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Abstract: Carpinus turczaninowii L., commonly known as hornbeam, has significant economic and
ornamental importance and is largely distributed in the northern hemisphere, including parts of
China and Korea, with high adaptation to harsh conditions in very unfertile soils. In this study, the
ecophysiological responses of C. turczaninowii seedlings to various salinity stress treatments (NaCl:
0, 17, 34, 51, 68, and 85 mM) were studied for 42 days by determining stress-induced changes in
growth parameters and biochemical markers. Salinity stress affected the values of all the examined
parameters, both morphological and physiological, and caused the inhibition of plant growth, the
degradation of photosynthetic capacity and stomatal behavior, a decrease in the photosynthetic
pigments contents and relative water content, an increase in the Malondialdehyde (MDA) content
and relative electrolytic conductivity, and the accumulation of Na+ and Cl− content. The presence of
relatively high concentrations of organic osmolytes, the activation of antioxidant enzymes, and the
ionic transport capacity from the root to shoots may represent a constitutive mechanism of defence
against stress in C. turczaninowii seedlings. Our results suggest that C. turczaninowii can tolerate
salinity at low and moderate concentrations (17–51 mM) under nursery conditions and can be widely
used in roadsides, gardens, parks, and other urban areas.

Keywords: Carpinus turczaninowii; salinity treatments; ecophysiology; photosynthetic responses;
organic osmolytes; ion homeostasis; antioxidant enzymes

1. Introduction

During growth, plants are often exposed to a variety of abiotic stresses that will affect their
growth and production [1]. Among these stresses, high soil salinity is a widespread problem, and
soil salinization has been one of the major reasons for the decrease of crop yield in arid and semi-arid
areas [2]. Salinity affects approximately one-third of the irrigated land, restricting the vegetative
and reproductive growth of plants by causing severe physiological disorders and direct or indirect
damaging effects [3]. In many temperate regions, de-icing salts are commonly used to keep the roads
dry and safe in winter, involving large amounts of NaCl. Every year, the releases of de-icing salt
are 400–1400 t in France, 2000 t in Germany, 2.2 million t in England, 4–5 million t in Canada, and
13.6–18 million t in the USA, and the use of de-icing salt is increasing in China; this country has recently
become the largest producer in the world [4]. Salt can increase soil salinity via runoff, splashing, and
aerosols and can modify roadside soil properties and plant communities [5]. Moreover, the airborne
deposition and distribution of de-icing salts extend the scope of impact areas [6]. Plants near the road
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are therefore suppressed due to salinity stress [7]. Their symptoms depend on whether the damage is
caused by the salinity of the soil or by deposition directly to the aboveground parts of the plants [8].

Many studies have been conducted on herbaceous halophytes [9,10], sensitive or tolerant crop
species [11], and tolerant woody species [12]. However, there have been fewer studies on the
physiological responses of woody plants sensitive to salinity stress compared to those on other
plants. Salinity levels can be expressed by the electrical conductivity (EC) of the irrigation water or
an aqueous extract of the soil. According to Richards (1954) [13], the levels of soils were: 0–2 dS m−1,
not saline; 2–4 dS m−1, slightly saline; 4–8 dS m−1, saline; 8–16 dS m−1, strongly saline; >16 dS m−1,
extremely saline. Different plants may differ in their sensitivity to salt stress, and the ability of plants
to adapt to stress depends on the type, intensity and duration of stress as well as the species of
plants and stage of stress [14]. Salinity stress will have multiple adverse effects on plants, including
negative effects on morphology, photosynthesis, and physiological and biochemical processes [15].
High concentrations of Na+ and Cl− ions will induce water stress and ion deficiencies, impair
membrane function, decrease chlorophyll content and some enzyme activities, and disturb metabolic
processes, such as photosynthesis, stomatal behavior, protein synthesis, and carbohydrate and lipid
metabolism [16]. It has been confirmed that many salt-stressed plants can participate in the inhibition
of stress throughout a plant’s life cycle; endurance can also occur at the cellular level, for example,
compatible organic solutes can be synthesized, such as prolines, sugars, and proteins, which will
contribute to the protection of cell structure against dehydration [17]. The activation of antioxidant
systems can help to prevent or reduce oxidative damage to proteins and membranes, which is also a
general reaction to abiotic stresses that cause oxidative stress through the generation of reactive oxygen
species (ROS) [18]. Antioxidant enzymes include superoxide dismutase (SOD), peroxidase (POD),
ascorbate peroxidase (APX), and glutathione reductase (GR) [19]. Most forest tree species growing
alongside roads and highways in temperate regions are described as salt sensitive, and the impact of
salt on these species needs to be assessed.

Carpinus turczaninowii L. is a member of the Betulaceae family, a well-known deciduous tree
mainly distributed in the Northern Hemisphere as a dominant forest species [20]. This plant can
reach a height of 15 m and grows in forests on hills and in valleys between 500 and 2000 m above
sea level. C. turczaninowii has strong adaptability, which can be resistant to drought and barren soil,
and can tolerate very low temperatures, even below −20 ◦C [21]. The fallen leaves of this species
can display a beautiful orange-red color in the autumn. They are commonly used for bonsai and
landscaping in gardens or along roadsides in China, Korea, and Japan. The wood of C. turczaninowii
is very hard, dense, and fine textured, and has often been used for making agricultural tools and
furniture [22]. Previous chemical investigations have indicated that this plant has anti-inflammatory
and antioxidative properties in extracts from its leaves and branches, making it a potential candidate
for use in pharmaceuticals and cosmetics [23,24]. Even though C. turczaninowii does not grow naturally
in saline environments, as a type of ornamental plant, it is now used in many places. It may be affected
by relatively high salinity concentrations in locations close to mountain roads because of the use
of de-icing salts in winter, a widespread practice worldwide. In addition, C. turczaninowii is often
planted in parks or gardens for landscaping, where these trees may be irrigated with low-quality
water containing different concentrations of salts. However, little research has been conducted on the
responses of C. turczaninowii to salinity stress, experimental data are very scarce, and its salt tolerance
is not fully understood. The aim of this study was to evaluate the resistance to salinity stress in
C. turczaninowii seedlings.

We hypothesize that C. turczaninowii seedlings will be affected by salinity stress and that the
plants may develop relevant response mechanisms to stress, such as the biosynthesis of osmolytes
and the activation of antioxidant mechanisms. To test this hypothesis, we evaluated the growth and
ecophysiological responses of C. turczaninowii seedlings to different levels of salinity stress under
controlled greenhouse conditions. These results may help to better design, implement conservation
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and cultivation practices for C. turczaninowii. We also can provide useful reference data for the selection
of ornamental plant species for landscaping in urban areas.

