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ABSTRACT

Haloxylon ammodendron, a C4 perennial, succulent and xero-halophytic shrub, is highly resistant to harsh en-
vironments, therefore, exploring the stress resistance mechanism will be beneficial for the use of xerophytes to
prevent desertification. To determine osmotic adjustment (OA) and antioxidase functions under simulated
drought stress, 8-week-old seedlings were treated with sorbitol solutions to maintain osmotic potentials (Ws) at a
control and —0.5 and —1.0 MPa. Under — 0.5 MPa osmotic stress, H. ammodendron stably maintained the water
content of assimilating branches, a result that was not significantly different from the result of the control group.
Moreover, the Ws decreased significantly, which helped plants absorb water efficiently from the environment, as
H. ammodendron accumulated massive osmotic regulators in its assimilating branches to adjust shoot Ws.
Specifically, the contribution of Na* to shoot Ws was up to 45%, and Na* became the main osmotic regulator of
OA. During the treatments, the content and contribution of K remained stable. However, the total contribution
of three organic osmotic regulators (free proline, betaine and soluble sugar) was only 20%, and betaine was the
main organic osmotic regulator, accounting for approximately 15% of the 20% contribution. Moreover, H.
ammodendron seedlings presented strong antioxidases, especially when there was a high activity level of su-
peroxide dismutase, and with an increase in treatment time and degree of osmotic stress, the activity of per-
oxidase and catalase increased significantly. Substantial accumulation of osmotic adjustment substances was an
important strategy for H. ammodendron to cope with simulated drought stress, in particular, H. ammodendron
absorbed much Na™ and transported Na* into the assimilating branch for OA. The scavenging of reactive
oxygen species by antioxidases was another adaptation strategy for H. ammodendron to adapt to simulated
drought stress.

1. Introduction

Osmotic adjustment (OA) is a vital adaptation strategy for plants to
minimize the damage induced by drought stress at the cellular level

Drought stress is a comprehensive threat, and the direct stress signal
induced by drought is referred to as osmotic stress (Zhu, 2016;
Nakashima et al., 2014). Plant growth is very sensitive to water and
water deficits can cause serious damage to plants. In terms of plant
morphology and structure, osmotic stress often results in plant wilting,
as well as leaf shrinkage and yellowing. Persistent osmotic stress will
cause changes in the structures and activities of enzymes, manifesting
as a decrease in photosynthetic efficiency, which makes it impossible
for plants to complete normal metabolism and growth, and even causes
the death of plants (Sanders and Arndt, 2012; Chaves et al., 2009; Seki
et al., 2007).
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(Blum, 2005). Plants decrease their osmotic potential (Ws) by accu-
mulating organic and inorganic solutes under drought stress (Blum,
2017; Ma et al., 2011; Raymond and Smirnoff, 2002). These compatible
solutes normally consist of free proline, betaine, soluble sugars, and
potassium ions (K™) etc. (Kiani et al., 2007; Zeng et al., 2015; Farooq
et al., 2009a, b; Behr et al., 2017), which help plants not only to
maintain the water content, but also to protect enzymes from the da-
mage induced by reactive oxygen species (ROS) (Farooq et al., 2009a,
b). For instance, K* usually plays a necessary role in plant stress tol-
erance, and it is an activator of many enzymes and important compo-
nent for maintaining cell Ws in plant cells (Mengel and Arneke, 1982;
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Wang and Wu, 2017). In addition, free proline, betaine and soluble
sugars are also important substances in OA. They can form hydrophilic
colloid-like polymers, stabilize the structure and stability of macro-
molecules in cells and play a protective role when plants are subjected
to osmotic stress (Yooyongwech et al. 2016, 2017; Liu et al., 2017).
Generally, Na* is considered as a toxic ion in glycophytes (Deinlein
et al., 2014).

Osmotic stress often generates massive ROS, i.e., H;O,, O, , OH™
and malondialdehyde (MDA). Toxic levels of ROS cause severe damage
to membrane permeability, DNA and proteins, and seriously disrupt the
normal metabolism of plants (Mahajan and Tuteja, 2005; Kekec et al.,
2013; Allen and Ort, 2001). In general, superoxide dismutase (SOD) is
the first line of defense for plants (Misra and Gupta, 2006), and it can
catalyze O,~ into H,0, and O,, and then, H,O, can be transformed to
0O, and H,0 under the catalysis of peroxidase (POD) and catalase (CAT)
(Chaves et al., 2009; Liu et al., 2011). In terms of scavenging excess
ROS, the antioxidase produced by plants powerfully can help to balance
ROS levels in cells (Saxena et al., 2016).

Due to the long-term influence of harsh environments, desert plants
have evolved unique morphological structures (such as leaf speciali-
zation) and strong resistance mechanisms during the course of evolu-
tion (Bechtold, 2018). In recent years, there has been increasing interest
in exploring the resistance mechanisms of desert plants (Ashraf, 2010).
Haloxylon ammodendron, a C4 perennial, succulent, and xero-halophytic
shrub, has strong resistance to drought, salinity, high temperatures,
barren conditions and other stresses (Fu, 1992; Tobe et al., 2000). H.
ammodendron is often used as the pioneer species for sand fixation, and
it plays vital roles in ecological restoration and maintenance of the
structure and function of a desert ecosystem via sand fixation, water
conservation and agriculture and pasture shelterbelts. H. ammodendron
is widely distributed in the Gobi Desert region of Gansu, Inner Mon-
golia, Ningxia, Xinjiang and Qinghai provinces. Since 2017, in co-
operation with the China Green Foundation and Ant Financial Services
Group (Hangzhou, China), H. ammodendron has been widely cultivated
in northwestern China and more than 10 million plants have been
planted thus far. To date, the physiology of H. ammodendron under
osmotic stress is still not well understood.

This study attempts to investigate the dynamic responses of OA and
the antioxidases of H. ammodendron under simulated drought stress,
and to analyze the role of these functions in the process of stress re-
sponse. Therefore, sorbitol solution is used to simulate osmotic stress.
The parameters consist of organic (proline, betaine, soluble sugars and
soluble proteins) and inorganic (Na™, K™, Ca®*) solutes, and the ac-
tivities of antioxidase (SOD, POD, CAT) and water status are assessed.

2. Materials and methods
2.1. Plant growth conditions and treatments

Seeds of Haloxylon ammodendron were collected from wild plants in
Alxa League Right Banner, Inner Mongolia Autonomous Region, China.
(101.59° E, 39.22° N), and the annual average precipitation and tem-
perature are 89 mm and 8.4 °C, respectively. After screening similar-
sized and nutrient-rich H. ammodendron seeds, they were sterilized for
5 min with 75% ethanol (v/v), rinsed 5 times with distilled water and
then placed on filter paper moistened with water for 12h in the dark
(25 = 2°C). After germination, seedlings with uniform growth were
transplanted into plastic pots (5 X 5 X 5 cm; 5 seedling/pot) containing
heat-sterilized vermiculite (the contents of Na* and K" in the vermi-
culite were 2.4pmolg™' and 1.5pmolg~!, respectively) and 1/2
Hoagland nutrient solution (including 2mM KNOs, 0.5 mM KH,PO,,
0.5mM MgSO47H,0, 0.5mM Ca(NO3)>4H,O, 0.06mM Fe-
citrate-3H,0, 50 uM H3BOs3, 10 uM MnCly4H,0, 1.6 uM ZnSO,47H,0,
0.6 uM CuSO4 and 0.05 uM Na;Mo00,42H50). The seedlings were grown
in a greenhouse. The daily photoperiod, temperature, light intensity
and air relative humidity were 16hd~1, 28 + 2°C/23 + 2°C (day/
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night), 1,200 ymolm~2?s~! and 50-70%, respectively. To maintain
constant concentrations of nutrients, solutions were changed every 3
days.

After 8 weeks of growth, H. ammodendron seedlings were randomly
divided into three groups, and treated with sorbitol solution (sorbitol
dissolved in 1/2-strength Hoagland nutrient solution) to simulate dif-
ferent Ws values of —1.0 MPa (severe treatment), — 0.5 MPa (moderate
treatment) and a control (1/2-strength Hoagland nutrient solution
without sorbitol). Seedlings with similar conditions were randomly
selected from each group at 0, 6, 24, 48 and 72 h after treatment. Each
indicator included 6 replicates covering 15 seedlings. To minimize
environmental influences, the pots were reassigned randomly every 3
days.

2.2. Determination of shoot water content

Shoot water content (g/g DW) = (FW - DW)/DW, where FW and
DW represent the fresh and dry weight of the sample, respectively
(Slama et al., 2007). DW was obtained by drying freshly assimilating
branches in an oven at 80 °C for 48 h. The FW and DW were weighed by
a 0.001 g precision electronic scale (SQP, Sartorius, Beijing, China).

2.3. Determination of shoot ¥s

The new assimilating branches of H. ammodendron seedlings were
placed in a centrifuge tube and frozen in liquid nitrogen. After cen-
trifugation, the supernatant fraction was collected to measure the tissue
Ws. By unfreezing slowly, the cell sap of the assimilating branches was
obtained, and then, cell sap was measured by using a cryoscopic osm-
ometer (Osmomat-030, Gonotec GmbH, Berlin, Germany) at 25 °C. The
machine readings (umol.g~') were used to calculate shoot Ws. Ws
(MPa) = -ic X R x T; where ic is the machine reading,
R =8.314JK 'mol ' and T = 293.16 K (Wu et al., 2015).

2.4. Determination of shoot organic osmotic regulators (free proline, soluble
sugars, betaine and soluble proteins)

Sulfosalicylic acid was used to extract proline (Gao et al., 2015;
Trovato et al., 2008). Proline can react with an acidic ninhydrin solu-
tion and become red after heating, and then, once extracted by toluene,
the absorbance can be measured at 520 nm by a spectrophotometer
(UV-6100PCS, MAPADA Instrument Co., Ltd, Shanghai, China).

