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Abstract: Carex species are widely used in many parts of the world and contain a large number of ecologically diverse species. Among the Carex species, some of them are known to be glycophytes, while others are halophytes. Carex morrowii Boott (Cyperaceae) is resistant to trample through their root structure and has an essential ornamental value in the landscape with their leaves. However, no information was found about the level of salinity tolerance/sensitivity of the Carex morrowii among these species. In the present study, changes in trace element contents (Na, K, Ca, Cu, Mn, Mg, Ni, Fe, P, Zn, and N) and their transport from roots to leaves, osmotic regulation, alterations in chlorophyll and carotenoid contents, nitrogen assimilation (nitrate reductase activity; NRA) and total soluble protein content in both roots and leaves of Carex morrowii under different salinity concentrations (50 mM, 100 mM, 200 mM and 300 mM NaCl) were examined in detail. Our study provides the first detailed data concerning the responses of leaves and roots and the determination of the level of salinity tolerance/sensitivity of the Carex morrowii. The K+/Na+ ratio was preserved up to 200 mM NaCl, and accordingly, the element uptake and transport ratios showed that they could control moderate NaCl levels. Ca homeostasis that is maintained even in 200 mM NaCl concentration can be effective in maintaining the structural integrity and selective permeability of the cell membranes, while 300 mM NaCl concentration caused decreased photosynthetic pigments, and deterioration in element content and compartmentation. Moreover, these data suggest that plant parts of Carex morrowii respond differently against varied levels of salinity stress. Although the decrease in NR activity at 200 mM and 300 mM NaCl concentrations in the leaves, NR activity was maintained in the roots. Consequently, Carex morrowii is moderately tolerant to salinity and the carotenoid content and osmotic regulation of Carex morrowii appears to be instrumental in its survival at different salinity levels. Especially the roots of Carex morrowii have a remarkable role in salinity tolerance.
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1  Introduction

Carex species belonging to the family Cyperaceae, are important perennial vascular plants of the ecosystem grown for their foliage [1,2]. Carex species are widely used in many parts of the world because of cold and drought tolerance and trample resistance due to the root structure, and high ornamental value in the landscape [3–5]. Members of this genus can be found almost anywhere except in extreme desert, marine, and deep-water environments. Therefore, it exhibits enormous ecological diversity [6]. For this reason, they have just become the subject of many studies, from their genetic background to their responses to different abiotic stresses [7–9]. Especially the use of poor quality and recycled water in landscape irrigation due to competition and the cost of drinking water [9] has made it important and necessary to determine the salinity tolerance of Carex species, which are frequently used in landscaping.

Salinity has now become one of the most important abiotic stress factors due to changing climatic conditions and anthropogenic activities. 7.2 hectares in Canada and 8.5 million hectares of land in the United States, respectively, suffer from salinity according to McSorley et al. [10] and Yensen [11]. Degraded cultivated land [12,13], excessive fertilizer [14], as well as irrigation with reclaimed water continuously [15,16], are the leading anthropogenic activity that causes salinity. Especially, it is known that poor quality and reclaimed water are used for landscape irrigation due to the competition and cost of drinking water [9]. Thus, evaluation of the salinity tolerance of landscape plants such as Carex species is important and necessary. Responses of Carex species to salinity are very diverse. Although Carex glareosa and Carex livida are species that can live in high salinity conditions [17], C. elata, C. flava, C. panicea, C. paniculata, C. pseudocyperus, C. riparia, C. rostrata, C. vesicaria, C. acuta, C. canescens species are glycophytes as stated by Schück et al. [18]. There is no data in the literature regarding the levels of salinity tolerance/sensitivity of Carex morrowii yet. Therefore, it is necessary to determine their propensity to thrive in salty environments and to learn whether Carex morrowii is glycophytes or halophytes. These species (glycophytes and halophytes) differ in how they respond to salinity in terms of toxic ion uptake, ion compartmentation and/or exclusion, osmotic regulation, CO2 assimilation, photosynthetic electron transport, chlorophyll content and fluorescence, total protein content and compositions [19–21].

