-
cant change in K+ concentration was observed (Wu et al.,
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2011; Ma et al., 2012; Yue et al., 2012). However, apart from
Na+ and K+, other nutritional changes of Z. xanthoxylum
exposed to salt or drought combined with salt have not yet
been measured.

Generally, drought stress inhibits the uptake and translocation
of nutrients including K+ in plants, especially in glycophytes
(Hu and Schmidhalter, 2005). In the Townsville stylo plant
(Stylosanthes humilis), phosphorus (P) concentration was
greatly reduced under drought stress (Fisher, 1980). Drought
stress decreased nitrogen (N) concentration in several spe-
cies, such as lettuce (Lactuca sative; Ruiz-Lozano and
Azcón, 1996), maize (Zea mays; Foyer et al., 1998), and cow-
pea (Vigna unguiculata; da Silveira et al., 2001). A decreased
level of K+ and reduction in Mg2+ uptake were observed in
banana (Musa nana) under drought conditions (Mahouachi,
2007). Hu et al. (2007) revealed that drought decreased the
accumulation of N, P, K+, Na+, Ca2+, Mg2+, and Fe in blades
of wheat (Triticum aestivum).

However, in Beta vulgaris, the addition of 50 mM NaCl im-
proved resistance against osmotic stress with increased Na+

concentrations, while the K+ concentrations in shoots and
roots were decreased (Wu et al., 2015a). Conversely, Z. xan-
thoxylum accumulates a large quantity of Na+ and maintains
the concentrations of K+ in response to drought (Ma et al.,
2012). Hence, we hypothesize that accumulating Na+ and
maintaining the stability of the nutritional status at a relatively
constant level is a unique mechanism for Z. xanthoxylum in
its response to drought. This was not predicted to occur with
a glycophyte such as Arabidopsis thaliana. Therefore, in the
present study, we analyzed nutrient accumulation in the salt-
accumulating xerophyte Z. xanthoxylum in comparison with
the glycophyte A. thaliana under drought stress and in the
presence or absence of additional NaCl.

2 Material and methods

2.1 Plant growth conditions and treatments

Seeds of Zygophyllum xanthoxylum were collected from wild
plants in the Alxa League (39�05¢N, 105�34¢E; elevation
1360 m) of Inner Mongolia Autonomous Region, China. The
mean annual rainfall and temperature were 60–150 mm and
8�C, respectively (Ma et al., 2012). After removal of the
bracts, seeds were sterilized for 1 min with 5% (v/v) sodium
hypochlorite solution, rinsed six times with distilled water,
soaked in distilled water at 4�C for 1 d, and then germinated
on filter paper at 25�C in the dark for 2 d. The seedlings were
transplanted to pots (5 cm · 5 cm · 5 cm; two plants per pot)
containing silica sand, and irrigated with modified Hoagland
nutrient solution containing 2 mM KNO3, 0.5 mM NH4H2PO4,
0.25 mM MgSO4, 0.1 mM Ca(NO3)2, 0.5 mM Fe-citrate,
92 mM H3BO3, 18 mM MnCl2, 1.6 mM ZnSO4, 0.6 mM CuSO4,
and 0.7 mM (NH4)6Mo7O24, with a pH of 5.7 buffered with
1 M Tris. This solution was renewed every 3 d. Seedlings
were grown in a greenhouse with mean temperatures of
28 – 2�C/23 – 2�C (16 h day/ 8 h night), light intensity of
600 mmol m–2 s–1, and relative humidity of 65%.

Seeds of Arabidopsis thaliana (Col–0) were sterilized for
3 min with 75% (v/v) ethanol and 5% (v/v) sodium hypochlor-
ite, rinsed 6 times with distilled water, and soaked in distilled
water at 4�C for 2 d. The seedlings were transplanted to pots
(5 cm · 5 cm · 5 cm; four plants per pot–1) containing sand
and irrigated with modified Hoagland nutrient solution as de-
scribed above. The nutrient solution was renewed every 3 d.
Seedlings were grown in a greenhouse with mean tempera-
tures of 18 – 2�C/16 – 2�C (16 h day/ 8 h night), light intensity
of 200 mmol m–2 s–1, and relative humidity of 80%.