The soluble sugar content was determined by anthrone colorimetry
(Leakey et al., 2009; Zhang et al., 2009). The soluble sugar of H. am-
modendron was extracted according to the instructions of the soluble
sugar assay kit (Comin Biotechnology, Suzhou, China), and the absor-
bance was recorded at 625nm. Based on the glucose content in the
standard curve, the corresponding soluble sugar content was calculated.

The betaine content was measured using the betaine assay kit spe-
cification (Comin biotechnology, Suzhou, China), and Reinecke's salt
can produce precipitated material under strong acidic conditions that
can be dissolved in acetone, and has a characteristic absorption peak at
525nm (Kurepin et al., 2015). A spectrophotometer (UV-6100PCS,
MAPADA Instrument Co, Ltd, Shanghai, China) was used to determine
the absorbance at 525 nm.

The combination of protein and Coomassie brilliant blue (G-250)
can become into blue compound complex under acidic solution condi-
tions, and this complex has a characteristic absorption peak at 595 nm.
The protein concentration is positively correlated with the color depth
of the solution, and the protein content can be measured according to
the standard curve (Runyon et al., 2015). This operation was carried
out via a spectrophotometer (UV-6100PCS, MAPADA Instrument Co.,
Ltd, Shanghai, China) and soluble protein assay kit (Comin bio-
technology, Suzhou, China).
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2.5. Determination of shoot inorganic osmotic regulators (K*, Na™ and

ca®")

The concentrations of inorganic ions (K*, Na* and Ca®*) were
measured according to the method described by Wang et al. (2007) and
Peterson et al. (2015). The weighed dry sample was crushed and
transferred into a test tube, and soluble Na*, K*, and Ca?* were ex-
tracted in deionized water in a 100 °C water bath for 2h. Fast filter
paper was used to gather the leach solution, and then, each ion analysis
was performed using a flame photometer (Sherwood flame photometer-
410, Cambridge, UK).

2.6. Calculation of the contributions of organic and inorganic osmotic
regulators to ¥s

Based on shoot water content, the concentrations of inorganic so-
lutes inorganic solutes (Na* and K*) and organic solutes (betaine,
proline and soluble sugar) were converted to osmolality, and then, the
Ws values of each solute (calculated Ws (COP)) were calculated by the
Van't Hoff formula as described by Guerrier (1996): COP = —nRT;
where n is the number of solute molecules, R = 8.314JK ™~ mol ! and
T = 293.16 K. The contributions of inorganic solutes and organic so-
lutes to assimilating branch Ws were computed as the formula con-
tribution (%) = COP/Ws X 100% (Guerrier, 1996; Ma et al., 2011).

2.7. Determination of relative plasma membrane permeability and MDA
content

The 0.4 g fresh tissue sample with 20 mL distilled water was placed
in a test tube and in a constant temperature shaker (IS-RDD3, Crystal,
American) for 20 min at 25 °C, and S; was measured by a conductivity
meter (EC-215, HANNA, Italy). Then, the test tube was placed into a
water bath at 100 °C for 15min, and the measured value S, was re-
corded after cooling to room temperature (25 °C) (Simon, 1974). The
plant relative electrical conductivity (REC) was used to indicate the
degree of damage. Plant plasma relative membrane permeability was
calculated with the following formula: REC (%) = (S1-Saistilled water)/
(SZ'Sdistilled water)'

MDA can be a biomarker that reflects the degree of cell membrane
peroxidation in plant cells. It was extracted using thiobarbituric acid
(TBA) and measured by a spectrophotometric protocol (Bao et al.,
2009). Absorbance was determined at 532 and 600 nm (UV-6100PCS,
MAPADA Instrument Co., Ltd, Shanghai, China), and the difference in
absorbance was used to calculate the MDA content.

2.8. Determination of activities of antioxidase (POD, SOD and CAT)

POD (EC 1.11.1.7), SOD (EC 1.15.1.1), and CAT (EC 1.11.1.6) were
measured using the protocols proposed by Tuna et al. (2008), Alscher
et al. (2002), and Liu et al. (2011), respectively, and the activities were
defined as follows: one unit of POD activity was defined as a change of
0.01 at 470 nm in per minute per 1 g tissue per 1 mL reaction system;
one unit of SOD activity was defined as the reduction in nitroblue tet-
razolium (NBT) inhibited by 50% at 540 nm; one unit of CAT activity
was defined as degradation of 1 nmol H,O, per minute per 1 mg tissue.
According to each specific assay kit (Comin biotechnology, Suzhou,
China), 1.0 g of fresh sample with 10 mL of extraction solution was first
mixed with homogenate at 4°C and then centrifuged at 8,000¢g for
10 min. The supernatant was used for the test of each enzyme's activity.
Next, the readings of POD, SOD and CAT were recorded at 470 nm
560 nm and 240 nm, respectively. Finally, the obtained readings were
used to calculate the activity of the enzymes, according to the methods
described as the corresponding kit specification (Comin Biotechnology,
Suzhou, China).
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Fig. 1. Dynamic changes of shoot water content and shoot osmotic potential in
Haloxylon ammodendron in response to various osmotic stresses. (A) Shoot
water content, (B) Osmotic potential. Values and bars represent means and SEs
(n = 6), respectively. Lines in different colors indicate different treatments. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)

2.9. Data analysis

The data were analyzed based on a one-way analysis of variance
(ANOVA) by using SPSS 16.0 (SPSS Inc, Chicago, IL, USA), and all
values were reported as the means + standard error (SE). Origin 2017
(OriginLab Inc, Northampton, USA) was used to construct the figures.

3. Results

3.1. Dynamic changes in shoot water content and ¥s in Haloxylon
ammodendron in response to osmotic stresses

Shoot water content of the control group maintained a stable level
(Fig. 1A). There was only a slight fluctuation among the moderate
treatment group (—0.5MPa), and no significant difference was ob-
served between moderate osmotic stress (—0.5 MPa) and the control
group. Under severe osmotic stress, shoot water content of H. ammo-
dendron seedlings showed a remarkable reduction with the elongation
of treatment time. After 6 h of treatment, compared with that in the
control, shoot water content under —1.0 MPa osmotic stress sig-
nificantly decreased by 33.8%, and compared with that under
—0.5 MPa osmotic stress, the content reduced by 29.4%. After 72h of
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treatment, compared with that in the control, shoot water content
under —1.0 MPa osmotic stress decreased by 48.9%, and compared
with that under —0.5 MPa osmotic pressure, the content decreased by
42.3%. Compared with that at Oh, the water content after 72h of
treatment under —1.0 MPa osmotic stress significantly decreased by
95.3%, while it decreased by only 12.7% under —0.5MPa osmotic
stress.

During the osmotic stress treatment, the Ws of the control group
remained stable (Fig. 1B). The Ws gradually decreased with sustained
stress under —1.0 MPa and —0.5MPa. At 72h of treatment, the Ws
under the severe osmotic stress (—1.0 MPa) group reduced sig-
nificantly, and the potential was 1.35 and 2.5 times higher than that
under — 0.5 MPa and control, respectively, and the Ws of the moderate
osmotic stress (— 0.5 MPa) group was 0.5 times higher than the control
group. After 72h of treatment, the Ws of assimilating branches de-
creased by 153.9% (—1.0 MPa) and 87.3% (—0.5 MPa).

3.2. Dynamic changes in the contents of shoot organic osmotic regulators
and their contribution to ‘s in H. ammodendron in response to osmotic
stresses

The content of free proline remained consistent during the treat-
ment time (Fig. 2A). With continued treatment, the severe and mod-
erate osmotic groups demonstrated similar trends of increase. Com-
pared with that in the control group and the —0.5 MPa group, the free
proline content in the —1.0 MPa osmotic stress group significantly in-
creased by 17.9%, and 13.5%, respectively. Moreover, compared with
that at 0 h, the free proline content at the end of osmotic stress (72 h)
increased by only 38.0% (control) and 16.0% (— 0.5 MPa).

The betaine content clearly and rapidly accumulated during the
beginning stage (0-24h) under —1.0 MPa osmotic stress (Fig. 2B);
however, the increase rate dropped from 24 to 72 h. The betaine con-
tent under — 0.5 MPa grew slowly from 0 to 24 h, but there was a sig-
nificant increase from 24 to 72 h.

The content of soluble sugars continuously accumulated and ex-
hibited an increasing trend (Fig. 2C), and there was only a slight dif-
ference between the treatment groups (—0.5 and —1.0 MPa). From the
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beginning of the treatment to 72 h, the soluble sugar contents were 2.3
and 1.8 times higher in the treatment groups (—1.0 and —0.5MPa,
respectively) than in the control group.

The content of soluble proteins showed a slow increase in the
treatment groups (—0.5 and — 1.0 MPa) for 0-48 h (Fig. 2D). However,
compared with that under — 1.0 MPa osmotic stress, the soluble protein
content under — 0.5 MPa osmotic stress was higher from 48 to 72 h. Up
to 72h, compared with that in the control, the soluble sugar content
under osmotic stress (— 0.5 MPa and — 1.0 MPa) significantly increased
by 16.9% and 23.7%, respectively. Protein is a manifestation of the
activities of life. As shown in Fig. 2D, the soluble protein content under
moderate osmotic stress continued to increase throughout the treat-
ment, but during the later period of osmotic stress (48-72h), the so-
luble protein content decreased under —1.0 MPa osmotic stress, pre-
sumably because the extent of this severe osmotic stress exceeded the
tolerance of H. ammodendron seedlings at that time, causing hydrolysis
of plant cell proteins. At the same time, in vivo RNA transcription and
translation were affected by osmotic stress, and the amount of protein
synthesis, as well as soluble protein content, began to decrease.

