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Abstract

:

The phytoremediation of soil and water that has been significantly contaminated with metals has potential ecological and economical ramifications, as well as the advantages of high efficiency, and is an environmentally friendly method of ecological pollution control. This study aimed to examine the impact of varying concentrations of Copper (Cu2+) (0, 5, 10, 15, 20, and 25 mg·L−1) on the growth, development, physiology, biochemistry, mineral elements, and features of Cu2+ enrichment of Impatiens uliginosa. This plant is endemic to Yunnan Province in China and is a wetland species. The results showed that the root lengths, stem diameters, plant height, and stem and leaf biomass of I. uliginosa showed a phenomenon of “low promotion and high inhibition,” while the root biomass showed a trend of gradual decreasing. At the early stage of Cu2+ stress (day 6), the activities of peroxidase and catalase and the contents of malondialdehyde (MDA) of I. uliginosa were directly proportional to the concentration of Cu2+. As the treatment time increased, the activation of a defense mechanism in vivo enabled I. uliginosa to adapt to the high Cu2+ environment, and the content of MDA gradually decreased. As the concentration of Cu2+ increased, its contents in the roots, stems, and leaves also gradually increased. In particular, when the concentration of Cu2+ reached 25 mg·L−1, its contents in the roots of I. uliginosa increased by 39.16-fold compared with that of the control group (CK). The concentration-dependent influence of the contents of iron (Fe) and zinc (Zn) in the roots and leaves were observed. Low concentrations of Cu2+ promoted iron content in roots and leaves, and vice versa, while Zn content decreased with the increasing concentration of Cu2+. It was conclusively shown that I. uliginosa has the potential to remediate low concentrations of Cu2+ pollution in water and is a textbook ornamental plant to remediate bodies of water that are polluted with Cu2+.
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1. Introduction


Heavy metal pollution is strongly destructive for the environment and organisms and is characterized by long-term and potential irreversibility. It can be enriched or amplified through the food chain, thereby harming animal, plant, and human health [1]. As the industrial and agricultural economy has rapidly expanded, the handling of mineral resource exploration and smelting waste has unfortunately fallen short of proper standards, leading to inadequate disposal methods such as careless discharges from factories and inappropriate sewage irrigation practices in agriculture. A large amount of heavy metals enters the environment through the activities of humans, which results in a series of problems of environmental pollution. The frequency of the occurrence of cases of metal toxicity has been increasing [2,3,4]. Over the past 20 years, owing to the needs of human production and life, copper has become one of the three metals with the largest output in the world [5], and in the past half century, copper has been the second most widely discharged metal into the natural environment in the world with a content of 9.39 × 105 t [6]. The control and remediation of Cu2+ pollution has become an important topic in today’s society, and it is an important environmental problem that merits urgent remediation [7].



The research has shown that Cu2+ is among the eight crucial trace elements that are required for optimal plant growth and development, and it is involved in many physiological and biochemical processes [8,9]. Cu2+ can regulate various physiological and metabolic processes in plants [10], including photosynthesis and respiration and the metabolism of glucose, protein, and cell walls. However, excess Cu2+ in plants can lead to changes in DNA, cell membrane integrity, and enzyme activity, thereby affecting the yields of crops and plants [10,11,12,13]. The toxicity of Cu2+ is limited to a narrow range of concentrations, which is typically between 0.19 mg·L−1 and 6.4 mg·L−1 for most plant species [14]. A deficiency in Cu2+ primarily affects plant reproductive organs and young leaves and leads to tissue necrosis, leaf yellowing, discoloration, developmental retardation, and the inhibition of root growth. It promotes the production of reactive oxygen species (ROS) and also affects the development of pollen and plant embryos, viable pollen and seeds, fruit yield, and nutritional characteristics [15,16,17]. However, excessive Cu2+ inhibits the division and elongation of cells and the activity of many enzymes, which leads to a decrease in respiration and photosynthesis. It then inhibits seed germination, seedling growth, and the accumulation of biomass, which causes disorders of the physiological metabolic networks and eventually leads to significant toxicity to plants [18,19,20]. Dianchi Lake is a typical shallow plateau lake in China. The average concentration of Cu2+ in the water in Dianchi Lake has been found to be 105.32 µg·L−1, which is far higher than the average concentration of Cu2+ in non-polluted natural water (2 µg·L−1) [21]. The selection of plants resistant to Cu2+ is the key to the successful implementation of phytoremediation technology in controlling and repairing the water area of Dianchi Lake.



Impatiens uliginosa is an annual herb of the Balsaminaceae family. It is widely distributed in Guangxi and Yunnan Provinces. It grows under wet forests and next to gullies and streams. Its bright colors, long flowering period, large biomass, developed root system, and strong adaptability have led to its high value as an ornamental plant that is frequently grown in gardens. It is also valuable medicinally [22]. I. uliginosa grows luxuriously in Dianchi Lake where the Cu2+ concentration is 50-fold higher than that of non-polluted natural water [21], which indicates that the plant is somewhat tolerant to copper. Thus, it is a facultative metal plant, which makes it an ideal candidate for bioremediation. Currently, relatively little research has been conducted on I. uliginosa. What research has been conducted has focused on the characteristics of seed germination [22,23], the cloning of genes regulating flower development [24,25,26], and the determination of metal elements [27,28]. Studies on the physiological and biochemical characteristics of I. uliginosa have been limited to changes in the seeds, seedlings, and flower color [23,29,30]. Although the influence of Cu2+ on I. uliginosa in the natural environment is a dynamic and long-lasting process, to our knowledge, research on this topic has not yet been reported. This study examined the effects of Cu2+ stress on the morphology and development of growth, physiological and biochemical parameters, and the contents of metal ions of I. uliginosa. The characteristics of Cu2+ in response to stress are discussed, and technical advice for the scientific cultivation of I. uliginosa is provided.




