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Abstract

:

Increasing levels of antimony (Sb) pollution have been recognized as an emerging environmental problem. Phytoremediation of Sb-contaminated soil is a green, economical, and effective method for restoring polluted soils. Here, we studied differences in Sb tolerance, accumulation, and transport by different genotypes of Catalpa bungei C. A. Mey, with the goal of identifying genotypes that are suitable for remediating Sb-contaminated soil. Different concentrations of Sb were applied to soil, and we analyzed variation in growth, biomass, Sb content in different organs, Sb transport capacity, oxidizing substances, antioxidants, and antioxidant enzyme activities in 10 C. bungei genotypes. Marked differences were found in plant height, ground diameter, and biomass among different genotypes at given Sb concentrations. The Sb concentration in different plant organs also varied between genotypes. The content of Sb in each genotype was proportional to the exposure. At 600 mg Sb/kg soil, the highest concentration of Sb in roots and leaves was found in Genotype 63, and that in stems was found in Genotype 8402. The lowest concentration of Sb in roots, stems, and leaves was found in Genotypes 8402, 2-8, and 20-01, respectively. At 1200 mg Sb/kg soil, Genotype 5-2 had the highest concentration of Sb in roots, and Genotype 1-1 had the highest concentration in stems and leaves. The lowest concentration of Sb in roots was in Genotype 72, and that in stems and leaves was found in Genotype 20-01. At 2000 mg Sb/kg soil, the highest concentration of Sb in roots was found in Genotype 5-8, in stems in Genotype 8402, and in leaves in Genotype 72. The lowest concentration of Sb in roots was observed in Genotype 72 and in stems and leaves in Genotype 2-8. After absorption by C. bungei, Sb mainly accumulated in the roots, and upward transfer ability was poor. The Sb biological concentration factor of roots of all genotypes was >1 at each tested Sb concentration. Our results demonstrate that all 10 C. bungei genotypes could be used for plant stabilization of Sb-contaminated soil. However, the different genotypes of C. bungei had different responses to different Sb concentrations. Based on root Sb accumulation values, at soil Sb concentrations around 600 mg/kg, Genotypes 1, 63, and 5-8 are suited to phytoremediation; Genotypes 5-8, 1, and 5-2 are suited to phytoremediation at soil Sb concentrations around 1200 mg/kg; and Genotypes 5-8, 1, and 8402 are suited to phytoremediation at soil Sb concentrations around 2000 mg/kg. We demonstrate for the first time that Sb-contaminated soil can be improved by using specific plant genotypes tailored to different levels of Sb pollution.
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1. Introduction


Heavy metal pollution has become more severe with widespread industrialization and the intensification of agriculture. Mining and smelting of nonferrous metals are among the main sources of heavy metal pollutants in the environment [1]. Antimony (Sb) is used in a variety of industrial products [2,3]. Sb is a trace element similar to arsenic and is toxic to both plants and humans [4,5]. Excessive intake of Sb through the food chain can lead to a variety of diseases in humans, including cancer, cardiovascular disease, and liver disease [6,7,8]; as a result, Sb is listed as a priority pollutant by the US Environmental Protection Agency and the European Union [9,10]. Rock weathering and volcanic activity are natural sources of Sb in the environment, but these processes release little Sb, and natural environmental concentrations of this element are low [11]. However, human activities such as mining, smelting, and fossil fuel emissions have led to the release of large amounts of Sb, causing serious Sb pollution in some parts of the world [12]. China has the largest global Sb reserves, accounting for >90% of the world’s Sb production, followed by Australia, Russia, South Africa, Tajikistan, Canada, and the United States [13,14]. The Sb concentration in tin mine soil in Hunan Province, China, reached as high as 5045 mg/kg [15], and the concentration in the soil of an abandoned mining area in Italy was 4400 mg/kg [16].



