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Highlights

● Changes in photosynthetic parameters differed between species exposed to 
    salinity
● The higher oxidative damage was reported in Populus euphratica
● More effective ROS scavenging was observed in Haloxylon ammodendron
    and Tamarix ramosissima
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The saline character of water imposes restrictions on plant growth and survival in the Taklamakan Desert, China. 
Experiments were conducted on woody plant species, Tamarix ramosissima, Populus euphratica, and Haloxylon 
ammodendron grown under different levels of salinity to elucidate their adaptation to a saline environment.  
H. ammodendron accumulated large amounts of Na+ and Cl– in leaves. P. euphratica restricted redundant Na+ and 
Cl– transport to the shoots treated with lower NaCl concentrations. Na+ in leaves of T. ramosissima accumulated 
significantly only under higher NaCl concentrations (≥ 200 mM NaCl). The analyzed plants' exposure to high saline 
concentrations induced oxidative stress as evidenced by the increase of H2O2 and malondialdehyde and changes 
in photosynthetic pigments, gas-exchange characteristics, and antioxidant enzyme activities. T. ramosissima and  
H. ammodendron exhibited a greater ability to adapt to saline-induced oxidative stress due to more efficient antioxidant 
enzyme system to prevent oxidative damage.

Introduction

Soil salinization is a major international concern and more 
than 6% of the world's land suffers from salinity (FAO 
and ITPS 2015). In China, nearly 35 million hectares 
have been saline (Pan et al. 2013). Soil salinity problem 
is a major problem for ecology and agriculture worldwide, 

particularly in arid and semiarid regions, where soil water 
availability is low, evaporation is high, and precipitation 
is deficient in terms of salt leaching (Cui et al. 2011). 
Soil degradation resulting from various types of salinity 
is a major environmental problem, especially in arid 
and semiarid regions (Min et al. 2019). Plants are very 
sensitive to abiotic stresses, including salinity (Sehar et al. 
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2019, Rajhi et al. 2020). Therefore, in order to meet 
the demand for rehabilitation of degraded arid lands, a 
detailed understanding of the mechanisms employed by 
plants in adaptation to salt stress is of a high priority for 
land utilization.

Salinity influences almost every aspect of physiology 
and biochemistry of plants, and therefore significantly 
limits plant growth and productivity. Plants cope with 
salinity in two ways; first, additional accumulation of 
Na+ in root results in osmotic stress, which reduces water 
potential, and secondly damage to nutrient balance leads 
to ionic stress (Munns 2005). Na+ being a nonessential 
mineral nutrient for most of the plants gets accumulated 
in plant tissues under saline environment, therefore, 
changes in ratios of Na+/Ca2+, Na+/K+, Na+/Mg2+, and Cl–/
NO3–, thus affect plant growth and productivity (Singh 
et al. 2014, Sofy et al. 2020). Furthermore, excessive 
salt accumulation changes electron transport systems 
occurring in the chloroplast, mitochondria, and plasma 
membranes resulting in the formation of reactive oxygen 
species (ROS) as byproducts of oxygen metabolism (Singh 
et al. 2015). Especially, salinity-evoked inhibition of the 
photosynthetic electron transport causes overaccumulation 
of toxic ROS, such as superoxide radical (O2

•–), hydroxyl 
radical (•HO), and hydrogen peroxide (H2O2). Excessive 
accumulation of ROS induces degradation of chlorophyll 
(Chl) and decreases photochemical efficiency of PSII 
developing a vicious cycle (Allakhverdiev et al. 2008). 
ROS is also able to promote oxidative damage to many 
cellular constituents, such as membrane lipids, proteins, 
and nucleic acids (Mittler 2002, Gechev and Petrov 2020). 
One of the most negative effects of oxidative damage is 
the peroxidation of membrane lipids, which results in the 
accompanying production of malondialdehyde (MDA) 
(Lu et al. 2017, López-Serrano et al. 2020). In order to 
regulate the content of ROS, plants employ a well-formed 
and complicated antioxidant defense system including 
enzymatic and nonenzymatic antioxidant processes 
(Blokhina et al. 2003, Asrar et al. 2020). The antioxidant 
enzymes involve superoxide dismutases (SOD, EC 
1.15.1.1), catalases (CAT, EC 1.11.1.6), guaiacol peroxi-
dase (POD, EC 1.11.1.7), and ascorbate peroxidase (APX, 
EC 1.11.1.11), which can clean and/or neutralize ROS 
(Blokhina et al. 2003, Rattan et al. 2020). 

The Taklamakan Desert in Northwest China has one 
of the world's most extreme environmental habitats for 
plants. The natural vegetation is distinguished by sparse 
coverage, low diversity, and dominated by perennial plant 
species (Arndt et al. 2004). The available water resource 
is groundwater that can reach the surface and be recharged 
by snowmelt water from the Tian-Shan and Kunlun ranges 
(Shi et al. 1989). All surficial waters in the Taklamakan 
have high pH and are rich in sulfate and sodium chloride 
(Gibert et al. 1996). Hence, it is an adverse environment in 
which merely a few perennial plant species can settle and 
grow (Arndt et al. 2004). Accordingly, the physiology of 
the vegetation that allows thriving under extremely hostile 
conditions should be studied. Tamarix ramosissima and 
Populus euphratica, two perennial woody species, are 
native to the Cele river oases at the extremely arid south 