Therefore, in the present study, toxic ion uptake, changes in trace element contents (Na, K, Ca, Cu, Mn, Mg, Ni, Fe, P, Zn, and N), an accumulation of these nutrients in plant parts, osmotic regulation, chlorophyll, and carotenoid contents, nitrogen assimilation capacity (nitrate reductase activity; NRA) and total soluble protein content in both roots and leaves of Carex morrowii Boott were examined in detailed at four different salinity concentrations (50 mM, 100 mM, 200 mM, and 300 mM NaCl). To the best of our knowledge, besides physiological findings, our study provides the first detailed data about the responses of leaves and roots and the determination of the level of salinity tolerance/sensitivity of the Carex morrowii. Studying the behavior of Carex morrowii in response to salinity will provide us with valuable information for future physiological and molecular studies on select and breeding plants to increase their salt tolerance and productivity to understand and explain the mechanisms of salinity tolerance.

2  Materials and Methods

2.1 Experimental Design

Carex morrowii plants were supplied from a local nursery and were planted in 14 × 12 cm pots containing perlite at the laboratory. Then, they were placed in a growth chamber at Bursa Uludag University. During the experiment, the temperature of the growth chamber was maintained at 25°C during the day and 18°C at night, while it was set in a 16-h photoperiod [average humidity 60%, light 1200 lux]. Hoagland solution [22] was used as a nutrient solution [pH: 6.0]. All plants were grown in these conditions for two weeks.

In the determination of the level of salinity tolerance/sensitivity of the Carex morrowii Boott, salinity treatments were applied in a wide range as 50 mM NaCl (slight salinity; EC: 1–4 dS m−1), 100 mM NaCl (moderate salinity; EC: 5–7 dS m−1), 200 mM NaCl (moderate salinity; EC: 8–10 dS m−1) and 300 mM NaCl (severe salinity; EC: >12 dS m−1). The incremental method described by Pavlović et al. [23] was used to avoid high salinity shock and salt concentrations in 2-day intervals stepwise increased with 25 mM NaCl. After it had reached the final salt concentration, salinity treatments continued for 15 days more at 2-day intervals. The treatments were carried out for 45 days in total. The nutrient solution of controls of each species remained unchanged. On completion of the experiments, the leaves of the plants in each pot were scored for health description followed by analyses of chlorophyll content. Plants were then harvested together with a control group and divided into roots and leaves. Some of their leaves and roots were dried for elemental analysis and the rest were frozen in liquid nitrogen and kept at −80°C for physiological analysis.

2.2 Determination of Trace Element (Na, K, Ca, Cu, Mn, Mg, Ni, Fe, P, Zn) Contents by Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES)

Laboratory supplies, such as plastic and glassware, were soaked in a dilute nitric acid solution [10% v/v] overnight to prevent contamination from the outside. They were then rinsed multiple times with ultrapure water and dried in an oven at 40°C. Single standard solutions of trace elements (1000 mgL−1) from Inorganic Ventures (USA), and ultrapure-grade argon (Ar) (99.999% pure) from Orsez (Turkey) were purchased. HNO3 (65%, v/v) was of suprapure quality (Merck, Darmstadt-Germany), and all the other reagents were of analytical reagent grade. The plant samples were homogenized in a sterile porcelain mortar after being dried in the oven at 70°C for 24 h and weighed. In a 100-mL borosilicate glass vessel, the powdered samples were digested with a mixture of HNO3 [3 mL] and H2O2 [2 mL] using 0.0080 g of leaves and 0.0035 g of roots. Each sample underwent a digestion process in triplicate. For the root and leaf samples, the solutions were transferred to polypropylene centrifuge tubes after cooling to room temperature and were diluted to a volume of 25 mL with 0.3% v/v nitric acid. The approved reference materials and reagent blanks underwent the same digestion process. To account for any instrument drift, the internal standard was added to the samples, calibration standards, and blanks at a final concentration of 10 µg L−1. By studying the verified reference material, the method’s correctness was assessed. The multi-element standard solution was daily diluted to provide working solutions of trace elements (Na, K, Ca, Cu, Mn, Mg, Ni, Fe, P, Zn), which were then used for external calibration. Four replicates were used for each trace element analysis. Trace element contents of the samples were determined by ICP-OES (Perkin Elmer 2100 USA). The detection and quantification limits of K, Ca, P, Mg, Na, Mn, Ni, Fe, Zn and Cu were 2.2, 2.7, 3.0, 2.1, 0.9, 0.1, 0.3, 0.3, 0.3, 0.2 mg/kg and 7.4, 9.1, 10.4, 6.9, 3.0, 0.4, 1.0, 1.0, 0.8, 0.7 mg/kg, respectively.