Sb is not a necessary element for plants, but if present in soluble form, it is easily absorbed by plant roots. It is generally believed that Sb content >150 mg/kg soil will cause damage to plants [9]. Plants accumulate reactive oxygen species (ROS) produced by cells under high Sb concentration, which leads to oxidative stress [17]. Plants can avoid oxidative damage by inducing antioxidant enzyme activity and nonenzymatic antioxidants [18]. Sb toxicity in plants induces catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), glutathione reductase (GR), and ascorbate peroxidase (APX) activity to cope with the heavy metal stress [19,20]. Some plants are tolerant of heavy-metal-contaminated soil and can thus be used to remediate contaminated soil. However, the effects of heavy metal concentration vary between plant species and among different varieties of the same plant [21,22]. Therefore, screening plant species and varieties is of great significance for the successful remediation of metal(loid)-contaminated soils.



Catalpa bungei C. A. Mey is a precious tree species unique to China. Its wood has high grain compressive strength and bending strength, and it is also resistant to corrosion, so it is often used as a material for making high-grade furniture, flooring, and special equipment [18,23]. C. bungei is also highly resistant to pollution, and it is a fast-growing tree species with high biomass. Therefore, C. bungei is an excellent candidate to remediate Sb-contaminated soil. The objective of this study was to experimentally address the following questions:




	
How do different genotypes of C. bungei grow under Sb stress?



	
How do different genotypes of C. bungei differ in their Sb absorption and transport abilities?



	
What are the physiological responses of different genotypes of C. bungei to different Sb concentrations?








We aimed to identify C. bungei genotypes with high tolerance to Sb to help select suitable genotypes for the remediation of Sb-contaminated soil.




2. Materials and Methods


2.1. Materials


We conducted this study using 10 genotypes of C. bungei selected by the Chinese Academy of Forestry: Genotypes 8402, 20-01, 5-8, 63, 5-2, 0, 1, 2-8, 1-1, and 72. Genotypes 8402, 63, 5-8, 5-2, 0, 1, and 72 are elite trees of C. bungei. Genotypes 20-01, 2-8, and 1-1 are clones of the hybrid progeny of elite trees. All the genotypes were propagated by tissue culture.




2.2. Plant Material Culture and Experimental Design


The study site was in the Longfu Scientific Research Base of the Hunan Academy of Forestry, Liuyang City, Hunan Province, China (28°24′0″ N, 113°29′35″ E). This region has a subtropical monsoon humid climate. The mean annual temperature in the region is 17.5 °C, and the annual average precipitation is 1467 mm. The soil is Quaternary red soil. All 10 C. bungei genotypes were obtained as rooting seedlings in tissue culture.



Seedlings were cultivated in local pollution-free red soil developed from Quaternary red clays; background values of chemical elements in the soil are shown in Table 1. Seedlings were grown in plastic pots (30 cm diameter × 18 cm height). Soil was sieved to 2 mm, and each pot contained 5 kg of soil. One month after transplanting, seedlings of similar size (20 ± 5 cm) were selected for the Sb stress experiments. The experiment was set up using a randomized block design. Four seedlings were planted in each basin, and these plantings were replicated three times. Sb treatment started on 15 June 2020. Four treatments were applied, with Sb concentrations 0, 600, 1200, and 2000 mg/kg soil. The Sb treatment was applied using irrigation, and the corresponding aqueous solution was prepared from potassium antimony tartrate (KSbC4H4O7·½H2O, purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). The aqueous solution was applied three times; each irrigation run was long enough for the solution to avoid infiltrating the basin floor. To maintain consistency with the external climate, keep the soil moist, and avoid Sb loss, potted plants were placed under a transparent, ventilated cover that kept out only rain and were watered every 3 days.




2.3. Sample Collection and Characterization


After 90 days of cultivation, three plants in each treatment were randomly selected and washed with deionized water three times. Plant height and diameter at ground level were measured, and plant roots, stems, and leaves were harvested. Fresh leaf samples (5 g each) from each treatment were placed in liquid nitrogen before characterization of stress-resistance-related enzymes and nonenzymatic substances. Fresh leaf samples (5 g each) were placed on dry ice for determination of chlorophyll levels. The remaining plant matter was oven-dried at 105 °C for 30 min, then dried at 80 °C to constant weight, after which the biomass of roots, stems, and leaves was measured for each treatment. The roots, stems, and leaves from each treatment were crushed with a grinder and screened through a 100-mesh sieve (0.150 mm).