2. Materials and Methods


2.1. Plant Materials and Cu2+ Treatments


To enhance the simulation of a natural habitat and improve the observation of morphological indicators in the stress experiment, a soil culture was first used, followed by a hydroponic setup. I. uliginosa seeds were collected in Laoyuhe Wetland Park, Kunming, Yunnan Province, China (102°46′7.15″ E, 24°49′22.79″ N). The heavy metal tested was CuSO4·5H2O (Damao Chemical Reagent Factory, Tianjin, China), which was dissolved in deionized water. The seeds were germinated in distilled water in Petri dishes. Two weeks later, the seedlings with uniform growth were selected and transplanted into the arboreal garden of Southwest Forestry University (Kunming, China). After 50 days, the seedlings with uniform biomass were collected, and the bases of the seedlings were washed with distilled water. The seedlings were affixed to a foam plastic tray with holes, which were used for planting cups. They were then placed in a 60 × 40 × 40 cm incubator for subsequent use. After acclimation with one-half Hoagland nutrient solution for two weeks, the seedlings were subjected to Cu2+ stress treatment on September 7, 2019. Five gradients of Cu2+ concentration were established, including 5 mg·L−1, 10 mg·L−1, 15 mg·L−1, 20 mg·L−1, and 25 mg·L−1, and seedlings in one-half Hoagland nutrient solution were used as the control. Samples were taken at 0 d, 6 d, 12 d, 18 d, and 24 d after treatment. The roots, stems, and leaves were wrapped in tin foil and placed in tanks of liquid nitrogen for further use.




2.2. Biomass Determination


After the experimental treatment, I. uliginosa was separated into three parts, including the roots, stems, and leaves. The surface water was removed using filter paper, and the fresh weight (g) was measured. It was dried in an oven (EYELA, Tokyo, Japan) at 105 °C for 15 min and then dried at 80 °C until a constant weight was reached. The dry weight (g) was then obtained.




2.3. Plant Height, Root Length, and Stem Diameter


On days 0, 6, 12, 18, and 24 after the experiment had been started, the dimensions of I. uliginosa, including its elevation, root extension, and stem width, were meticulously gauged using a Vernier caliper and documented in centimeters. The plant height was measured as the height from stem base to the plant tip, stem diameter as the width of stem base, and root length was determined by averaging the longest and shortest root lengths for an overall representation.




2.4. Determination of Oxidative Stress Indicators and Antioxidant Responses


After Cu2+ stress, 0.5 g of fresh leaves of the treated groups were weighed and placed in a pre-cooled mortar. After 5 mL of sodium phosphate buffer (pH 7.8) (Tianjin Zhiyuan Chemical Reagent Co. Ltd., Tianjin, China) had been added several times, the leaves were ground in an ice bath. After the ground homogenate turned white, it was poured into a 10 mL centrifuge tube and centrifuged at 4000 rpm at 4 °C for 20 min. The supernatant (crude enzyme solution) was added to a test tube and stored at 4 °C for later use, as described by Dhindsa et al. [31]. The activity of superoxide dismutase (SOD) was determined using the method of inhibition of photochemical reduction of nitroblue tetrazolium chloride [32]. The samples were exposed to 4000 Lux for 20 min in the plant incubator (SANYO, Osaka, Japan), and the absorbance readings were recorded at 560 nm. The activity of peroxidase (POD) was analyzed through the guaiacol method, as outlined by Sakharov et al. [33], with absorbance readings taken at a wavelength of 470 nm. The activity of the enzyme catalase (CAT) was determined using the procedure outlined by Chaoui et al. [34], with absorbance readings taken at a wavelength of 240 nm. The measurement of malondialdehyde (MDA) content was conducted through the thiobarbituric acid method, as outlined by Tewari et al. [35], with absorbance readings taken at wavelengths of 600 nm, 532 nm, and 450 nm.




2.5. Determination of the Concentration of Metals


To analyze the content of the metals in dried plant parts (roots, stems, leaves), a 0.15 g sample was ground and passed through a 60-mesh sieve. The sample was then mixed with HNO3 (Damao Chemical Reagent Factory, Tianjin, China) and HCl (Yanglin Industrial Development Zone Shandian Pharmaceutical Co. Ltd., Yunnan, China) (3:1) and put in ETHOS A (Milestone, Santa Clara, CA, USA) for microwave fermentation. The digestion tank was removed after the heating procedure was completed, and the temperature decreased to below 80 °C. The sample was transferred to a polyethylene tank in a fume hood (ShuangXu Electronics Co. Ltd., Shanghai, China) and placed on a C-MAG HS 10 digital (IKA, Staufen, Germany) magnetic floating agitator to remove the acid. The liquid was transferred to a 25 mL volume bottle after it had become transparent. The concentration of metal ions was determined by flame atomic absorption spectrometer (Shimadzu Corporation, Kyoto, Japan).




2.6. Transfer Coefficient, Enrichment Coefficient, and the Rate of Distribution of Cu2+ in Plants


The bioenrichment factor (BCF) and transport factor (TF) were used to evaluate the ability of plants to accumulate metals from the soil and transport them from the root to stem [36].



Bioconcentration factor (BCF) = Cu2+ concentration in tissue/Cu2+ concentration in solution



Translocation factor (TF) = Cu2+ concentration in tissues/Cu2+ concentration in roots


Allocation rate = {Ci × Wi/∑(Ci × Wi)} × 100%








where i refers to different parts of I. uliginosa (roots, stems, and leaves); Ci is the concentration of Cu2+ (mg·kg−1) in the tissues of I. uliginosa, and Wi is the biomass dry weight (kg) of all the parts of I. uliginosa.




2.7. Statistical Analysis


Each experimental group was repeated three times and analyzed using SPSS 24.0 (IBM, Inc., Armonk, NY, USA). The variability of the samples was expressed as the mean ± standard deviation (SD). Statistical significance was determined at the 0.05 level using the least significant difference (LSD) test. The graphs and tables were created using Microsoft Excel 2010 (Redmond, WA, USA) and Adobe Photoshop CS6 (San Jose, CA, USA).