rim of the Taklamakan Desert. In recent years, Haloxylon 
ammodendron, a perennial woody species, is introduced 
in the south rim of the Taklamakan Desert as an excellent 
economic sand-fixing species, owing to its high endurance 
to saline-alkaline and drought (Fan et al. 2018) and being 
taken as the host of medicinal plant Cistanche. In this 
study, we analyzed the effects of progressively increased 
salinity exposure on H. ammodendron, T. ramosissima, 
and P. euphratica. This study aimed to (1) determine ion 
concentrations (Na+, K+, Ca2+, Mg2+, and Cl–) in leaves, 
stems, and roots of the three species; (2) compare the 
distribution of ion concentrations among the three species; 
(3) evaluate the stress caused by salinity and the capacity 
of endurance and detoxification employed by measuring 
photosynthetic pigments, gas-exchange characteristics, 
water status, compatible solutes, membrane injury, and 
enzymatic antioxidant system; and (4) elucidate the 
relationships among all tested physiological and bio-
chemical parameters and evaluate which parameters can 
be used as valuable screening criteria for the improvement 
and selection of salt tolerance. Consequently, the results 
from this study could not only help estimate the suitability 
of the three species for revegetation of salt-influenced 
soils but also for choosing the suitable physiological and 
biochemical parameters as screening criteria.

Materials and methods

Plant materials and experimental treatments: A pot 
experiment was conducted from 15 April to 25 August 
2011 at the site of the Cele Research Station of the Xinjiang 
Institute of Ecology and Geography, Chinese Academy 
of Sciences, located in the Cele Oasis (80°03'24''–
82°10'34''E; 35°17'55''–39°30'00''N; 1340–1380 m a.s.l.). 
During the experiment, the precipitation was only 5.6 mm, 
the temperature ranged from 10 to 40℃ by day and 5 
to 20℃ by night, and the relative humidity (RH) varied 
from 20 to 60%, maximum values of PAR rarely exceeded 
1,600 μmol(photon) m–2 s–1 (Zeng et al. 2006). T. ramosi-
ssima cut seedlings, one-year-old H. ammodendron, and  
P. euphratica seedlings, with an initial height of 25, 35, 
and 55 cm, respectively for each plant species, were 
planted on 15 April into plastic pots (diameter of 50 cm, 
height of 42 cm) filled with 30 kg of soil from a desert–
oasis ecotone (sampling depth of 0–30 cm) and previously 
passed through a sieve of 2 mm. Soil characteristics were 
shown by Lu et al. (2017). In order to prevent plants from 
being hurt by extremely high temperatures, all of the pots 
were embedded underground.

Forty days after transplanting, salinity growth environ-
ments were simulated by adding NaCl to deionized water 
at five concentrations (0, 50, 100, 200, and 400 mM). 
To avoid saline shock, the NaCl was applied stepwise in 
aliquots of 50 mM daily till the final concentrations were 
accomplished. After 90 d, plants were ready for analysis.

Ion concentration: Four individual plants for each treat-
ment were cleaned in deionized water, and rinsed three 
times with deionized water. After washing, plants were 
separated into leaves, stems, and roots, and dried in an 
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oven at 70°C for 72 h. Then the dried materials were 
ashed in a muffle furnace at 550°C for 24 h. The ash  
(0.1 g) was digested overnight with 25 ml of 0.1 M HNO3 
(Sibole et al. 2003). Concentrations of Na+, K+, Ca2+, and 
Mg2+ in the acid extract were measured by an inductively 
coupled plasma-optical emission spectrometer (ICP-OES, 
Agilent 735, Santa Clara, CA, USA), and the Cl– content 
was detected using the same extract by a chloride meter 
(Jenway PC LM3, London, UK).

Photosynthetic pigment and gas-exchange characteris-
tics: Photosynthetic pigments were extracted by 80% 
acetone. The clear supernatant fraction obtained after 
centrifugation at 480 × g for 3 min was employed for 
determination, using the extinction coefficients and 
equations redetermined by Lichtenthaler (1987).

Net photosynthetic rate (PN), transpiration rate (E), 
stomatal conductance (gs), and intercellular CO2 concen-
tration (Ci) were measured by a portable photosynthesis 
system (LI-6400, LI-COR, Lincoln, NE, USA) between 
10:30 and 11:00 h. Four plants were chosen for each 
treatment under the following atmospheric conditions:  
PAR of 1,279 ± 57 μmol(photon) m–2 s–1, CO2 concentration 
of 384. 5 ± 4.7 μmol mol–1, temperature of 29.6 ± 1.3°C,  
RH of 33.1 ± 1.2%. Water-use efficiency (WUE) was 
calculated as the ratio of PN to E. Due to the irregular  
shape of T. ramosissima leaves, after photosynthetic 
measurement, the irregular leaves in the chamber were 
removed and carefully spread and scanned, the scanned 
images were processed, and the surface area of leaves 
calculated using the image analysis system Delta-T Scan 
(Cambridge, UK), and gas-exchange parameters were 
recalculated according to the actual effective photosyn-
thetic area.

RWC and ψw: RWC was calculated according to Smart 
and Bingham (1974) and was obtained by the following 
formula: RWC = (FM – DM)/(TM – DM) × 100%. Turgid 
mass (TM) was measured after floating leaves in distilled 
water for 4 h at room temperature in darkness. Leaf ψw 
was detected on freshly cut leaves using a WP4 dewpoint 
water potential meter (Decagon Devices, Inc., Pullman, 
WA, USA).

Total soluble sugars and proline contents: The content 
of soluble sugars was determined by the anthrone method 
(Palma et al. 2009). The proline content was measured 
according to the method of Bates et al. (1973) using a 
spectrophotometer (UV752 N, Shanghai Precision & 
Scientific Instrument Co., Ltd., China).