Translocation factor (TF) indicators as widely applied to evaluate the trace element accumulation in the plant parts were calculated. The translocation factor (TF) refers to the ratio of the total element concentration of leaves (Cleaves) and element concentration of roots (Croots): Cleaves/Croots [24].

2.3 Determination of Nitrogen (N) Contents

N contents of the plant parts were determined using Kjeldahl apparatus (FOSS 984.13) and expressed as percent (%). N content of all plant samples was carried out by drying and remained constant at 70°C. Then, samples were milled through hammer mill particle size of about 0.5 to 1 ml. And then, the dried and ground plant samples were distilled in alkaline environment, which was burned at 180°C with the concentrated H2SO4 (0.5 g) and combustion salt. After distillation, the flask containing 30 ml of 2% boric acid was titrated with 0.1 N H2SO4 and the total N amounts in the samples were calculated from the consumption.

2.4 Chlorophyll Contents (Chlorophyll a, Chlorophyll b, and Total Chlorophyll), Chlorophyll Degradation Rates (a/b), and Carotenoid Contents

According to the Arnon [25] method, the amount of chlorophyll (chlorophyll a, chlorophyll b, and total chlorophyll) was measured spectrophotometrically. 80% acetone [10 mL] was used to homogenize fresh leaves [0.05 g fresh weight; FW], which were then filtered. The absorbance of the samples at 645, 663, and 470 nm was measured (Novaspec II, LKB Biochrom) for determining chlorophyll a, chlorophyll b, total chlorophyll, and chlorophyll degradation rate (a/b) and calculated according to the formulations in below.


Chlorophylla: [12.7 (Absorbance663)−2.69 (Absorbance645)] (VT (ml)/1000×W(g)),


Chlorophyllb: [22.9 (Absorbance645)−4.68 (Absorbance663)] (VT (ml)/1000×W(g)),


TotalChlorophyll: [20.2 (Absorbance645)+8.02 (Absorbance663)] (VT (ml)/1000×W(g))


Carotenoid (mg/L) = (1000 × A470−3.27 × Chl a − 104 × Chl b)/229

Then, the unit of total carotenoids could be converted into the content unit, i.e., mass per unit dry leaf weight (mg/g), using data on the volume of leaf pigment extract, the dry leaf weight, and the leaf disc area.


Carotenoid (mg/g) = [Car (mg/L) × VT (ml)]/[1000  ×  W(g)]

where VT (ml) is the volume of leaf pigment extract solution and W(g) is the leaf fresh weight (FW).

2.5 Nitrate Reductase (NR) Activity

The NR activity is an in-vivo test based on the spectrophotometric absorbance of the nitrite (NO2−) formed as the product of the reduction of nitrate in the incubation medium. It was determined with the method, described by Hageman et al. [26] and Jaworski [27], and modified by Gebauer et al. [28]. It was calculated using the absorption value and dry weight and expressed as μmol NO2− g−1 D.W. h−1.

2.6 Total Soluble Protein Content

Total soluble protein content was determined according to the procedure determined by Arora et al. [29] with some modifications. Leaves and roots samples were ground in liquid nitrogen and were homogenized in borate buffer (ascorbic acid [50 mM], sodium tetraborate [50 mM], phenylmethyl sulphonyl fluoride [PMSF,1 mM], β-mercaptoethanol [1%], pH 9.0) and insoluble PVPP paste made with this buffer [extraction ratio; tissue/ PVPP paste/buffer: 1/2/5] at 4°C. Then samples were centrifuged for 1.5 h at 26000 g. The supernatant was filtered with 0.2 and 0.4 μm filters (Millex; Millipore Co., Bedford, MA, USA). Protein content was measured according to the Bradford assay method using bovine serum albumin as the standard [30].

2.7 Statistical Analysis

In each treatment containing five seedlings, element analyses were performed with four replicates (n = 4), while the other examined parameters included three replicates (n = 3) in each treatment. Data presented in the text, figures, and tables are expressed as means ± standard deviation of means. All the statistical tests were performed at a significance level of 0.05 in SPSS Statistics (version 22.0, IBM Corp., Chicago, IL) using factorial analysis of variance (one-way ANOVA) followed by the Tukey test.