3. Results


3.1. Effects of Cu2+ Stress on the Growth and Development of I. uliginosa


As shown in Figure 1, the height and stem diameter of I. uliginosa gradually increased with the extension of treatment time under different levels of Cu2+ stress. However, these parameters varied under this type of treatment. Compared with the treatment on day 0, the height of I. uliginosa increased by 64.50% (CK), 81.74%, 82.66%, 63.15%, 49.94%, and 40.33% after treatment. Under treatment with the same concentrations, the height of I. uliginosa after treatment at 6 d was as follows: 28.80%, 34.70%, 20.55%, 14.41%, and 14.84%, which were all higher than the height of CK (8.38%). Compared with the 0 d treatment, the increase in height of I. uliginosa after 24 d was 62.73% (CK), 59.22%, 55.45%, 51.43%, 57.27%, and 50.42%. The height increased the most during the 0–6 d period, and the values were 25.45% (CK), 18.45%, 15.45%, 14.29%, 14.55% and 6.84%. The amount of increase decreased in the following order: CK > 5 mg·L−1 > 10 mg·L−1 > 15 mg·L−1 > 20 mg·L−1 > 25 mg·L−1.



Roots are the first natural barriers that enable plants to sense and respond to their environment. Under stress conditions, the root system will be affected to varying degrees and can even die and fall off. As shown in Figure 1, the length of I. uliginosa roots gradually decreased as the concentration of Cu2+ increased, and the treatment time was extended. These changes were significantly different from those of the control group (CK) (p > 0.05). The length of I. uliginosa roots decreased gradually as the treatment time increased despite being treated with the same concentration. This decrease was influenced by various factors, such as the external environment and root damage. However, when subjected to 5–10 mg·L−1 Cu2+ stress, the roots grew longer than those of the CK. However, the difference between them was not significant (p > 0.05). Under 15–25 mg·L−1 Cu2+ stress, the roots grew slowly owing to the high concentration of Cu2+ stress, which indirectly protected the artificial damage and other factors caused by the overly long roots during the measurements.




3.2. Effects of Cu2+ Stress on the Biomass of I. uliginosa


Table 1 shows a gradual decrease in the root biomass of I. uliginosa with an increase in the concentration of Cu2+. Additionally, the root biomass was found to be lower than that of the control group (CK) at all ranges of concentration. At a concentration of Cu2+ of 25 mg·L−1, the root fresh weight reached its lowest point at 9.87 g, which did not reveal any significant difference when compared with the control group (CK) (p > 0.05). However, the dry weight differed significantly when compared with the control group (CK) (p < 0.05) at 0.66 g. With the increase in concentration of Cu2+, the biomass of stems and leaves of I. uliginosa increased first and then decreased. When the Cu2+ concentration was 20 mg·L−1, the fresh weight of the stems and leaves reached their maximum values of 58.22 g and 13.40 g, respectively. This represents an increase of 89.21% and 52.79% compared with the control group (CK), although this difference was not statistically significant (p > 0.05).




3.3. Effects of Cu2+ Stress on the Activities of Antioxidant Enzymes and Content of Malondialdehyde in I. uliginosa


Oxidative stress was assessed by measuring MDA content in the leaves, which is an important biomarker of oxidative injury. In the range of low concentrations (0–15 mg·L−1), the content of MDA of I. uliginosa tended to decrease first and then increased with the extension of treatment time, and the difference was significant when compared with the CK (p < 0.05) (Figure 2). In the range of high concentrations (20–25 mg·L−1), the content of MDA tended to increase first and then decrease with the extension of treatment time, and the difference was significant compared with the CK (p < 0.05). From 6 to 18 days post-treatment, the content of MDA gradually increased as the concentration of Cu2+ increased. At a concentration of 25 mg·L−1, the contents of MDA were 31.19, 24.39, and 15.91 µmol·L−1 FW, respectively, which were significantly different from those of the control group (p < 0.05). The increases were as follows: 190.41%, 301.15%, and 121.90%. After 24 d of stress with different concentrations of Cu2+, the content of MDA fluctuated over a small range. When the concentration reached 25 mg·L−1, the content of MDA was 19.10 µmol·L−1 FW, which was significantly different from that of Cu2+ (15.72 µmol·L−1 FW) (p < 0.05). The increase was 21.50%.



As shown in Figure 2, the activity of SOD from I. uliginosa tended to increase first and then decrease at different times after Cu2+ stress. On the sixth day after treatment, the activity increased slowly at first and then decreased rapidly with the increase in treatment concentration. When the concentration reached 25 mg·L−1, the activity of SOD decreased to its lowest level (258.10 U·g−1·FW·h−1), which was significantly different from that of the CK (421.66 U·g−1·FW·h−1) (p < 0.05). Within the range of Cu2+ concentrations of 5–20 mg·L−1, the activity first increased and then decreased with the increase in Cu2+ concentration. This difference was significant when compared with that of the CK (p < 0.05). However, at a concentration of 25 mg·L−1, the activity of SOD increased gradually with the increase in treatment time.



Under different concentrations of Cu2+ stress, the activity of POD first increased and then decreased over time (Figure 2). It increased sharply from 0–12 d and reached its maximum on 12 d. The activity of POD decreased gradually from 12 to 24 days. Under the 6 d treatment, the activity gradually increased with increasing concentrations. When the concentration of Cu2+ reached 25 mg·L−1, the activity of POD increased by 160.17% compared with the CK, and this difference was found to be statistically significant (p < 0.05). After 12–24 d of processing conditions, the POD activity of I. uliginosa exhibited a pattern of initially rising and then declining as the Cu2+ concentration increased. When the concentration was 15 mg·L−1, the POD activity of I. uliginosa peaked on the days 12, 18 and 24, compared with that of the CK. The respective increases were 209.62%, 263.11%, and 193.41%, with a statistically significant difference (p < 0.05).