2. Materials and Methods

2.1. Plant Material

The C. turczaninowii seeds were obtained from the Ta-pieh Mountains, Henan, China. The seeds
were sown in containers to initiate growth in March 2012 at the landscape experimental teaching
centre of Nanjing Forestry University in Nanjing, Jiangsu, China. After one year of growth, in March
2013, we selected well-grown seedlings that were approximately 0.8 cm in diameter with 30.0 cm-tall
stems and transplanted them into pots with dimensions of 10 cm in diameter and 15 cm in height
and filled with well-mixed loamy soil, peat, vermiculite, and pearlite (1:1:1:1, v/v/v/v) with a pH
of 6.5. The content of soil nutrients was determined by a TFW-VI soil nutrient and moisture tester
(TFW-VI, Wuhan, China). The soil contained 50.18 mg kg−1 available N, 12.15 mg kg−1 available P,
145 mg kg−1 available K. Each pot contained one seedling and 0.5 kg of soil. The seedlings received
0.5 L of full-strength Hoagland’s nutrient solution biweekly before salt stress treatment according to
the method of Seth D. Hothem (2003) [25]. The C. turczaninowii seedlings were grown in an artificially
controlled greenhouse under natural sunlight conditions at a temperature of 25–27 ◦C and relative
humidity of 65–75%.

2.2. Salt Stress Treatments

The trials were conducted when the C. turczaninowii seedlings had grown in the greenhouse for one
month. In April 2013, we chose uniform seedlings that were approximately 30.0 cm tall and had similar
leaf numbers. The seedlings were subjected to a 0 (control), 17, 34, 51, 68, and 85 mM NaCl solution.
The electrical conductivity of the substrates was 1.6, 3.3, 4.4, 6.2, 8.4, and 10.5 dS m−1, respectively.
These concentrations were selected according to our preliminary experiments on C. turczaninowii seedlings.
Each treatment had three replicates with 25 random seedlings per replicate, and one seedling per pot.
They were grown in the greenhouse with same plant maintenance and management. The control plants
were watered with 200 mL of water per plant, whereas for the salt treatment plants, the same volume of
17, 34, 51, 68, or 85 mM NaCl solution was used. To avoid osmotic shock, the NaCl solution was added in
three equal parts on alternating days until the target concentration was reached. We also placed a plastic
tray at the bottom of the pot to retain any excess solution that had been applied, and this was placed back
into the pot to ensure the accuracy of the experimental design. The stress treatments were conducted
for 42 days, and after the midpoint (21 days) and the end time (42 days) of growth, measurements were
carried out, and samples were collected for different physiological analyses. The whole plants were
harvested after 42 days of treatment. Each measured parameter had three replicates.

2.3. Determination of Plant Growth Parameters

The following growth parameters were recorded, with three replicates: stem length increase and
diameter increase (measured on the first day and the last day of the salt stress treatments, the location
on the seedlings of the stem diameter measurements was 2.0 cm above the soil surface); seedling
survival at the end of the trial; biomass of different tissues (dry weight, DW; the plants were separated
into roots, stems and leaves, which were dried at 80 ◦C in an oven for 48 h); taproot length (roots were
washed with distilled water, blotted dry on filter paper, measured the taproot length with a ruler); leaf
area, measured with a portable leaf area meter (LI-3000C, LI-COR, Lincoln, NE, USA); and root/shoot
ratio, which was calculated as the dry mass of the aboveground parts/belowground parts.

2.4. Measurement of Photosynthetic Parameters and Chlorophyll Fluorescence

Photosynthetic parameters were evaluated using a portable photosynthetic system (Ciras-2,
Shanghai, China). The net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs),
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and intercellular CO2 concentration (Ci) were measured in the first fully expanded leaves of each
plant on the final day of the salinity treatments from 8:00 a.m. to 11:00 a.m. on a sunny, cloudless
day. The water use efficiency (WUEi) was calculated as Pn/Tr. To obtain a stable photosynthetic rate,
the air temperature was 25 ◦C, the intensity of the light was 1000 µmol m−2s−1, the relative humidity
was 65%, and the concentration of reference CO2 was 380 µmol mol−1. Chlorophyll fluorescence
parameters were determined on the same day that the gas exchange measurements were taken with the
fluorescence leaf chamber of the Ciras-2 photosynthetic system, including the photochemical quantum
efficiency (ΦPSII), maximum quantum yield efficiency of photosystem II (Fv/Fm), photochemical
quenching parameter (qP), electron transfer rate (ETR), and non-photochemical quenching parameter
(NPQ) on the dark-adapted leaves. All the parameter measurements were performed on three leaves
per plant.

2.5. Scanning Electron Microscopy

The anatomical features (including the leaf surface and cross-section) of the leaves of
C. turczaninowii seedlings in the control and salinity treatments were analyzed using scanning electron
microscopy (SEM) (Quanta 200, FEI, Hillsborough, OR, USA). On the final day of the salinity treatments,
the leaves were collected, properly cleaned with tap water and cut into pieces (5 × 5 mm) with a
sharp blade. Formalin acetic acid (FAA) was used for one week for fixation. Then, the samples
were dehydrated with a graded ethanol series, placed in isoamyl acetate aldehyde, and subjected to
critical-point drying (K850, Emitech, London, UK), mounting, and gold coating using an ion sputtering
apparatus (E1010, Hitachi, Tokyo, Japan). Finally, SEM was performed to observe the blade surface and
cross-section of the leaves. The stomatal characteristics, including the stomatal density (stomata mm−2)
and size (length and width), were evaluated following the method reported by Camposeo et al. [26].
The leaf thickness and palisade tissue thickness of the leaves were measured by the photomicroscope
system with a computer attachment.

2.6. Photosynthetic Pigments

The chlorophyll a (Chl a), chlorophyll b (Chl b), and total carotenoids (Caro) contents of the leaves
were measured with the spectrophotometric method. Fresh leaves were cleaned with distilled water,
and chlorophyll was extracted with a mixture of acetone and 95% ethanol (v:v = 1:1). After mixing
overnight in an orbital shaker and following 10 min of centrifugation at 9,000 rpm, the absorbance
of the supernatant was measured at wavelengths of 645, 663, and 470 nm by ultraviolet-visible
spectrophotometry (Lambda25, PerkinElmer, Waltham, MA, USA). The chl and carotenoid contents
were expressed as mg g−1 fresh weight according to the method of H.K. Lichtenthaler [27].