Z. xanthoxylum and A. thaliana were grown in modified Hoag-
land nutrient solution for 21 d and 40 d, respectively, to obtain
similar-size plants. Plants of Z. xanthoxylum (21 d old) and
A. thaliana (40 d old) were divided into four groups, respec-
tively: control (C), osmotic stress (O) (–0.5 MPa osmotic
potential induced by sorbitol), salt treatment (S) (50 mM NaCl
for Z. xanthoxylum because this concentration of NaCl en-
hances its growth, 5 mM NaCl for A. thaliana because 50 mM
NaCl causes significant growth inhibition), and O+S (osmotic
stress combined with NaCl treatment, total osmotic potential
was –0.5 MPa). Prior to S and O+S treatments, the seedlings
were preconditioned with the corresponding concentration of
NaCl solution for 3 d. Plants were harvested 0, 24, 48, and
72 h after treatment for the measurement of biomass and the
determination of nutrients. The treatment solutions were
changed every day to maintain a constant concentration of
NaCl and osmotic potential.

2.2 Tissue fresh weight, dry weight, and water
content

Plants were separated into roots, stems, and leaves. The
roots were washed twice for 8 min in ice-cold 20 mM LiNO3 to
exchange the cations in the apoplast, while the leaves and
stems were rinsed with deionized water to remove any sur-
face salts. The fresh weights were determined immediately
and samples were dried in an oven at 80�C for 48 h to deter-
mine the dry weights. The tissue water contents were calcu-
lated using the equation:

Water content ¼ fresh weight � dry weightð Þ=dry weight

(1)

2.3 Tissue Na+ and K+ concentrations

Na+ and K+ were extracted from 20 mg of dried plant tissues
in 10 mL of 100 mM acetic acid at 90�C for 2 h, and ions as-
sayed using a flame atomic absorption spectrophotometer
(2655-00, Cole-Parmer Instrument Co., Vernon Hills, USA).
The net Na+ and K+ uptake rates were calculated using the
equation described by Wang et al. (2007, 2009).

2.4 Nitrogen (N) and phosphorus (P)
concentrations

Nitrogen and P concentrations were determined in the dried
plant material after acid digestion. For digestion, the dried
powdered plant sample was put into a 100 mL tube containing
concentrated 5 mL H2SO4 and a Kjeltab tablet (3.5 g K2SO4/
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0.4 g CuSO4; FOSS Analytical AB, Höganäs, Sweden) at
420�C for 1 h. The solution was cooled and diluted with dis-
tilled water to 50 mL. Nitrogen and P contents were deter-
mined using the flow-injection analysis method (FIAstar 5000)
described by Scharfy et al. (2010).

2.5 Calcium (Ca2+), magnesium (Mg2+), and iron
(Fe) concentrations

Twenty mg of dried tissue were digested in 10 mL of 100 mM
acetic acid at 90�C for 2 h. After the liquid had cooled and had
been filtered, ion analysis was performed using an atomic
absorption spectrophotometer (2655-00, Cole-Parmer Instru-
ment Co., Vernon Hills, USA) as described by Song et al.
(2017).

2.6 Silicon (Si) concentration

Si content was determined using the colorimetric method of
molybdate-blue described by Dakora and Nelwamondo
(2003). Briefly, 0.1 g samples were heated to ash in porcelain
crucibles for 3 h at 550�C. The ash was dissolved in 1.3% hy-
drogen fluoride, and then Si concentrations were measured
using the colorimetric method of molybdenum blue at 630 nm
with a spectrophotometer (UV-6100 Pcs Double Beam,
JAPAN). A control (no sample) was added to eliminate porce-
lain crucible errors.

2.7 Data analysis

Data were analyzed with one-way analysis of variance
(ANOVA) using SPSS 18.0 (SPSS Inc., Chicago, IL, USA).
Duncan’s multiple range test was used to detect significant
differences among the means at a significance level of
P < 5%.

3 Results

3.1 Growth of Z. xanthoxylum and A. thaliana under
osmotic and salt treatments

We chose 50 mM NaCl as the salt concentration for Z. xan-
thoxylum because this concentration does not cause obvious
growth inhibition of this species but rather enhances its
growth (Ma et al., 2012; Yue et al., 2012). For A. thaliana,
5 mM NaCl were selected for the salt treatment because we
found it does not inhibit growth whereas 50 mM NaCl causes
significant growth inhibition. Therefore, this concentration of
NaCl for A. thaliana is comparable to 50 mM NaCl for Z. xan-
thoxylum.