2.3.1. Sb Content Measurement


Dried plant material fine powder (0.5 g) was weighed in a 50 mL digestion vessel, and 10 mL of concentrated HNO3 (15.2 mol/L) was added and reacted overnight. The digestion was performed using a microwave digestion instrument (CEM Mars6, CEM Corporation, Charlotte, NC, USA). After cooling to room temperature, the resulting solutions were centrifuged, the supernatant was filtered (0.45 mm cellulose acetate membrane; Sartorius, Gottingen, Germany), the volume was adjusted to 50 mL by adding distilled water, and the content of Sb in each sample was determined by inductively coupled plasma mass spectrometry (Thermo ICAP7000, Thermo Fisher Scientific Inc., Waltham, MA, USA).




2.3.2. Measurement of Physiological and Biochemical Indices


Hydrogen peroxide (H2O2) content, superoxide anion (O2▪−) content, CAT activity, reduced glutathione (GSH) content, and APX activity were measured using kits from Solarbio (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China).





2.4. Biological Concentration Factor and Transfer Factor of Heavy Metal(loid)s


The biological concentration factor (BCF) in roots and the transfer factor (TF) were calculated according to the following formulae [24,25,26]:


BCF = CRoot/CSoil








where CRoot is the concentration of Sb in plant roots (mg/kg), and CSoil is the concentration of Sb in the soil.



The transfer factor (TF) represents the efficiency of heavy metal(loid) transfer from root to shoot [26,27]:


TFRoot-Stem = CStem-Sb/CRoot-Sb

TFStem-Leaf = CLeaf-Sb/CStem-Sb








where TFRoot-Stem, TFStem-Leaf, CRoot-Sb, CStem-Sb, and CLeaf-Sb are the root–stem transfer factor, stem–leaf transfer factor, root Sb concentration, stem Sb concentration, and foliar Sb concentration, respectively.




2.5. Statistical Analysis


All results are reported as the mean ± standard deviation of three replicates, and there were three plants in each replicate. Data were analyzed using SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA), including one-way analysis of variance (ANOVA) and Student–Newman–Keuls post-hoc tests. Differences were considered significant for p < 0.05, and highly significant for p < 0.01. GraphPad Prism8 software (GraphPad Software Inc., San Diego, CA, USA) was used to create figures.





3. Results


3.1. Effects of Soil Sb Concentration on Growth of C. bungei


C. bungei exposed to Sb did not display typical poisoning symptoms on the aboveground plant parts. No yellowing or necrosis appeared in the leaves. However, there were differences in plant height and ground diameter increment among the different genotypes, and most genotypes of C. bungei also exhibited different levels of growth under increasing Sb exposure (Figure 1, Figure 2 and Table S1). Plant growth (both plant height and ground diameter) of most genotypes initially increased and then decreased gradually with increasing Sb concentration. Different genotypes exhibited some distinct responses to Sb concentration: the height of Genotype 5-2 decreased with increasing Sb concentration, while Genotypes 1 and 72 exhibited no fixed trend; the ground diameter growth of Genotypes 0, 1, and 2-8 decreased gradually with increasing Sb concentration. In contrast, the ground diameter of Genotypes 8402, 20-01, 1-1, 5-8, and 63 first increased and then decreased with increasing Sb concentration. ANOVA revealed no significant difference in plant height between Genotypes 8402 and 1 under different concentrations of Sb, and we similarly found no significant difference in ground diameter growth among Genotypes 5-8, 5-2, 0, 2-8, and 72.