MDA and H2O2 content: MDA content was measured 
based on the method of Kosugi and Kikugawa (1985). 
H2O2 concentration was determined according to the 
method of Sergiev et al. (1997) using a spectrophotometer 
(UV752 N, Shanghai Precision & Scientific Instrument 
Co., Ltd., China).

Enzyme extraction and assays: The supernatant fraction 
adopted for determining soluble protein content and SOD, 

POD, CAT, and APX activities was acquired by the method 
of Lu et al. (2010). Enzyme activities were measured 
using a spectrophotometer (UV752 N, Shanghai Precision 
& Scientific Instrument Co., Ltd., China). SOD (EC 
1.15.1.1) activity was measured according to the method 
of Beauchamp and Fridovich (1971). CAT (EC 1.11.1.6) 
activity was assayed by detecting the consumption of  
H2O2 by the method of Aebi (1984). POD (EC 1.11.1.7) 
activity was obtained based on the method of Chance and 
Maehly (1955). APX (EC 1.11.1.11) activity was measured 
by the method of Nakano and Asada (1981).

Proteins were measured according to the method 
of Bradford (1976) taking bovine serum albumin as the 
standard protein.

Statistical analysis: Four independent experiments were 
carried out to evaluate the effects of NaCl treatments 
on selected physiological and biochemical indexes. 
Data presented here are means ± SD. Mean values were 
separated using Tukey's tests at the 0.05 probability level. 
A linear regression analysis was employed to analyze 
the relationship between NaCl content and detected 
parameters at different salinity levels. The analysis was 
performed with SPSS Inc., version 13 (Chicago, USA). 
To acquire a multivariable view of tested parameters 
and the three species at all salinity concentrations, and 
also the interrelationships between tested parameters, 
the mean values of salt-tolerance coefficient of selected 
physiological and biochemical parameters for the three 
species and four salinity concentrations were exposed to 
principal component analysis (PCA). The salt-tolerance 
coefficient was calculated using the following formula: 
salt-tolerance coefficient = (mean value under different 
salinity concentrations/mean value under control) × 100%. 
The PCA was carried out according to correlation matrix 
data.

Results

Ion concentrations: In general, as the salinity concentra-
tion elevated, the content of toxic ions (Na+ and Cl–) 
also increased in the three species. Toxic ions in leaves 
of H. ammodendron and P. euphratica increased more 
dramatically compared to T. ramosissima (Fig. 1). Na+ in 
leaves of H. ammodendron and P. euphratica was elevated 
by 56.2 and 183.9% at the highest NaCl treatment compared 
to control, however, it increased only 29.2% in leaves of 
T. ramosissima (Fig. 1A–C). Similarly, Cl– in leaves of  
H. ammodendron and P. euphratica increased by 140.1 and 
78.1% at the highest NaCl treatment compared to control, 
respectively, however, it was elevated only by 30.4% 
in leaves of T. ramosissima (Fig. 1M–O). Na+ and Cl– 
accumulated most in leaves of the three species, especially 
for H. ammodendron, in which Na+ and Cl– concentrations 
in leaves were 8 and 4 times higher than that in roots 
under 400 mM NaCl treatment. None remarkable effects 
of NaCl were observed for Ca2+ and Mg2+ concentrations  
(Fig. 1G–L), however, K+ contents prominently increased 
in roots of T. ramosissima and significantly decreased in 
roots of P. euphratica (Fig. 1E,F).
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Na+/Ca2+, Na+/K+, and Na+/Mg2+ ratios are often used 
to represent the degree of salt injury in plants. In general, 
the ratios in leaves, stems, and roots of the three species 
increased with increasing NaCl concentrations, and the 
ratios were substantially greater in H. ammodendron 
than that in T. ramosissima and P. euphratica (Fig. 1S, 
supplement).

Photosynthetic pigments: Chl a, b, (a+b), and caro-
tenoid (Car) content reached the peak value in leaves of the 
three species under 50 mM NaCl treatment and gradually 
declined with the increasing NaCl concentration (Fig. 2). 
The significant decrease of Chl a, b, (a+b), and 
Car were detected at 200 mM NaCl in leaves of  
H. ammodendron (Fig. 2A,D,G,J), the significant reduction 
in Chl b and Car were measured at 200 mM NaCl in 
leaves of T. ramosissima (Fig. 2E,K); for Chl a and  
Chl (a+b), significant reductions were observed at 400 

mM NaCl (Fig. 2B,H), however, the marked decrease 
of Chl a, b, (a+b), and Car was measured at 100 
mM NaCl in leaves of P. euphratica (Fig. 2C,F,I,L).  
Chl (a+b) content in leaves of H. ammodendron,  
T. ramosissima, and P. euphratica was reduced by 27.4, 
8.7, and 62.1% at the highest NaCl treatment, respectively, 
and the Car content decreased by 35.1, 18.3, and 74.9%, 
respectively. The Chl a/b ratio in leaves of T. ramosissima 
was not influenced by NaCl addition (Fig. 2N); it was 
reduced in leaves of H. ammodendron at higher NaCl 
treatment (Fig. 2M), however, it increased in leaves of  
P. euphratica at higher NaCl treatment (Fig. 2O). The 
Car/Chl ratio declined with elevated NaCl concentrations, 
a significant decrease in leaves of H. ammodendron,  
T. ramosissima, and P. euphratica was observed at 
400, 200, and 100 mM NaCl, respectively (Fig. 2P–R). 