As shown in Fig. 1, drought induced by –0.5 MPa osmotic
stress (O) using sorbitol severely inhibited the growth of
Z. xanthoxylum and A. thaliana. The addition of 50 mM NaCl
significantly alleviated the deleterious impacts of drought on
the growth of Z. xanthoxylum, whereas 5 mM NaCl did not im-
prove the growth of A. thaliana under osmotic conditions
(Fig. 1). In comparison to osmotically stressed Z. xanthoxy-
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Figure 1: Growth status of Z. xanthoxylum (a) and A. thaliana (b) seedlings under various treatments (C, O, S, O+S)
for 72 h. Control (C), osmotic stress (O) (–0.5 MPa osmotic potential induced by sorbitol), salt treatment (S) (50 mM
NaCl for Z. xanthoxylum, and 5 mM NaCl for A. thaliana), and osmotic stress with the corresponding concentration of
NaCl (O+S) (total osmotic potential –0.5 MPa).
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lum with no added salt, the addition of 50 mM NaCl signifi-
cantly increased the leaf fresh weight, leaf dry weight and tis-
sue water content of osmotically stressed Z. xanthoxylum by
189%, 23% and 180%, respectively (Fig. 2a–c). The addition
of 5 mM NaCl had no such effects on osmotic stressed
A. thaliana (Fig. 2d–f).

3.2 Na+ and K+ concentrations in Z. xanthoxylum
and A. thaliana seedlings exposed to osmotic
and salt treatments

Although modified Hoagland nutrient solution only contains
trace amounts of Na+, the Na+ concentrations in stems and
leaves of osmotically stressed Z. xanthoxylum were about
1.1 times higher those that under control (Fig. 3a). Under
O+S, Na+ concentrations of Z. xanthoxylum increased signifi-
cantly in the various tissues (leaf, stem and root), especially
in leaves, which were 12, 5.2, and 0.5 times higher than those
under C, O and S treatments, respectively (Fig. 3a). Under
O+S treatment, the net Na+ uptake rate of Z. xanthoxylum
was 7.7 times higher than seedlings under osmotic conditions

only after 72 h (Fig. 4a). In contrast, in comparison to C, both
O and O+S significantly decreased the Na+ concentration in
shoots (stems + leaves) of A. thaliana by 21% (Fig. 3c). The
net Na+ uptake rate of A. thaliana was reduced significantly
under O or O+S, and the extent of decreased rate of net Na+

uptake became more severe with the increasing treatment
duration (Fig. 4c). These results indicate that the enhance-
ment of drought resistance in Z. xanthoxylum was related to
the increase of tissue Na+ accumulation, as previously re-
ported (Ma et al., 2012; Yue et al., 2012), but such an effect
was not observed with Arabidopsis under moderate (no
growth inhibition) saline conditions.

Compared with control, the K+ concentrations in roots and
leaves remained stable in Z. xanthoxylum exposed O or O+S
(Fig. 3b). Moreover, compared with O, the addition of salt
(O+S) increased the net K+ uptake rate of Z. xanthoxylum by
40% after 72 h (Fig. 4b). In contrast to Z. xanthoxylum, the
shoot K+ concentrations of A. thaliana exposed to O or O+S
significantly decreased by 36% (Figs. 3d and 4d).

3.3 The characteristics of N, P, Ca2+,
and Mg2+ accumulation in
Z. xanthoxylum and A. thaliana
seedlings exposed to osmotic
and salt treatments

In comparison to the control, 50 mM NaCl
increased the N and P concentrations in
Z. xanthoxylum at the whole-plant level
(roots and aerial tissues combined) by 16%
and 33%, respectively (Fig. 5a, b). Nitrogen
and P concentrations in Z. xanthoxylum
under –0.5 MPa osmotic stress (O) de-
creased significantly. However, compared
to O, O+S greatly increased the N and P
concentrations by 58% and 121% in Z. xan-
thoxylum, respectively (Fig. 5a, b). Five
mM NaCl had no effect on the N and P con-
centrations in A. thaliana (Fig. 5c, d). Under
drought stress, the N and P concentrations
in A. thaliana were significantly lower, and
adding 5 mM NaCl (O+S) had no alleviating
effect of osmotic stress on the N and P con-
centrations in A. thaliana (Fig. 5c, d).

