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Abstract

:

Phytoremediation is becoming more prevalent globally. Literature on phytoremediation strategies in western China is relatively scarce. The present research sought to fill this gap by examining the effects of trace elements such as Cd, Cr, Pb, and Zn on growth, physiological traits, tolerances, and accumulation characteristics in 2-year-old saplings of Ligustrum obtusifolium. The gradient of trace element concentration was determined by adding exogenous trace elements to the soil in a pot experiment: CK (no exogenous trace element), T1, T2, and T3 (Cd 0, 2, 5, and 10 mg/kg; Cr 0, 300, 500, and 700 mg/kg; Pb 0, 400, 800, and 1200 mg/kg; and Zn 0, 300, 500, and 1000 mg/kg, respectively). The results indicated that Chla, Chlb, and total Chls significantly decreased (p < 0.05) in the leaves of L. obtusifolium, with the lowest value obtained during soil treatment with T3. Along with the increase in trace element concentration, the net increase in height, root biomass, aerial biomass, and total biomass was reduced significantly. The net growth of L. obtusifolium under Cr stress did not differ significantly from that of CK at T1; however, the net growth of L. obtusifolium under Cr stress was considerably reduced at T2 and T3. The antioxidant enzyme activity of L. obtusifolium increased under different trace element stresses and first increased and then decreased as trace element levels increased. It was found that the SOD, POD, CAT, and APX activity of L. obtusifolium peaks at T2 under Cd and Zn stress in contrast to a peak at T1 under Cr and Pb stress. The contents of trace elements in L. obtusifolium roots, stems, and leaves increased along with the increase in soil trace element levels. Cr, Pb, and Zn threshold values can be set at 300 mg/kg, 400 mg/kg, and 300 mg/kg, respectively. This is carried out by using a reference index of the biomass of L. obtusifolium decreased by 10%, while the Cd threshold value needs to be further studied. L. obtusifolium would be an appropriate plant for phytoremediation of Cr-polluted soil, compared to Cd, Pb, and Zn absorption and accumulation. It showed optimal antioxidant enzyme activity and transfer ability under soil Cr contents of 300 mg/kg, and the growth of L. obtusifolium was not restricted. Therefore, L. obtusifolium was particularly suitable for phytoremediation of Cr pollution in areas in western China.
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1. Introduction


Population growth is increasing worldwide, which impacts the forest landscape [1,2,3]. Similarly, industrialization poses considerable challenges to the natural environment [4,5], which are exacerbated by human intensification [6,7,8]. Coal mining threatens the natural landscape. The creation of green patches among the coal mining industry is vital for industrial development since they are a vital component of greening and environmental protection [8,9]. Humans and plants suffer from trace elements’ long-term effects [10,11,12,13]. The toxicity, abundance, and persistence of these substances have contributed to a global problem [14,15,16]. It has been established that trace element exposure can have a significant impact on various health conditions in practice [10,17,18,19]. Asthma, allergies, bone ailments, and lifetime cancer risk are some of these challenges. Ingestion of foods and beverages, skin contact, and inhaling air are some of the most common ways trace elements enter the body [18,20,21,22]. Industrialized areas have been the focus of many studies regarding trace elements [3,16,23,24,25,26]. While many studies have been conducted recently concerning urban woody trees regarding phytoremediation, very few studies have been conducted on deciduous shrubs. These shrubs deserve immediate attention.



The coal mining industry and natural landscape have coexisted for a long time in Ningxia, one of the largest coal provinces in China [16]. Trace elements are present in the mining area and surrounding soil in higher concentrations than the background value [16]. This is potentially harmful to urban development and ecosystem services [27,28,29,30]. Trace elements may be considered abiotic stress factors that affect plant growth and development. In addition to inhibiting plant growth, excessive trace element absorption reduces biomass accumulation, reduces chlorophyll synthesis, and suppresses photosynthesis [30,31]. This stress impacts SOD, POD, CAT, and APX activities, resulting in physiological disorders and plant death. The trace elements cadmium (Cd), chromium (Cr), lead (Pb), and zinc (Zn) are easy for plants to absorb, and they migrate rapidly through the soil [32]. Since trace elements are difficult to degrade in the environment, they may also affect ecosystem provisions by impacting plant growth. Soil ecology in the Huinong district of Shizuishan in Ningxia must be protected from trace element pollution by remediating mining area soil in China.