Over time, the CAT activity of I. uliginosa increased rapidly at first and then decreased and maintained a stable trend (Figure 2). In the treatment time of 0–6 d, the activity increased rapidly and reached its maximum at 6 d. In the treatment time of 6 d, the CAT activity increased gradually as the concentration of Cu2+ increased and reached its maximum at 25 mg·L−1 (16.81 U·g−1·min−1), which was significantly different from that of the CK (1.61 U·g−1·min−1) (p < 0.05). From days 12 to 24, the CAT activity gradually decreased and remained mostly stable. As the concentration of Cu2+ increased, the CAT activity first increased and then decreased.




3.4. Effect of Cu2+ Stress on the Mineral Contents in Different Parts of I. uliginosa


As shown in Table 2, the contents of Cu2+ in the roots, stems, and leaves of I. uliginosa gradually increased as the degree of Cu2+ stress increased, which was significantly different from that in the CK (p < 0.05). The degree of Cu2+ stress significantly increased the contents of Cu2+ in the roots. This increase was found to be 16.50-, 22.63-, 29.42-, 37.51-, and 38.16-fold higher than that of the control group (CK), and the difference was statistically significant (p < 0.05). The contents of Cu2+ in the stems of I. uliginosa increased by 0.91-, 1.94-, 3.36-, 6.26-, and 9.50-fold, respectively. The contents of Cu2+ in the leaves increased by 1.7-, 6.04-, 7.92-, 5.12-, and 4.2- fold, respectively. This study showed that the contents of iron (Fe) in the roots and leaves first increased and then decreased with the increase in degree of Cu stress. When the concentration of Cu2+ was 10 mg·L−1, the highest contents of Fe in the roots and leaves were 2076.75 mg·kg−1 and 764.97 mg·kg−1, respectively. This was a significant improvement compared with the CK (1634.40 mg·kg−1 and 582.29 mg·kg−1, respectively) with a difference of 27.06% and 31.37%, respectively (p < 0.05). The content of Fe in the stems decreased first and then increased with the increase in degree of Cu2+ stress. When the concentration reached 15 mg·L−1, the content of Fe in stems was at its lowest, 157.55 mg·kg−1, which was not significantly different from that of the CK (184.33 mg·kg−1) (p > 0.05). Under the stress of Cu2+, the contents of Zn in the roots, stems, and leaves of I. uliginosa generally decreased. Under different degrees of Cu2+ stress, the contents of Zn in different parts of the plant decreased compared with the CK. The changes in the roots were 28.34%, 22.62%, 49.33%, 26.18%, and 17.21%, stems (18.18%, 2.10%, 35.22%, 51.26%, and 82.22%), and leaves (67.35%, 16.63%, 30.39%, 44.94%, and −3.05%).



The contents of potassium (K) in the roots and stems of I. uliginosa did not change significantly compared with that of the CK under Cu2+ stress, and the increase was between 5.65% and 15% with no significant difference (p > 0.05). The contents of K in the leaves tended to increase with the increase in concentration, which resulted in readings of 1.98, 1.77, 1.98, 1.92, and 1.76 g·kg−1, respectively. Compared with the CK (1.64 g·kg−1), the increase was in the following order: 20.73%, 7.92%, 20.73%, 17.07%, and 7.32%, and the differences were significant (p < 0.05). Under the conditions of Cu2+ stress, the contents of Ca in the roots of I. uliginosa decreased with the increase in concentration, and the values were 6.68, 6.84, 5.48, 5.08, and 6.46 g·kg−1, respectively. Compared with the CK (8.10 g·kg−1), the degree of decrease was as follows: 17.53%, 15.56%, 32.35%, 37.28%, and 20.24%, and these changes were significant (p < 0.05). The content of Ca in the stems and leaves tended to increase in parallel with the concentration of Cu2+ applied. With this increase in Cu2+, the contents of Mg in the roots, stems, and leaves of I. uliginosa barely changed. In the treatment of 5–20 mg·L−1, the content of Mg in the roots and stems of I. uliginosa was higher than that of the CK with an increase of 0.36–4.87%. When the concentration reached 25 mg·L−1, the contents of Mg in the roots and stems were slightly lower than those of the CK with a decrease of 0.13–0.59%, and there was no significant difference between them (p > 0.05). At a concentration of 5 mg·L−1, there was a 2.31% decrease compared with the control (591.93 mg·kg−1), but the difference was not statistically significant (p > 0.05). In the treatment of 10–25 mg·L−1, the content of Mg in the leaves of I. uliginosa was higher than that of the CK, and the amount of increase was between 0.39% and 5.54%.



Under varying degrees of Cu2+ stress, the contents of Na in the roots of I. uliginosa were 118.29, 1259.09, 945.49, 971.24, and 1258.16 mg·kg−1, respectively, which were significantly different from that of the CK (833.62 mg·kg−1). The increases were as follows: 42.67%, 51.04%, 13.42%, 16.51%, and 50.93%. The content of Na in the stem increased first and then decreased. When the concentration reached 20 mg·L−1, the content of Na in the stem decreased to its lowest value, 369.99 mg·kg−1, which was 21.09% lower than that of the CK (468.87), and the difference was significant (p < 0.05). Compared with the CK (419.22), the content of Na in leaves of I. uliginosa tended to decrease. However, this difference was not significant (p > 0.05). The percentage of decrease was between 2.12% and 14.21%.