Gas-exchange characteristics: The three species treated 

Fig. 1. Effects of NaCl exposure (0, 50, 100, 200, and 400 mM) on Na+ (A–), K+ (D–F), Ca2+ (G–I), Mg2+ (J–L), and Cl– (M–O) contents 
in leaves, stems, and roots of Haloxylon ammodendron, Tamarix ramosissima, and Populus euphratica. Values are means ± SD (n = 4). 
Different lowercase letters indicate significant differences of ion contents in the same organ across the range of NaCl concentrations at 
p<0.05 according to Fisher's LSD test.
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with 50 mM NaCl reached maximal values for PN, E, and 
gs (Fig. 3). However, increasing salinity stress (≥ 100 mM 
NaCl) resulted in a progressive decrease in PN, E, and 
gs compared with the control. The significant reduction 
in leaves of H. ammodendron and T. ramosissima was 
detected at 200 mM NaCl addition (Fig. 3A,B,D,E,G,H), 
while the significant reduction in leaves of P. euphratica 
was detected at 100 mM NaCl addition (Fig. 3C,F,I). Ci 
in leaves of H. ammodendron and P. euphratica increased 
with increasing NaCl concentration (Fig. 3J,L), however, 
it was not affected initially in leaves of T. ramosissima, 
while a significant increase was observed at 400 mM  
NaCl (Fig. 3K). Under higher NaCl treatment (≥ 100 mM 
NaCl), WUE in leaves of three species was promoted (Fig. 
3M,N,O).

RWC and ψw: RWC in leaves of the three species was not 
affected under 50 mM NaCl concentration (Fig. 4A–C). 
Then it increased significantly in leaves of H. ammo-

dendron with increasing NaCl concentration (≥ 100 mM 
NaCl) (Fig. 4A). In leaves of T. ramosissima, it decreased 
progressively with increasing NaCl exposure (Fig. 4B), 
and it initially decreased, and then it increased but still 
maintained at control level in leaves of P. euphratica  
(Fig. 4C).

Leaf ψw of the three species was remarkably affected 
by NaCl exposure, decreasing significantly with increasing 
NaCl concentration (RH. ammodendron = –0.992; RT. ramosissima = 
–0.984; RP. euphratica = –0.979, P<0.01), it was reduced by 
18.9–60.2%, 24.2–104.7%, and 14.2–97.3% in leaves 
of H. ammodendron, T. ramosissima, and P. euphratica, 
respectively, with elevated NaCl content compared to 
control (Fig. 4D–F).

Total soluble sugars and proline content: Proline in 
leaves of H. ammodendron was increasing with increasing 
NaCl concentration (R = 0.981, P<0.01) (Fig. 5A), it 
initially increased and reached the peak value at 100  

Fig. 2. Effects of NaCl exposure (0, 50, 100, 
200, and 400 mM) on Chl a (A–C), Chl b (D–F), 
Chl (a+b) (G–I), Car (J–L), Chl a/b (M–O), 
and Chl/Car (P–R) in leaves of Haloxylon 
ammodendron, Tamarix ramosissima, and 
Populus euphratica. Values are means ± SD 
(n = 4). Different lowercase letters indicate 
significant differences at p<0.05 according to 
Fisher's LSD test.
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and 50 mM NaCl in leaves of T. ramosissima and P. 
euphratica, respectively, and began to decrease but still 
maintained at control level even at the highest NaCl 
concentration (Fig. 5B,C). 

Soluble sugar in leaves of H. ammodendron and  
T. ramosissima initially increased with increasing NaCl 
concentration and reached the peak value at 200 mM NaCl, 
however, it began declining significantly at 400 mM NaCl 
compared with control (Fig. 5D,E). It was significantly 

influenced by NaCl exposure in leaves of P. euphratica, 
decreasing with elevated NaCl concentrations (R = –0.888, 
P<0.05) (Fig. 5F).

MDA and H2O2 content: In general, H2O2 and MDA 
concentrations were not influenced by lower NaCl concen-
trations, however, both were remarkably accumulated at 
increasing NaCl concentrations (Fig. 6). H2O2 and MDA 
contents in leaves of H. ammodendron significantly 

Fig. 3. Effects of NaCl exposure (0, 50, 100, 200, and 400 mM) on net photosynthetic rate (PN) (A–C), transpiration rate (E) (D–F), 
stomatal conductance (gs) (G–I), intercellular CO2 concentration (Ci) (J–L), and water-use efficiency (WUE) (M–O) in leaves of 
Haloxylon ammodendron, Tamarix ramosissima, and Populus euphratica. Values are means ± SD (n = 4). Different lowercase letters 
indicate significant differences at p<0.05 according to Fisher's LSD test.
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increased under 100 mM NaCl (Fig. 6A,D), and both 
H2O2 and MDA significantly accumulated in leaves  
of T. ramosissima under 200 mM NaCl (Fig. 6B,E). 
H2O2 content in leaves of P. euphratica showed a similar 
tendency as in H. ammodendron (Fig. 6C). MDA content 
was increasing with elevated NaCl concentrations  

(R = 0.999, P<0.001) (Fig. 6F).

Antioxidant enzymes: SOD, CAT, POD, and APX 
activities in leaves of the three species initially increased 
and then decreased gradually with elevated NaCl concen-
trations (Fig. 7). SOD, CAT, POD, and APX activities in 

Fig. 4. Effects of NaCl exposure 
(0, 50, 100, 200, and 400 mM) on 
relative water content (RWC) (A–C) 
and water potential (ψw) (D–F) in 
leaves of Haloxylon ammodendron, 
Tamarix ramosissima, and Populus 
euphratica. Values are means ± SD 
(n = 4). Different lowercase letters 
indicate significant differences at 
p<0.05 according to Fisher's LSD 
test.