It has been found that several solutions have been relatively successful in addressing soil pollution caused by trace elements, including chemical treatments. However, they are expensive and environmentally unfriendly. Soil cannot be cleaned of toxic trace elements using these techniques. Consequently, an environmentally friendly, effective, and affordable solution is necessary to solve this problem. Phytoremediation is a promising method of removing or reducing metal contaminants from the environment. It is possible to use phytoremediation techniques based on hyperaccumulators, which are plants that absorb metals and chemicals from the soil and metabolize them [33]. The research on hyperaccumulators under trace element stress has been extensive. It has been demonstrated by Hossain that plants absorb substances from sediments during phytoextraction and store them in their cells during phytodegradation, during which they convert them into nontoxic ones [34]. Ligustrum lucidum has been found to contain trace elements, such as Pb, Cu, and Zn, which are mainly deposited in the roots and are associated with root-hoarding plants [35]. It has been demonstrated that the treatment of L. lucidum leaves with heavy metal lead inhibited both photosynthesis and coenzyme Q10 responses. The inhibition was stronger when the concentration of heavy metal lead increased. However, L. lucidum still has high net photosynthetic capacity and carbon uptake capacity under mild to moderate pollution conditions. Thus, even though L. lucidum grows slowly in Pb-contaminated areas, it may still be useful as a remediation species [36]. L. lucidum leaves contain higher Cr content than the other five species of arboreal and bush plants. Their ability to enrich Sc and V is stronger [37]. Ligustrum obtusifolium has low mortality rates in unsanitary landfills rich in Ca, Mg, Cr, Cd, so it is recommended as one of the possible species suitable for landfill remediation in South Korea [38].



Currently, local species are preferred for the remediation of trace-element-contaminated soils since they are easier to screen than other species. The L. obtusifolium is a common shrub in the northern parts of China, and it has many advantages, including its tolerance of cold, drought, and salinity [39]. Since it is a shrub species, it has a greater biomass and faster growth rate than general enriched herbaceous plants. Therefore, the average mass concentration of Cd, Cr, Zn, and Pb in the soil of Shizuishan is reported slightly higher than the background value in the soil of the Yinchuan Plain in western China [40]. This study aims to determine the critical growth value of L. obtusifolium, a dominant greening tree species in the region. It is imperative to determine how L. obtusifolium responds to heavy metal stress, such as Cd, Cr, and Pb, and how these elements affect its physiological response. In light of the above aspects, this study also aims to provide a basis for phytoremediation of heavy metal and trace element pollution in green spaces in western China.




2. Materials and Methods


2.1. Materials and Experimental Design


The Senmiao Botanical Garden in Yinchuan city in Ningxia, China provided us with 2-year-old young L. obtusifolium trees. We simulated the local soil type (sandy loam) to ensure the survival of these plants in pots. In order to accomplish this, we also collected soil from the Senmiao Botanical Garden. This soil was configured to be sandy loam soil containing 50% to 60% sand. The basic physico-chemical characteristics of soil are presented in Table 1, in which the mass of the different trace elements is calculated per unit of air-dried soil mass. Cd content in the test soil was 0.31 mg/kg, Cr content was 71.41 mg/kg, Pb content was 31.61 mg/kg, and Zn content was 125 mg/kg. In May 2015, the sandy loam soil was passed through a 4 mm sieve and evenly sprayed with pure CdCl2·2.5H2O, CrCl3·6H2O, Pb (CH3COO)2·3H2O, and Zn (CH3COO)2·2H2O. Once the soil had been thoroughly mixed in, the soil was loaded into plastic barrels (height 30 cm × width 30 cm), containing 7.5 kg of soil per barrel. In accordance with the “Soil Environmental Quality Standard” (GB 15618-2018), we produced soils with trace elements such as Cd, Cr, Pb, and Zn under different gradient concentrations (consider adding pure metal and air-dried soil) (Table 2). We randomly transplanted L. obtusifolium saplings with consistent growth into soil containing one trace element on 10 June 2015. This was after one month of aging the soil (5 pots/treatment, 1 sapling/pot), watering thoroughly, and placing them in a cool, ventilated environment to grow saplings. All potted experimental saplings were cultivated at the experimental base of the State Key Laboratory of Seedling Bioengineering at Senmiao Botanical Garden in Yinchuan city. This was performed after domesticating the plants for one month. A greenhouse with a transparent roof, open all around, was constructed at the experimental base. The experimentation period began at this point. The trial was conducted with regular field management and timely watering. Testing was completed after 90 days, and destructive sampling was performed after the indicators were measured.