In this study, three kinds of organic osmotic regulators (betaine,
soluble sugar and free proline) were involved (Fig. 3). We found that in
each treatment group (including the control group), with the osmotic
stress treatment, the contribution of betaine to Ws was always sig-
nificantly higher than the contributions of soluble sugar and proline.
Under moderate osmotic stress (Fig. 3B, — 0.5 MPa), the contribution of
betaine to the Ws decreased (0-24h) until it reached a steady state
(24-72h). However, under severe osmotic stress (Fig. 3C, —1.0 MPa),
the contribution of betaine to the Ws remained stable at approximately
13% from 6h to 24h, and then declined (24-72h). Betaine, as a
common osmotic regulator in higher plants, exhibited a sustained trend
with increasing treatment time and had a larger contribution to the Ws
than the other two osmotic regulators; however, in terms of OA, the
contribution of betaine showed a decrease. Soluble sugar is also a
common osmotic regulator, showing a similar trend as betaine, but its
contribution was less than 3%. The sum of the contributions of free
proline and betaine were less than 4%, and the total contributions of
organic osmotic regulators were approximately 20%. Proline is often

Fig. 2. Dynamic changes of the contents of shoot

—=— Control —e— -0.5 MPa —&— -1.0 MPa

organic osmotic regulators (free proline, betaine,
soluble sugar and soluble protein) in H. ammoden-
dron in response to various osmotic stresses. (A) Free
proline, (B) Betaine, (C) Soluble sugar, (d) Soluble
protein. Values and bars represent means and SEs
(n = 6), respectively. Lines in different colors in-
dicate different treatments. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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and SEs (n = 6), respectively. Lines in different colors indicate different organic
osmotic regulators. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

regarded as an important organic osmotic regulatory substance (Yaish,
2015). In this study, the addition of osmotic stress (Fig. 3B and C, —0.5
and —1.0 MPa, respectively) significantly increased the content of free
proline in the early stage of osmotic stress (0-6 h), but the concentra-
tion of free proline under osmotic stress was less than 0.5%.
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ferent colors indicate different ions. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)

3.3. Dynamic changes in the contents of shoot inorganic osmotic regulators
and their contribution to ‘¥s in H. ammodendron in response to osmotic
stresses

The K™ content showed no significant change overall (Fig. 4A).
Under both —0.5 and —1.0 MPa osmotic stresses, there was only a
slight increase in K* content. Even at 72h, the accumulation of K™
content was only 10.4% higher than the K* content of the control
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seedlings under —1.0 MPa. The Na™ content of the control group re-
mained stable within the observation time (Fig. 4B), and it increased as
the osmotic stress time continued in the treatment groups (—0.5 and
—1.0 MPa osmotic stress). In particular, Na* content increased rapidly
under the —1.0 MPa osmotic stress treatment. Compared with that at
0h, the Na™ content after 72 h of treatment significantly increased by
145.9% (—0.5MPa) and 61.8% (—1.0MPa). The content of Ca?*
among each group showed a similar trend of change (Fig. 4C). Com-
pared with that in the control, the Ca®>* content under — 0.5 MPa was
lower, whereas the Ca®* content was higher under —1.0 MPa osmotic
stress, increasing at the early stage (0-24 h) but then decreasing.

As it was showed Fig. 5, the contribution of Na™ was significantly
higher than of the contribution of K* to Ws with the elongation of
treatment time. Under the condition of moderate osmotic stress (
Fig. 5B, —0.5 MPa), the contribution of Na™ to the Ws decreased in the
early stage (0-24 h) and increased later (24-72h), while the contribu-
tion of K* decreased (0-24 h) and maintained a steady level (24-72h).
The contribution of Na™ to the Ws under severe osmotic stress (Fig. 5C,
—1.0MPa) showed a sharp increasing trend (0-24h) and then re-
mained stable (24-72h), while K* always maintained a stable con-
tribution to Ws overall.

3.4. Dynamic changes in shoot relative plasma membrane permeability and
MDA content in H. ammodendron in response to osmotic stresses

Relative plasma membrane permeability is an indicator of in-
tracellular ionic leakage, so the REC was used to indicate the degree of
damage (Fig. 6A). The REC increased slowly in —0.5MPa treatment
group but did not change substantially. However, under —1.0 MPa
osmotic stress group, the increase in REC was slight in the initial stage
(0-24h) and then increased rapidly. When the duration of osmotic
stress was as long as 24 h, the REC was 1.9 and 1.4 times higher under
the —1.0MPa osmotic stress group than under the control and
—0.5 MPa groups, respectively. At the end of the treatment time (72 h),
REC was 2.8 and 2.2 times higher under the —1.0 MPa osmotic stress
group than under the control and —0.5 MPa groups, respectively. The
MDA content increased more rapidly under the —1.0 MPa osmotic
stress group than under the control and —0.5MPa treatment groups
(Fig. 6B). The MDA content was also 1.9 and 1.5 times greater under the
—1.0 MPA group than under the control and —0.5MPa treatment
groups, respectively, while 72 h after the treatments, it was 3.7 and 1.5
times higher, respectively.

3.5. Dynamic changes in the activities of antioxidases (SOD, POD and
CAT) in H. ammodendron in response to osmotic stresses

The activity of SOD in the treatment groups (—0.5MPa and
—1.0 MPa) showed similar increasing trends during 0-24 h (Fig. 7A).
The SOD activity remained stable after 24 h when under the —0.5 MPa
osmotic stress group, while it increased under the —1.0 MPa osmotic
stress group. The activities of SOD under the treatment (— 0.5 MPa and
—1.0 MPa) groups were 35.1% and 16.0% higher, respectively, than
the activity under the control group.

Under —1.0 MPa osmotic stress, the activity of POD increased
continuously (Fig. 7B), especially during 0-6h, it showed the fasted
increase. When under the — 0.5 MPa osmotic stress treatment, the POD
activity significantly increased for only 24-48 h after treatment, but it
remained stable during other treatments.

The CAT and POD activities under treatment (—0.5MPa and
—1.0 MPa) showed a similar trend (Fig. 7C), and there was no sig-
nificant increase at the primary stage (0-6 h). Compared with those in
the control, the activities of CAT under —0.5MPa and —1.0 MPa os-
motic stress were 4.3 and 2.3 times higher, respectively, at the primary
stage (0-6h) than at O h.
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Fig. 6. Dynamic changes of shoot relative electric conductivity (REC) and
malondialdehyde (MDA) content in H. ammodendron in response to various
osmotic stresses. (A) REC, (B) MDA. Values and bars represent means and SEs
(n = 6), respectively. Lines in different colors indicate different treatments. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)

4. Discussions

4.1. Reducing the osmotic potential to maintain stable shoot water content is
an important strategy for H. ammodendron to adapt to osmotic stress

OA is perhaps one of the major strategies for plants to cope with
drought and salt stress (Barcia et al., 2014; Serraj and Sinclair, 2002;
Silva et al., 2015). In general, most plants tend to wilt permanently due
to persistent osmotic stress. In our study, both under moderate
(—0.5MPa) and severe osmotic stress (—1.0 MPa), the Ws of all
treatments decreased significantly, but shoot water content remained
stable under —0.5MPa (Fig. 1). Under severe osmotic stress
(—1.0 MPa), there was a significant decrease in only the Ws for 0-6 h
after treatment. In addition, 6 h after treatment, shoot Ws remained at a
stable level. Under osmotic stress conditions, H. ammodendron actively
accumulated a large amount of soluble substances to reduce its own Ws,
and then, its water absorption ability was improved. This approach
effectively helps plants survive under osmotic stress (Flowers, 2004;
Gouiaa et al., 2012; Shabala and Cuin, 2008; Zeng et al., 2015).

4.2. Contribution of organic osmotic regulators to ¥'s decreased gradually in
H. ammodendron during osmotic stress

Accumulating soluble substances can be divided into organic sub-
stances (in small molecules) and inorganic ions. Organic solutes are
important substances for plants in osmotic stress regulation (Raymond
and Smirnoff, 2002). In response to drought or salt stress, proline
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Fig. 7. Dynamic changes of the activities of antioxidases (SOD, POD and CAT)
in H. ammodendron in response to various osmotic stresses. (A) SOD activity, (B)
POD activity, (C) CAT activity. Values and bars represent means and SEs
(n = 6), respectively. Lines in different colors indicate different treatments. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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accumulation usually occurs in the cytoplasm, and the accumulation of
proline in the cytoplasm plays an important role in cytoplasmic OA
(Leigh et al., 1981; Ketchum et al., 1991). Most crops respond to stress
by accumulating betaine (Ashraf and Foolad, 2007; Mansour, 2000;
Yang et al., 2003), which protects thylakoid membranes function in
chloroplasts under stress (Robinson and Jones, 1986). Soluble sugars
participate in maintaining plant water content and osmotic regulation
in plants facing drought stress (Xu et al., 2007), and soluble sugars also
act in membrane protection and scavenging of radicals (Krasensky and
Jonak, 2012).

In this study, under normal conditions, there was a higher content of
betaine in H. ammodendron, and its content was 100 and 5 times higher
than the contents of free proline and soluble sugar, respectively. During
the process, the content of betaine increased significantly, as well as
free proline and soluble sugar; however, the contribution of organic
osmotic regulators to Ws decreased slightly with treatment time
(24-72h) under osmotic stress, probably because the synthesis rate of
organic osmotic regulators was limited by specific physiological and
biochemical processes. In addition, shoot Ws decreased faster.

Previous studies of glycophytes under drought or salt stress showed
that these soluble substances play necessary adaptive functions in terms
of mediating osmotic regulation and defending subcellular structures
(Ashraf and Foolad, 2007). However, not every higher plant accumu-
lates enough betaine or free proline to avoid the adverse influences of
abiotic stress. In H. ammodendron, the sum of the contributions of free
proline and betaine was less than 4%, and the total contributions of
organic osmotic regulators were approximately 20%. Thus, these sub-
stances were not the main osmotic substances for OA in H. ammoden-
dron.