3  Results and Discussion

In response to salinity, plant species are very diverse in terms of differences in indicator parameters of how well they can withstand salinity conditions such as ion uptake, ion compartmentation and/or exclusion, osmotic regulation, chlorophyll content, generation of reactive oxygen species (ROS), and antioxidant defenses [21,31,32]. And they are classified as glycophytes or halophytes based on these parameters. The main characteristic feature of salinity tolerance in plants is the maintenance of osmotic harmony in plant cells despite Na+ ion uptake to plant parts, Na+ transport from roots to leaves, intracellular Na+ partitioning, and even Na+ secretion in leaves [33–35]. In the present study, Na accumulation was observed in the plant parts of Carex morrowii, and it was determined that the Na accumulation did not change statistically compared to the control, even at 200 mM NaCl concentration in the root parts (Table 1, p < 0.05). In the leaves, on the other hand, Na accumulation increased as the salt concentrations increased. The accumulation of Na in the leaf parts is approximately 2.5 times higher than in the roots. It can also be seen from the translocation factor (TF) value of Na (Table 2). Moreover, it is known that K content decreases due to increased Na content in plant cells exposed to salinity [34]. In this study, the K content in both root and leaf parts of C. morrowii started to decrease statistically with 200 and 300 mM NaCl applications, while it was not statistically changed in 50 and 100 mM NaCl treatments (Table 1, p < 0.05). At the same time, maintaining a minimal cytosolic K+/Na+ ratio is accepted as the key determinant of salinity tolerance [13,36,37]. In both roots and leaves, K+/Na+ ratio compared to control was not changed with 50 mM and 100 mM NaCl treatments (Table 2) and the minimal cytosolic ratio was maintained up to 1 in these salinity concentrations. For normal metabolism, the K+/Na+ ratio is a minimum of 1 [38,39]. Conservation of K+ uptake and accumulation despite toxic Na+ accumulation in the leaves plays a major role in the understanding of the salinity tolerance levels of Carex morrowii.
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Moreover, maintaining homeostasis of Ca ions like K+ is also an important indicator of salinity tolerance [33]. Changes in Ca uptake and distribution will result in a decrease in plant growth and development due to the problems to be experienced in turgor control and cell wall integrity [40]. In the present study, Ca levels in leaves and roots of Carex morrowii were not affected by 50 mM and 100 mM NaCl concentrations (Table 1). The lowest Ca levels were determined in 300 mM NaCl concentration as 4916.67 ± 341.26 mg/kg DW for the roots and 4300.00 ± 526.78 mg/kg DW for the leaves (p < 0.05). Accordingly, the rate of decrease in Ca levels at 300 mM NaCl concentration is 37% for leaves and 27% for roots compared to the control. However, this rate at 200 mM NaCl concentration is approximately limited by 25% both for leaves and roots compared to the control. Ca levels in leaves and roots of C. morrowii under 200 mM NaCl concentration is at the values that should be found in the plants as specified by Marschner [41] and White et al. [42]. Thus, even in 200 mM NaCl concentration, Ca levels can be effective in maintaining the structural integrity and selective permeability of the cell membranes [43].

The other element contents including Fe, Mg, Mn, Ni, P, Zn, and Cu were also determined in the roots and leaves of Carex morrowii (Table 1). While no change in Fe, Mg, and Mn concentrations of the leaves was observed in all NaCl concentrations, Fe, Mg and Mn concentrations of the roots decreased compared to the control group in 200 and 300 mM NaCl applications (p < 0.05). On the other hand, in the accumulation of Zn and Cu, the same decrease was statistically detected in all NaCl concentrations in the leaves. In contrast, the roots’ accumulation of Zn, and Cu decreased as the NaCl concentration increased. The translocation factor (TF) expressing the rate of element transport to leaves for Fe, Mn, Mg, Zn, and Cu increased (Table 2). Accordingly, 200 and 300 mM NaCl concentrations in C. morrowii caused these micronutrients to transport to the leaves. This case can be a strategy for Carex morrowii survival in high salinity conditions and to alleviate the detrimental effects of salinity. Hence, the salt resistance of C. morrowii has been linked to the translocating and accumulation of these trace elements in roots and leaves. Because trace elements are important components for plants, and a lack of them can have a negative impact on a plant’s ability to grow and develop [44]. Element absorption and translocation capability in plants under abiotic stress conditions cause a more effective metabolic cycle and so they are better able to adapt to their surroundings [45,46].