Ca2+ and Mg2+ concentrations in leaves
increased by 58% and 121% in Z. xanthox-
ylum exposed to 50 mM NaCl, respectively
(Fig. 6a, b). Compared to O, O+S in-
creased the Ca2+ and Mg2+ concentrations
in the leaves of Z. xanthoxylum by 167%
and 100%, respectively (Fig. 6a, b).
Compared with C, addition of 5 mM NaCl
had no effect on Ca2+ and Mg2+ concentra-
tions in A. thaliana shoots or roots (Fig. 6c,
d). Shoot Ca2+ and Mg2+ concentrations of
A. thaliana decreased under O treatment,
and the addition of 5 mM NaCl made no dif-
ference to the Ca2+ and Mg2+ concentra-
tions (Fig. 6c, d).
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Figure 2: Fresh weight, dry weight, and tissue water content of Z. xanthoxylum (a, b, and
c) and A. thaliana (d, e, and f) under different treatments (C, O, S, O+S) for 72 h. Control
(C), osmotic stress (O) (–0.5 MPa osmotic potential induced by sorbitol), salt treatment
(S) (50 mM NaCl for Z. xanthoxylum, and 5 mM NaCl for A. thaliana), and osmotic stress
with corresponding concentrations of NaCl (O+S) (total osmotic potential –0.5 MPa). Val-
ues are means – standard errors (SE) (n = 8) and bars indicate SE. Columns with different
letters indicate significant differences at P < 5% (Duncan’s test).

4 Wang, Chai, Zhao, Rowland, Wang, Song, Liu, Ma, Wang J. Plant Nutr. Soil Sci. 2019, 000, 1–10



3.4 The characteristics of Fe and Si accumulation
in Z. xanthoxylum and A. thaliana seedlings
exposed to osmotic and salt treatments

The concentration of Fe was increased 2.4 times in roots of
Z. xanthoxylum under S treatment compared with the control
(Fig. 7a). Compared with control, the Fe concentrations in
leaves, stems, and roots remained stable in Z. xanthoxylum

exposed osmotic stress (Fig. 7a). Further-
more, Fe concentrations in leaves, stems
and roots of Z. xanthoxylum exposed to
O+S were 0.9, 1.9 and 5.3-fold higher than
those of plants under drought stress, re-
spectively (Fig. 7a). However, compared to
the control, 5 mM NaCl had no such effects
on Fe concentration in A. thaliana (Fig. 7b).
Also, the addition of 5 mM NaCl did not af-
fect the concentration of Fe in A. thaliana
under osmotic stress compared with either
C or O (Fig. 7b).

In comparison to the control, 50 mM NaCl
increased the concentration of Si by 27% in
Z. xanthoxylum (Fig. 8a). Under O+S, the
Si concentration of Z. xanthoxylum was in-
creased by 45% compared to O (Fig. 8a).
The cumulative Si remained the same in
A. thaliana under the various treatments
(Fig. 8b).

4 Discussion

4.1 In contrast to A. thaliana,
Z. xanthoxylum accumulates
Na+ to improve the growth

Z. xanthoxylum is a salt-accumulating xero-
phytic species native to the desert regions
of northwest China and Mongolia (Liu et al.,
1987; Wang et al., 2004). In this study, we
confirmed that Z. xanthoxylum accumu-
lated more Na+ in leaves under osmotic
stress when growing in a low-Na+ environ-
ment (Fig. 3a). Z. xanthoxylum accumu-
lated more Na+ in leaves under O+S than
under S (Fig. 3a), resulting in increasing
leaf turgor pressure, chlorophyll concentra-
tions, and plant photosynthetic activity (Ma
et al., 2012). In this study, increases of rela-
tive water content and leaf fresh and dry
weights were also observed for Z. xanthox-
ylum exposed to O+S, accompanied by the
accumulation of Na+. Similar results were
also obtained in other salt-accumulating
species, such as Atriplex halimus (Martı́nez
et al., 2005), Atriplex canescens (Pan
et al., 2016), and Populus euphratica
(Ottow et al., 2005). For A. thaliana, the
growth was severely inhibited by 50 mM