2.2. Measurement of Indicators


2.2.1. Determination of Chlorophyll Content


Healthy and mature functional leaves of L. obtusifolium that were fully expanded at the tip of the sprouting strip were used to determine the levels of photosynthetic pigments. The chlorophyll in the plants was extracted using acetone. L. obtusifolium leaves were ground and extracted completely before the absorbance of the leaves was determined at 645 and 663 nm using a general analysis TU-1901 dual-beam UV/VIS spectrophotometer to determine the chlorophyll a (Ch1a), chlorophyll b (Ch1b), and total chlorophyll (Chls) content.




2.2.2. Determination of Growth and Biomass


L. obtusifolium was measured using a ruler before sampling. The plant was thoroughly washed with ultrapure water after it had been harvested. Afterwards, we rinsed the roots with ultrapure water after removing the trace element ions that had been adsorbing to the root surface using sodium EDTA (20 mmol/L). Following this, the parts were baked at 105 °C for 30 min and dried at 80 °C until a constant weight was achieved. Lastly, the dry mass of the aboveground and belowground components was determined.




2.2.3. Determination of Physiological and Biochemical Indicators


Nitroblue tetrazolium (NBT) was used to determine superoxide dismutase (SOD) activity. It was denoted by the enzyme activity unit (U) as a photochemical reduction of 50% of NBT per unit time. The enzyme activity was expressed in units of U/g. In order to measure catalase (CAT) activity, the ultraviolet absorption method was used [4]. A decrease of 0.1 absorbance unit per minute is considered to be one enzyme activity unit. Ascorbate peroxidase (APX) activity was measured using ultraviolet spectrophotometry, while peroxidase (POD) activity was measured using the guaiacol colorimetric method [41,42].




2.2.4. Determination of Trace Element Content


The dried leaves of each plant were crushed using a ball mill, and an analytical balance was used to accurately measure 0.050 g of dry powder (1/10,000th). Microwave digesters (Leeman SW-4, German) were used to digest and fix the volume. Trace element concentrations in digestion solution were determined using inductively coupled plasma-emission spectrometry (ICP-OES, Thermo Fisher iCAP 6300, Cambridge, UK).





2.3. Parameter Calculation


The translocation factor was calculated using the following formula to determine the extent to which the plant was capable of transferring trace elements aboveground:



Transfer coefficient = trace element content in the aboveground part/trace element content in the root.




2.4. Data Analysis


We analyzed and processed experimental data using SPSS 22.0. The data were expressed as mean ± standard error. One-way analysis of variance was performed to examine the effects of trace element stress at various mass concentrations on the growth, physiology, biomass, and absorption and accumulation of trace elements in the L. obtusifolium. Each index was tested for significance using Duncan’s test (p < 0.05) in different treatment groups. OriginPro 2023 was used to create the illustrations.





3. Results


3.1. Effects of Different Trace Elements on Leaf Chlorophyll Content of L. obtusifolium


As shown in Figure 1, Cha, Chb, Chls, and Chlorophyll a/b of L. obtusifolium showed a downward trend with an increase in soil Cd, Cr, Pb, and Zn content, respectively (p < 0.05). The difference between different treatment groups is significant at different Pb and Zn concentrations. Chlorophyll is not significant after treatment with a Cr concentration of 700 mg/kg. At 10 mg/kg Cd treatment concentration, Chls and Chla are significantly correlated with the control group (Figure 2).