Salt tolerance in plants is related to the ability of a plant to maintain chlorophyll content [47,48]. Glycophytes have a reduction in photosynthetic performance, even salinity low concentrations [49,50]. The literature mentions different photosynthetic responses for halophyte plants; some studies have shown that photosynthesis is unaffected by salinity and even stimulated at low salt concentrations [47,51,52]. There are also studies in which the photosynthetic activity of two obligate halophyte species Arthrocnemum perenne and A. fruticosum from the Chenopodiaceae family was adversely affected, but they continued to survive even though they decreased [47]. In the present study also, responses of Carex morrowii to salinity concentrations were similar. 50 mM and 100 mM NaCl applications did not also alter the chlorophyll content compared to the control (Fig. 1). Although 200 and 300 mM NaCl applications caused a decrease of approximately 50% in the chlorophyll a, b, and total chlorophyll contents, C. morrowii survived by preserving the pigment content at a level in the 200 mM NaCl and above concentrations (Figs. 1 and 2, p < 0.05). At the same time, Chl a/b ratio in C. morrowii increased in the 200 mM and 300 mM NaCl concentrations (Table 3). Chl a/b ratio usually is used to assess a plant’s physiological condition [53]. The increase in Chl a/b ratio of C. morrowii at 200 and 300 mM NaCl, can be a strategy for a reorganization of the photosystem composition to avoid the hazards of photoinhibition. Similar cases were found in the findings of Ramani et al. [54] and Rabhi et al. [47]. It is known that halophytes are plants that can survive in environments where the salt concentration is about 200 mM NaCl or more, by showing photosynthetic adaptation to salinity [55].
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Figure 1: Chlorophyll (Chlorophyll a, Chlorophyll b, and Total Chlorophyll) and total carotenoid contents in leaves of Carex morrowii exposed to different salinity concentrations. Data points represent means and standard deviations (n = 3). While the same letter on the bar diagram indicates no statistical difference, different letters represent significant differences at p < 0.05 as determined by the one-way ANOVA
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Figure 2: Visual appearance of Carex morrowii exposed to different salinity concentrations
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As indicated in Fig. 1, no change in the total carotenoid content of C. morrowii was observed. Similar findings were reported in Brassica species [56,57] and safflower (Carthamus tinctorius L.) seedlings [58] grown on saline soils. It is known that carotenoid contents are the main components for plants in maintaining the possibility of their existence and growth under stressful environmental conditions [59]. Under salinity stress, carotenoids activated the mevalonic acid pathway and trigger the biosynthesis of abscisic acid (ABA) which is an important phytohormone involved in cellular signaling, regulation of plant growth, and stomatal conductance [60,61]. Thus, the carotenoid content of Carex morrowii appears to be instrumental in its survival at high salinity concentrations.