NaCl but was not inhibited by 5 mM NaCl (not shown). In con-
trast to Z. xanthoxylum, compared to O the O+S (osmotic
stress combined with 5 mM NaCl treatment) did not increase
the Na+ concentration, the relative water content, or the fresh
or dry weights of A. thaliana (Figs. 2 and 3). This finding is
consistent with the observations found in other glycophytes
such as rice (Oryza sativa; Lutts et al., 1996), cotton (Gos-
sypium hirsutum; Ashraf and Ahmad, 2000), and tobacco
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Figure 3: Na+ and K+ concentrations of Z. xanthoxylum (a, b) and A. thaliana (c, d) under
various treatments (C, O, S, O+S) for 72 h. Control (C), osmotic stress (O) (–0.5 MPa
osmotic potential induced by sorbitol), salt treatment (S) (50 mM NaCl for Z. xanthoxylum
and 5 mM NaCl for A. thaliana), and osmotic stress with corresponding concentrations of
NaCl (O+S) (total osmotic potential –0.5 MPa). Values are means – SE (n = 8) and bars
indicate SE. Columns with different letters indicate significant differences at P < 5% (Dun-
can’s test).
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Figure 4: Net Na+ and K+ uptake rates of Z. xanthoxylum (a, b) and A. thaliana (c, d)
under various treatments (C, O, S, O+S) for 24 h, 48 h, and 72 h. Control (C), osmotic
stress (O) (–0.5 MPa osmotic potential induced by sorbitol), salt treatment (S) (50 mM
NaCl for Z. xanthoxylum and 5 mM NaCl for A. thaliana), and osmotic stress with corre-
sponding concentration of NaCl (O+S) (total osmotic potential –0.5 MPa). Values are
means – SE (n = 8) and bars indicate SE.
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(Nicotiana tabacum; Hajiboland et al., 2012). Taken together,
our results confirm that the drought resistance of Z. xanthoxy-
lum is enhanced by the presence of moderate concentrations
of Na+. The likely mechanism is that Z. xanthoxylum compart-
mentalizes Na+ in the vacuoles and uses Na+ as an osmore-
gulatory substance to cope with drought stress (Wu et al.,
2011; Ma et al., 2012; Yuan et al., 2015).

4.2 Maintenance of K+

concentration is one of the key
strategies of Z. xanthoxylum in
response to drought

Potassium plays a key role in activating en-
zymes, regulating stomatal movement and
balancing turgor pressure, and responding
to major abiotic stresses (Lebaudy et al.,
2007; Tang et al., 2014; Wu et al., 2015b).
Potassium was reported to decrease differ-
ent stress effects such as drought (Hasa-
nuzzaman et al., 2018). Under drought
stress, K+ facilitates osmotic adjustment in
both the vacuoles and cytosol of numerous
species (Shabala, 2011). In B. vulgaris,
the addition of 50 mM NaCl improved re-
sistance against osmotic stress with in-
creased Na+ concentrations, but the K+

concentrations in shoots and roots were
decreased by 14% and 27%, respectively
(Wu et al., 2015a). Commonly, over-accu-
mulation of Na+ in leaves and roots leads
to a decline in K+ concentration in glyco-
phytes (Yamaguchi and Blumwald, 2005;
Silva et al., 2015; Song et al., 2017). Our
results with A. thaliana confirm that K+ con-
centration in shoots was reduced signifi-
cantly under O+S. Interestingly, although
the concentration of Na+ in leaves of
Z. xanthoxylum increased tremendously
under O or O+S, the concentration of K+

did not significantly decrease (Fig. 3b). Na+

and K+ uptake are competitive processes in
most higher plants (Maathuis, 2014), but
such a competition did not occur in Z. xan-
thoxylum. One possible reason is that
Z. xanthoxylum sequesters Na+ into the
vacuoles in the leaf under osmotic stress
(when moderate levels of Na+ are present),
which would require the coordinated up-
regulation of other osmoticum levels such
as K+ in the cytoplasm to maintain the os-
motic potential balance (Møller and Tester,
2007).