4.3. Contribution of inorganic osmotic regulators to ¥s increased
significantly in H. ammodendron during osmotic stress

K* is involved in many physiological and biochemical processes in
plants, such as in the promotion of plant photosynthesis, protein
synthesis and osmotic regulation (Zhu, 2003; Gierth and Méser, 2007).
In some halophytes growing in arid desert areas, a large accumulation
of Nat has been determined to have a beneficial role, but the im-
portance and contribution of Na* to OA have been seldom studied
(Slama et al., 2007; Ma et al., 2011). In our study, the accumulation of
Na™ in H. ammodendron seedlings increased significantly with osmotic
stress. Similar to results in other studies, some plants can accumulate a
large amount of Na™ to regulate plant cell water potential (Ma et al.,
2014; Zhang et al., 2014; Wang et al., 2008; Yue et al., 2012; Zhang
et al., 2013). Under moderate osmotic stress (—0.5MPa), the Na*
content increased relatively slowly, which may have been due to the
minimal degree of osmotic stress, and there was no large absorption of
Na™. Under severe osmotic stress (—1.0 MPa), the Na* content in-
creased significantly in the early stage (0-24 h), which indicated that H.
ammodendron rapidly initiated Na* uptake under severe osmotic stress
(—1.0 MPa). However, the accumulation of Na* under severe osmotic
stress (—1.0 MPa) did not always increase rapidly (0-24 h), and there
was also a very slow increase phase (48-72h). These results indicated
that to be able to adapt, H. ammodendron can control the absorption of
Na* within a certain limit; therefore, plant cells can prevent the ac-
cumulation of excess Na*, and plants can avoid poisoning from excess
Na™. On the other hand, the Na*/H* antiporter can store excess Na™
in the vacuole so that the Na™ can be used to control the cell Ws in-
directly (Ma et al., 2011), given the large amount of previously accu-
mulated Na*. These results reflected the sensitivity and importance of
Na™ accumulation in H. ammodendron in terms of osmotic stress re-
sistance.

In general, an increase in Na* is usually accompanied by a gradual
loss of K* when plants are subjected to salt stress (Wu et al., 2018).
Because of ROS accumulation, the guard cell outward-rectifying K*
channels (KOR/GORK) and ROS-activated nonselective cation channels
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(NSCC) channels are activated, resulting in more K* efflux and a dis-
ruption of Na* /K" ratio homeostasis (Dasgan et al., 2002; Hauser and
Horie, 2010; Wu et al., 2018). K* in H. ammodendron increased slightly
after treatment, and Na* always increased. Therefore, the stability of
K* in H. ammodendron seedlings may be an important factor for coping
with osmotic stress. H. ammodendron had a stronger selective absorptive
capacity for Na* over K™ as occurs in other salt-accumulating halo-
phytes (Yue et al., 2012; Ma et al., 2011). Therefore, we speculated that
Na™ could be an effective and efficient regulator of OA in response to
water deficits in H. ammodendron.

We also combined two inorganic (Na* and K*) and three organic
substances (free proline, betaine and soluble sugar) to analyze the
contribution of OA substance to Ws (Fig. S1). The results indicated that
the contribution of inorganic solutes was at least twice that of organic
solutes under each treatment. In particular, at the end (24-72h) of
severe osmotic stress (—1.0 MPa), the contribution of inorganic solutes
to Ws was greater than 60%, and this contribution played a leading role
in osmotic regulation because it resulted in a more direct and rapid
absorption of Na*, K* and other inorganic ions from the external en-
vironment. Compared with organic OA, inorganic ion OA was more
efficient in maintaining the osmotic pressure of the cell and was the
main factor in allowing H. ammodendron to address the low Ws from the
environment.

Ca®* is a necessary macroelement for plant metabolism (Lépez-
Marqués et al., 2018). In this study, the Ca?* concentration was gen-
erally constant because of the high Ca®* concentration-retreat feedback
mechanism in plant cells that allows the cells to avoid the toxic effects
of prolonged high Ca®* concentrations (Rengel and Zhang, 2003).
Thus, the concentration of Ca?* increased only for a short period under
—1.0 MPa osmotic stress. On the other hand, the fluctuation in Ca?*
content is related to stomatal closure (Bao et al., 2009; Conn et al.,
2011; Hirschi, 2004; Rienmiiller et al., 2010; Stael et al., 2011). In this
study, the Ca®>* content showed little fluctuation, without a significant
increase or decrease. Thus, plants likely needed a long time to close
their stomata, so the fluctuation of Ca?™ content also reflected its im-
portant role in stomatal regulation under osmotic stress.

4.4. Increasing antioxidase activity is another important strategy for H.
ammodendron during osmotic stress

The stability of the cell membrane system is the basis of plant re-
sistance to stress to a certain extent (Cona et al., 2006; Gill and Tuteja,
2010; Gupta and Huang, 2014); however, excessive membrane lipid
peroxidation will destroy the structure and function of the cytomem-
brane, and seriously disrupt the normal physiological functions of plant
cells (Csiszar et al., 2012; Puniran-Hartley et al., 2014). MDA is the
most important product of membrane lipid peroxidation, and a certain
amount of MDA can induce antioxidant enzyme activity in plant cells,
eliminating membrane lipid peroxidation. However, excessive MDA is
one kind of threat to plants (Han et al., 2014). In our study, both re-
lative plasma membrane permeability (REC) and MDA served as in-
dicators that represented the severity of damage, high REC was in-
dicative of severe leakage of intracellular ions, and high levels of MDA
indicated harmful substance over accumulated.

In the study of the physiology of plant stress resistance, changes in
antioxidase enzyme activities are often used as important indicators of
the ability of plants to resist osmotic stress (Wang et al., 2008; Rao
et al., 1996). In the present study, three main antioxidases (SOD, POD
and CAT) were selected to serve as the osmotic stress resistance indexes.
SOD is the main antioxidant enzyme in plants and the first line of de-
fense (Misra and Gupta, 2006). During the treatments, SOD activity was
always significantly higher than POD and CAT activity. In addition,
under moderate osmotic stress (—0.5MPa), from 24 to 48 h, SOD ac-
tivity decreased, while CAT and POD activity increased rapidly. This
scenario may have occurred because O, in the plant cells was trans-
formed to H,O, and O, under the catalysis of SOD, and then, H,O, was
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Fig. 8. Schematic model of osmotic regulators and antioxidases in shoot cells of H. ammodendron in response to various degrees of simulated drought stress. (A)
Under control condition, water content remained stable, the shape of vacuoles is normal, and plasma membrane clinged to the cell wall. (B) Under moderate osmotic
stress condition, Na™ was transported into cytosol probably through high-affinity K™ transporters (HKTs), non-selective cation channels (NSCCs) and Cyclic
Nucleotide-Gated Channels (CNGCs). Plasma membrane Na* /H* antiporter (salt overly sensitive 1, SOS1) and vacuole Na*/H* antiporter (NHXs) began to function
to reduce Na™ toxicity in cytosol. K was transported into cytosol probably through HKTs and out of the cell by K* outward-rectifying channels (KORs). Cl~ was
probably transported by voltage-gated chloride channels (CLCs). MDA increased and the membrane system was damaged (REC increased). The organic osmotic
regulators including betaine, free proline and soluble sugar and the activities of antioxidant enzymes (SOD, POD and CAT) increased obviously. Slight plasmolysis
occurred due to mild cell water loss. (C) Under severe osmotic stress condition or after long term of moderate osmotic stress condition, more Na® was absorbed and
vacuole Na*/H™ antiporter (NHXs) continue to transport Na™ into vacuoles to reduce Ws. MDA increased continuously and the membrane system was damaged
seriously (REC increased) especially after long term of severe osmotic stress. The organic osmotic regulators including betaine, free proline and soluble sugar and the
activities of antioxidant enzymes (SOD, POD and CAT) increased dramatically. Serious plasmolysis occurred due to largely cell water loss.

transformed to O, and H,O under the catalysis of POD and CAT (Chaves
et al., 2009; Liu et al., 2011). This effect may also be a remedial in H.
ammodendron. The activities of POD and CAT showed a similar increase
trend during the osmotic stress. The POD enzyme was more sensitive to
osmotic stress than the other enzymes because it increased more rapidly
(1.2 times under —0.5 MPa and 1.6 times under —1.0 MPa) than the
other two enzymes at the beginning of the osmotic stress treatments
(0-6 h).

REC and MDA contents both increased with treatment time and
showed a similar trend in both the moderate (—0.5 MPa) and severe
(—1.0 MPa) osmotic treatment groups. Under moderate osmotic stress
(—0.5MPa), REC and MDA increased slowly during the pretreatment
time (0-48 h), and there was a clear increase during only the later stage
(48-72h), indicating that under control of the antioxidant enzyme
system, H. ammodendron seedlings were not significantly affected by
MDA within a certain period of time (0-48 h) and that REC increased
slowly; thus, plant cells were less damaged. However, when under se-
vere osmotic stress (—1.0 MPa), MDA and REC increased more sig-
nificantly, especially at the end of the treatment (48-72h). Therefore,
the duration of osmotic stress could be regarded as another stress factor,
that is, the increase in stress time results in an increase in stress level. In
addition, osmotic stress of H. ammodendron seedlings was divided into
three stages: adjustment period, adaptation period and incontrollable
period. During the adjustment period (0-24h under —0.5MPa and
0-6 h under —1.0 MPa), seedlings were less affected by osmotic stress,
and the activities of antioxidase enzymes were low. During the adap-
tation period (24-48 h under —0.5 MPa and 6-48 h under — 1.0 MPa)
under moderate osmotic stress (—0.5 MPa), the amount of the 3 pro-
tective enzymes increased significantly. Under severe osmotic stress
(—1.0 MPa), there was a slight decrease in the activity of SOD, and the
activities of CAT and POD increased sharply to balance the ROS me-
tabolism system; however, the MDA content began to accumulate.
During the incontrollable period (48-72h), under moderate osmotic
stress (—0.5MPa), the amount of all protective enzymes increased.
However, under severe osmotic stress (—1.0 MPa), SOD activity de-
creased, and POD and CAT activities increased.