Fig. 5. Effects of NaCl exposure 
(0, 50, 100, 200, and 400 mM) 
on proline (A–C) and soluble 
sugar contents (D–F) in leaves of 
Haloxylon ammodendron, Tamarix 
ramosissima, and Populus euphra-
tica. Values are means ± SD (n = 4). 
Different lowercase letters indicate 
significant differences at p<0.05 
according to Fisher's LSD test.

Fig. 6. Effects of NaCl exposure 
(0, 50, 100, 200, and 400 mM) on 
hydrogen peroxide (H2O2) (A–C) 
and malondialdehyde (MDA) (D–F) 
contents in leaves of Haloxylon 
ammodendron, Tamarix ramosissi-
ma, and Populus euphratica. Values 
are means ± SD (n = 4). Different 
lowercase letters indicate significant 
differences at p<0.05 according to 
Fisher's LSD test.
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leaves of H. ammodendron increased with increasing NaCl 
concentration and reached their maximum value at 100, 50, 
100, and 200 mM NaCl concentrations, respectively, and 

began to decrease with increasing NaCl treatments. Among 
these enzymes only CAT decreased significantly lower 
than the control level under 400 mM NaCl concentration 

Fig. 7. Effects of NaCl exposure (0, 50, 100, 
200, and 400 mM) on superoxide dismutases 
(SOD) (A–C), catalases (CAT) (D–F), guaiacol 
peroxidase (POD) (G–I), ascorbate peroxidase 
(APX) (J–L), and total enzyme activities (M–O) 
in leaves of Tamarix ramosissima, Populus 
euphratica, and Haloxylon ammodendron. 
Values are means ± SD (n = 4). Different 
lowercase letters indicate significant differences 
at p<0.05 according to Fisher's LSD test.

Fig. 8. Biplot of principal com-
ponent analysis of the first two 
principal components of all tested 
parameters, species and salinity 
levels. Car – carotenoids; Chl – 
chlorophyll (a+b); Enzyme – total 
activities of all analyzed antioxidant 
enzymes; Ci – intercellular CO2 
concentration; E – transpiration 
rate; gs – stomatal conductance; 
H. – Haloxylon ammodendron; 
H2O2 – hydrogen peroxide; MDA – 
malondialdehyde content; P. – 
Populus euphratica; PN – net 
photosynthetic rate; RWC – 
relative water content; T. – Tamarix 
ramosissima; WUE – water-use 
efficiency; ψw – water potential; 
50 – 50 mM NaCl treatment;  
100 – 100 mM NaCl treatment;  
200 – 200 mM NaCl treatment;  
400 – 400 mM NaCl treatment.
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(Fig. 7A,D,G,J). APX in leaves of T. ramosissima increased 
with increasing NaCl concentrations (Fig. 7K); SOD, 
CAT, and POD initially increased with elevated NaCl and 
reached their peak value at 100, 200, and 100 mM NaCl 
concentrations, and then began to decrease. POD was 
reduced to control level under 400 mM NaCl treatment, 
however, SOD and CAT were still higher than control level at  
400 mM NaCl treatment (Fig. 7B,E,H). SOD, POD, and 
APX in leaves of P. euphratica peaked at 50 mM NaCl 
and then began decreasing under the control level (Fig. 
7C,I,L); only CAT peaked at 100 mM NaCl and was still 
higher than control level (Fig. 7F). The total enzyme 
activities in leaves of H. ammodendron initially increased 
and showed the maximal value at 200 mM NaCl and then 
decreased at 400 mM NaCl being still higher than that 
of the control (Fig. 7M). The total enzyme activities in 
leaves of T. ramosissima increased with increasing NaCl 
concentrations (R = 0.997, P<0.001) (Fig. 7N), in leaves 
of P. euphratica, it reached the peak value at 50 mM NaCl 
concentration, and began to decrease significantly lower 
than control level with increasing NaCl concentration 
(Fig. 7O).

Principle component analysis (PCA): The results of the 
PCA obtained from data of all physiological and bio-
chemical parameters of the three species subjected to 
different salinity levels are illustrated in Fig. 8. The first 
two components accounted for 80.5% of the total variation, 
and the first and second PCA accounted for 59.2 and 21.3% 
of the total variability, respectively. The leaf toxic ion (Na+ 
and Cl–) content, Na+/Ca2+, Na+/K+, and Ca2+/Mg2+ ratios 
together with MDA and H2O2 concentrations were favored 
by H. ammodendron as well as P. euphratica under 200 
and 400 mM NaCl treatment. Interestingly, photosynthetic 
pigments (Chl, Car, Car/Chl), gas-exchange parameters 
(PN, E, gs) were grouped with soluble sugar, antioxidant 
enzymes, RWC, ψw, and Mg2+, and the angle among the 
vectors of these parameters was acute. All of the three 
species were identified by these parameters when treated 
with lower NaCl concentrations (50 mM), except for  
T. ramosissima under 400 mM NaCl. 

Discussion

Exposure of plants to stress conditions such as salinity 
not only reduces the total quantity of photosynthetic 
energy obtained by plants but also rearranges energy from 
growth to endurance processes such as ion homeostasis, 
decreasing oxidative damages, and osmotic regulation 
(Munns and Gilliham 2015).