2.7. Relative Water Content (RWC)

The relative water content was calculated on the basis of the fresh and dry weight of the leaves
according to the method of Vivekanandan [28] using the equation RWC = [(FW − DW)/(TW − DW)]
× 100%, where FW is the fresh leaf weight, DW is the dry weight, and TW is the turgid weight.

2.8. Organic Osmolytes

Three main types of organic osmolytes were analyzed: soluble sugars, soluble proteins, and
proline. The soluble sugar content was quantified according to the method of Magné et al. [29].
Samples (0.1 g) were mixed with 10 mL of deionized water and incubated in water for 30 min at 100 ◦C,
and then the extracts were cooled and filtered into a 25-mL volumetric flask filled with distilled water.
One-half millilitre of supernatant was mixed with 1.5 mL of distilled water, 0.5 mL of anthrone-ethyl
acetate, and 5 mL of 98% sulfuric acid. The tube was thoroughly shaken with an oscillator and
immediately placed into boiling water for 1 min. After cooling, the absorbance of the supernatant
was measured at 630 nm. The value for the soluble sugars was input into a glucose standard curve to
identify the appropriate content.
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To determine the soluble protein, samples were homogenized in phosphate buffer solution (pH 7.8)
at 4 ◦C after centrifugation at 9000 rpm for 20 min, and the supernatant was used to determine the
soluble protein. Supernatant and a volume of 0.1 mL was mixed with 5 mL of Coomassie brilliant
blue G-250 solution. The absorbance of the supernatant was measured at 595 nm after 5 min. The leaf
soluble protein was determined according to the method of Bradford [30]. Bovine serum albumin
(BSA) was used to generate the standard curve.

Free proline was determined according to the method of Steinert et al. [31]: Extracts were prepared
in 3% sulfosalicylic acid solution and then centrifuged at 4000 rpm at 4 ◦C for 20 min. The supernatant
was mixed with acetic acid and acid ninhydrin and incubated in water for 1 h at 100 ◦C. The absorbance
of the organic phase was measured at 520 nm. Proline was used to generate a standard curve.
The proline content was calculated in mg g−1.

2.9. Measurements of the Na+, Cl−, K+, Ca2+, and Mg2+ Contents of Different Organs

All plants were harvested at the end of the experiment. The contents of sodium (Na+), chloride
(Cl−), potassium (K+), calcium (Ca2+), and magnesium (Mg2+) were determined in the roots, stems,
and leaves. The different tissues of the samples were dried at 85 ◦C for 48 h and weighed. Then, the
dried samples were digested with a mixture of HNO3 acid and HClO4 acid (5:1 v:v). The Na+, Cl−, K+,
Ca2+, and Mg2+ ion concentrations in the digested samples were measured using a plasma emission
spectrometer (OPTIMA PE-4300DV, Waltham, MA, USA).

2.10. Malondialdehyde Concentration (MDA) and Cell Membrane Stability

An enzyme solution was prepared: 0.3 g leaves were ground at 4 ◦C in a mortar in 6 mL of
a pH 7.8 phosphate buffer solution. The supernatants were collected from the homogenate after
centrifugation at 9000 rpm at 4 ◦C for 20 min. The MDA content was quantified according to the
method described by Hodges et al. [32]. Two millilitres of the enzyme solution was mixed with 3 mL
of 0.5% thiobarbituric acid (TBA) and 8% trichloroacetic acid (TCA), which was then incubated at
100 ◦C for 20 min. After cooling the extracts on ice and centrifugation at 9000 rpm for 30 min at 4 ◦C,
the absorbance of the supernatant was measured at 532 and 600 nm.

Cell membrane stability was expressed as the relative electrolytic conductivity (REC). Fresh leaves
were cleaned with deionized water and cut into segments and incubated in hermetic tubes containing
20 mL of deionized water for 6 h at room temperature. The first electrical conductivity (EC1) of
the leaf solution was determined with a conductivity meter (DDS-307, Shanghai, China). Then, the
maximum conductivity (EC2) was obtained by placing the tubes containing leaf samples in water
at 100 ◦C for 20 min to release all electrolytes. Leaf electrolyte leakage was calculated as follows:
REC = (EC1/EC2) × 100%, according to Dionisio-Sese and Tobita [33].

2.11. Antioxidant Enzyme Activities

The activity of superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX),
and glutathione reductase (GR) were determined in C. turczaninowii leaf extracts. Frozen leaves
(0.3 g) were ground in liquid N2 using a mortar with 6 mL of phosphate buffer solution (pH 7.8).
After centrifugation at 9000 rpm at 4 ◦C for 20 min, the supernatant was collected as the enzyme extract
for measurements. Enzyme activities were assayed using a spectrophotometer.

The SOD activity was assayed according to Beyer et al. [34]. The reaction mixture contained
0.1 mL of enzyme solution, 1.5 mL of sodium phosphate buffer, 0.3 mL of 130 mM methionine, 0.3 mL
of 20 µM riboflavin, 0.3 mL of 100 µM EDTA, 0.3 mL of 750 µM nitroblue tetrazolium (NBT), and
0.5 mL of distilled water. The reaction was started by exposing the mixture to white fluorescent light
for 15 min. The reaction was stopped by turning the light off. Reduced NBT was measured at 560 nm,
and one unit of SOD activity was defined as the amount of enzyme causing 50% inhibition of NBT
reduction per min under the assay conditions.



Forests 2019, 10, 96 6 of 19

The POD activity in the enzyme extracts was assayed by the method of Civello et al. [35].
The reaction mixtures contained 1 mL of enzyme solution, 3.8 mL of 0.3% guaiacol reaction solution,
and 0.1 mL of 3% H2O2. The increase in absorbance was recorded at 470 nm three times per min.

APX activity was monitoring at the decrease in absorbance at 290 nm according to
Nakano et al. [36]. The reaction system contained 1.8 mL of 50 mM phosphate buffer (pH 7.0), 0.1 mL
of 5 mM ascorbate (ASA), 1 mL of 30 mM H2O2, and 0.1 mL enzyme extracts. H2O2 was added to start
the reaction.