H. ammodendron seedlings had a strong antioxidant system that
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synergistically contained SOD, POD and CAT; moreover, under normal
conditions, H. ammodendron seedlings even contained high activity le-
vels of SOD, which may be an important adaptation mechanism pro-
duced by plants over their long-term evolution. The antioxidant enzyme
system in H. ammodendron showed different response mechanisms be-
tween stress degree and duration. Consequently, H. ammodendron
seedlings had strong resistance to the product of membrane lipid per-
oxidation due to the high activity of antioxidant enzymes and their
dynamic complementarity during osmotic stress. These factors are im-
portant in the survival of H. ammodendron in arid and semi desert areas.
In the present study, under moderate osmotic stress condition, Na™
was transported into cytosol probably through high-affinity K* trans-
porters (HKTs), non-selective cation channels (NSCCs) and Cyclic
Nucleotide-Gated Channels (CNGCs) (Maathuis et al., 2014; Apse and
Blumwald, 2007). Plasma membrane Na*/H™ antiporter (salt overly
sensitive 1, SOS1) and vacuole Na*/H" antiporter (NHXs) began to
function to reduce Na™ toxicity in cytosol (Zhang et al., 2013; Plett and
Mgller, 2010). K* was transported into cytosol probably through HKTs
and out of the cell by K* outward-rectifying channels (KORs) (Sun
et al., 2009; Chen et al., 2007). Cl~ was probably transported by vol-
tage-gated chloride channels (CLCs) (Bergsdorf et al., 2009). MDA in-
creased and the membrane system was damaged (REC increased). The
organic osmotic regulators including betaine, free proline and soluble
sugar and the activities of antioxidant enzymes (SOD, POD and CAT)
increased obviously. Slight plasmolysis occurred due to mild cell water
loss. Under severe osmotic stress condition or after long term of mod-
erate osmotic stress condition, more Na™ was absorbed and vacuole
Na*/H" antiporter (NHXs) continue to transport Na™ into vacuoles to
reduce Ws (Zhang et al., 2013). MDA increased continuously and the
membrane system was damaged seriously (REC increased) especially
after long term of severe osmotic stress. The organic osmotic regulators
including betaine, free proline and soluble sugar and the activities of
antioxidant enzymes (SOD, POD and CAT) increased dramatically.
Serious plasmolysis occurred due to largely cell water loss (Fig. 8).
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5. Conclusions

In conclusion, substantial accumulation of osmotic adjustment
substances is an important strategy for H. ammodendron to cope with
simulated drought stress. In particular, H. ammodendron absorbed a
large amount of Na* and transported Na™ into the assimilating branch
for OA. At the same time, K* remained stable. The contribution of
inorganic solutes (Na* and K*) accounted for approximately 40-70%
of the OA, and among them, Na* was the main OA substance for H.
ammodendron in terms of adapting to simulated drought stress. In ad-
dition, maintaining a higher level of antioxidase to scavenge ROS is
another important strategy for H. ammodendron to adapt to simulated
drought stress.

Author contributions

J.-L. Z. conceived the project. X.-P. L. and L. Z. prepared the plant
samples and conducted the physiological experiments. X.-P. L. and H.-J.
G wrote the manuscript. Y.-P. W., K.-Z. S., and Q. Z. gave supports for
data analysis and revised the manuscript.

Acknowledgments

This work was financially supported by the National Key Research
and Development Program of China (Grant No. 2017YFC0504802), the
National Natural Science Foundation of China (Grant No. 31222053)
and the Science and Technology Support Program of Gansu Province,
China (Grant No. 1604NKCA077).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.plaphy.2019.03.019.

References

Allen, D.J., Ort, D.R., 2001. Impacts of chilling temperatures on photosynthesis in warm-
climate plants. Trends Plant Sci. 6 (1), 36-42. https://doi.org/10.1016/51360-
1385(00)01808-2.

Alscher, R.G., Erturk, N., Heath, L.S., 2002. Role of superoxide dismutases (SODs) in
controlling oxidative stress in plants. J. Exp. Bot. 53 (372), 1331-1341. https://doi.
org/10.1093/jexbot/53.372.1331.

Apse, M.P., Blumwald, E., 2007. Na™ transport in plants. FEBS Lett. 581 (12), 2247-2254.
https://doi.org/10.1016/j.febslet.2007.04.014.

Ashraf, M., 2010. Inducing drought tolerance in plants: recent advances. Biotechnol. Adv.
28 (1), 169-183. https://doi.org/10.1016/j.biotechadv.2009.11.005.

Ashraf, M., Foolad, M.R., 2007. Roles of glycine betaine and proline in improving plant
abiotic stress resistance. Environ. Exp. Bot. 59 (2), 206-216. https://doi.org/10.
1016/j.envexpbot.2005.12.006.

Bao, A.K., Wang, S.M., Wu, G.Q., Xi, J.J., Zhang, J.L., Wang, C.M., 2009. Overexpression
of the Arabidopsis H* -PPase enhanced resistance to salt and drought stress in trans-
genic alfalfa Medicago sativa L. Plant Sci. 176 (2), 232-240. https://doi.org/10.1016/
j.plantsci.2008.10.009.

Barcia, R.A., Pena, L.B., Zawoznik, M.S., Benavides, M.P., Gallego, S.M., 2014. Osmotic
adjustment and maintenance of the redox balance in root tissue may be key points to
overcome a mild water deficit during the early growth of wheat. Plant Growth Regul.
74 (2), 107-117. https://doi.org/10.1007/510725-014-9902-3.

Bechtold, U., 2018. Plant life in extreme environments: how do you improve drought
tolerance? Front. Plant Sci. 9, 543. https://doi.org/10.3389/fpls.2018.00543.

Behr, J.H., Bouchereau, A., Berardocco, S., Seal, C.E., Flowers, T.J., Zorb, C., 2017.
Metabolic and physiological adjustment of Suaeda maritima to combined salinity and
hypoxia. Ann. Bot.-London 119 (6), 965-976. https://doi.org/10.1093/aob/
mcw282.

Bergsdorf, E.Y., Zdebik, A.A., Jentsch, T.J., 2009. Residues important for nitrate/proton
coupling in plant and mammalian CLC transporters. J. Biol. Chem. 284 (17),
11184-11193. http://www.jbc.org/cgi/doi/10.1074/jbc.M901170200.

Blum, A., 2005. Drought resistance, water-use efficiency, and yield potential—are they
compatible, dissonant, or mutually exclusive? Aust. J. Agric. Res. 56 (11),
1159-1168. https://doi.org/10.1093/aob/mcn125.

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

Chaves, M.M., Flexas, J., Pinheiro, C., 2009. Photosynthesis under drought and salt stress:
regulation mechanisms from whole plant to cell. Ann. Bot.-London 103 (4), 551-560.
https://doi.org/10.1093/aob/mcn125.

130

Plant Physiology and Biochemistry 139 (2019) 121-131

Chen, Z., Pottosin, LI, Cuin, T.A., Fuglsang, A.T., Tester, M., Jha, D., Zepeda-Jazo, I.,
Zhou, M.X., Palmgren, M.G., Newman, L.A., Shabala, S., 2007. Root plasma mem-
brane transporters controlling K*/Na* homeostasis in salt-stressed barley. Plant
Physiol. 145, 1714-1725. https://doi.org/10.1104/pp.107.110262.

Cona, A., Rea, G., Angelini, R., Federico, R., Tavladoraki, P., 2006. Functions of amine
oxidases in plant development and defence. Trends Plant Sci. 11 (2), 80-88. https://
doi.org/10.1016/j.tplants.2005.12.009.

Conn, S.J., Gilliham, M., Athman, A., Schreiber, A.W., Baumann, U., Moller, 1., Burton, R.,
2011. Cell-specific vacuolar calcium storage mediated by CAX1 regulates apoplastic
calcium concentration, gas exchange, and plant productivity in Arabidopsis. Plant Cell
23, 240-257. https://doi.org/10.1105/tpc.109.072769.

Csiszar, J., Gallé, A., Horvéth, E., Dancsd, P., Gombos, M., Véry, Z., Erdei, L., Gyorgyey,
J., Tari, L., 2012. Different peroxidase activities and expression of abiotic stress-re-
lated peroxidases in apical root segments of wheat genotypes with different drought
stress tolerance under osmotic stress. Plant Physiol. Bioch. 52, 119-129. https://doi.
org/10.1016/j.plaphy.2011.12.006.

Dasgan, H.Y., Aktas, H., Abak, K., Cakmak, I., 2002. Determination of screening techni-
ques to salinity tolerance in tomatoes and investigation of genotype responses. Plant
Sci. 163 (4), 695-703. https://doi.org/10.1016/50168-9452(02)00091-2.

Deinlein, U., Stephan, A.B., Horie, T., Luo, W., Xu, G., Schroeder, J.I., 2014. Plant salt-
tolerance mechanisms. Trends Plant Sci. 19 (6), 371-379. https://doi.org/10.1016/j.
tplants.2014.02.001.

Farooq, M., Basra, S.M.A., Wahid, A., Ahmad, N., Saleem, B.A., 2009a. Improving the
drought tolerance in rice Oryza sativa L. by exogenous application of salicylic acid. J.
Agron. Crop Sci. 195 (4), 237-246. https://doi.org/10.1111/j.1439-037X.2009.
00365.x.