3.2. Effects of Different Trace Elements on the Growth Indices of L. obtusifolium


As shown in Table 3, different trace elements significantly affected the net increase in height and biomass of L. obtusifolium plants. With an increase in Cd, Pb, and Zn content in the soil, the net growth in plant height, root, and aerial and total biomass significantly declined, respectively (p < 0.05). However, under soil Cr stress, no significant difference was observed between plant height and biomass in the T1 treatment group and CK ratio. Moreover, when the soil Cr content increased in the T2 and T3 groups, plant height and biomass decreased considerably (p < 0.05).




3.3. Antioxidant Enzyme Response under Cd Stress


Figure 3 shows that Cd stress increases antioxidant enzyme activity in L. obtusifolium. With an increase in Cd content in the soil, the activity of antioxidant enzymes (SOD, POD, CAT, and APX) in L. obtusifolium leaves increased initially and then decreased (p < 0.05). The maximum values were observed in the T2 group, which were 291%, 179%, 141%, and 422% of CK, respectively.




3.4. Antioxidant Enzyme Response under Cr Stress


The antioxidant enzyme activity in L. obtusifolium plants first increased and then decreased with the increase in soil Cr content (p < 0.05; Figure 4). The activities of SOD, POD, CAT, and APX in L. obtusifolium leaves reached the maximum value under soil Cr content in the T1 group, which were 288%, 202%, 160%, and 364% of CK, respectively.




3.5. Antioxidant Enzyme Response under Pb Stress


Under Pb stress, the activities of SOD, POD, CAT, and APX in L. obtusifolium leaves showed a similar trend as they first increased and then decreased with an increase in soil Pb content (p < 0.05; Figure 5). The maximum values observed in the T1 group were 426%, 257%, 162%, and 517% of CK, respectively.




3.6. Antioxidant Enzyme Response under Zn Stress


Under Zn stress, the activities of SOD, POD, and APX in L. obtusifolium leaves tended to increase at first and then decrease (p < 0.05) with an increase in soil Zn content, reaching the maximum values in the T2 treatment group (261%, 239%, and 415% of CK, respectively; Figure 6). Moreover, the SOD, POD, and APX activities decreased significantly as the soil Zn content continued to increase in the T3 group (p < 0.05). Although CAT activity in the L. obtusifolium leaves did not change significantly with the increase in soil Zn content in the T1 and CK groups (p < 0.05), it was considerably higher than that in the T2 and T3 groups (123% and 117% of CK, respectively).




3.7. Capacity of L. obtusifolium Plants to Accumulate and Transport Trace Elements


When trace element content in the soil increased, the accumulated trace element content in each part of the L. obtusifolium plant also increased (p < 0.05; Table 4). Under Cd, Pb, and Zn stress, the content of trace elements accumulated in the L. obtusifolium plant was ranked in the following order: roots > stems > leaves. Under Cd and Pb stress, the transfer coefficient of the L. obtusifolium plant decreased with an increase in soil Pb content (p < 0.05), while under Zn stress, it tended to increase at first and then decrease with the increase in soil Zn content (p < 0.05). It reached the maximum in the T2 group, which was 111% of CK. Under soil Cr stress, the transfer coefficient of L. obtusifolium first increased and then decreased with the increase in soil Cr content. The maximum value was observed in the T1 group (1.05).