4.3 NaCl increases the
accumulation of important
nutrient elements in
Z. xanthoxylum

Nitrogen and P concentrations in Z. xanthoxylum were in-
creased by 50 mM NaCl treatment, suggesting that NaCl up-
regulates N and P uptake. Jia et al. (2017) found that the total
N content of the halophyte Suaeda salsa was stable with in-
creasing salinity levels. Keutgen and Pawelzik (2009) have
demonstrated that N concentration in the plant organs of salt-
tolerant strawberry (Fragaria ananassa) cultivar significantly
increased under salt conditions. Sodium increased the P con-
centration in Carthamus tinctorius (Patil, 2012) and the utiliza-
tion of P in Saccharum officinarum with increased inorganic P
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Figure 5: N and P concentrations of Z. xanthoxylum (a, b) and A. thaliana (c, d) under var-
ious treatments (C, O, S, O+S) for 72 h. Control (C), osmotic stress (O) (–0.5 MPa osmotic
potential induced by sorbitol), salt treatment (S) (50 mM NaCl for Z. xanthoxylum and
5 mM NaCl for A. thaliana), and osmotic stress with corresponding concentrations of NaCl
(O+S) (total osmotic potential –0.5 MPa). Values are means – SE (n = 8) and bars rep-
resent SE. Columns with different letters indicate significant differences at P < 5% (Dun-
can’s test).
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Figure 6: Ca2+ and Mg2+ concentrations of Z. xanthoxylum (a, b) and A. thaliana (c, d)
under various treatments (C, O, S, O+S) for 72 h. Control (C), osmotic stress (O)
(–0.5 MPa osmotic potential induced by sorbitol), salt treatment (S) (50 mM NaCl for
Z. xanthoxylum and 5 mM NaCl for A. thaliana), and osmotic stress with corresponding
concentrations of NaCl (O+S) (total osmotic potential –0.5 MPa). Values are means – SE
(n = 8) and bars represent SE. Columns with different letters indicate significant differen-
ces at P < 5% (Duncan’s test).
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and residual P fractions (Rai and Singh, 2013). Song et al.
(2017) found that the P accumulation in the moderately resist-
ant and sensitive perennial ryegrass (Lolium perenne) culti-
vars decreased under salinity, but the salinity-resistant culti-
vars accumulated more P.

Sodium can negatively affect plant Ca2+ relations (Maathuis,
2005) because Na+ may replace electrostatically bound Ca2+

in cell walls and cell membranes. However, the compartmen-
tation of Na+ in vacuoles may instead facilitate Ca2+ uptake
(Zhao et al., 2006). Our data show an increased Ca2+ concen-
tration in leaves of Na+-accumulating Z. xanthoxylum. Other
investigators have also shown that salt-resistant plants have
the capability to maintain Ca2+ uptake under moderate salt
conditions (Koyro, 2000; Zheng et al., 2009), for example in
Kochia sieversiana, a naturally alkali-resistant halophyte
(Yang et al., 2007). Magnesium is important for plant health
via Mg2+-driven photosynthesis (Gerendás and Führs, 2013).
Soil salinity causes a drastic decrease in Mg2+ concentration

in the roots and leaves of non-salt-resistant
barley (Hordeum vulgare) (Wu et al., 2013),
whereas a salt-resistant barley cultivar had
less reduced Mg2+ (Tavakkoli et al., 2011).
Our results in Z. xanthoxylum show a
markedly increased Mg2+ concentration in
leaves under 50 mM NaCl (Fig. 6b), which
could be directly related to more efficient
photosynthetic capacity (Ma et al., 2012).

In the current study, 50 mM NaCl caused a
2.4-fold increase of Fe concentration in
roots of Z. xanthoxylum, which was similar
to the finding that Fe was significantly in-
creased in the roots of peanut (Arachis
hypogea) by 50 mM NaCl (Chavan and
Karadge, 1980). Silicon is clearly beneficial
to plant growth and development (Liang
et al., 2003; Lee et al., 2010; Shi et al.,
2013; Xu et al., 2015). The increased Si
concentration in Z. xanthoxylum after expo-
sure to 50 mM NaCl suggests a positive
role of Si on Z. xanthoxylum growth under
salt stress. However, 5 mM NaCl had no in-
fluence on the nutrient levels of A. thaliana.
In short, Z. xanthoxylum displayed im-
proved nutritional status under moderate
salt treatment, which was not the case with
A. thaliana.