Farooq, M., Wahid, A., Lee, D.J., Ito, O., Siddique, K.H.M., 2009b. Advances in drought
resistance of rice. Crit. Rev. Plant Sci. 28 (4), 199-217. https://doi.org/10.1080/
07352680902952173.

Flowers, T.J., 2004. Improving crop salt tolerance. J. Exp. Bot. 55 (393), 307-319.
https://doi.org/10.1093/jxb/erh003.

Fu, L.K., 1992. China Plant Red Data Book: Rare and Endangered Plants, vol. 1 Science
Press, Beijing.

Gao, H.J., Yang, H.Y., Bai, J.P., Liang, X.Y., Lou, Y., Zhang, J.L., Niu, S.Q., Chen, Y.G.,
2015. Ultrastructural and physiological responses of potato Solanum tuberosum L.
plantlets to gradient saline stress. Front. Plant Sci. 5, 787. https://doi.org/10.3389/
fpls.2014.00787.

Gierth, M., Miser, P., 2007. Potassium transporters in plants-Involvement in K* acqui-
sition, redistribution and homeostasis. FEBS Lett. 581 (12), 2348-2356. https://doi.
org/10.1016/j.febslet.2007.03.035.

Gill, S.S., Tuteja, N., 2010. Reactive oxygen species and antioxidant machinery in abiotic
stress tolerance in crop plants. Plant Physiol. Bioch. 48 (12), 909-930. https://doi.
org/10.1016/j.plaphy.2010.08.016.

Gouiaa, S., Khoudi, H., Leidi, E.O., Pardo, J.M., Masmoudi, K., 2012. Expression of wheat
Na*/H* antiporter TNHXS1 and H " -pyrophosphatase TVP1 genes in tobacco from a
bicistronic transcriptional unit improves salt tolerance. Plant Mol. Biol. 79 (1-2),
137-155. https://doi.org/10.1007/s11103-012-9901-6.

Guerrier, G., 1996. Fluxes of Na*, K* and CI, and osmotic adjustment in Lycopersicon
pimpinellifolium and L. esculentum during short- and long-term exposures to NaCl.
Physiol. Plant 97 (3), 583-591. https://doi.org/10.1111/§.1399-3054.1996.
th00519.x.

Gupta, B., Huang, B.R., 2014. Mechanism of salinity tolerance in plants: physiological,
biochemical, and molecular characterization. Int. J. Genom. 2014, 1-18. https://doi.
org/10.1155/2014/701596.

Han, Q.Q., Lii, X.P., Bai, J.P., Qiao, Y., Pare, P.W., Wang, S.M., Zhang, J.L., Wu, Y.N.,
Pang, X.P., Xu, W.B., Wang, Z.L., 2014. Beneficial soil bacterium Bacillus subtilis
(GBO03) augments salt tolerance of white clover. Front. Plant Sci. 5, 525. https://doi.
org/10.3389/1pls.2014.00525.

Hauser, F., Horie, T., 2010. A conserved primary salt tolerance mechanism mediated by
HKT transporters: a mechanism for sodium exclusion and maintenance of high K*/
Na* ratio in leaves during salinity stress. Plant Cell Environ. 33 (4), 552-565.
https://doi.org/10.1111/j.1365-3040.2009.02056.x.

Hirschi, K.D., 2004. The calcium conundrum. Both versatile nutrient and specific signal.
Plant Physiol. 136, 2438-2442. https://doi.org/10.1104/pp.104.046490.

Kekec, G., Mutly, S., Alpsoy, L., Sakcali, M.S., Atici, O., 2013. Genotoxic effects of catmint
(Nepeta meyeri Benth.) essential oils on some weed and crop plants. Toxicol. Ind.
Health 29 (6), 504-513. https://doi.org/10.1177/0748233712440135.

Ketchum, R.E.B., Warren, R.C., Klima, L.J., Lopez-Gutierrez, F., Nabors, M.W., 1991. The
mechanism and regulation of proline accumulation in suspension cultures of the
halophytic grass Distichlis spicata L. J. Plant Physiol. 137 (3), 368-374. https://doi.
org/10.1016/50176-1617(11)80147-1.

Kiani, S.P., Talia, P., Maury, P., Grieu, P., Heinz, R., Perrault, A., Nishinakamasu, V.,
Hopp, E., Gentzbittel, L., Paniego, N., Sarrafi, A., 2007. Genetic analysis of plant
water status and osmotic adjustment in recombinant inbred lines of sunflower under
two water treatments. Plant Sci. 172 (4), 773-787. https://doi.org/10.1016/j.
plantsci.2006.12.007.

Krasensky, J., Jonak, C., 2012. Drought, salt and temperature stress-induced metabolic
rearrangements and regulatory networks. J. Exp. Bot. 63 (4), 1593-1608. https://doi.
org/10.1093/jxb/err460.

Kurepin, L.V., Ivanov, A.G., Zaman, M., Pharis, R.P., Allakhverdiev, S.I., Hurry, V., 2015.
Stress-related hormones and glycinebetaine interplay in protection of photosynthesis
under abiotic stress conditions. Photosynth. Res. 126 (2-3), 221-235. https://doi.
org/10.1007/5s11120-015-0125-x.

Leakey, A.D., Ainsworth, E.A., Bernacchi, C.J., Rogers, A., Long, S.P., Ort, D.R., 2009.
Elevated CO, effects on plant carbon, nitrogen, and water relations: six important
lessons from FACE. J. Exp. Bot. 60 (10), 2859-2876. https://doi.org/10.1093/jxb/


https://doi.org/10.1016/j.plaphy.2019.03.019
https://doi.org/10.1016/j.plaphy.2019.03.019
https://doi.org/10.1016/S1360-1385(00)01808-2
https://doi.org/10.1016/S1360-1385(00)01808-2
https://doi.org/10.1093/jexbot/53.372.1331
https://doi.org/10.1093/jexbot/53.372.1331
https://doi.org/10.1016/j.febslet.2007.04.014
https://doi.org/10.1016/j.biotechadv.2009.11.005
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1016/j.plantsci.2008.10.009
https://doi.org/10.1016/j.plantsci.2008.10.009
https://doi.org/10.1007/s10725-014-9902-3
https://doi.org/10.3389/fpls.2018.00543
https://doi.org/10.1093/aob/mcw282
https://doi.org/10.1093/aob/mcw282
http://www.jbc.org/cgi/doi/10.1074/jbc.M901170200
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1111/pce.12800
https://doi.org/10.1111/pce.12800
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1104/pp.107.110262
https://doi.org/10.1016/j.tplants.2005.12.009
https://doi.org/10.1016/j.tplants.2005.12.009
https://doi.org/10.1105/tpc.109.072769
https://doi.org/10.1016/j.plaphy.2011.12.006
https://doi.org/10.1016/j.plaphy.2011.12.006
https://doi.org/10.1016/S0168-9452(02)00091-2
https://doi.org/10.1016/j.tplants.2014.02.001
https://doi.org/10.1016/j.tplants.2014.02.001
https://doi.org/10.1111/j.1439-037X.2009.00365.x
https://doi.org/10.1111/j.1439-037X.2009.00365.x
https://doi.org/10.1080/07352680902952173
https://doi.org/10.1080/07352680902952173
https://doi.org/10.1093/jxb/erh003
http://refhub.elsevier.com/S0981-9428(19)30101-9/sref23
http://refhub.elsevier.com/S0981-9428(19)30101-9/sref23
https://doi.org/10.3389/fpls.2014.00787
https://doi.org/10.3389/fpls.2014.00787
https://doi.org/10.1016/j.febslet.2007.03.035
https://doi.org/10.1016/j.febslet.2007.03.035
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1007/s11103-012-9901-6
https://doi.org/10.1111/j.1399-3054.1996.tb00519.x
https://doi.org/10.1111/j.1399-3054.1996.tb00519.x
https://doi.org/10.1155/2014/701596
https://doi.org/10.1155/2014/701596
https://doi.org/10.3389/fpls.2014.00525
https://doi.org/10.3389/fpls.2014.00525
https://doi.org/10.1111/j.1365-3040.2009.02056.x
https://doi.org/10.1104/pp.104.046490
https://doi.org/10.1177/0748233712440135
https://doi.org/10.1016/S0176-1617(11)80147-1
https://doi.org/10.1016/S0176-1617(11)80147-1
https://doi.org/10.1016/j.plantsci.2006.12.007
https://doi.org/10.1016/j.plantsci.2006.12.007
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1007/s11120-015-0125-x
https://doi.org/10.1007/s11120-015-0125-x
https://doi.org/10.1093/jxb/erp096

X.-P. Lii, et al.

erp096.

Leigh, R.A., Ahmad, N., Jones, W.R.G., 1981. Assessment of glycine betaine and proline
compartmentation by analysis isolated beet vacuoles. Planta 153 (1), 34-41. https://
doi.org/10.1007/BF00385315.

Liu, C.C,, Liu, Y.G., Guo, K., Fan, D.Y,, Li, G.Q., Zheng, Y.R., Yu, L.F., Yang, R., 2011.
Effect of drought on pigments, osmotic adjustment and antioxidant enzymes in six
woody plant species in karst habitats of southwestern China. Environ. Exp. Bot. 71
(2), 174-183. https://doi.org/10.1016/j.envexpbot.2010.11.012.

Liu, N.Q., Lin, S.Y., Huang, B.R., 2017. Differential effects of glycine betaine and sper-
midine on osmotic adjustment and antioxidant defense contributing to improved
drought tolerance in creeping bentgrass. J. Am. Soc. Hortic. Sci. 142 (1), 20-26.
https://doi.org/10.21273/JASHS03962-16.

Lépez-Marqués, R.L., Schigtt, M., Jakobsen, M.K., Palmgren, M.G., 2018. Structure,
function and regulation of primary H* and Ca®>* pumps. Ann. Plant Rev. 2018,
78-118. https://doi.org/10.1002/9781119312994.apr0143.