4. Discussion


4.1. Effects of Different Trace Elements on the Chlorophyll Content of L. obtusifolium


Chlorophyll content is commonly used to determine the presence of trace elements in plants [42]. The degradation of chlorophyll in plants directly reduces the efficiency of their photosynthetic process, resulting in nutrient scarcity and sluggish or no growth. It was observed in this study that several individual trace elements significantly inhibited the chlorophyll content in L. obtusifolium. The chlorophyll content of L. obtusifolium leaves decreased because of Cd stress. It has been previously observed that Lonicera japonica was found to have decreased Cha and Chb contents as Cd concentration increased, which is consistent with our results [43]. Cd stress may affect pigment synthesis, resulting in a reduction in chlorophyll content. L. obtusifolium also showed similar chlorophyll content changes under Cr stress. There has been evidence that Cr stress can lead to damage to the ultrastructure of chlorophyll and thylakoids in plants, resulting in a decrease in chlorophyll content. The authors Liu, Li, and Meng also observed significantly reduced chlorophyll content in Zelkova schneideriana under Pb stress [4,43,44]. A combination of Pb and Cu was applied to Citrus aurantium L. The results showed that these metals significantly reduced photoactivity, increased lipid peroxide levels, suppressed photosynthesis and growth, and inhibited mineral nutrient absorption [45]. Glińska has demonstrated that Zn alters the ultrastructure of root meristem cells and results in slight recombination of chloroplast thylakoids, causing the thylakoids to lose their structure and decreasing the content of photosynthetic pigment [46]. The chlorophyll content of senescent leaves was found to decrease significantly over time during the aging process, with Cha reducing more than Chb. The same genus of plants, L. ovalifolium forms a special protection mechanism against Pb metal concentration stress. This is because of the interaction of photopigments and total phenolic contents [47,48]. Consequently, Cha/b can serve as a biomarker for leaf aging and a sensitive measure of leaf stress caused by trace elements. The study found that the reduction in Cha/b content was caused by single trace element treatments in L. obtusifolium leaves. This indicates that trace element stress damages the chlorophyll membrane system, resulting in chlorophyll degradation and inactivation, as well as an acceleration of leaf aging.




4.2. Effect of Different Trace Elements on the Growth of L. obtusifolium


It was found that trace element stress adversely affected the growth of L. obtusifolium. There was a general downward trend in the height and biomass of L. obtusifolium following an increase in soil Cd content, with varying degrees of suppression. A similar study by Huang, 2020, found that Calendula officinalis and Althaea rosea (L.) Cavan did not grow or produce biomass as their soil Cd content increased [49]. We found no significant differences in height, growth, or biomass accumulation between the treatment and control groups in our study when soil Cr content was up to 300 mg/kg in the T1 treatment group, indicating that L. obtusifolium could grow normally in soil with such soil Cr content. In contrast, when the Cr concentration increased, the net growth and biomass of the plants declined significantly. The growth of L. obtusifolium was inhibited under Pb stress. Plants growing in environments with high levels of Pb were observed to exhibit root growth inhibition, inhibition of root apical cell division, distortion of mitosis, damage to microtubules, and decreased cell membrane stability, resulting in abnormal plant growth [33]. We found that excessive soil Zn content limited the growth of L. obtusifolium, despite Zn being an essential micronutrient for higher plants [37]. In contrast to the control, L. obtusifolium showed significantly lower growth and biomass accumulation when soil Zn was increased. As Zn concentration increased, the plant biomass increased and then decreased in Sinapis alba L. and Sasa argenteostriata (Regel) [50,51]. The growth of citrus plants was also inhibited by excessive Zn stress. Zn stress reduces the ability of plants to divide cells and grow roots, resulting in a reduction in biomass accumulation.



The China Soil Environmental Capacity Collaboration Group developed a method for determining critical soil content in 2018. It is recommended that the concentration of harmful substances in the soil be reduced to between 5% and 10% (the upper and lower limits of the yield) of the maximum allowable concentration [52]. Compared to the control group, the subground, aboveground, and total biomass of L. obtusifolium was reduced by 10% when the soil concentration of Cr, Pb, and Zn was within 300 mg/kg, 400 mg/kg, and 300 mg/kg, respectively. These values can therefore be used to set critical cutoff values for Cr, Pb, and Zn in soil when growing L. obtusifolium. L. obtusifolium biomass was reduced by >10% when the soil Cd concentration was 2 mg/kg. Further research is needed to determine the cutoff value for Cd for planting L. obtusifolium.




