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Abstract

:

Bidens tripartita L. is a cadmium (Cd) accumulator. However, the real-time influx or efflux of Cd2+ around its root apex has not yet been performed. The object of this experiment was to compare the roles of added ions in solution on dynamic Cd extraction by B. tripartita root tip. Quartz sand was used to grow the seedling of B. tripartite. The Cd concentrations of all samples were determined by using ICP-OES after digestion. The Cd2+ influx around the root apex was measured in vivo, i.e., using non-invasive micro-test technology (NMT). The results showed that the Cd2+ influx was found to be decreased by 35.9%, 43.7%, 20.6%, and 57.5% under 10 μM Cd combined with high content Ca2+, Mg2+, Fe3+, or K+ (16 mM, 8 mM, 0.5 mM, 18 mM, respectively), compared to that under 10 μM Cd stress. But Cd treatments with low content ions with 0.05 mM Fe3+ or 0.5 mM S increased the Cd2+ influx in roots by 20.5% and 34.6%, respectively. It was also found that Cd treatment with high concentrations of Ca2+ or K+ increased the shoot biomass of B. tripartita seedlings. Chl a and b contents were significantly decreased in the Cd treatments with low concentrations of Fe3+ or S compared to those under Cd stress alone, and the dehydrogenase activity of the roots decreased in the treatment of Cd with 0.05 mM Fe3+ or 0.5 mM S. Our results indicate that the addition of 0.05 mM Fe3+ or 0.5 mM S promoted Cd2+ influx and Cd uptake by B. tripartita. Unlike traditional measurement, the Cd2+ movements of three-dimensional space around the B. tripartita root tip had been performed by NMT. It was suggested that the effects of S and Fe3+ on the remediation potential of B. tripartita need to be further researched in the future. The results of this study provided a real-time and micro-dynamic theoretical basis for phytoremediation mechanisms.
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1. Introduction


Bidens tripartita L. (Asteraceae) was reported as a Cd accumulator by Wei et al. [1]. Using pot culture and concentration gradient experiments, B. tripartita was found that the mean values of the Cd enrichment factor and translocation factor were all higher than 1. Its biomass did not obviously decrease compared to that of the controls under soil Cd concentrations of 10 mg/kg. However, the Cd content of the shoot did not exceed 100 mg/kg, which does not fulfil the criteria for a Cd hyperaccumulator. Therefore, B. tripartita was identified as a Cd accumulator only. Zheljazkov et al. [2] also affirmed the Cd extraction characteristics of B. tripartite. It was proposed that Ca or Fe deficiency treatments promoted the absorption of Cd by edible amaranth (Amaranthus mangostanus L.). The transmembrane transports of Cd2+ and Ca2+ in amaranth roots were realised by the same channels. The low-Ca varieties showed lower Cd absorption ability than the high-Ca varieties [3]. Gao et al. [4] determined the effects of Cd on essential Fe in Malus xiaojinensis seedlings and discovered that chlorophyll and Fe concentrations in leaves were significantly reduced under Cd treatment, but Fe concentrations were markedly increased in the roots. In tomato plants, López-Millán et al. [5] reported that 10 μM Cd stresses induced a moderate Fe deficiency and 100 μM Cd treatments caused alterations in nutrient homeostasis. Thus, exploring the roles of such exogenous nutrient ions on B. tripartite-accumulating Cd is more interesting.



Usually, the comparison of synergistic or antagonistic effects between elements in plants is determined after sampling by chemical methods. Non-invasive, i.e., in vivo and real-time determination, is difficult. NMT (non-invasive micro-test technology) is a recently developed in vivo micro-measurement technology [6]. Using NMT, Zhang et al. [7] explored the effects of ammonium on Cd2+ influx around the root tips of S. nigrum and discovered that NH4+ decreased Cd2+ influx and increased Cd retention in root cell walls, alleviating toxicity. Wu et al. [8] found the impact of added Zn on Cd extraction by pakchoi root. Wang et al. [9] compared 20 soybean varieties using NMT under 5 μM Cd treatment and found that the differences around the root tip are 20 times between the highest and lowest Cd2+ influx. Li et al. [10] observed the greatest inrush of Cd2+ in the meristematic zone of Phragmites australis. Sun et al. [11] investigated the hyperaccumulating characteristics of Sedum alfredii and discovered that the hyperaccumulation mechanisms involved rapid uptake at a specific site from the root apex, fast translocation from the root to the shoot, and efficient Cd-transmembrane transport. Tao et al. [12] compared longitudinal variations in root tips between the hyperaccumulator and non-hyperaccumulator ecotypes of S. alfredii and found that the hyperaccumulating ecotype exhibited a higher Cd influx than the non-hyperaccumulating ecotype.