3.5. Effect of Cu2+ Stress on the Enrichment and Transport of Cu2+ in I. uliginosa


As shown in Table 3, as the degree of Cu2+ stress increased, the enrichment coefficient of Cu2+ in each part of I. uliginosa decreased. The root showed the highest level of Cu2+ enrichment, followed by the leaf and then the stem. This suggests that I. uliginosa primarily stores Cu2+ in its roots and transports less Cu2+ to the tissues of its shoots. The characteristics of enrichment were significantly enhanced with the increase in degree of Cu2+ stress. However, in the Cu2+ stress treatment, the enrichment coefficients of the roots and leaves decreased gradually with the increase in the degree of treatment, and the difference was significant compared with the CK (p < 0.05). When the plants were treated with 10–25 mg·L−1 of Cu2+, the enrichment coefficient of the stem of I. uliginosa tended to gradually increase, but it was always lower than 5 mg·L−1. As indicated by the transport coefficient of Cu2+ to I. uliginosa, the ratio of middle leaf to root of I. uliginosa was higher than that of the stem to root under different concentrations of Cu2+. In addition, it showed different changes with the increase in concentration. These ratios could reflect the ability of I. uliginosa to transport Cu2+ from the belowground parts to those aboveground. The results also indicated that under Cu2+ stress, I. uliginosa could control the Cu2+ in the belowground parts and effectively transport it to the aboveground parts, thus, reducing the amount of damage to the belowground parts. Therefore, I. uliginosa can tolerate Cu2+ and has the ability to enrich it.




3.6. Effects of Cu2+ Stress on the Allocation of Cu2+ Elements in I. uliginosa


The rate of Cu2+ allocation is the percentage of amount of Cu2+ that accumulates in each part of the total plant based on the total amount of Cu2+ accumulated by the plant. As shown in Figure 3, under different degrees of Cu2+ treatments, the rates of Cu2+ allocation in the roots, stems, and leaves of I. uliginosa ranged from 86.08% to 90.58%, 2.23 to 5.13%, and 6.03 to 11.40%, respectively. As the amount of Cu2+ stress increased, the rate of allocation of Cu2+ in the roots, stems, and leaves of I. uliginosa tended to decrease compared with the CK. However, there were differences in the rate of distribution of Cu2+ between different concentrations of treatments and parts of I. uliginosa. In the range of 5–25 mg·L−1 Cu2+, the rates of Cu2+ that were distributed to the roots of I. uliginosa were 90.58%, 86.09%, 88.50%, 89.62%, and 88.83%, respectively. Compared with the CK (61.41%), the rate of increase was between 40.19% and 47.50%. With the increase in amount of Cu2+ used to stress the plants, its distribution to the stems of I. uliginosa tended to gradually increase. When the concentration reached 25 mg·L−1, the rate of distribution of Cu2+ to the stem reached its highest value, which was 5.13%. However, this value was much lower than that of the CK (13.27%). As the concentration increases, the distribution rate of Cu2+ in leaves initially increases, peaks, and then decreases. The highest allocation rate of Cu2+ to leaves was observed at a concentration of 10 mg·L−1 (11.40%), which was significantly lower than the control group (25.32%).





4. Discussion


4.1. Effects of Cu2+ Stress on the Morphological Characteristics of I. uliginosa


Following treatment with low concentration (5 mg·L−1), the plant height and stem diameter of I. uliginosa were greater than those of the control, which showed the phenomenon of “low-level promotion and high-inhibition”, which was consistent with the findings of other researchers [37,38,39]. The height and stem diameter of I. uliginosa increased continuously with the increase in time, and the increase reached its maximum on day 6 before gradually decreasing. There was a gradual decrease in root length with increasing time and concentration, and the root gradually turned from white to brown. Part of the root then decayed and fell off. Simultaneously, the germination of fibrous roots and lateral roots could be stimulated at low concentrations of Cu2+, but a high concentration inhibited germination. Under the 24 d stress treatment with different concentrations of Cu2+, the lengths of I. uliginosa roots were between 13.62 and 25.70 cm, and the presence of certain root lengths, root numbers, lateral roots, and fibrous roots can effectively ensure the normal nutritional requirements of the I. uliginosa shoots.



Different concentrations of Cu2+ stress also had significant differences on the biomass of I. uliginosa. The results indicated a decrease in both fresh weight and dry weight of the root system with the rise in Cu2+ stress levels. However, the biomass of stems and leaves was higher than that of the CK and reached its maximum value when the concentration was 20 mg·L−1. The reason may be that the Cu2+ damages the root system and causes a decrease in plant root biomass under the condition of the different effects of varying concentrations of Cu2+ stress [40,41]. Alternatively, Cu2+ is an essential trace element for plants. Thus, at low concentrations, it can compensate for the demands of I. uliginosa. This could still result in the absorption of excess Cu2+ by the lateral roots as they germinate. This Cu2+ can be transferred to the shoot of the first and second branches and the leaves for transfer and fixation.




4.2. Effects of Cu2+ Stress on the Physiology and Biochemistry of I. uliginosa


Heavy metal pollution has a detrimental impact on plants and affects their growth, development, and physical characteristics. Additionally, it leads to an increase in the amounts of ROS, such as superoxide anion (O2−), hydroxide (OH), and H2O2, in plants. The presence of these compounds can lead to the peroxidation of membrane lipids and the degeneration of biological macromolecules, such as proteins and nucleic acids, thus damaging the membrane structure and the plant itself [42]. MDA is one of the products of membrane lipid peroxidation, and the accumulation of MDA reflects the dynamics of free radical activities in plants to some extent [43]. Many studies have shown that MDA always accumulates in amounts proportional to the concentration of heavy metals [44,45,46]. The content of MDA in the sedge Cyperus malaccensis increased by 185.74% when subjected to 500 mg·L−1 of chromium stress [47]. Treatment with high amounts of Cu2+ significantly increased the contents of MDA in the leaves of the grape, and the increase in MDA contents gradually increased as the time of treatment was extended [48].The results of this study are consistent with those of Chen [49]. After 6 days of Cu2+ stress treatment, the content of MDA in I. uliginosa increased significantly with the increase in concentration and was significantly different from the control (CK). At a concentration of 25 mg L−1, the content of MDA in each group reached its maximum under Cu2+ stress. However, when the treatment time was extended, the content of MDA in the leaves of I. uliginosa decreased gradually and tended to be stable, and it recovered to its original level before 24 d after treatment. The antioxidant system in I.uliginosa is activated when exposed to copper stress. This exposure led to a disruption in the homeostasis of scavenging reactive oxygen species (ROS), causing a rapid increase in malondialdehyde (MDA) levels within a short period. However, with the extension of the treatment time, I. uliginosa entered a period of adaptation to Cu2+ stress. Cu2+ activates enzymes in the antioxidant system in I. uliginosa, thus increasing its ability to scavenge superoxide free radicals in the plant.