Ma, Q., Li, Y.X., Yuan, H.J., Hu, J., Wei, L., Bao, A.K., Zhang, J.L., Wang, S.M., 2014.
ZxS0S1 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. https://
doi.org/10.1007/5s11104-013-1891-x.

Ma, Q., Yue, L.J., Zhang, J.L., Wu, G.Q., Bao, A.K., Wang, S.M., 2011. Sodium chloride
improves photosynthesis and water status in the succulent xerophyte Zygophyllum
xanthoxylum. Tree Physiol. 32 (1), 4-13. https://doi.org/10.1093/treephys/tpr098.

Maathuis, F.J.M., Ahmad, L, Patishtan, J., 2014. Regulation of Na™* fluxes in plants.
Front. Plant Sci. 5, 467. https://doi.org/10.3389/fpls.2014.00467.

Mahajan, S., Tuteja, N., 2005. Cold, salinity and drought stresses: an overview. Arch.
Biochem. Biophys. 444 (2), 139-158. https://doi.org/10.1016/j.abb.2005.10.018.

Mansour, M.M.F., 2000. Nitrogen containing compounds and adaptation of plants to
salinity stress. Biol. Plant. 43 (4), 491-500. https://doi.org/10.1023/
A:1002873531707.

Mengel, K., Arneke, W.W., 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 (4), 402-408. https://doi.org/10.1111/j.1399-3054.1982.
tb00699.x.

Misra, N., Gupta, A.K., 2006. Effect of salinity and different nitrogen sources on the ac-
tivity of antioxidant enzymes and indole alkaloid content in Catharanthus roseus
seedlings. J. Plant Physiol. 163 (1-4), 11-18. https://doi.org/10.1016/j.jplph.2005.
02.011.

Nakashima, K., Yamaguchi-Shinozaki, K., Shinozaki, K., 2014. The transcriptional reg-
ulatory network in the drought response and its crosstalk in abiotic stress responses
including drought, cold, and heat. Front. Plant Sci. 5, 170. https://doi.org/10.3389/
fpls.2014.00170.

Peterson, E.S., Freese, M.J., Steinke, S.J., 2015. Modulation of cytochrome C stability
during chemical and thermal denaturization by addition of hofmeister ions. Biophys.
J. 108 (2-Supplement 1), 522a. https://doi.org/10.1016/j.bpj.2014.11.2862.

Plett, D.C., Moller, L.S., 2010. Na™ transport in glycophytic plants: what we know and
would like to know. Plant Cell Environ. 33 (4), 612-626. https://doi.org/10.1111/j.
1365-3040.2009.02086.x.

Puniran-Hartley, N., Hartley, J., Shabala, L., Shabala, S., 2014. Salinity-induced accu-
mulation of organic osmolytes in barley and wheat leaves correlates with increased
oxidative stress tolerance: in planta evidence for cross-tolerance. Plant Physiol. Bioch.
83, 32-39. https://doi.org/10.1016/j.plaphy.2014.07.005.

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

Raymond, M.J., Smirnoff, N., 2002. Proline metabolism and transport in maize seedlings
at low water potential. Ann. Bot. 89 (7), 813-823. https://doi.org/10.1093/aob/
mcf082.

Rengel, Z., Zhang, W.H., 2003. Role of dynamics of intracellular calcium in aluminium-
toxicity syndrome. New Phytol. 159 (2), 295-314. https://doi.org/10.1046/j.1469-
8137.2003.00821.x.

Rienmiiller, F., Beyhl, D., Lautner, S., Fromm, J., Al-Rasheid, K.A.S., Ache, P., Farmer,
E.E., Marten, 1., Hedrich, R., 2010. Guard cell-specific calcium sensitivity of high
density and activity SV/TPC1 channels. Plant Cell Physiol. 51 (9), 1548-1554.
https://doi.org/10.1093/pcp/peql02.

Robinson, S.P., Jones, G.P., 1986. Accumulation of glycine betaine in chloroplasts pro-
vides osmotic adjustment during salt stress. Funct. Plant Biol. 13 (5), 659-668.
https://doi.org/10.1071/PP9860659.

Runyon, J.R., Sunilkumar, B.A., Nilsson, L., Rascon, A., Bergenst&hl, B., 2015. The effect
of heat treatment on the soluble protein content of oats. J. Cereal Sci. 65, 119-124.
https://doi.org/10.1016/j.jcs.2015.06.008.

Sanders, G.J., Arndt, S.K., 2012. Osmotic adjustment under drought conditions. In: Plant
Responses to Drought Stress. Springer, Berlin, Heidelberg.

Saxena, ., Srikanth, S., Chen, Z., 2016. Cross talk between H,0, and interacting signal
molecules under plant stress response. Front. Plant Sci. 7, 570. https://doi.org/10.
3389/fpls.2016.00570.

Seki, M., Umezawa, T., Urano, K., Shinozaki, K., 2007. Regulatory metabolic networks in
drought stress responses. Curr. Opin. Plant Biol. 10 (3), 296-302. https://doi.org/10.
1016/§.pbi.2007.04.014.

Serraj, R., Sinclair, T.R., 2002. Osmolyte accumulation: can it really help increase crop
yield under drought conditions? Plant Cell Environ. 25 (2), 333-341. https://doi.org/
10.1046/j.1365-3040.2002.00754.x.

Shabala, S., Cuin, T.A., 2008. Potassium transport and plant salt tolerance. Physiol.
Plantarum 133 (4), 609-611. https://doi.org/10.1111/§.1399-3054.2007.01008.x.

Silva, E.N., Silveira, J.A.G., Rodrigues, C.R.F., Viégas, R.A., 2015. Physiological

Plant Physiology and Biochemistry 139 (2019) 121-131

adjustment to salt stress in Jatropha curcas is associated with accumulation of salt
ions, transport and selectivity of K*, osmotic adjustment and K*/Na* homeostasis.
Plant Biol. 17 (5), 1023-1029. https://doi.org/10.1111/plb.12337.

Simon, E.W., 1974. Phospholipids and plant membrane permeability. New Phytol. 73 (3),
377-420. https://doi.org/10.1111/j.1469-8137.1974.tb02118.x.

Slama, I., Ghnaya, T., Messedi, D., Hessini, K., 2007. Effect of sodium chloride on the
response of the halophyte species Sesuvium portulacastrum grown in mannitol-induced
water stress. J. Plant Res. 120 (2), 291-299. https://doi.org/10.1007/510265-006-
0056-x.

Stael, S., Wurzinger, B., Mair, A., Mehlmer, N., Vothknecht, U.C., Teige, M., 2011. Plant
organellar calcium signalling: an emerging field. J. Exp. Bot. 63 (4), 1525-1542.
https://doi.org/10.1093/jxb/err394.

Sun, J., Dai, S.X., Wang, R.G., Chen, S.L., Li, N.Y., Zhou, X.Y., Lu, C.F., Shen, X., Zheng,
X.J., Hu, Z.M., Zhang, Z.K., Song, J., Xu, Y., 2009. Calcium mediates root K*/Na™*
homeostasis in poplar species differing in salt tolerance. Tree Physiol. 29 (9),
1175-1186. https://doi.org/10.1093/treephys/tpp048.

Tobe, K., Li, X.M., Omasa, K., 2000. Effects of sodium chloride on seed germination and
growth of two Chinese desert shrubs, Haloxylon ammodendron and H. persicum
Chenopodiaceae. Aust. J. Bot. 48 (4), 455-460. https://doi.org/10.1071/BT99013.

Trovato, M., Mattioli, R., Costantino, P., 2008. Multiple roles of proline in plant stress
tolerance and development. Rend. Lincei. 19 (4), 325-346. https://doi.org/10.1007/
$12210-008-0022-8.

Tuna, A.L., Kaya, C., Dikilitas, M., Higgs, D., 2008. The combined effects of gibberellic
acid and salinity on some antioxidant enzyme activities, plant growth parameters and
nutritional status in maize plants. Environ. Exp. Bot. 62 (1), 1-9. https://doi.org/10.
1016/j.envexpbot.2007.06.007.

Wang, R.G., Chen, S.L., Zhou, X.Y., Shen, X., Deng, L., Zhu, H.J., Shao, J., Shi, Y., Dai,
S.X., Fritz, E., Hiittermann, A., Polle, A., 2008. Ionic homeostasis and reactive oxygen
species control in leaves and xylem sap of two poplars subjected to NaCl stress. Tree
Physiol. 28 (6), 947-957. https://doi.org/10.1093/treephys/28.6.947.

Wang, Y., Wu, W.H., 2017. Regulation of potassium transport and signaling in plants.
Curr. Opin. Plant Biol. 39, 123-128. https://doi.org/10.1016/j.pbi.2017.06.006.
Wang, Y.C., Yang, C.P., Liu, G.F., Jiang, J., 2007. Development of a cDNA microarray to
identify gene expression of Puccinellia tenuiflora under saline-alkali stress. Plant

Physiol. Biochem. 45 (8), 567-576. https://doi.org/10.1016/j.plaphy.2007.05.006.

Wu, G.Q., Feng, R.J., Liang, N., Yuan, H.J., Sun, W.B., 2015. Sodium chloride stimulates
growth and alleviates sorbitol-induced osmotic stress in sugar beet seedlings. Plant
Growth Regul. 75 (1), 307-316. https://doi.org/10.1007/s10725-014-9954-4.

Wu, H.H., Zhang, X.C., Giraldo, J.P., Shabala, S., 2018. It is not all about sodium: re-
vealing tissue specificity and signalling roles of potassium in plant responses to salt
stress. Plant Soil 431 (1-2), 1-17. https://doi.org/10.1007/s11104-018-3770-y.