4.3. Antioxidant Enzyme Response to Trace Element Stress in L. obtusifolium


Plants are more sensitive to trace element toxicity, which increases the production of ROS. ROS include superoxide radicals, hydroxyl radicals, and hydrogen peroxide radicals [49]. Plants are affected by ROS that can damage their membranes, proteins, and nucleic acids [51]. Plants are activated by their antioxidant enzyme system to resist external adverse environmental conditions and maintain their normal growth when they are under stress. SOD, POD, CAT, and APX are components of this system that are activated to enhance plant resistance to adverse environmental conditions. Four trace elements were evaluated in this study. L. obtusifolium leaves exposed to trace element stress showed increased antioxidant enzyme activity, indicating activation of stress defense mechanisms that reduce ROS-mediated oxidative damage. As a consequence of Cd and Zn stress, SOD, POD, CAT, and APX activities in L. obtusifolium peaked in the T2 group, while under Cr stress, they peaked in the T1 group. Increasing soil trace element content resulted in a decrease in antioxidant enzyme activity in the plant. Consequently, L. obtusifolium demonstrates different tolerance thresholds for different trace elements when it is individually treated with these elements. As the concentration of trace elements exceeds its tolerance level, it affects the concentration of oxygen in plant cells. In the process, biological substances within the cell, including enzymes, are damaged, resulting in a decreased level of antioxidant enzyme activity.




4.4. Trace Element Accumulation and Transport Capacity of L. obtusifolium


The presence of exogenous trace elements in the soil is associated with a significant increase in trace element accumulation in each part of the plant. Our study indicates a correlation between high accumulation capacity and low plant biomass in L. obtusifolium plants under trace element stress. Hence, plants growing in trace element-contaminated soil have a high accumulation capacity that can limit their growth and biomass production. Generally, plants that grow in an environment that contains trace elements can accumulate those elements in their roots. Roots absorb these trace elements, which inhibit SOD activity and root metabolism, reduce root vitality, and prevent the transfer of these trace elements to the aboveground parts. In this way, trace elements are less likely to have negative effects on the photosynthetic machinery and metabolism that are toxic to the organism [45]. It was found that under Cd, Pb, and Zn stress, L. obtusifolium roots accumulated trace elements to a much greater extent than the aboveground parts, possibly resulting in a reduced ability of the plant to transfer trace elements. Furthermore, plant roots are the first barrier to trace elements, so these metals are inhibited strongly by the roots of the plant. It is believed that the lignin and cellulose present in the root cell wall have the ability to bind divalent and trivalent trace element ions, thus inhibiting the transfer of trace elements upwards [53]. In the presence of soil with a Cr content of 300 mg/kg, L. obtusifolium showed an excellent transfer coefficient of 1.05, indicating its translocation factor ability. The enrichment of the same genus plant L. lucidum for Zn and Pb was also concentrated in the roots of the plant. This is consistent with the enrichment results we obtained. L. lucidum exposure to Zn and Pb can decrease ROS and MDA content and increase anti-oxidative enzyme activities [54]. Furthermore, the plants of L. obtusifolium that were treated with this concentration exhibited no growth inhibition and had optimal antioxidant enzyme activity, demonstrating that L. obtusifolium was able to grow under soils containing 300 mg/kg of Cr. It was shown that vegetation responds successfully to various factors [55,56,57,58,59].