Effects of salinity on ion concentrations: NaCl induced 
ion toxicity associated with the overaccumulation of Na+ 
and Cl–, and there were significant differences between 
species in the capacity for uptaking and utilizing of Na+ 
and Cl–; consequently, these three species displayed 
different salt-resistance mechanisms. H. ammodendron 
is a leaf succulent plant that can deposit a high amount 
of Na+ and Cl– in leaves. Succulence is considered to 

contribute to salt adjustment by enlarging the vacuolar 
volume convenient to ion accumulation (Greenway and 
Munns 1980, Ungar 1991). Halogeton glomeratus, a 
succulent halophyte, took up a large quantity of Na+ in 
water-storage tissue in leaves, sustained the succulence of 
leaves, and also the water content of tissues in response to 
salt stresses (Wang et al. 2015). Tamarix species acquire 
ions by the root system and then transport the ions to 
salt glands in leaves using an apoplastic xylem pathway 
(Campbell et al. 1974). In this study, Na+ in leaves of  
T. ramosissima accumulated significantly only under 
higher NaCl concentrations (≥ 200 mM NaCl); the similar 
results had been reported in recretohalophyte Atriplex 
centralasiatica (Li et al. 2006). Tamarix sp. uses excretion 
processes to remove salt ions and the glandular structures 
are not always specific to Na+ and Cl–, and other toxic ions 
such as Cd2+, Li+, and Pb2+ are also excreted by the salt 
glands on the surface of the leaves (Hagemeyer and Waisel 
1988, Kadukova et al. 2008, Manousaki and Kalogerakis 
2011). The capacity of P. euphratica to exclude Na+ and 
Cl– is associated with restricted root-to-shoot salt transport 
caused by the blocking of root apoplastic salt transport and 
sequestration of Cl– in root cortical vacuoles (Chen et al. 
2003, Wang et al. 2008). However, excessive accumulation 
of Na+ in leaves of P. euphratica treated with higher NaCl 
concentrations indicates that the effective system for root 
exclusion, accumulation in shoots, and/or weakened Na+ 
xylem transport were not working to restrain this toxic ion 
to reach the leaves (Munns et al. 2005).

K+, Ca2+, and Mg2+ take a great part in plant growth 
and development but also in the maintenance of cell turgor 
and osmotic regulation (Marschner 1995, Veatch-Blohm 
et al. 2012, Acosta-Motos et al. 2014). However, K+ in 
roots of P. euphratica decreased significantly with an 
elevated level of salinity, as reported by Chen et al. (2001), 
owing to a competitive process between K+ and Na+ in the 
root medium. Since salinity increased Na+ concentration 
in plants, it competed with K+, Mg2+, and Ca2+ which 
increased Na+/K+, Na+/Mg2+, and Na+/Ca2+ ratios, inducing 
a disorder of K+, Ca2+, and Mg2+-dependent metabolic 
processes in plants, causing cellular damage, decreases in 
net photosynthesis, and inhibition of growth (Carter et al. 
2006). 

Photosynthetic pigment and gas-exchange characte-
ristics: Salinity severely impacts photosynthesis by the 
reduction in Chl and Car contents (Lu et al. 2017, Li et al. 
2020), as was also seen in species in the present 
research at higher NaCl concentrations. In this study,  
P. euphratica showed a higher reduction in Chl, Car, and 
Car/Chl, and the significant reduction began at lower 
NaCl concentration than that of H. ammodendron and  
T. ramosissima. A decrease of Chl has often been linked to 
salinity stress (Borrelli et al. 2018, Hinojosa-Vidal et al. 
2018). Reduction in Chl content might be attributed 
to direct salt stress effects on Chl degradation due to 
weakening bonds of the pigment–protein–lipid complex 
(Levitt 1980), Mg accumulation, and resulting in restrains 
of Chl synthesis; or salinity could promote the activity 
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of the Chl-degrading enzyme chlorophyllase (Reddy and 
Vora 1986). The interconversion of Chl a and b effectively 
works on the establishment of desired Chl a/b ratio during 
the regulation of leaves to stress conditions (Ito et al. 1993). 
In our research, with the elevated NaCl concentration  
(≥ 100 mM NaCl), the ratio of Chl a/b enhanced markedly 
in leaves of P. euphratica, suggesting a reduction of the 
light-harvesting complex of PSII (Pandey et al. 2009), or 
reduction in the LHC components because Chl b is mainly 
located in the complexes (Durnford et al. 2003). Cars 
are related to the photosynthetic complexes in thylakoid 
membranes. They harvest photons, keep the structure 
and function of the photosynthetic complexes, eliminate 
excess energy, and quench Chl triplet states (Demmig-
Adams et al. 1996, Niyogi et al. 1999). In this study, Car 
concentration and Car/Chl ratio decreased under higher 
NaCl concentrations, especially in leaves of P. euphratica, 
suggesting that the energy dissipation mechanism failed to 
reduce the excess energy in PSI and PSII (Lu et al. 2003, 
Pandey et al. 2005).