Recently, some studies have focused on the Cd extraction mechanisms of B. tripartita [1,2,13,14]. However, the dynamic process and influence factor of Cd extraction by B. tripartita roots have not yet been performed. Thus, the purpose of this experiment was to compare the roles of some exogenous nutrient ions on real-time Cd2+ influx around B. tripartita roots using NMT. We hypothesised that the addition of ions would have some inhibition or promotion effects on Cd uptake by B. tripartita roots. Though NMT could obtain the most real physiological signals of B. tripartita roots accurately, there is no corresponding mechanism combined with Cd2+ influx to form a comprehensive system that reflects the dynamic changes in Cd uptake. So, the chlorophyll content of the leaf was determined due to its synthesis, and its stability was closely related to the excess or deficiency of nutrient ions.




2. Materials and Methods


2.1. Experiment Conduction


The sand culture experiments were conducted in a control room because the Cd adsorption by the quartz sand was very small, and the total Cd is assumed to be the soluble Cd. Particularly, plant grow well and remain healthy when they are taken out under such conditions. Seeds of B. tripartita were harvested from a farmland in Shenyang City at maturity. Before planting, the seeds of B. tripartite were sterilised (using sodium hypochlorite) and settled evenly in seedling trays. The trays were then transferred to a growth chamber (Snijders Scientific B.V., Tilburg, The Netherlands) for 5 days at a temperature of 27 °C and 80% relative humidity. After germination, six uniform B. tripartita seedlings were transplanted to each pot (φ24 × 20 cm2) with sand and mixed with 1/5 strength Hoagland solution + 10 μM Cd (as CdCl2 2.5 H2O) compared with controls without Cd. The solution’s pH was adjusted to 5.5 using morpholinoethanesulphonic acid. The 10 μM Cd treatments combined with two concentration gradients were selected for each nutrient ion (e.g., Ca2+ was supplied as Ca (NO3)2, Mg2+ as MgSO4, Fe3+ as Fe-EDDHA, S as MgSO4, and K+ as KNO3) by adjusting the corresponding ionic concentrations in 1/5 strength solutions. The 12 treatments with a 1/5 strength Hoagland solution were listed as follows: (1) without Cd; (2) 10 μM Cd2+; (3) 10 μM Cd2+ + 1 mM Ca2+; (4) 10 μM Cd2+ + 16 mM Ca2+; (5) 10 μM Cd2+ + 0.5 mM Mg2+; (6) 10 μM Cd2+ + 8 mM Mg2+; (7) 10 μM Cd2+ + 0.05 mM Fe3+; (8) 10 μM Cd2+ + 0.5 mM Fe3+; (9) 10 μM Cd2+ + 0.5 mM S; (10) 10 μM Cd2+ + 8 mM S; (11) 10 μM Cd2+ + 2 mM K+; (12) 10 μM Cd2+ + 18 mM K+. The Cd treatment groups with low concentration ions were set by simulating the concentrations comparably to those present in the plants stressed by the deficiency of exogenous nutrient ions [15,16,17,18]. But the designs of the Cd treatment group with high concentrations of ions were according to the results of the pre-experiments. After the above treatments were completed, 50 mL of sterile nutrient solutions corresponding to each treatment were poured into pots every two days. The seedlings were grown in the control room (25 ± 2 °C, 16 h/8 h light/dark cycle, and 65% humidity). An ordinary incandescent lamp (15 W) was used for white light illumination, but exposure to red and blue light was implemented using an LED lamp (ISL-150 × 150-RB, TOSHIBA Lighting and Technology, Tokyo, Japan) at the wavelengths of 660 (red) and 470 (blue) nm. There were three replications for different treatments. Every pot was randomly placed in the room. All plant samples with a root length of 10–15 cm were collected after 30 days.




2.2. Measurements of Cd2+ Fluxes by NMT


The calibration of the cadmium ion selective micro-electrode was implemented as follows: the cadmium ion selective micro-electrode and Ag/AgCl reference electrode were immersed in a measuring solution. The state of the micro-electrode was observed by camera and video capture software to ensure there were no ion exchanger leaks from the tip. Meanwhile, the electric potential values were recorded by the NMT system. The initial calibration solution was 50, 100, and 500 μM Cd(NO3)2. The calibration process was not completed until the potential values were kept constant in different calibration solutions. The slope of the micro-electrode could be calculated by the Nernst equation according to the activity of the cadmium ion in the correction solution and the measured potential value. The above methods are used to explore the characteristics of micro-electrodes under ideal conditions. When micro-electrode technology was applied to monitor plant samples, it was necessary to use a buffer solution to maintain biological activity, so the measuring solution consisted of 0.1 mmol/L Cd(NO3)2, 0.1 mmol/L KCl, 0.1 mmol/L CaCl2, 1.0 mmol/L NaCl, and 0.1 mmol/L MgSO4. The pH of the measuring solution was maintained at 6.0 ± 0.2 by adding 0.15 mmol/L 2-(N-Morpholino) ethanesulfonic acid (MES).