To help manage the accumulation of ROS caused by Cu2+ stress, plants have formed a series of perfect defense systems to maintain the balance of an intracellular redox state during long-term natural evolution [50]. Plants can resist the damage caused by Cu2+ stress through a system composed of protective enzymes that scavenge ROS. POD, SOD, and CAT can coordinate with each other as the protective enzyme system of plants [51]. SOD catalyzes O2−·to generate H2O2 and O2. CAT can degrade H2O2 and cooperates with SOD to minimize the formation of ·OH. POD can remove peroxides in cells, which can reduce the damage of ROS to plant cells to some extent [52]. The previous research has shown that the activities of POD, SOD, and CAT in grape (Vitis vinifera) roots initially increase and then decrease in response to varying concentrations of Cu (0.5, 1, 1.5, and 2 mmol L−1). However, the scavenging mechanism of ROS in plants also varies with different species. Saleem et al. [53] found that ROS was removed from the plant by increasing the antioxidant activity, while a further increase in the concentration of Cu2+ resulted in a decrease in antioxidant activity. Contreras et al. [54] reported that the activities of SOD, POD, and CAT were enhanced under Cu treatment in Antarctic pearlwort (Colobanthus quitensis). The results of this study demonstrate that in a short period of time (6 days) under Cu2+ stress, the SOD activity of I. uliginosa increased first and then decreased with the increase in concentration. However, there was no significant difference in the low concentration (5–15 mg·L−1), while the activities of POD and CAT gradually increased with the increase in the concentration. This resulted in a significant difference. With the extension of treatment time, the SOD activity reacted in the following manner. As the concentration of Cu2+ stress increased, the SOD activity of I. uliginosa increased first and then decreased, but at 18 d after treatment with 25 mg·L−1, the SOD activity increased more than that of the CK. The reason may be that the change in antioxidant proteins (SOD, POD, and CAT) was related to the type, concentration, and treatment time with heavy metals. The POD activity reached its maximum in the whole treatment cycle at 12 days after treatment, which increased first and then decreased with the increase in concentration. It then gradually decreased over time. On the sixth day after treatment, CAT activity first increased and then decreased with the increase in concentration.




4.3. Effects of Cu2+ Stress on the Uptake of Mineral Elements in I. uliginosa


The balance of mineral nutrient elements is the basis for the normal growth and development of plants [55]. Simultaneously, the uptake of minerals by plants is fundamentally affected by various environmental factors, such as salinity, drought, oxygen content, and heavy metals [56,57]. An appropriate amount of Cu2+ can promote the growth of plants, but excess Cu2+ causes a change in the absorption of nutrients and characteristics of transport of plants, which has have a toxic effect on them [58]. Studies have shown that the absorption and translocation of mineral elements by plants generally occurs through the interaction with other mineral elements [59]. Cu2+ stress decreased the contents of Zn, N, and K in leaves and the contents of K, Ca, P, and Mg in roots. The application of Cu2+ increases the contents of Ca and Mg in leaves [38,60]. Zhang et al. found that with the increase in concentration of copper, the contents of N, P, K, Ca, and Mg in the roots and leaves of sugar beet (Beta vulgaris subsp. vulgaris Altissima Group) tended to increase [60]. Chen et al. [61] found that treatment with a low concentration of Cu2+ increased the contents of K, Mg, Ca, and Zn in the stems and leaves of willow (Salix sp.), while a high concentration of Cu2+ reduced the contents of K, Ca, Mg, and Zn in the stems and leaves of weeping willow (Salix babylonica), and Salix 172 increased the content of Fe. He [62] found that the contents of Na, K, Mg, and Fe in the roots of cockscomb (Celosia cristata) decreased significantly under Cu2+ stress. The results of this study showed that the contents of K and Mg and the absorption of Ca, Na, and Zn in the stems, stems and leaves, and roots and leaves were not affected by Cu2+ stress treatment. However, the content of Ca in the roots decreased significantly with the increase in concentration, while the contents of Ca2+ in the leaves increased significantly. The reason may be that Ca2+ channels on the plasma membrane of roots of plants under Cu2+ stress are blocked, which results in a decrease in the net uptake of Ca2+ by root tip cells [63]. In addition, the contents of Ca in the roots are transported to the shoot, which results in the accumulation of Ca2+ in the leaves. The content of Na in the roots increased significantly, which may be related to the fact that Na, as an osmotic substance in plants, can regulate their levels of osmotic pressure [64]. With the increase in Cu2+ stress, the permeability of cell membranes gradually increased. Owing to the increase in membrane peroxidation, the permeability of the cell membrane increased, which led to an increase in the absorption of metal elements by the cells. The content of Fe was consistent with the results of Dong [65], and there was no significant change in the stem. The contents of Fe in the roots and leaves showed a phenomenon of “low promotion and high inhibition” with the change in concentration, which may be owing to the competition between copper ions and Fe, which resulted in a lack of Fe, thus affecting the formation of chlorophyll [66].