The visual appearance of C. morrowii under NaCl applications was shown in Fig. 2. A descriptive scale for the leaf health of C. morrowii is presented in Table 4. There was no death in all the leaves in any application. However, necrosis was observed on the old leaves in the 200 and 300 mM NaCl treatments. While 25% of old leaves necrotic of C. morrowii in the 200 mM NaCl treatment group were determined, in the 300 mM NaCl treatment group 50% of old leaves were detected as necrosis. The high Na ions accumulation in the old leaves causes death and fall of these organs and this is observed in some glycophytes and most halophytes (salt-tolerant) [32].
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Although nitrate uptake of plants is limited under salinity conditions [62], the responses of halophytes are still unclear. In this study, the nitrate uptake in Carex morrowii exposed to salinity was observed by its nitrate reductase (NR) activity which is considered an indicator of nitrogen metabolism [63]. While the NR activity determined in the roots of C. morrowii was not affected by NaCl concentrations, it was determined that the NR activity in the leaves decreased at a similar rate under 100, 200, and 300 mM NaCl concentrations (Fig. 3, p < 0.05). It is also stated by Abd El-Baki et al. [64] that the transport of nitrate from root to shoot is impaired in salinity conditions, and NR activity decreases in the leaves and intensifies in the root parts of Zea mays which have moderate salt tolerance. The reason for the decreased NR activity in the leaves seems that osmotic stress triggered by salinity inactivated NR activity. However, this is not an irreversible process [65]. On the other hand, a study on the nitrogen metabolism of halophytes indicates that there are low levels of NR activity in the leaves and there is only a small increase in enzyme level with nitrate addition due to the root zone being an important nitrate reduction site [66]. Thus, the maintenance of NR activity in the roots of C. morrowii indicates that the plant protects itself under salinity conditions. Moreover, C. morrowii is species that is a tall perennial with widespread stolon arrangement like other Sedge plants and is known to regulate the above-ground parts by preserving the existence of roots under stress conditions [6]. It is also stated by Reda et al. [65] that the determinant responses about NR activity and nitrogen utilization should be obtained from the responses of the roots. Therefore, the percentage (%) of total N content in both leaves and roots of Carex morrowii was also determined in our study (Fig. 4). While the % N content in the root parts was not affected by NaCl concentrations, the % N content in the leaf parts of C. morrowii decreased similarly in 200 and 300 mM NaCl concentrations (Fig. 4, p < 0.05). The responses belonging to % N contents were consistent with the NRA in plant parts of C. morrowii. Carex morrowii was able to cope with high salinity concentrations thanks to its strong root system. Moreover, data on the total soluble protein content of Carex morrowii also support these results (Fig. 5). At high salinity concentrations applied as 200 and 300 mM NaCl, the total soluble protein content in the leaves decreased, while it increased in the root parts (p < 0.05).
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Figure 3: Nitrate reductase activity (NRA, μmol NO2− g−1 D.W. h−1) in leaves and roots of Carex morrowii exposed to different salinity concentrations. Data points represent means and standard deviations (n = 3). While the same letter on the bar diagram indicates no statistical difference, different letters represent significant differences at p < 0.05 as determined by the one-way ANOVA

[image: images]

Figure 4: N content (%) in leaves and roots of Carex morrowii exposed to different salinity concentrations. Data points represent means and standard deviations (n = 3). While the same letter on the bar diagram indicates no statistical difference, different letters represent significant differences at p < 0.05 as determined by the one-way ANOVA
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Figure 5: Total soluble protein content (mg fresh weight [mg FW]) in leaves and roots of Carex morrowii exposed to different salinity concentrations. Data points represent means and standard deviations (n = 3). While the same letter on the bar diagram indicates no statistical difference, different letters represent significant differences at p < 0.05 as determined by the one-way ANOVA

4  Conclusion

Carex morrowii can easily withstand 50 and 100 mM NaCl concentrations. 200 mM NaCl concentration seems to be the highest possible value for Carex morrowii. The K+/Na+ ratio was preserved up to 200 mM NaCl, and accordingly, the trace element uptake and transport ratios showed that it had the ability to control moderate NaCl levels. Ca homeostasis that is maintained even in 200 mM NaCl concentration may have been effective in maintaining the structural integrity and selective permeability of the cell membranes. As a matter of fact, the morphological appearance and health status at 200 mM NaCl concentration were much better than at 300 mM NaCl concentration. It should be noted that the root system of Carex morrowii plays an essential role in the self-protection strategy against salinity stress, although leaves are adversely affected at high salinity levels such as 200 and 300 mM NaCl concentrations. Moreover, the carotenoid content of Carex morrowii appears to be instrumental in its survival at high salinity concentrations. Based on our data, Carex morrowii is moderately tolerant to salinity and the roots of Carex morrowii have an incredible role in this salt tolerance. Therefore, the roles of cellular and molecular components of Carex morrowii and other Carex species in salinity tolerance deserve further investigation.
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Table 1: Trace element (Na, K, Ca, Cu, Mn, Mg, Ni, Fe, P, Zn) contents in leaves and roots of Carex morrowii
exposed to different salinity concentrations. Data points represent means and standard deviations (n =4). While
the same letter indicates no statistical difference, different letters represent significant differences at p < 0.05 as
determined by the one-way ANOVA

Carex morrowii Na (mg/kg DW) K (mg/kg DW)