3.2. Effects of Sb on Biomass of C. bungei


We found significant differences between aboveground and root biomasses of genotypes except the root biomass of 8402 under Sb concentration (Figure 3, Figure 4 and Table S2). The root biomass of Genotypes 8402 and 72 was higher in the 2000 mg/kg soil Sb treatment than in control conditions, while other genotypes showed increases in biomass under lower concentrations of Sb, and the biomass then decreased gradually with increasing Sb concentration. Genotype 8402 had the highest root biomass among all genotypes at the highest Sb concentration; the root biomass of 8402 was 197% that of Genotype 1-1. Genotype 5-8 had the highest aboveground biomass of all genotypes at the highest Sb concentration; the aboveground biomass of Genotype 5-8 was 138% that of Genotype 1-1. In all treatments, aboveground biomass was higher than root biomass.




3.3. Sb Concentration in C. bungei


3.3.1. Sb Concentration in Roots of C. bungei


Sb mainly accumulated in the roots of C. bungei, and the absorption of Sb differed between genotypes and at different Sb concentrations (Figure 5). At 600 mg Sb/kg soil, the root Sb concentration of Genotype 63 was three times that in Genotype 8402, which had the lowest Sb concentration. At 1200 mg Sb/kg soil, the Sb concentration was highest in the roots of Genotype 5-2 and lowest in the roots of Genotype 72. At 2000 mg Sb/kg soil, the Sb concentration was highest in the roots of Genotype 5-8 and lowest in the roots of Genotype 72.




3.3.2. Sb Concentration in Stems of C. bungei


Stems play an important role in transporting Sb from roots to leaves. We found that the Sb concentration in stems was much lower than that in roots (Figure 6). At 600 mg Sb/kg soil, the stem Sb concentration was highest in Genotype 8402 and lowest in Genotype 2-8. At 1200 mg Sb/kg soil, the stem Sb concentration was highest in Genotype 1-1 and lowest in Genotype 20-01. At 2000 mg Sb/kg soil, the stem Sb concentration was highest in Genotype 8402 and lowest in Genotype 2-8. There were significant differences in the stem Sb concentration between most genotypes and at different Sb concentrations. For Genotypes 5-8, 0, and 63, the Sb concentration in stems increased with increasing Sb concentration in the soil. For Genotypes 2-8, 5-2, and 1-1, the Sb concentration in stems first increased and then decreased with increasing soil Sb concentration.




3.3.3. Sb Concentration in Leaves of C. bungei


For the invested genotypes except for 1-1 and 2-8, the Sb concentration in leaves initially increased and then decreased as the soil Sb concentration increased. Significant differences in leaf Sb concentrations were observed in most genotypes at a given Sb concentration (Figure 7). At 600 mg Sb/kg soil, the Sb concentration in leaves of Genotype 63 was 12.4 times that in Genotype 20-01. At 1200 mg Sb/kg soil, the Sb concentration in leaves of Genotype 1-1 was significantly higher than that in the other genotypes. At 2000 mg Sb/kg soil, the Sb concentration was highest in the leaves of Genotype 72 and lowest in the leaves of Genotype 2-8. Sb concentrations in the leaves of the other genotypes ranged from 82.2 to 136.0 mg/kg.