The Cu2+ content in the roots, stems, and leaves of I. uliginosa increased gradually with the increase in concentration, and the content of Cu2+ in the roots increased more apparently, which may indicate that there is a strong correlation between the content of Cu2+ in the environment and that in plants. The characteristics of Cu2+ enrichment of I. uliginosa were as follows: root > leaf > stem. Excessive Cu2+ would destroy the structure of the cell membrane and lead to a rapid increase in the content of Cu2+ in the plant. This may be a self-protective mechanism for I. uliginosa to manage Cu2+ stress and also indicates that it is a common phenomenon that the content of heavy metals in plant roots is higher than that in the shoots, which is related to the effective precipitation or inactivation of heavy metals by the roots [62]. The transfer coefficient showed that the middle leaf/root was higher than that of the stem/root, indicating that the stem primarily played a role in transport and could not store the excess Cu2+ content transported from the root. Thus, the content of excess Cu2+ would eventually be transferred upward to the leaves for storage in addition to meeting the normal nutritional requirements. Under normal conditions, the rate of distribution of Cu2+ from the roots, stems and, leaves of I. uliginosa is as follows: 61.41%, 13.27%, and 25.32%. As the concentration of stress increased, the distribution of Cu2+ in the root takes place in a water rate of up to 86.09–90.58%. This a self-protective mechanism of I. uliginosa when it has accumulated too much Cu2+ in its system for redistribution to relieve the concentration of Cu2+ in its stems and leaves. After that, the content of Cu2+ in the shoots is preferentially transported to the leaves for isolation to protect the stem tissues and maintain the normal supply of plant nutrients. With the increase in concentration, the leaf partitioning rate of Cu2+ increased first and then decreased. When the concentration reached 10 mg·L−1, the leaf partitioning reached its highest rate, which was 11.40%. When the leaf to Cu2+ partitioning rate reached saturation, the stem to Cu2+ partitioning rate showed a gradual tendency to increase.





5. Conclusions


In a certain range of concentration (5–15 mg·L−1), the morphology of growth and physiological and biochemical characteristics of I. uliginosa showed a phenomenon of “low promotion and high inhibition” to Cu2+ stress, which was accompanied by a prolonged time of Cu2+ stress. The activation of antioxidant enzyme systems in the plant could alleviate the Cu2+ stress and gradually adapt to the adversity by producing enzymes, such as SOD, POD, and CAT. However, beyond a certain range, the effect would be toxic. I. uliginosa has minimal impact on the absorption of mineral nutrients such as Na, Mg, Zn, and K. However, there is interference in the absorption of Ca, Fe, and Cu elements, including the absorption of copper, which increases gradually with the increase in the concentration of processing. It tends to gradually increase and accumulate excess copper elements in the plant through the root–leaf–stem sequence. In conclusion, I. uliginosa can adapt to the environment of Cu2+ stress through the redistribution of metal elements in its tissues and the improvement in antioxidant enzyme activities. It has a certain potential to repair the low concentration of Cu2+ pollution in water. In summary, I. uliginosa is a textbook alternative ornamental plant that can be used for the remediation of water that is contaminated with copper.
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Figure 1. Effects of different levels of Cu2+ stress on the growth indices of I. uliginosa. Note: Values represent the mean ± standard error of three replicates. Different lowercase letters indicate significant differences in values within the same concentration (p < 0.05). 
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Figure 2. Effects of Cu2+ stress on the activities of antioxidant enzymes and the contents of malondialdehyde (MDA) of I. uliginosa. Note: Values represent the mean ± standard error of three replicates, and different lowercase letters indicate significant differences (p < 0.05). 
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Figure 3. Distribution of Cu2+ in different organs of I. uliginosa. The data are the average of three experiments. 
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Table 1. Effects of different levels of Cu2+ stress on the biomass of I. uliginosa.






Table 1. Effects of different levels of Cu2+ stress on the biomass of I. uliginosa.





	
Cu2+ Concentration

(mg·L−1)

	
Fresh Weight (g)

	
Dry Weight (g)




	
Root

	
Stem

	
Leaf

	
Root

	
Stem

	
Leaf






	
0 (CK)

	
12.91 ± 1.91 a

	
30.77 ± 1.33 b

	
8.77 ± 1.36 a

	
1.17 ± 0.15 a

	
1.66 ± 0.16 a

	
1.05 ± 0.06 a




	
5

	
11.13 ± 0.38 a

	
40.90 ± 6.93 ab

	
11.68 ± 4.45 a

	
0.79 ± 0.05 ab

	
2.03 ± 0.57 a

	
1.32 ± 0.67 a




	
10

	
11.20 ± 5.90 a

	
45.93 ± 10.42 ab

	
12.87 ± 6.22 a

	
0.89 ± 0.37 ab

	
2.47 ± 1.17 a

	
1.48 ± 0.50 a




	
15

	
11.93 ± 0.51 a

	
39.83 ± 4.55 ab

	
12.45 ± 4.34 a

	
0.94 ± 0.15 ab

	
2.26 ± 0.16 a

	
1.20 ± 0.19 a




	
20

	
10.32 ± 3.92 a

	
58.22 ± 4.96 a

	
13.40 ± 2.31 a

	
0.83 ± 0.18 ab

	
3.16 ± 1.07 a

	
2.33 ± 0.78 a




	
25

	
9.87 ± 2.26 a

	
40.50 ± 7.97 ab

	
11.66 ± 5.43 a

	
0.66 ± 0.12 b

	
2.48 ± 0.93 a

	
1.48 ± 0.63 a








Note: Values represent the mean ± standard error of three replicates. Different lowercase letters within the same column indicate significant differences (p < 0.05).













 





Table 2. Effects of Cu2+ stress on the content of metal elements in different parts of I. uliginosa.
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Item

	
Cu2+ Concentration

(mg·L−1)

	
Element




	
Cu

mg·kg−1

	
Fe

mg·kg−1

	
Zn

mg·kg−1

	
K

g·kg−1

	
Ca

g·kg−1

	
Mg

mg·kg−1

	
Na

mg·kg−1






	
Root

	
0 (CK)