The reduction in the Chl content caused the decrease 
of PN, and changed gs, inducing stomatal closure (Verslues  
et al. 2006). PN of a plant normally decreases with elevated 
salinity stress (Garcia et al. 2017, Ahanger et al. 2020). 
In this study, the decrease of PN reported in P. euphratica 
was more significant compared to H. ammodendron and  
T. ramosissima, and the variations in PN were in accordance 
with Chl content changes. PN exhibited a highly remarkable 
correlation with gs, which suggested that stomatal closure 
drove, at least in part, PN reduction under salt stress. It has 
been proven that long-term exposure to salt reduced PN, 
which might be due to decreased gs (Ouerghi et al. 2000). 
Leaf stomata closure attributed to toxic Na+ and Cl– ions 
reduces gs, which further reduces PN and growth (Shahbaz 
and Zia 2011). The PN and gs were highly correlated with 
Ci values. A reduction in Ci should be accompanied by the 
reduction in PN if stomatal limitations to CO2 diffusion 
are a major limitation (Farquhar and Sharkey 1982). 
The subsequent increase in Ci could suggest nonstomatal 
limitations (Moya et al. 2002, Duan et al. 2018). Stomatal 
limitations are usually prominent in moderate salt environ-
ments, however, nonstomatal limitations are significant in 
high salt environments (Everard et al. 1994). In this study, 
the decreases in PN and gs in leaves of H. ammodendron 
and P. euphratica were accompanied by the increase in 
Ci with increasing NaCl concentrations, which indicated 
nonstomatal limitations. However, the decreases in PN and 
gs accompanied by higher Ci in leaves of T. ramosissima 
were present only under 400 mM NaCl, indicating that a 
nonstomatal factor was responsible for the reduction of 
photosynthesis at high salinity. Similar results were found 
in previous studies of Malus halliana, M. robusta (Zhu 
et al. 2019), and Suaeda glauca (Duan et al. 2018) under 
salinity stress conditions. It can be concluded therefore 
that the decrease in the PN reported herein was due to 
biochemical limitations, such as a decline in photosynthetic 
pigments and salinity-induced oxidative stress (Huang  
et al. 2014, Panda et al. 2019). Furthermore, stomatal 
closure reduces the loss of water through transpiration, 

resulting in a decrease of E. It has been reported that 
the reduction in gs under mild stress may be a protective 
mechanism against stress by allowing the plant to conserve 
water, consequently improving plant WUE (Chaves et al. 
2009).

RWC, ψw, and compatible solute content: Salinity first 
weakens the plant's capacity of absorbing water, con-
sequently, results in physiological water deficit. Water 
relations and the capacity of regulating the osmotic 
concentration take a great part in the development and 
overall growth of plants (Munns 2002). It has been reported 
that plants accumulate osmolytes or inorganic ions in 
saline environments to reduce their cellular water potential 
(Munns 2002, Shafeiee and Ehsanzadeh 2019). Sodium and 
chloride are regarded as energetically efficient osmolytes 
for osmotic regulation and are usually compartmentalized 
into the vacuole to minimize cytotoxicity (Blumwald et al. 
2000). Moreover, soluble sugars and proline are principal 
compatible solutes involved in osmotic adjustment (Singh 
et al. 2015, Ahanger et al. 2020). In this study, the reduction 
of leaf water potential (ψw) in salt-treated plants indicates 
an osmotic effect and as a consequence difficulty for 
water uptake. High salinity exposure caused a significant 
increment in RWC in leaves of H. ammodendron. The 
capacity of H. ammodendron to hold relatively high RWC 
in leaves exposed to high salt treatments seems to play a 
protective role from the deleterious influences of excessive 
salt. In halophytes, enhanced leaf succulency could be a 
representative adaptive response and is accomplished by 
enlarging the size of mesophyll cells and the relative size 
of vacuoles (Shabala and Mackay 2011, Parida et al. 2016). 
Proline and soluble sugar in leaves of H. ammodendron 
increased slowly and soluble sugar even decreased 
significantly exposed to 400 mN NaCl compared with 
control. On the contrary, an enhancement of external NaCl 
from 50 to 400 mM led to a remarkable accumulation in 
internal Na+ and Cl–, indicating that the Na+ and Cl– were the 
main contributor to osmotic regulation responding to low 
external water potential in H. ammodendron. It has been 
demonstrated that the accumulation of Na+ can mitigate 
the detrimental effects of osmotic stress induced by salinity 
stress in other succulent plants (Ma et al. 2012, 2016); Cl– 
is beneficial for the growth of the xerophyte Pugionium 
cornutum by enhancing osmotic adjustment capacity under 
salt stresses (Cui et al. 2020). However, RWC in leaves of 
T. ramosissima was reduced progressively with increasing 
NaCl concentration. In general, plants can take water loss 
as a quick and economical way to osmotic regulation 
in response to osmotic stress (Lissner et al. 1999). 
Remarkable accumulations of proline and soluble sugars 
in leaves of T. ramosissima, except for 400 mM NaCl 
treatment, were detected under salt stress in comparison 
with control, suggested the accumulation of sucrose 
and proline could be an adaptive mechanism to restrain 
water loss. RWC in leaves of P. euphratica decreased 
initially, and the proline content increased compared to 
control (≤ 200 mM NaCl), meanwhile, Na+ and Cl– were 
only significantly accumulated at higher NaCl treatment 
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compared with control (≥ 200 mM NaCl). In P. euphratica, 
proline might play an important role in osmotic adjustment 
under lower salinity stress, however, Na+ and Cl– might be 
the main contributor to alleviate the osmotic pressure in 
response to higher salinity stress.

MDA, H2O2 content, and enzyme activities: Oxidative 
stress is a consequence that has been considered as one 
of the main factors inducing cellular damage in plants 
subjected to diverse abiotic stresses, including salt stress 
(Singh et al. 2015, Chen et al. 2020). Salinity could induce 
oxidative stress by a generation of ROS in higher plants 
(Singh et al. 2015, Jiang et al. 2020). Protonation of 
O2

•– generates the hydroperoxyl radical (•HO and H2O2), 
which can change fatty acids into toxic lipid peroxides 
and damage biological membranes (Weckx and Clijsters 
1996). MDA is a substance produced by lipid peroxidation 
while plants are subjected to oxidative stress and could be 
considered as a marker of the extent of oxidative stress 
(Li et al. 2017, El-Esawi et al. 2018). In the present study, 
high concentrations of NaCl remarkably enhanced the 
generation of H2O2, thereby, resulting in lipid peroxidation 
as evidence by the accumulation of MDA. However, 
oxidative damage was lesser in H. ammodendron and  
T. ramosissima than that in P. euphratica, as shown by the 
lower MDA concentration in leaves.