3.3.4. Evaluation of the Remediation Potential of C. bungei


BCF and TF are effective indexes to evaluate the ability of plants to absorb and transport heavy metals. Generally, BCF or TF values <1 indicate that plants are not suitable for heavy metal extraction [28]. Under different concentrations of Sb, the Sb BCFs of roots of all the C. bungei genotypes tested in this study were >1 (Figure 8). At 600 mg Sb/kg soil, Genotype 63 had the highest BCF, and Genotype 8402 had the lowest. The BCFs of Genotypes 20-01, 5-8, 5-2, and 1-1 were all >2. These results indicate that the 10 genotypes of C. bungei could be used for fixing Sb from contaminated soil. The TFs of Sb between roots and stems were <0.2 for all genotypes, and most were <0.1 (Figure 9). This may be because most Sb accumulates in the root and the upward transport is poor, or because the stem only acts as intermediate tissue for Sb transport, with Sb accumulating in leaves rather than remaining in the stem. The TFs of Sb between stems and leaves of Genotypes 8402 and 5-8 were <1 at multiple Sb concentrations (Figure 10). At 600 mg Sb/kg soil, the stem–leaf TFs of Genotypes 0, 2-8, 72, 1, 1-1, and 63 were >1, and the stem–leaf TFs of Genotypes 1-1 and 2-8 were >2, indicating that the Sb concentration was greater in the leaves than in the stems of these genotypes. At 1200 mg Sb/kg soil, the stem–leaf TFs of Genotypes 20-01, 2-8, 72, and 1 were 2.26, 1.29, 2.40, and 1.51, respectively. At 2000 mg Sb/kg soil, the stem–leaf TFs of Genotypes 20-01, 5-2, 1, and 72 were all >1. The TFs of Sb in stems and leaves of Genotypes 1 and 72 were >1 at all Sb concentrations.





3.4. Root Sb Accumulation in 10 C. bungei Genotypes by Sb Concentration


Root Sb accumulation (root biomass × root Sb concentration) was different among the 10 genotypes (Figure 11). At 600 mg Sb/kg soil, the highest root Sb accumulation was found in Genotype 1 (24.48 mg), followed by 63 (19.93 mg), respectively, 3.7 and 2.9 times that of the lowest genotype, 1-1 (6.61 mg). At 1200 mg Sb/kg soil, Sb accumulation was highest in Genotype 5-8 (31.85 mg), followed by Genotype 1 (24.96 mg), respectively 3.7- and 2.9- times that of the lowest genotype, 1-1 (4.11 mg). At 2000 mg Sb/kg soil, the root accumulated Sb in Genotype 5-8 was the highest (41.28 mg), followed by Genotype 1 (36.63 mg), respectively, 6.9 and 6.1 times that of the lowest genotype, 1-1 (5.96 mg).




3.5. O2▪− and H2O2 in Leaves of C. bungei by Sb Concentration


Under stress, plants produce large amounts of superoxide anions and H2O2, which lead to membrane lipid peroxidation, which can destroy the plant membrane system and affect plant growth. As a result of increased Sb concentration, production rates of O2▪− in leaves of C. bungei increased gradually (Figure 12). At 600 mg Sb/kg soil, Genotype 20-01 had the highest production rate of O2▪− and Genotype 8402 had the lowest. At 1200 mg Sb/kg soil, Genotype 72 had the highest production rate of O2▪− and Genotype 8402 again had the lowest. At 2000 mg Sb/kg soil, Genotype 2-8 had the highest production rate of O2▪− and Genotype 5-8 had the lowest.



At 600 mg Sb/kg soil, Genotype 5-8 had the highest production rate of H2O2 in leaves, and Genotype 20-01 had the lowest. At 1200 mg Sb/kg soil, Genotype 20-01 had the highest production rate of H2O2, and Genotype 0 had the lowest. At 2000 mg Sb/kg soil, Genotype 20-01 again had the highest production rate of H2O2, and Genotype 5-8 had the lowest (Figure 13).




3.6. GSH in Leaves of C. bungei by Sb Concentration


GSH is an important antioxidant in the ascorbic acid–GSH cycle in plants. When the Sb concentration was <2000 mg/kg soil, the GSH concentrations in the leaves of each genotype increased with increasing Sb concentration. Other than for Genotypes 63 and 2-8, the GSH content in the leaves then decreased when the Sb concentration was increased to 2000 mg/kg soil. When Sb concentrations were <2000 mg/kg soil, all genotypes of C. bungei produced GSH and other nonenzymatic antioxidants to eliminate or slow down injury. However, when the Sb concentration reached 2000 mg/kg soil, GSH levels decreased, suggesting that high concentrations of Sb negatively affected GSH synthesis (Figure 14).