Leaves Roots Leaves Roots
Control 4181.25 +£278.39%  6599.17 + 1144.52° 22516.67 = 840.91* 8158.33 + 138.10°
50 mM NaCl  10706.25 £ 278.39° 6515.83 £62.92°  22541.67 + 718.65* 8158.33 + 262.60°
100 mM NaCl  15956,25 + 943.13% 7132.50 + 889.87°  20783.33 + 881.54* 8025.00 + 526.23°
200 mM NaCl  19822.92 + 168.95° 7390.83 £514.98°  15258.33 +509.52° 6066.67 +292.97°
300 mM NaCl  24089.58 + 613.56* 10265.83 + 579.51* 14425.00 = 763.94° 5316.67 + 365.77°

Carex morrowii Ca (mg/kg DW) Mg (mg/kg DW)
Leaves Roots Leaves Roots
Control 6908.33 + 873.69*  6825.00 £ 906.54*  6204.00 £ 409.43*  5994.00 + 162.99°
50 mM NaCl  6608.33 = 101.04®  6558.33 + 104.08%  5806.67 + 339.78* 5714.33 £ 925.17°
100 mM NaCl  6525.00 = 719.74*  6366.67 £ 697.12*  5718.00 + 703.45* 5704.33 + 789.72°
200 mM NaCl  5058.33 +990.69%° 5175.00 + 657.17*® 5555.00 + 288.77* 4165.00 + 517.24°
300 mM NaCl  4300.00 = 526.78°  4916.67 +341.26° 5287.67 + 691.11*° 3758.33 £ 385.34°
Mn (mg/kg DW) Ni (mg/kg DW)

Leaves Roots Leaves Roots
Control 220.03 +45.01° 266.40 + 48.46° 28.00 + 5.58° 18.37 £ 2.87°
50 mM NaCl 192.80 + 11.332 217.80 + 10.35° 30.44 +9.51° 17.96 + 1.86°
100 mM NaCl 197.63 + 48.04° 215.17 £49.77% 22.88 + 5.40° 14.16 + 2.12%°
200 mM NaCl 204.97 + 18.12° 126.08 + 35.09° 19.86 + 9.43% 9.97 £ 2.46°
300 mM NaCl 161.20 + 39.40° 120.18 + 21.08° 11.38 + 1.43° 9.50 + 0.94°
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Table 3: Chlorophyll a/b ratios in Carex morrowii exposed to different salinity concentrations. Data
points represent means and standard deviations (n = 3). While the same letter on the bar diagram indicates

no statistical difference, different letters represent significant differences at p < 0.05 as determined by the
one-way ANOVA

Chlorophyll a/b ratio
Control 0.95 +0.12°
50 mM NaCl 1.05 £ 0.06°
100 mM NaCl 0.99 £ 0.05°
200 mM NaCl 1.39 £ 0.22°

300 mM NaCl 1.51 £ 0.06%
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Table 4: Descriptive scale for leaf health for Carex morrowii exposed to different salinity concentrations

Health Plant health description Health description in Carex morrowii after NaCl

value treatments

0 Dead (99% of leaves dead/necrotic) -

1 75% of leaves dead/necrotic -

2 50% of leaves dead/necrotic 300 mM NacCl treatment group, only necrosis in
old leaves

3 25% of leaves dead/necrotic 200 mM NaCl treatment group, only necrosis in
old leaves

4 The plant is healthy, green, and Iush, with Control group,

Nno necrosis

50 mM NaCl treatment group
100 mM NacCl treatment group
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Table 2: Translocation factor (TF) of trace elements (Na, K, Ca, P, Fe, Mn, Cu, Zn, Mg, Ni) and K'/Na"
ratios in leaves and roots of Carex morrowii exposed to different salinity concentrations

Translocation factor (TF) K*/Na" ratio

Na K Ca P Fe Mn Cu Zn Mg Ni Leaves Roots
Control 0.63 276 1.01 175 0.76 0.83 092 099 1.04 1.52 5.39 1.24
50mM NaCl 1.64 276 101 151 077 089 095 086 1.02 1.69 2.11 1.25
100 mM NaCl 224 259 102 145 088 092 096 134 1.00 1.62 1.30 1.13
200 mM NaCl 2.68 252 098 129 162 163 1.15 1.04 133 1.99 0.77 0.82
300mM NaCl 235 271 087 130 199 134 125 124 141 120 0.60 0.52
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