The method of Fengwang Ma [37] was used for GR assays by monitoring the decrease in
absorbance at 340 nm. The reaction system contained 0.1 mL of 1 mM NADPH, 2.7 mL of 0.1 mM
phosphate buffer (pH 7.8), 0.1 mL of 5 mM GSSG, and 0.1 mL enzyme extracts. The reaction was
initiated by adding NADPH.

2.12. Statistical Analysis

All the results are presented as the means ± standard deviation (S.D., n = 3). One-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparison test at the 5% probability level were
performed with the SPSS statistical package version 22.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Plant Growth

Salinity stress inhibited the growth of C. turczaninowii seedlings, as shown by the reduction of
growth parameters in the stressed plants compared to the control plants (Table 1). ANOVA results
showed that salinity treatments had significant effects on growth parameters (p < 0.05). The effect of the
salinity treatments on the plant survival rate was significant at high salinities (68–85 mM); more than
55% of the plants died after being subjected to 85 mM salinity stress after 42 days. The reductions in
stem, root, and leaf growth compared to the control plants became more pronounced with an increase
in the salinity levels. The root/shoot ratio of the treatment group was significantly higher than that of
the control group under 51–68 mM NaCl.

Table 1. Effects of various salinities on the survival rate, stem length increase, diameter increase, stem
biomass, taproot length, root biomass, root/shoot ratio, leaf area, leaf biomass and total biomass of
Carpinus turczaninowii L. after 42 days.

Salinity Level
(mM)

Survival Rate
(%)

Stem Length
Increase (cm)

Diameter
Increase (cm)

Stem Biomass
(DW, g)

Taproot
Length (cm)

CK 100 ± 0.00 a 9.03 ± 0.76 a 0.103 ± 0.10 a 2.21 ± 0.22 a 22.33± 1.86 a
17 100 ± 0.00 a 8.90 ± 0.79 a 0.095 ± 0.04 ab 2.02 ± 0.09 ab 21.24 ± 1.54 a
34 100 ± 0.00 a 8.57 ± 0.60 a 0.089 ± 0.07 ab 1.72 ± 0.04 bc 20.01 ± 1.06 ab
51 92 ± 2.00 ab 7.87 ± 0.78 a 0.079 ± 0.09 b 1.51 ± 0.15 cd 18.65 ± 0.25 b
68 75 ± 1.67 b 5.07 ± 0.74 b 0.060 ± 0.06 c 1.38 ± 0.22 cd 15.58 ± 0.88 bc
85 45 ± 2.33 c 4.67 ± 0.76 b 0.048 ± 0.04 c 1.18 ± 0.20 d 12.91 ± 0.75 c

Salinity Level
(mM)

Root Biomass
(DW, g)

Leaf Area
(cm2)

Leaf Biomass
(DW, g)

Root/Shoot
Ratio (R/S)

Total Biomass
(DW, g)

CK 1.63 ±0.10 a 9.82 ± 0.48 a 2.13 ± 0.24 a 0.38 ± 0.02 b 5.96 ± 0.55 a
17 1.41 ± 0.09 ab 9.32 ± 1.22 a 1.88 ± 0.07 ab 0.36 ± 0.03 c 5.31 ± 0.15 ab
34 1.27 ± 0.02 b 8.89 ± 1.56 ab 1.60 ± 0.04 bc 0.38 ± 0.01 b 4.60 ± 0.09 bc
51 1.19 ± 0.12 b 8.52 ± 1.01 ab 1.33 ± 0.09 cd 0.42 ± 0.01 a 4.03 ± 0.35 cd
68 1.12 ± 0.18 bc 7.14 ± 1.33 b 1.23 ± 0.09 cd 0.43 ± 0.02 a 3.72 ± 0.49 cd
85 0.83 ± 0.15 c 6.53 ± 0.68 c 1.05 ± 0.21 d 0.37 ± 0.01 bc 3.05 ± 0.55 d

Data in the table are the means ± S.D. (n = 3); different lowercase letters in each column indicate significant
differences among treatments (p < 0.05).
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3.2. Photosynthesis, Chlorophyll Fluorescence, and Stomatal Behavior

ANOVA results indicated that photosynthesis, chlorophyll fluorescence parameters of
C. turczaninowii differed among salinity treatments (p < 0.05). The Pn, Gs, and WUEi decreased
with increasing salt concentration after 42 days of growth, while the Ci increased with increasing
salinity (Table 2). There was a significant difference in the Pn between the 51–85 mM treatments and
the control, especially under 85 mM NaCl, with the Pn reduced by 84.00% compared to that of the
control. A significant decrease in the Tr occurred in the plants treated with high (68–85 mM) salinity.
We found that 51–85 mM NaCl had the most pronounced effect on the Gs, Ci, and WUEi. The Ci
increased by 47.17% compared to that in the control treatment under 85 mM salinity. Salinity stress
did not negatively influence the chlorophyll fluorescence parameters, including the ΦPSII, Fv/Fm, qP,
and ETR, at NaCl concentrations less than 85 mM. These chlorophyll fluorescence parameters were
lower than those in the control under high salinity stress, except for the NPQ, which increased with
the salt concentration and reached a maximum at 85 mM, 1.75 times that of the control.

Table 2. Effects of various salinities on photosynthesis and chlorophyll fluorescence parameters
in C. turczaninowii after 42 days. Pn, net photosynthetic rate; Tr, transpiration rate; Gs, stomatal
conductance; Ci, intercellular CO2 concentration; WUEi, water use efficiency; ΦPSII, photochemical
quantum efficiency; Fv/Fm, maximum quantum yield of photosystem II; qP, photochemical quenching
parameter; ETR, electron transfer rate; NPQ, non-photochemical quenching parameter.