3.7. Effects of Sb Concentration on Antioxidant Enzyme Activities in Leaves of C. bungei


The production of ROS such as H2O2 induced increased activity of POD, APX, and CAT, and this increased enzyme activity was used to scavenge the ROS. APX activity in C. bungei leaves generally increased with increasing soil Sb concentration, though APX activity was lower at 2000 mg Sb/kg soil than at 1200 mg Sb/kg soil. CAT activity increased with increasing Sb concentration. POD behaved similarly to APX. We observed a positive correlation between the activity of antioxidant enzymes and the concentration of ROS in plants at certain concentrations of Sb (Figure 15, Figure 16 and Figure 17).





4. Discussion


The concentration of metal(loid)s in plants can be determined by environmental conditions, genetic characteristics, and the chemical speciation of the metal(loid)s in the soil [29]. Sb is not an essential element for plant growth. In mature leaves, Sb concentrations >150 mg/kg are generally considered toxic [9]. Many recent studies have confirmed that different genotypes of the same species can differ in their accumulation and absorption of heavy metals (e.g., Chinese cabbage (Brassica chinensis L.) [30] and rice (Oryza sativa L.) [31]). To identify suitable C. bungei varieties for the remediation of Sb-contaminated soil, the ability of each genotype to absorb Sb should be considered. Here, we found large differences in the absorption and distribution of Sb among 10 genotypes of C. bungei. At different soil Sb concentrations, Sb content in the roots, stems, and leaves of different genotypes differed significantly. The content of Sb in the aboveground and belowground parts of genotypes other than 2-8 and 1-1 was proportional to the concentration of Sb in the soil, which was consistent with a similar study of Sb stress in wheat (Triticum sestivum L.) [2]. The BCFs between soil and leaves will be determined in later research work.



We found significant differences in Sb absorption capacity among the 10 genotypes in our study, and the Sb absorption capacity of each genotype depended on the level of Sb pollution. Plants can resist heavy metals by either avoiding them or tolerating them, which can be achieved via exclusion and enrichment, respectively. In exclusion, plants decrease the absorption of heavy metals by roots and the heavy metal content in shoots; in enrichment, heavy metals are stored in plants in the form of nonbioactive macromolecules [32]. We found that the Sb concentrations in C. bungei roots were much higher than those in stems and leaves, which is consistent with recent studies of Sb uptake by rice [33] and wheat [2]. Root Sb concentrations in the belowground portion of plants were much higher than those in the aboveground portions, indicating that the Sb transfer ability of the 10 C. bungei genotypes was low and the macromolecular substances formed in the presence of Sb pollution were absorbed by the roots [34], limiting damage to the stems and leaves of the plants. This may be an important reason why there was no obvious toxicity of Sb to the stems and leaves of C. bungei.



The selection of genotypes that can effectively enrich Sb is key to the successful use of C. bungei to remediate Sb-contaminated soil. Based on our results, we make the novel recommendation that different genotypes should be used to absorb Sb in soils with different levels of Sb pollution. Although C. bungei does not reach the standard of super accumulator plants, large amounts of Sb can accumulate and be fixed in the roots of C. bungei. Furthermore, C. bungei is fast-growing with high biomass. Thus, C. bungei can extract and store Sb from contaminated soil. Because C. bungei has high aboveground biomass, it is of great significance for the remediation of Sb-contaminated soil to search for genotypes with higher transport factors. Moreover, Sb usually exists in soil together with other heavy metals. Thus, the accumulation of Sb and the absorption of other heavy metals by C. bungei needs to be studied in conditions including multiple heavy metal(loid) pollutants.




5. Conclusions


Differences in plant height and diameter at ground level among different genotypes of C. bungei were observed on exposure to different soil Sb concentrations. Each genotype responded differently to different Sb concentrations. Plant growth (measured in both height and diameter) of most genotypes initially increased and then decreased with increasing Sb concentration. Aboveground and root biomass differed significantly under different levels of Sb concentration for all genotypes except 8402. The root biomasses of Genotypes 8402 and 72 at 2000 mg Sb/kg soil were higher than that of the control, while the other genotypes exhibited gradual decreases in biomass after reaching a threshold Sb concentration.