	
61.37 ± 1.46 e

	
1634.40 ± 72.93 c

	
205.12 ± 66.06 a

	
2.00 ± 0.23 a

	
8.10 ± 1.14 a

	
554.55 ± 13.38 a

	
833.62 ± 9.34 c




	
5

	
1074.31 ± 220.42 d

	
1797.06 ± 41.31 b

	
146.99 ± 26.97 ab

	
2.11 ± 0.28 a

	
6.68 ± 0.89 b

	
574.65 ± 29.78 a

	
1189.29 ± 74.39 a




	
10

	
1450.28 ± 181.44 c

	
2076.75 ± 51.99 a

	
158.72 ± 29.72 ab

	
2.30 ± 0.18 a

	
6.84 ± 0.34 ab

	
581.58 ± 15.30 a

	
1259.09 ± 5.19 a




	
15

	
1867.17 ± 365.34 b

	
1814.89 ± 74.28 b

	
103.96 ± 14.17 b

	
2.16 ± 0.16 a

	
5.48 ± 0.78 bc

	
560.34 ± 1.83 a

	
945.49 ± 53.20 b




	
20

	
2363.90 ± 135.02 a

	
1303.88 ± 104.21 d

	
151.42 ± 9.79 ab

	
2.06 ± 0.05 a

	
5.08 ± 0.70 c

	
572.44 ± 16.87 a

	
971.24 ± 1.05 b




	
25

	
2403.22 ± 111.52 a

	
1167.38 ± 53.84 e

	
169.81 ± 12.19 a

	
2.18 ± 0.02 a

	
6.46 ± 0.40 bc

	
551.28 ± 4.49 a

	
1258.16 ± 31.19 a




	
Shoot

	
0 (CK)

	
5.18 ± 1.24 e

	
184.38 ± 64.29 b

	
142.76 ± 12.56 a

	
2.30 ± 0.11 a

	
9.93 ± 0.38 a

	
611.71 ± 19.71 a

	
468.87 ± 41.59 ab




	
5

	
9.90 ± 0.74 de

	
194.12 ± 17.73 b

	
116.80 ± 3.07 b

	
2.36 ± 0.11 a

	
10.41 ± 0.28 a

	
613.91 ± 18.59 a

	
399.32 ± 14.45 bc




	
10

	
15.22 ± 3.17 cd

	
159.13 ± 9.95 b

	
139.76 ± 9.22 a

	
2.25 ± 0.09 a

	
10.57 ± 0.42 a

	
619.12 ± 4.31 a

	
427.61 ± 53.85 abc




	
15

	
22.61 ± 1.95 c

	
157.55 ± 5.46 b

	
92.48 ± 5.18 c

	
2.17 ± 0.04 a

	
10.50 ± 0.19 a

	
628.87 ± 1.69 a

	
508.01 ± 81.60 a




	
20

	
37.59 ± 5.09 b

	
188.49 ± 59.92 b

	
69.58 ± 3.72 d

	
1.92 ± 0.07 a

	
9.90 ± 0.51 a

	
617.56 ± 13.74 a

	
369.99 ± 22.06 c




	
25

	
54.42 ± 10.92 a

	
284.56 ± 37.75 a

	
24.53 ± 13.53 e

	
1.76 ± 0.05 b

	
10.33 ± 0.04 a

	
610.94 ± 6.39 a

	
429.62 ± 8.13 abc




	
Leaf

	
0 (CK)

	
15.73 ± 1.03 c

	
582.29 ± 105.16 b

	
154.83 ± 61.73 a

	
1.64 ± 0.14 b

	
9.33 ± 0.24 b

	
591.93 ± 10.82 bc

	
419.22 ± 17.65 a




	
5

	
42.50 ± 11.98 c

	
430.72 ± 38.95 c

	
50.55 ± 15.87 c

	
1.98 ± 0.02 a

	
8.88 ± 0.47 b

	
578.24 ± 0.12 c

	
395.68 ± 13.37 ab




	
10

	
110.68 ± 20.55 b

	
764.97 ± 8.18 a

	
129.08 ± 36.24 ab

	
1.77 ± 0.08 b

	
10.02 ± 0.42 a

	
608.11 ± 9.63 ab

	
385.33 ± 39.15 ab




	
15

	
140.24 ± 22.71 a

	
544.69 ± 51.38 b

	
107.78 ± 21.95 abc

	
1.98 ± 0.08 a

	
10.63 ± 0.25 a

	
624.74 ± 6.88 a

	
399.63 ± 18.88 ab




	
20

	
96.19 ± 14.92 b

	
297.97 ± 47.42 d

	
85.29 ± 7.76 bc

	
1.92 ± 0.07 a

	
10.02 ± 0.37 a

	
594.21 ± 6.85 bc

	
359.64 ± 23.37 b




	
25

	
81.72 ± 15.32 b

	
325.22 ± 43.20 d

	
159.55 ± 28.86 a

	
1.76 ± 0.05 b

	
10.28 ± 0.22 a

	
598.39 ± 3.19 b

	
410.32 ± 28.43 a








Note: Values represent the mean ± standard error of three replicates. Different lowercase letters indicate significant differences (p < 0.05).













 





Table 3. Cu2+ concentration and translocation during Cu2+ stress in I. uliginosa.
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Cu2+ Concentration

(mg·L−1)

	
Bioconcentration Factor

	
Translocation Factor




	
Root

	
Stem

	
Leaf

	
Stem/Root

	
Leaf/Root






	
5

	
190.071 ± 14.107 a

	
2.043 ± 0.145 a

	
9.868 ± 0.512 a

	
0.011 ± 0.002 cd

	
0.052 ± 0.001 bc




	
10

	
155.476 ± 1.871 b

	
1.366 ± 0.237 a

	
9.884 ± 0.197 a

	
0.009 ± 0.001 d

	
0.064 ± 0.002 ab




	
15

	
111.212 ± 11.424 c

	
1.581 ± 0.036 a

	
9.761 ± 1.889 a

	
0.014 ± 0.002 bc

	
0.089 ± 0.026 a




	
20

	
114.324 ± 1.121 c

	
1.764 ± 0.224 a

	
4.722 ± 1.033 b

	
0.015 ± 0.002 b

	
0.041 ± 0.009 bc




	
25

	
93.872 ± 3.040 c

	
2.015 ± 0.474 a

	
3.356 ± 0.838 b

	
0.025 ± 0.000 a

	
0.030 ± 0.001 c








The data are Note: Values represent the mean ± standard error of three replicates. Different lowercase letters indicate a significant difference (p < 0.05).
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