Salinity Level
(mM)

Pn
(µmol m−2s−1)

Tr
(mmol m−2s−1)

Gs
(µmol m−2s−1)

Ci
(µmol m−2s−1) WUEi

CK 7.50 ± 0.70 a 2.21 ± 0.09 a 86.33 ± 6.03 a 212.00 ± 19.67 d 3.40 ± 0.39 a
17 7.20 ± 0.66 a 2.47 ± 0.08 a 82.33 ± 8.08 ab 227.67 ± 11.93 cd 2.92 ± 0.33 a
34 6.10 ± 0.46 ab 2.31 ± 0.07 a 70.00 ± 11.14 abc 257.00 ± 14.93 bc 2.64 ± 0.17 ab
51 4.90 ± 0.50 b 2.15 ± 0.11 a 61.67 ± 6.11 bc 264.33 ± 20.13 bc 2.28 ± 0.19 b
68 3.40 ± 0.40 c 1.67 ± 0.11 b 58.00 ± 8.54 c 277.33 ± 10.07 ab 2.05 ± 0.41 b
85 1.20 ± 0.20 d 1.47 ± 0.12 c 51.33 ± 7.10 c 312.00 ± 6.56 a 0.82 ± 0.16 c

Salinity Level
(mM) ΦPSII Fv/Fm qP ETR

(µmol m−2s−1) NPQ

CK 0.50 ± 0.08 a 0.64 ± 0.04 a 0.91 ± 0.06 a 274.99 ± 19.11 a 0.81 ± 0.06 c
17 0.47 ± 0.03 a 0.66 ± 0.05 ab 0.94 ± 0.08 a 287.89 ± 25.37 a 0.95 ± 0.08 b
34 0.52 ± 0.04 a 0.58 ± 0.03 abc 0.96 ± 0.06 a 266.40 ± 21.18 ab 1.12 ± 0.13 ab
51 0.45 ± 0.04 a 0.53 ± 0.04 abc 0.87 ± 0.07 ab 256.81 ± 15.50 ab 1.25 ± 0.07 ab
68 0.41 ± 0.03 ab 0.49 ± 0.10 bc 0.81 ± 0.09 ab 225.57 ± 22.38 b 1.34 ± 0.10 a
85 0.38 ± 0.06 b 0.47 ± 0.06 c 0.72 ± 0.06 b 217.86 ± 25.25 b 1.42 ± 0.12 a

Data in the table are the means ± S.D. (n = 3); different lowercase letters in each column indicate significant
differences among treatments (p < 0.05).

The stomatal density and size as a function of the soil salinity levels are shown in Table 3 and
Figure 1a. At 17–51 mM salinity, the stomatal density of the C. turczaninowii leaves was not significantly
different from that in the control but was pronounced under high (68–85 mM) salinity stress. Salinity
levels of 51–85 mM caused a significant reduction in stomatal length and stomatal width, leading
to smaller stomatal sizes. Finally, the stomata was nearly closed under high salinity (68–85 mM)
treatments, with the guard cells becoming gradually deformed, and the epidermal tissue shrank.

The leaf thickness was higher than that in the control at low salinities (17–34 mM) but decreased
significantly at 84 mM NaCl (Table 3). The palisade tissue thickness and palisade tissue thickness/leaf
thickness of the C. turczaninowii leaves were noticeably higher than those in the control treatment at
51–85 mM salinity. Figure 1b shows a typical scanning electron micrograph of a C. turczaninowii leaf,
including the upper and lower epidermis, epidermal hairs, and palisade and spongy tissues, which
were densely arranged. However, the leaf cross-section characteristics were significantly different from
those in the control under the high salinity treatments (68–85 mM), and the palisade and spongy tissues
were loosely arranged. The spaces between the tissues became larger, and some of the tissues degraded.
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Table 3. Effects of various salinities on the leaf stomatal density, stomatal length, stomatal
width, leaf thickness, palisade tissue thickness, and palisade tissue thickness/leaf thickness of
Carpinus turczaninowii L. after 42 days.

Treatment
(mM)

Stomatal
Density

(number mm−2)

Stomatal
Length (µm)

Stomatal
Width (µm)

Leaf
Thickness

(µm)

Palisade
Tissue

Thickness
(µm)

Palisade
Tissue

Thickness/Leaf
Thickness (%)

CK 242.40 ± 22.12 ab 15.54 ± 1.21 a 12.69 ± 1.98 a 69.23 ± 5.02 ab 18.46 ± 3.21 c 26.67 ± 3.68 c
17 264.58 ± 25.38 a 13.23 ± 1.43 a 11.02 ± 2.06 a 84.62 ± 6.87 a 22.08 ± 2.60 bc 26.09 ± 2.02 c
34 230.06 ± 20.08 ab 11.15 ± 1.51 ab 9.68 ± 1.32 ab 73.85± 6.93 ab 24.34 ± 2.88 bc 32.96 ± 4.41 bc
51 190.65 ± 17.33 b 9.87 ± 1.06 bc 7.12 ± 1.58 b 64.62 ± 7.11 bc 25.69 ± 3.21 ab 39.76 ± 4.12 ab
68 162.58 ± 15.11 c 8.23 ± 1.22 bc 5.33 ± 1.82 c 61.54 ± 5.04 bc 27.54 ± 4.08 a 44.75 ± 5.05 ab
85 135.62 ± 12.49 d 7.85 ± 1.18 c 4.58 ± 0.95 c 59.61 ± 5.36 c 28.77 ± 4.65 a 48.26 ± 3.82 a

Data in the table are the means ± S.D. (n = 3); different lowercase letters in each column indicate significant
differences among treatments (p < 0.05).
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3.3. Photosynthetic Pigments

The results showed that the contents of photosynthetic pigments (chl a and b, total chlorophyll,
and carotenoids) in C. turczaninowii plants decreased when the plants were subjected to salinity
(p < 0.05), and the differences between the control and 51–85 mM salinity treatments were significant
after 42 days of growth (Figure 2a–d). At a concentration of 85 mM NaCl, the total chlorophyll content
was reduced by 28.92% after 42 days of growth.
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3.6. Inorganic Ion Content of Various Organs 

The changes in ionic contents in C. turczaninowii seedlings are shown in Figure 3a–e. The Na+ 

and Cl- content of the root, stem, leaf, and the whole plant prominently increased with the salinity 

levels (p < 0.05), and mainly accumulated in the root and then in the stem (Figure 3a,b). In 85 mM 

NaCl treatment, the Na+ content in the stem and leaf increased remarkably, 19.06 and 20.63 times, 

respectively, compared to that in the control group, and Cl- content also reached a maximum value 

in this salt concentration. The K+ content increased in the stem and leaf but decreased in the root and 

Figure 2. Effect of increasing levels of soil salinity on the content of chlorophyll a (a), chlorophyll b
(b), total chlorophyll (c), and total carotenoids (d), relative water content (e), soluble sugars (f), soluble
proteins (g), and proline content (h) in leaves of C. turczaninowii plants grown for 21 and 42 days.
Different lowercase letters indicate significant differences among treatments (p < 0.05), n = 3.
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3.4. Relative Water Content (RWC)

The relative water content of the C. turczaninowii leaves decreased with increasing salinity
concentrations (Figure 2e). There was no difference of the RWC between the low salt stress treatment
(17 mM) and the control plants, while a significant decrease was observed in the 68–85 mM salt
treatments after 42 days (p < 0.05), with the RWC decreasing by 20.36% and 23.88%, respectively.