The concentration of Sb in different plant organs also differed among genotypes and at different Sb concentrations. Sb levels in roots and the aboveground parts of the 10 genotypes were positively related to the Sb concentration in the soil. Sb largely remained in the roots after absorption, as upward transfer was poor. The Sb BCF of roots of all genotypes was >1. As a result, all 10 C. bungei genotypes could be used to fix Sb from Sb-contaminated soil.



With increasing Sb concentration, the production rate of O2▪− in each genotype increased. When the total soil Sb was <2000 mg/kg, GSH in the leaves of each genotype increased with increasing Sb concentration. However, except in Genotypes 63 and 2-8, the GSH content in leaves decreased when the Sb concentration reached 2000 mg/kg soil. APX activity increased with increasing Sb concentration, but APX activity at 2000 mg Sb/kg soil was lower than that at 1200 mg/kg soil. POD activity followed a similar pattern to APX. CAT activity increased with increasing Sb concentration in soil.



Different genotypes of C. bungei differed in their ability to store Sb in roots. Based on root Sb accumulation, at soil Sb concentrations around 600 mg/kg, Genotypes 1, 63, and 5-8 are suited to phytoremediation; Genotypes 5-8, 1, and 5-2 are suited to phytoremediation at soil Sb concentrations around 1200 mg/kg; and Genotypes 5-8, 1, and 8402 are suited to phytoremediation at soil Sb concentrations around 2000 mg/kg.
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Figure 1. Effects of Sb concentration on height increment of Catalpa bungei. Note: Different letters indicate significant differences among the treatments at p < 0.05 (n = 3). The same below. 
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Figure 2. Effects of Sb concentration on ground diameter increment of Catalpa bungei. 
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Figure 3. Effects of Sb concentration on the biomass of roots. 
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Figure 4. Effects of Sb concentration on the biomass of the aboveground part. 
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Figure 5. Sb concentrations in roots of Catalpa bungei. Note: Different letters indicate significant differences among the treatments at p < 0.05 (n = 3). 
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Figure 6. Sb concentrations in the stems of Catalpa bungei. Note: Different letters indicate significant differences among the treatments at p < 0.05 (n = 3). 
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Figure 7. Sb concentration in leaves of Catalpa bungei. Note: Different letters indicate significant differences among the treatments at p < 0.05 (n = 3). 
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Figure 8. Bioconcentration factors of C. bungei. Note: Different letters at the same Sb concentration indicate significant differences among the treatments at p < 0.05 (n = 3). The same below. 
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Figure 9. Root–stem transfer factors of C. bungei. 
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Figure 10. Stem–leaf transfer factors of C. bungei. 
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Figure 11. Root Sb accumulation in 10 genotypes. Note: Different letters indicate significant differences in the same treatment at p < 0.05 (n = 3). 
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Figure 12. The production rate of O2▪− in leaves of C. bungei. Note: Different letters for the same genotype indicate significant differences among the treatments at p < 0.05 (n = 3). The same below. 
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Figure 13. H2O2 concentrations in leaves of C. bungei. 
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Figure 14. Reduced glutathione (GSH) concentration in leaves of C. bungei. 
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Figure 15. Ascorbate peroxidase (APX) activity in leaves of C. bungei. 
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Figure 16. Catalase (CAT) activity in leaves of C. bungei. 
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Figure 17. Peroxidase (POD) activity in leaves of C. bungei. 
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Table 1. Background chemistry of potted soil (units mg/kg soil).
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	pH
	Cd
	Pb
	Hg
	As
	Sb
	Total N
	Total P
	Total K
	Organic Matter
	Available P
	Available K
	Hydrolytic N





	4.80
	0.06
	16.80
	0.07
	9.08
	1.94
	0.74
	0.15
	11.30
	10.50
	0.51
	39.20
	63.70
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