Xu, S.M., Liu, L.X., Woo, K.C., Wang, D.L., 2007. Changes in photosynthesis, xanthophyll
cycle and sugar accumulation in two North Australia Tropical species differing in leaf
angles. Photosynthetica 45 (3), 348-354. https://doi.org/10.1007/s11099-007-
0059-4.

Yaish, M.W., 2015. Proline accumulation is a general response to abiotic stress in the date
palm tree (Phoenix dactylifera L.). Genet. Mol. Res. 14 (3), 9943-9950. https://doi.
org/10.4238/2015.August.19.30.

Yang, W.J., Rich, P.J., Axtell, J.D., Wood, K.V., Bonham, C.C., Ejeta, G., Mickelbart, M.V.,
Rhodes, D., 2003. Genotypic variation for glycine betaine in sorghum. Crop Sci. 43
(1), 162-169. https://doi.org/10.2135/cropsci2003.1620.

Yooyongwech, S., Samphumphuang, T., Tisarum, R., Theerawitaya, C., Cha-Um, S., 2016.
Arbuscular mycorrhizal fungi (AMF) improved water deficit tolerance in two dif-
ferent sweet potato genotypes involves osmotic adjustments via soluble sugar and
free proline. Sci. Hortic-Amsterdam 198, 107-117. https://doi.org/10.1016/j.
scienta.2015.11.002.

Yooyongwech, S., Samphumphuang, T., Tisarum, R., Theerawitaya, C., Cha-Um, S., 2017.
Water-deficit tolerance in sweet potato [Ipomoea batatas (L). Lam.] by foliar appli-
cation of paclobutrazol: role of soluble sugar and free proline. Front. Plant Sci. 8,
1400. https://doi.org/10.3389/fpls.2017.01400.

Yue, L.J., Li, S.X., Ma, Q., Zhou, X.R., Wu, G.Q., Bao, A.K., Zhang, J.L., Wang, S.M., 2012.
NaCl stimulates growth and alleviates water stress in the xerophyte Zygophyllum
xanthoxylum. J. Arid Environ. 87, 153-160. https://doi.org/10.1016/j.jaridenv.2012.
06.002.

Zeng, Y., Li, L., Yang, R., Yi, X., Zhang, B., 2015. Contribution and distribution of in-
organic ions and organic compounds to the osmotic adjustment in Halostachys caspica
response to salt stress. Sci. Rep. 5, 13639. https://doi.org/10.1038/srep13639.

Zhang, J.L., Aziz, M., Qiao, Y., Han, Q.Q., Li, J., Wang, Y.Q., Shen, X., Wang, S.M., Paré,
P.W., 2014. Soil microbe Bacillus subtilis (GB03) induces biomass accumulation and
salt tolerance with lower sodium accumulation in wheat. Crop Pasture Sci. 65 (5),
423-427. https://doi.org/10.1071/CP13456.

Zhang, J.L., Cao, Z.Y., Ma, J.F., 2009. Screening of cold-resistant seedlings of a Chinese
wild grape (Vitis piasezkii Maxim var. pagnucii) native to loess plateau of eastern
Gansu province, China, as rootstocks. Sci. Hortic-Amsterdam 122 (1), 125-128.
https://doi.org/10.1016/j.scienta.2009.04.002.

Zhang, J.L., Flowers, T.J., Wang, S.M., 2013. Differentiation of low-affinity Na* uptake
pathways and kinetics of the effects of K™ on Na™ uptake in the halophyte Suaeda
maritima. Plant Soil 368 (1-2), 629-640. https://doi.org/10.1007/s11104-012-
1552-5.

Zhu, J.K., 2003. Regulation of ion homeostasis under salt stress. Curr. Opin. Plant Biol. 6
(5), 441-445. https://doi.org/10.1016/51369-5266(03)00085-2.

Zhu, J.K., 2016. Abiotic stress signaling and responses in plants. Cell 167 (2), 313-324.
https://doi.org/10.1016/j.cell.2016.08.029.


https://doi.org/10.1093/jxb/erp096
https://doi.org/10.1007/BF00385315
https://doi.org/10.1007/BF00385315
https://doi.org/10.1016/j.envexpbot.2010.11.012
https://doi.org/10.21273/JASHS03962-16
https://doi.org/10.1002/9781119312994.apr0143
https://doi.org/10.1007/s11104-013-1891-x
https://doi.org/10.1007/s11104-013-1891-x
https://doi.org/10.1093/treephys/tpr098
https://doi.org/10.3389/fpls.2014.00467
https://doi.org/10.1016/j.abb.2005.10.018
https://doi.org/10.1023/A:1002873531707
https://doi.org/10.1023/A:1002873531707
https://doi.org/10.1111/j.1399-3054.1982.tb00699.x
https://doi.org/10.1111/j.1399-3054.1982.tb00699.x
https://doi.org/10.1016/j.jplph.2005.02.011
https://doi.org/10.1016/j.jplph.2005.02.011
https://doi.org/10.3389/fpls.2014.00170
https://doi.org/10.3389/fpls.2014.00170
https://doi.org/10.1016/j.bpj.2014.11.2862
https://doi.org/10.1111/j.1365-3040.2009.02086.x
https://doi.org/10.1111/j.1365-3040.2009.02086.x
https://doi.org/10.1016/j.plaphy.2014.07.005
https://doi.org/10.1104/pp.110.1.125
https://doi.org/10.1093/aob/mcf082
https://doi.org/10.1093/aob/mcf082
https://doi.org/10.1046/j.1469-8137.2003.00821.x
https://doi.org/10.1046/j.1469-8137.2003.00821.x
https://doi.org/10.1093/pcp/pcq102
https://doi.org/10.1071/PP9860659
https://doi.org/10.1016/j.jcs.2015.06.008
http://refhub.elsevier.com/S0981-9428(19)30101-9/sref62
http://refhub.elsevier.com/S0981-9428(19)30101-9/sref62
https://doi.org/10.3389/fpls.2016.00570
https://doi.org/10.3389/fpls.2016.00570
https://doi.org/10.1016/j.pbi.2007.04.014
https://doi.org/10.1016/j.pbi.2007.04.014
https://doi.org/10.1046/j.1365-3040.2002.00754.x
https://doi.org/10.1046/j.1365-3040.2002.00754.x
https://doi.org/10.1111/j.1399-3054.2007.01008.x
https://doi.org/10.1111/plb.12337
https://doi.org/10.1111/j.1469-8137.1974.tb02118.x
https://doi.org/10.1007/s10265-006-0056-x
https://doi.org/10.1007/s10265-006-0056-x
https://doi.org/10.1093/jxb/err394
https://doi.org/10.1093/treephys/tpp048
https://doi.org/10.1071/BT99013
https://doi.org/10.1007/s12210-008-0022-8
https://doi.org/10.1007/s12210-008-0022-8
https://doi.org/10.1016/j.envexpbot.2007.06.007
https://doi.org/10.1016/j.envexpbot.2007.06.007
https://doi.org/10.1093/treephys/28.6.947
https://doi.org/10.1016/j.pbi.2017.06.006
https://doi.org/10.1016/j.plaphy.2007.05.006
https://doi.org/10.1007/s10725-014-9954-4
https://doi.org/10.1007/s11104-018-3770-y
https://doi.org/10.1007/s11099-007-0059-4
https://doi.org/10.1007/s11099-007-0059-4
https://doi.org/10.4238/2015.August.19.30
https://doi.org/10.4238/2015.August.19.30
https://doi.org/10.2135/cropsci2003.1620
https://doi.org/10.1016/j.scienta.2015.11.002
https://doi.org/10.1016/j.scienta.2015.11.002
https://doi.org/10.3389/fpls.2017.01400
https://doi.org/10.1016/j.jaridenv.2012.06.002
https://doi.org/10.1016/j.jaridenv.2012.06.002
https://doi.org/10.1038/srep13639
https://doi.org/10.1071/CP13456
https://doi.org/10.1016/j.scienta.2009.04.002
https://doi.org/10.1007/s11104-012-1552-5
https://doi.org/10.1007/s11104-012-1552-5
https://doi.org/10.1016/S1369-5266(03)00085-2
https://doi.org/10.1016/j.cell.2016.08.029

	Dynamic responses of Haloxylon ammodendron to various degrees of simulated drought stress
	Introduction
	Materials and methods
	Plant growth conditions and treatments
	Determination of shoot water content
	Determination of shoot Ψs
	Determination of shoot organic osmotic regulators (free proline, soluble sugars, betaine and soluble proteins)
	Determination of shoot inorganic osmotic regulators (K+, Na+ and Ca2+)
	Calculation of the contributions of organic and inorganic osmotic regulators to Ψs
	Determination of relative plasma membrane permeability and MDA content
	Determination of activities of antioxidase (POD, SOD and CAT)
	Data analysis

	Results
	Dynamic changes in shoot water content and Ψs in Haloxylon ammodendron in response to osmotic stresses
	Dynamic changes in the contents of shoot organic osmotic regulators and their contribution to Ψs in H. ammodendron in response to osmotic stresses
	Dynamic changes in the contents of shoot inorganic osmotic regulators and their contribution to Ψs in H. ammodendron in response to osmotic stresses
	Dynamic changes in shoot relative plasma membrane permeability and MDA content in H. ammodendron in response to osmotic stresses
	Dynamic changes in the activities of antioxidases (SOD, POD and CAT) in H. ammodendron in response to osmotic stresses

	Discussions
	Reducing the osmotic potential to maintain stable shoot water content is an important strategy for H. ammodendron to adapt to osmotic stress
	Contribution of organic osmotic regulators to Ψs decreased gradually in H. ammodendron during osmotic stress
	Contribution of inorganic osmotic regulators to Ψs increased significantly in H. ammodendron during osmotic stress
	Increasing antioxidase activity is another important strategy for H. ammodendron during osmotic stress

	Conclusions
	Author contributions
	Acknowledgments
	Supplementary data
	References