5. Conclusions


This study demonstrated a dose-dependent inhibition of chlorophyll synthesis by a single trace element in Ligustrum obtusifolium. It was found that exposure to Cd, Pb, and Zn stress inhibited the growth and biomass accumulation of L. obtusifolium, as well as increasing its antioxidant enzyme activity. There were critical values of 400 mg/kg and 300 mg/kg for Pb and Zn, respectively. Phytoremediation of soil pollution with Cr is more suitable for L. obtusifolium than with Cd, Pb, and Zn based on its absorption and accumulation characteristics. L. obtusifolium demonstrated optimal antioxidant enzyme activity and transfer ability at 300 mg/kg soil Cr content. Therefore, L. obtusifolium is suitable for phytoremediation of trace-element-contaminated areas in Ningxia, western China.
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Figure 1. Comparison of chlorophyll content in T3 treatment group. 
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Figure 2. Trace element stress on leaf chlorophyll contents of L. obtusifolium under four trace elements (a–d) under the same treatment time; different lowercase letters indicate significant differences between different stress concentrations (p < 0.05). 
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Figure 3. Activities of antioxidant enzyme SOD activity (a), POD activity (b), CAT activity (c), and APX activity (d) in the leaves of L. obtusifolium exposed during 90 days to 0, 2, 5, or 10 mg Cd kg−1 soil. Different letters on the top of bars indicate significant differences at p < 0.05 level as determined by Duncan’s multiple range test. 
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Figure 4. Activities of antioxidant enzyme SOD activity (a), POD activity (b), CAT activity (c), and APX activity (d) in the leaves of L. obtusifolium exposed during 90 days to 0, 300, 500, or 700 mg Cr kg−1 soil. Different letters on the top of bars indicate significant differences at p < 0.05 level as determined by Duncan’s multiple range test. 
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Figure 5. Activities of antioxidant enzyme SOD activity (a), POD activity (b), CAT activity (c), and APX activity (d) in the leaves of L. obtusifolium exposed during 90 days to 0, 400, 800, or 1200 mg Pb kg−1 soil. Different letters on the top of bars indicate significant differences at p < 0.05 level as determined by Duncan’s multiple range test. 
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Figure 6. Activities of antioxidant enzyme SOD activity (a), POD activity (b), CAT activity (c), and APX activity (d) in the leaves of L. obtusifolium exposed during 90 days to 0, 300, 500, or 1000 mg Zn kg−1 soil. Different letters on the top of bars indicate significant differences at p < 0.05 level as determined by Duncan’s multiple range test. 
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Table 1. The basic physico-chemical characteristics of soils (mean ± standard error).
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	pH
	Organic Matter/

(g/kg)
	Total N/

(g/kg)
	Total P/

(g/kg)
	Total K/

(g/kg)
	Alkali-N/

(mg/kg)
	Olsen-P/

(mg/kg)
	Avail-K/

(mg/kg)





	8.7 ± 0.10
	9.42 ± 0.84
	0.56 ± 0.05
	0.91 ± 0.06
	20.65 ± 1.84
	76.6 ± 3.22
	9.73 ± 0.35
	167.8 ± 8.03
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Table 2. Treatment elements and levels in the pot cultivation (mg/kg).
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Treatment Levels

	
Element Category (mg/kg)




	
Cd

	
Cr

	
Pb

	
Zn






	
CK

	
0

	
0

	
0

	
0




	
T1

	
2

	
300

	
400

	
300




	
T2

	
5

	
500

	
800

	
500




	
T3

	
10

	
700

	
1200

	
1000
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Table 3. The effects of different trace element stress on the plant height and the total biomass of L. obtusifolium (mean ± SE).
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Elements

	
Treatment

Levels

	
Net Increase of Height/(cm)

	
Dry Weight in Root/(g/Plant)

	
Dry Weight in Shoot/(g/Plant)

	
Total

Biomass/(g/Plant)