Salt-evoked oxidative damage can be relieved by the 
active response of the antioxidative system; antioxidative 
ability is generally regarded as the standard for selecting 
salt-tolerant species. Plants' pivotal ROS-scavenging 
mechanisms contain SOD, CAT, APX, and POD, and the 
balance between them is crucial (Mittler 2002, Asrar et al. 
2020). SOD is the key antioxidant enzyme working as O2

•– 
scavenger in living organisms through promptly changing 
O2

•– into O2 and H2O2, a first-line protector from oxidative 
stress induced by ROS. In the present study, induction 
of SOD was recorded in leaves of H. ammodendron and 
T. ramosissima but not in P. euphratica leaves exposed 
to higher salt concentrations. However, the substance 
generated by SOD activity is H2O2, and that remains toxic 
and should be removed by change into H2O in the next 
process. In plants, CAT, APX, and POD are regarded as the 
most important in the degradation of H2O2 (Blokhina et al. 
2003, Jiang et al. 2020). In this study, an enhancement in 
SOD activity in leaves of T. ramosissima subjected to all 
NaCl exposure concentrations occurred together with an 
enhancement in CAT, POD, and APX, which guaranteed 
the efficient removing of H2O2 by a reduced production 
of H2O2 at lower NaCl concentration (≤ 100 mM NaCl) 
and slower accumulation rate at higher NaCl concentration  
(≥ 200 mM NaCl). In H. ammodendron, H2O2 was 
eliminated by POD and CAT at lower and by APX at higher 
salinity stress. However, in P. euphratica, the significant 
accumulation of H2O2 measured at high NaCl treatments 
(≥ 100 mM) may be owed to a gradual reduction in SOD, 
CAT, POD, and APX activities. It has been reported that 
activities of antioxidative enzymes were significantly 
higher in the tolerant species in comparison to sensitive 
ones exposed to salinity stress (Kaya et al. 2015, Ibrahim  
et al. 2019). The ROS-scavenging system in T. ramosissima 

and H. ammodendron was more efficient in comparison to 
P. euphratica, as CAT, POD, and APX together with SOD 
activity in leaves of T. ramosissima and H. ammodendron 
reacted more efficiently in O2

•– and H2O2 scavenging. Our 
results suggested that T. ramosissima and H. ammodendron 
may better defend against oxidative stress and can promptly 
modulate the antioxidant system.

Evaluation of salt-tolerance parameters by principal 
component analysis: Principal component analyses 
(PCAs) could present an overall explanation of the inter-
relationships between tested indexes. It screens which 
parameters could be considered as interchangeable, 
individual, or supplementary criteria for estimating salt 
tolerance when exposed to salt stress (El-Hendawy et al. 
2017). The interrelationships between parameters can be 
explained by the angles between the parameter vectors.  
An acute angle suggests strong correlations, and the 
reverse is also true for the obtuse angle. A straight angle 
indicates a negative correlation between parameters, while 
a right angle illustrates no correlation between parameters 
(El-Hendawy et al. 2017). According to this theory, 
the leaf oxidative stress parameters (H2O2 and MDA)  
together with toxic ion concentrations and ion ratios (Na+, 
Cl–, Na+/Ca2+, Na+/K+, and Ca2+/Mg2+) were grouped. 
Moreover, the leaf photosynthetic parameters (photo-
synthetic pigments and gas-exchange parameters) were 
grouped with soluble sugar, antioxidant enzymes, and 
ψw. Therefore, these parameters, in these two groups 
respectively, represented a strong correlation between 
them and recommended to be taken as complementary 
screening criteria for salt tolerance evaluation. The straight 
angle between toxic ion, H2O2, MDA, and photosynthetic 
parameters, soluble sugar, enzymes, and ψw suggests that 
salinity can cause ion toxicity, osmotic and oxidative stress 
through the excessive accumulation of toxic ions (Na+ and 
Cl–), H2O2, and MDA, however, a plant can alleviate the 
stress by the accumulation of soluble sugars and promotion 
of antioxidative enzyme activities. Therefore, the toxic 
ion contents (Na+ and Cl–), ion ratios (Na+/Ca2+, Na+/K+, 
and Ca2+/Mg2+), H2O2, MDA, photosynthesis parameters, 
soluble sugars, enzymes, and ψw could be considered as 
interchangeable or individual screening criteria for salt 
tolerance evaluation.

Conclusion: All three woody plant species are well adapted 
to the mild salinity exposure (≤ 50 mM NaCl), indicating 
that those plant species possess moderate salt tolerance 
capacity and can grow well under the mild saline conditions 
of the groundwater in the southern rim of the Taklamakan 
Desert. Nevertheless, the plants showed different salt-
tolerance mechanisms. While H. ammodendron acquired 
a large quantity of mineral salts and deposited salts in leaf, 
Na+ in leaves of T. ramosissima accumulated significantly 
only under higher NaCl treatments (≥ 200 mM NaCl),  
P. euphratica restricted excessive Na+ and Cl– accumulation 
in leaves by root exclusion and transport pathway from 
roots to shoots. Furthermore, there were substantial 
differences in the response of antioxidant enzymes to 
salinity stresses and salinity evoked oxidative damage in 
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the three species. The higher Na+ and Cl– concentrations, 
lower oxidative damage, and more efficient antioxidant 
enzyme activities suggested that H. ammodendron and 
T. ramosissima depended on the antioxidant protective 
mechanisms to defend against oxidative stress. Our results 
indicate the better tolerance of H. ammodendron and  
T. ramosissima to salinity stress compared to P. euphratica.
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