3.5. Organic Osmolytes

ANOVA results indicated that salinity treatments had significant effects on the organic solutes
of C. turczaninowii seedlings (p < 0.05). With the increase in salinity stress, the soluble sugar content
showed a tendency of first increasing and then falling, with a significant change in leaves in the
34~85 mM salinity treatments after 21 and 42 days of growth. After 42 days of growth, the soluble
sugar content reached a maximum when the salt concentration was 51 mM, with a value of more than
double of that in the control plants (Figure 2f). The soluble protein content did not change significantly
under the slight (17–34 mM) and moderate (51 mM) salinity treatments, but a great reduction in soluble
protein content was found in the high (68–85 mM) salinity treatments (Figure 2g). Proline is a type of
amino acid that is easily accumulated under osmotic stress. The proline content of C. turczaninowii
seedlings gradually increased with increasing salt concentration after 21 and 42 days of growth and
was significantly higher than that of the control plants in the high (68–85 mM) salinity treatments
(Figure 2h).

3.6. Inorganic Ion Content of Various Organs

The changes in ionic contents in C. turczaninowii seedlings are shown in Figure 3a–e. The Na+

and Cl− content of the root, stem, leaf, and the whole plant prominently increased with the salinity
levels (p < 0.05), and mainly accumulated in the root and then in the stem (Figure 3a,b). In 85 mM
NaCl treatment, the Na+ content in the stem and leaf increased remarkably, 19.06 and 20.63 times,
respectively, compared to that in the control group, and Cl− content also reached a maximum value in
this salt concentration. The K+ content increased in the stem and leaf but decreased in the root and
mostly accumulated in the leaf, followed by the stem (Figure 3c). In the whole plant, the K+ ion content
in the treatment groups was higher than that in the control (p < 0.05). The Ca2+ content remained high
in the stem and leaf (Figure 3d). The differences in the Ca2+ content in the root among the various
salinity treatments were not obvious, but the Ca2+ contents were all higher than that in the control.
Under high salinity stress (68–85 mM), the Ca2+ content increased by 24.68% and 18.29%, respectively,
in the whole plant. Differences in the Mg2+ content in the different tissues of C. turczaninowii seedlings
were not obvious (Figure 3e). In the stem, the Mg2+ content in the 34–85 mM treatments was noticeably
higher than that in the control group, and in the whole plant, little change was found in the 34 mM
salinity stress treatment.

The K/Na, Mg/Na, and Ca/Na ratios in the C. turczaninowii seedlings under salinity treatments
are shown in Table 4. It was found that all ion ratios significantly decreased under salinity stress in
different tissues. In addition, the ion ratios in the aboveground parts (stem and leaf) were higher than
the underground part (root), and the Ca/Na ratio was higher than the K/Na and Mg/Na ratios. These
results indicate that the ability of C. turczaninowii to absorb Na+ ions increased under salinity stress,
and the absorption of K+, Ca2+, and Mg2+ by the leaves was higher than other tissues.
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Figure 3. Effects of increasing levels of soil salinity on the Na+ (a), Cl− (b), K+ (c), Ca2+ (d) and Mg2+

(e) content in root, stem, leaf, and whole plant of C. turczaninowii seedlings after 42 days. Different
lowercase letters indicate significant differences among treatments (p < 0.05), n = 3.

Table 4. Effects of various salinities on the K/Na, Ca/Na, and Mg/Na ratios in the root, stem, leaf, and
whole plant of C. turczaninowii seedlings after 42 days.

Salinity Level (mM) K/Na Ca/Na Mg/Na

Root

CK 4.34 ± 0.56 a 6.20 ± 0.99 a 2.23 ± 0.35 a
17 1.97 ± 0.36 b 4.89 ± 0.74 a 1.53 ± 0.27 b
34 0.98 ± 0.13 c 3.62 ± 0.35 b 0.77 ± 0.10 c
51 0.82 ± 0.01 c 2.45 ± 0.04 b 0.67 ± 0.12 c
68 1.23 ± 0.15 bc 2.70 ± 0.31 b 0.87 ± 0.11 c
85 1.00 ± 0.10 c 2.58 ± 0.13 b 0.75 ± 0.04 c

Stem

CK 33.77 ± 4.87 a 101.68 ± 14.97 a 10.52 ±1.44 a
17 18.52 ±0.88 b 57.57 ± 2.65 b 5.41 ± 0.20 b
34 8.45 ± 0.50 c 23.59 ± 1.54 bc 2.70 ± 0.16 c
51 12.54 ± 0.72 c 28.79 ± 0.94 c 3.94 ± 0.23 bc
68 7.92 ± 0.24 c 26.93 ± 0.27 c 2.89 ± 0.01 c
85 2.09 ± 0.03 d 7.34 ± 0.16 d 0.86 ± 0.04 d
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Table 4. Cont.

Salinity Level (mM) K/Na Ca/Na Mg/Na

Leaf

CK 90.77 ± 15.49 a 236.54 ± 39.71 a 42.86 ± 6.34 a
17 71.10 ± 12.75 ab 150.01 ± 24.05 b 26.05 ± 4.08 b
34 59.19 ± 3.42 bc 112.56 ± 3.62 bc 21.23 ± 0.87 b
51 37.55 ± 2.41 cd 66.32 ± 3.21 cd 12.02 ± 0.74 c
68 19.81 ± 1.04 de 40.44 ± 2.13E de 6.75 ± 0.22 dc
85 7.10 ± 0.19 e 12.52 ± 0.10 e 2.40 ± 0.03 d

Whole plant

CK 128.88 ± 20.92 a 344.43 ± 55.67 a 55.61 ± 8.13 a
17 91.58 ± 13.99 b 212.47 ± 27.45 b 33.00 ± 4.55 b
34 68.63 ± 4.05 c 139.77 ± 5.51 c 24.70 ± 1.12 bc
51 50.91 ± 3.13 c 97.56 ± 4.19 cd 16.64 ± 1.09 cd
68 28.96 ± 1.43 d 70.07 ± 2.70 d 10.52 ± 0.35 d
85 10.19 ± 0.32 d 22.44 ± 0.39 e 4.01 ± 0.11 e

Data in the table are the means ± S.D. (n = 3); different lowercase letters in each column indicate significant
differences among treatments (p < 0.05).