4.4 Moderate NaCl mitigates the
deleterious impacts of drought
stress on Z. xanthoxylum by
improving its nutritional status

Drought stress inhibits the flow of nutrients
within the soil, the absorption of elements,
and their uptake by roots, leading to re-
duced plant productivity (Fageria et al.,
2002). Adequate absorption of minerals is
important for the maintenance of plant

structural integrity and key physiological processes (Liang
et al., 2018). In the current study, drought stress caused a sig-
nificant decrease in the concentrations of N, P, Ca2+, Mg2+,
and Si in Z. xanthoxylum and A. thaliana. It has been reported
that Na+ reduces the uptake of nutrients, such as N (Rubinigg
et al., 2003), P (Loupassaki et al., 2002), Ca (Kopittke, 2012),
Mg (Ali et al., 2012; Wu et al., 2013), and Fe (Yousfi et al.,
2007). However, compared to O, the addition of 50 mM NaCl
significantly increased the concentrations of N, P, and Si of
whole plants and Ca2+ and Mg2+ in leaves of Z. xanthoxylum.
The Fe concentration in roots of Z. xanthoxylum under os-
motic stress was maintained while it increased significantly
under O+S treatment, compared to O treatment in roots of
Z. xanthoxylum (Fig. 7a). Such results were not observed in
A. thaliana.

A high level of nutritional status could ameliorate the effects
of drought on plant growth. Also, accumulation of ions pro-
motes turgor maintenance, which contributes to increased ab-
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Figure 7: Fe concentration of Z. xanthoxylum (a) and A. thaliana (b) under various treat-
ments (C, O, S, O+S) for 72 h. Control (C), osmotic stress (O) (–0.5 MPa osmotic potential
induced by sorbitol), salt treatment (S) (50 mM NaCl for Z. xanthoxylum and 5 mM NaCl
for A. thaliana), and osmotic stress with corresponding concentrations of NaCl (O+S) (total
osmotic potential –0.5 MPa). Values are means – SE (n = 8) and bars represent SE. Col-
umns with different letters indicate significant differences at P < 5% (Duncan’s test).
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Figure 8: Si concentration of Z. xanthoxylum (a) and A. thaliana (b) under various treat-
ments (C, O, S, O+S) for 72 h. Control (C), osmotic stress (O) (–0.5 MPa osmotic potential
induced by sorbitol), salt treatment (S) (50 mM NaCl for Z. xanthoxylum and 5 mM NaCl
for A. thaliana), and osmotic stress with corresponding concentrations of NaCl (O+S) (total
osmotic potential –0.5 MPa). Values are means – SE (n = 8) and bars represent SE. Col-
umns labelled different letters indicate significant differences at P < 5% (Duncan’s test).
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sorption of water in water-stressed plants and thereby results
in improving drought resistance (da Silva et al., 2011). Fur-
thermore, N being an important component of chlorophyll and
Rubisco affects the metabolism of the plant under drought
stress (Abid et al., 2016). Functional activity of the photosyn-
thetic apparatus of leaf largely depends on the availability of
N in plants (Brennan, 1992). Phosphorus also contributes to
an increase in photosynthesis and stomatal conductance (Ac-
kerson, 1985; Brück et al., 2000) under drought stress. High
Fe is required for the structural and functional integrity of the
thylakoid membranes, and additional Fe is required by ferre-
doxin and for the biosynthesis of chlorophyll (Bhatt et al.,
2008). A recent study has confirmed that increasing Si con-
centration improves photosynthesis and strengthens enzyme
activities in Z. xanthoxylum under drought stress (Kang et al.,
2016). In addition, accumulation of Mg2+ in leaves may re-
duce photo-oxidative damage and ROS generation in chloro-
plast (Hanstein et al., 2011; Waraich et al., 2011). Calcium
may maintain membrane stability and regulate H2O2 homeo-
stasis to help plants adapt to drought (Hirschi, 2004; Gu
et al., 2016). Therefore, we speculate that the increased nutri-
tional status under O+S treatment may contribute to maintain
leaf turgor, photosynthetic activities, and the antioxidative de-
fense system in Z. xanthoxylum (Cai et al., 2011; Ma et al.,
2012).

5 Conclusions

Sodium plays an important role in the response of Z. xanthox-
ylum to drought, even under non-saline conditions. However,
moderate sodium does not mitigate deleterious impacts of
drought on the glycophyte A. thaliana. The molecular mecha-
nisms underlying nutrient uptake and distribution in Z. xan-
thoxylum exposed to drought deserve further investigation.
Elucidating these molecular mechanisms of xero-halophytes
may contribute to breeding new drought-tolerant crop vari-
eties.
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