	
Cd

	
CK

	
29.79 ± 2.24a

	
9.11 ± 0.88a

	
12.47 ± 1.01a

	
21.59 ± 1.90a




	
T1

	
19.00 ± 1.81b

	
6.76 ± 0.45b

	
9.14 ± 0.68b

	
15.90 ± 1.14b




	
T2

	
12.17 ± 1.13c

	
5.31 ± 0.43c

	
8.01 ± 0.74c

	
13.32 ± 1.18bc




	
T3

	
2.12 ± 0.17d

	
5.08 ± 0.42c

	
7.30 ± 0.59c

	
12.38 ± 1.02c




	
Cr

	
CK

	
29.79 ± 2.24a

	
9.11 ± 0.88a

	
12.47 ± 1.01a

	
21.59 ± 1.90a




	
T1

	
24.02 ± 2.24a

	
8.61 ± 0.44a

	
11.49 ± 0.87a

	
20.11 ± 1.47a




	
T2

	
13.05 ± 0.87b

	
5.63 ± 0.22b

	
10.71 ± 0.65b

	
16.34 ± 0.76b




	
T3

	
2.17 ± 0.16c

	
4.99 ± 0.37c

	
9.32 ± 0.19c

	
11.31 ± 0.75c




	
Pb

	
CK

	
29.79 ± 2.24a

	
9.11 ± 0.88a

	
12.47 ± 1.01a

	
21.59 ± 1.90a




	
T1

	
18.47 ± 1.71b

	
8.12 ± 0.76b

	
11.84 ± 0.94b

	
19.97 ± 1.71b




	
T2

	
14.98 ± 1.25c

	
7.29 ± 0.67c

	
11.08 ± 0.91c

	
18.37 ± 1.58c




	
T3

	
8.49 ± 0.73d

	
6.07 ± 0.53d

	
9.40 ± 0.77d

	
15.46 ± 1.29d




	
Zn

	
CK

	
29.79 ± 2.24a

	
9.11 ± 0.88a

	
12.47 ± 1.01a

	
21.59 ± 1.90a




	
T1

	
18.04 ± 1.77b

	
8.61 ± 0.67b

	
11.62 ± 0.93b

	
20.23 ± 1.85b




	
T2

	
15.53 ± 1.33c

	
6.31 ± 0.54c

	
9.55 ± 0.77c

	
15.86 ± 1.43c




	
T3

	
8.17 ± 0.78d

	
5.12 ± 0.43d

	
7.76 ± 0.64d

	
12.78 ± 1.02d








Different lowercase letters (a–d) indicate significant differences between different treatment levels (p < 0.05).
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Table 4. The ability of concentration and translation of trace elements by L. obtusifolium (mean ± SE).
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Elements

	
Treatment Levels

	
Trace Element Contents of Root/(mg/kg)

	
Trace Element Contents of Stem/(mg/kg)

	
Trace Element Contents of Leaf

/(mg/kg)

	
Translocation Factor






	
Cd

	
CK

	
0.12 ± 0.01d

	
0.04 ± 0.002d

	
0.04 ± 0.002d

	
0.67 ± 0.06a




	
T1

	
4.69 ± 0.35c

	
0.39 ± 0.02c

	
0.07 ± 0.004c

	
0.09 ± 0.005b




	
T2

	
7.60 ± 0.68a

	
0.55 ± 0.03a

	
0.25 ± 0.02a

	
0.11 ± 0.01b




	
T3

	
5.34 ± 0.43b

	
0.48 ± 0.02b

	
0.09 ± 0.005b

	
0.11 ± 0.01b




	
Cr

	
CK

	
52.11 ± 5.11d

	
22.20 ± 1.85d

	
24.98 ± 2.03d

	
0.92 ± 0.06b




	
T1

	
83.20 ± 7.56c

	
37.57 ± 2.68c

	
49.92 ± 4.02c

	
1.05 ± 0.10a




	
T2

	
125.04 ± 11.60b

	
42.76 ± 4.18b

	
54.53 ± 5.21b

	
0.78 ± 0.06c




	
T3

	
167.67 ± 12.86a

	
54.00 ± 5.04a

	
73.14 ± 6.87a

	
0.76 ± 0.06d




	
Pb

	
CK

	
3.01 ± 0.21d

	
0.81 ± 0.07d

	
0.01 ± 0.001d

	
0.27 ± 0.02a




	
T1

	
32.85 ± 2.57c

	
5.81 ± 0.52c

	
1.95 ± 0.12c

	
0.23 ± 0.01b




	
T2

	
167.27 ± 15.52b

	
8.92 ± 0.81b

	
2.07 ± 0.18b

	
0.06 ± 0.01c




	
T3

	
284.81 ± 26.81a

	
11.89 ± 1.04a

	
2.42 ± 0.22a

	
0.05 ± 0.01d




	
Zn

	
CK

	
46.57 ± 4.27d

	
18.56 ± 1.15d

	
10.82 ± 0.99d

	
0.63 ± 0.04b




	
T1

	
69.41 ± 5.89c

	
23.26 ± 2.10c

	
20.57 ± 1.72c

	
0.63 ± 0.04b




	
T2

	
93.27 ± 8.86b

	
35.79 ± 3.21b

	
29.60 ± 2.71b

	
0.70 ± 0.05a




	
T3

	
133.23 ± 12.81a

	
44.05 ± 3.15a

	
40.74 ± 3.67a

	
0.63 ± 0.04b








Different letters on the top of bars indicate significant differences at p < 0.05 level as determined by Duncan’s multiple range test.
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