3.7. Malondialdehyde Content (MDA) and Cell Membrane Stability

The MDA content can be used to measure the damage to the leaf cell membrane. The MDA content
of C. turczaninowii continued to increase with the salinity concentration (Figure 4a). After 21 days,
MDA content was not affected under the low salinity (17–34 mM) treatments, but 51–85 mM NaCl
had a prominent effect on the MDA content (p < 0.05). After 42 days, the MDA content increased by
35.60% and 45.74% in the 68 mM and 85 mM salinity treatments, respectively, compared to the control.
The relative electrolytic conductivity is an index of cell membrane stability. As shown in Figure 4b, the
relative electrolytic conductivity increased with salinity levels and was noticeably higher among the
treatment and control groups after 42 days of growth (p < 0.05). These results indicated that salt stress
caused damage to the membranes of C. turczaninowii seedlings and that the damage was more serious
at high concentrations.
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42 days. Different lowercase letters indicate significant differences among treatments (p < 0.05), n = 3.

3.8. Antioxidant Enzyme Activities

ANOVA results indicated that antioxidant enzyme activities differed among salinity treatments
(p < 0.05). The SOD and GR activities of C. turczaninowii leaves first increased then decreased with the
level of salt stress (Figure 4c,f). The SOD activity was significantly higher than that in the control at
34–51 mM NaCl after 21 days. After 42 days, the SOD activity reached a maximum value of 475.17 U/g
at 17 mM, increasing by 21.81% compared to the control, and little change was found at 51–85 mM NaCl.
Salt treatments caused significant increase in the activity of GR after 21 days, and a maximum value
was found at 34 mM after 42 days. The POD and APX activities increased as the results of the salinity
treatments after 21 days, and the differences were remarkable at 34~85 mM salinity (Figure 4d,e).
However, after 42 days, the POD activity was obviously higher than that in the control at low salinity
(17–34 mM) and decreased at high salinity (85 mM), being only 69.15% that of the control, and APX
actvity was significant higher than the control at 34–68 mM salinity, also decreased at 85 mM NaCl.

4. Discussion

The present study provides valuable information about C. turczaninowii traits that may affect
seedling survivorship and growth under salt stress in nursery conditions. Salinity stress induced
depressive effects on all the examined parameters, including the changes in survival rate, the
production parameters, the morphological and physiological parameters. This research was the
first attempt to look for the salt tolerance of C. turczaninowii seedlings, and confirm that salinity is one
of the major abiotic stresses limiting the growth and productivity of this species.

4.1. Seedling Growth

Salinity affects plants in many different ways, the most obvious being a decrease in growth,
which may be related to a reduction in water uptake, photosynthetic activity, and other affected
physiological pathways [38]. Our results show that salinities over 68 mM inhibited the growth of
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C. turczaninowii seedlings, including the survival rate, stem length and diameter increase, taproot
length, biomass, and leaf area. Many studies have also described similar responses of plants to high
salinity, a decrease in leaf area or root and stem length, and a change in the root/shoot ratio was
also observed in oak (Quercus robur L.) seedlings [39]. Mulberry (Morus alba L.) seedlings suffered
great reductions in root, shoot, and leaf growth under various levels of NaCl stress [40]. These results
confirm that salinity is one of the major environmental factors that restricts the growth and productivity
of plants. As expected, salinity caused a significant reduction in leaf area at 68~85 mM NaCl, which
may have been caused by the inhibition of cell expansion after salt stress [41]. The same phenomenon
was observed for stomatal behavior; the stomatal density and stomatal size of C. turczaninowii leaves
were pronounced decreased under high salinity stress, with nearly closed stomata. Stomata in the
epidermis of the leaf provide an important channel that allows plants to exchange materials such
as CO2 and H2O with the external environment. Salinity stress can cause the close of stomata, the
decrease of stomatal size and leaf thickness, and the atrophy of leaf tissues [42]. In our previous study
on Carpinus betulus L. [43], we found the stomata, palisade, and spongy parenchyma tissues were
seriously influenced over 51 mM NaCl, worse than C. turczaninowii. These changes in leaf morphology
can adversely affect photosynthesis in plants. Under salinity stress, plants often face water deficiencies,
which will lose water, wither, and even die. The RWC of the leaves decreased with increasing salinity
levels and reached a minimum value at 85 mM NaCl after 42 days. This occurs by a reduction in the
external water potential due to high salt concentrations in the solution of the soil and its accumulation
in the extracellular region of the plants. Under 0–240 mM NaCl, the RWC in Phoenix dactylifera L. also
significantly declined [44]. Alterations to the water content of plants may induce reductions in the
photosynthetic rate and the growth of seedlings. According to Tuteja [45], salt sensitive plants cannot
grow at 100 mM NaCl or above, and are called glycophytes, we believed that C. turczaninowii was a
kind of salt sensitive plants.

4.2. Physiological Parameters

High salinity is associated hyperosmotic stress, inducing secondary effects or pathologies and
ion toxicity [46]. The mechanism of photosynthesis response to salt stress is complex, including the
influence of photochemistry, CO2 diffusion, and the activities of enzymes involved in photosynthesis.
In our study, the leaf gas exchange and chlorophyll fluorescence parameters were restricted with
increasing levels of salinity in C. turczaninowii leaves. The Pn, Tr, Gs, and WUEi under 51~85 mM
salinity were lower than those in the control, while the Ci increased with the salt concentration. Similar
behaviors were reported in Pistacia lentiscus and Salsola inermis, with reductions in stomatal conductance
and the net photosynthetic rate [47]. Stomatal behavior was adversely affected under salinity stress,
which inhibited the transpiration and photosynthetic rates of the plants. The chlorophyll fluorescence
parameters, including the ΦPSII, Fv/Fm, qP, and ETR, were negatively influenced at 85 mM NaCl
concentration, and were lower than those in the control. The NPQ increased with salt stress, which may
be a mechanism to protect the photosystems from the damage caused by photoinhibition under high
salt stress [48]. A reduction of photosynthetic pigments contents in the leaves of plants is also a general
response to salinity stress. In this study, the photosynthetic pigments contents of C. turczaninowii
were not notably reduced at a salinity of 17~34 mM; however, salinities over 51 mM significantly
reduced the content of Chl, and carotenoids after 42 days of treatment. This is consistent with previous
reports on European Larch [49], Phragmites australis and Spartina alterniflora [50]. The photosynthetic
apparatus of the plants was likely impaired and the chloroplast pigments were likely degraded under
high salinity stress, thus inhibiting photosynthesis in the seedlings.

Osmotic adjustment is one of the cellular responses for the maintenance of turgor in saline
environments to maintain stomatal opening and growth expansion [51]. A high concentration of
organic solutes in the leaves of C. turczaninowii was also detected as the salinity levels increased,
including the soluble sugar and proline contents, likely because the seedlings produce some organic
molecules in response to salinity stress. The high production of these organic solutes decrease the
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leaf osmotic potential, increase the leaf turgor pressure, and provide additional evidence of osmotic
adjustment [52]. According to other studies, salt stress can increase the content of soluble sugars
(sucrose, glucose, and fructose) in plant leaves to act as a factor in maintaining turgor and reducing
osmotic pressure, as occurs in apples [53]. A large number of studies have verified a positive correlation
between the proline content and environmental stress [54], and our results confirm this viewpoint.
C. turczaninowii can maintain its leaf osmotic potential and turgor pressure at a normal level when
treated with salinities of less than 51 mM, but a significant difference was found in the high (68–85 mM)
salinity treatments, indicating insufficient resistance to salt stress. According to Zidan [55], salt stress
can promote protein synthesis through the transformation of free amino acids into protein in plants.
However, the content of soluble protein in C. turczaninowii was significantly lower than that in the
control at high salinity treatments. The same results were found in pear (Pyrus communis), the protein
content also decreased with the salinity levels (40–160 mM), which may be due to a reduction in N
synthesis, the degradation of protein structure, damage to biosynthesis pathways, and a reduction in
the synthesis of protein [56].

4.3. Mineral Content and Uptake

Na+ and Cl− ions are the most destructive elements when plants are exposed to salinity.
With respect to Na+ and Cl− content in the C. turczaninowii seedlings, a trend of higher values
was observed with increasing salinity levels, confirming the findings obtained by Giuseppe Cristiano
in Pistacia lentiscus [57]. A higher content of Na+ was found in the roots under salt treatments in
C. turczaninowii seedlings, as well as Cl− content, while K+ mostly accumulated in leaves, suggesting
a defence mechanism for sodium toxicity through the compartmentalization of this ion in the
roots. This mechanism has already been observed in other plants, such as Salvadora oleoides [58].
Controlling the uptake and transport of Na+ and Cl− ions to the shoot is a defence mechanism used by
plants against excessive salt. A similar result was found in maize, the Na+ and Cl− contents were also
higher in the root than in the leaf when growing under 34–102 mM NaCl salinity stress [59]. The ability
of C. turczaninowii seedlings to maintain adequate selectivity in the uptake of K+ in saline environment
is associated with salt tolerance. The uptake of Ca2+ and Mg2+ did not change obviously based on the
different levels of salinity, in agreement with findings in olive trees (Olea europaea) [60]. The ion ratios
(K/Na, Ca/Na, and Mg/Na) decreased significantly with salinity levels but were higher in the stem
and leaf than in the root, which mainly occurred because of the accumulation of Na+ in accordance
with the salinity levels in different tissues, especially in the roots. We can see that the capability of
maintaining ion homeostasis in C. turczaninowii was limited under high salt stress (68–85 mM), causing
a decline in biomass and even plant death. High salt stress can induce both metabolic changes and ion
toxicity in plants resulting from ion imbalance with the accumulation of Na+ and a reduction in K+

content [61]. Because K+ is an important activator of many enzymes, a reduction in K+ may inhibit the
growth of C. turczaninowii seedlings.

4.4. Oxidative Stress and Antioxidant Mechanisms

MDA is used as a marker for evaluating lipid peroxidation, which increases under saline stress
conditions [62]. The relative electrolytic conductivity is usually used as an index for cell membrane
stability, which can reflect the extent of lipid peroxidation caused by ROS [63]. In our results, the MDA
content and the relative electrolytic conductivity of C. turczaninowii continued to increase with salinity
concentration and were noticeably higher than those in the control group under moderate and high
salt stress after 42 days, indicating that more lipid peroxidation products were formed due to cell
damage under severe salinity stress. The increase in lipid peroxidation may be due to the incapability
of antioxidants to scavenge ROS under salt stress. Antioxidant enzymes activities can be induced
as a response to salinity stress, which can help alleviate oxidative stress. In our study, the activities
of four important antioxidant enzymes first increased then decreased with the degree of stress in
C. turczaninowii seedlings at last. At a NaCl concentration over 51 mM, there was a lower efficiency to
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eliminate ROS from the seedlings due to the imbalance between ROS and antioxidant formation, thus
leading to the aggravation of oxidative stress. In Lavandula angustifolia, the same changes were found in
SOD and POD activities at 25–100 mM salt concentrations [62]. While in European Larch seedlings, the
SOD, APX, and GR activities were remarkable higher than the control at high salt stress (150 mM) [49],
the results differed with ours. The increased antioxidant activity of enzymes under low salinity stress
conditions suggests that the activation of an efficient free radical scavenging system can minimize the
negative effects of peroxidation, thus contributing to the maintenance of membrane stability. However,
under moderate and high salt stress, the activity of protective enzymes was limited, causing a negative
effect on the survival and growth of the seedlings. Plant tolerance to salinity is correlated with the
stimulation of antioxidant enzymes and their enhanced ability to scavenge ROS [64], our research
supports these views.

5. Conclusions

This study presents new information on C. turczaninowii seedlings regarding their ecophysiological
responses to salinity stress. C. turczaninowii was affected by salinity stress through the inhibition of
growth, photosynthetic capacity, and stomatal behavior, the increase in MDA content and relative
electrolytic conductivity, and the accumulation of Na+ and Cl− content, suggesting a limited degree
of salt tolerance. Our results show that C. turczaninowii seedlings can activate relevant mechanisms
to adapt to salinity stress, such as accumulating relatively high concentrations of organic solutes
to maintain cellular osmotic balance and improving the activity of antioxidant enzymes and ionic
transport capacity from the root to shoots in defence against salinity stress. A reduction in the growth
of C. turczaninowii seedlings was observed under high (68~85 mM) NaCl stress. Our study is relevant
for a better understanding of the responses of C. turczaninowii to salinity stress and may help in
the administration of conservation and reforestation programs for this species. The cultivation of
this species as an ornamental tree has the potential to be expanded in areas with low and moderate
salinization conditions.
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