The measuring solution was added to the culture dish, and the primary (longest) root of B. tripartita was fixed with filter paper and resin blocks to expose the root tip in the dish. The cadmium-ion selective micro-electrode was immersed in the measuring solution after calibration, and the micro-electrode was close to the root apex by adjusting the operator. As shown in Figure 1, the scanning locations from the root apex were from 0 to 600 μm every 100 μm; the electric potential values were recorded by the data collection system after parameters were set, and the potential values were converted into Cd2+ fluxes by using Mage Flux [9,19].




2.3. Measurements of Chlorophyll, Dehydrogenase Activity, Biomass and Cd Concentration


Chlorophyll is a very significant indicator for photosynthesis. Some fresh leaves of B. tripartita were used to make homogenates using 95% ethanol. Chl a and Chl b were separated after they were centrifuged at 5180× g for 20 min at 4 °C. The contents of Chl a and Chl b were determined using a UV-visible near-infrared spectrophotometer (UV-3600i Plus, SHIMADZU, Kyoto, Japan) at 663 and 645 nm, respectively [20].



Dehydrogenase activity is an important index to reflect root vigour, which is determined as the amount of triphenyl tetrazole chloride (TTC) reduced per unit time [21].



Biomass determination for the harvested samples of B. tripartita seedlings was conducted by the normal method using a balance with an accuracy of 0.001 g. Before measurement, the roots and shoots were separated and oven-dried until counterweight.



The Cd concentration in all samples was determined using inductively coupled plasma optical emission spectrometry (ICP-OES: iCAP 7000, Thermo Fisher Scientific Inc., Waltham, MA, USA) [13,22]. Before such determination, plant samples were digested with a mixture of concentrated HNO3 and HClO4 (87:13, v/v) [23]. For QA/QC, the standard reference material poplar leaf GBW07604 (GSV-3) (Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences, Beijing, China) was used to verify the measured values of Cd [24]. The limits of detection (LOD) and quantification (LOQ) were 0.0017 and 0.0035 mg/kg, respectively. The measured value of Cd in certified materials was 0.29 ± 0.01 mg/kg, and the values of relative standard deviation (RSD) and Cd recovery rate were 3% and 91 ± 2%, respectively [1].




2.4. Data Analysis and Difference Comparison


Data processing, including average calculation and standard deviation (SD) analysis, was conducted by Excel 2020 SPSS (29.0) and DPS (V19.0) software were used to compare the significant difference at p < 0.05 [9,25].





3. Results


3.1. Cd2+ Flow Rate of B. tripartita Root Tip in Different Treatments


The Cd2+ influx (pmol/cm2·s) round root apexes of 10 μM Cd-treated B. tripartita seeding were higher compared to those of controls, and a clear spatial and temporal organisation of the Cd2+ influx profile was observed. At 300 μm of the root apex, the Cd2+ influxes of B. tripartite were the highest for all treatments (Table 1). Compared to 10 μM Cd2+, the flow rates of Cd2+ (at 300 μm) were decreased by 35.9% and 43.7% under 10 μM Cd2+ + 16 mM Ca2+ and 10 μM Cd2+ + 8 mM Mg2+, respectively. Likewise, 10 μM Cd2+ + 0.5 mM Fe3+ or 18 mM K+ also decreased the Cd2+ influxes by 20.6% and 57.5%, respectively. There were no significant effects at low concentrations of Ca2+ (1 mM), Mg2+ (0.5 mM), or K+ (2 mM). However, Cd2+ influx increased by 34.6% under 10 μM Cd2+ + 0.5 mM S, even at higher concentration S (8 mM) without significant influence. Notably, 10 μM Cd2+ + 0.05 mM Fe3+ or 0.5 mM S significantly increased the Cd uptake rates by B. tripartita roots (p < 0.05).




3.2. Biomass and Cd Concentrations of B. tripartita in Different Treatments


In Table 2, Cd + 16 mM Ca2+ induced a promotion (14.5%) of shoot biomass, and Cd + 8 mM Mg2+ significantly increased shoot biomass of B. tripartita seedlings (p < 0.05). However, significant variations were not obtained between Cd + 1 mM Ca2+ or 0.5 mM Mg2+ (p < 0.05). The shoot biomass decreased by 27.3% under Cd + 0.05 mM Fe3+. There were no significant effects of Cd + 8 mM S or 2 mM K+ on shoot biomass relative to Cd treatment alone (p < 0.05). A significant reduction (21.2%) in B. tripartita shoot biomass was observed after Cd + 0.5 mM S (p < 0.05). Cd + 16 mM Ca2+ or 8 mM Mg2+ significantly reduced the Cd concentrations of B. tripartita (p < 0.05). The Cd contents of B. tripartita shoot were reduced significantly by 38.3% and 29.6% in Cd + 0.5 mM Fe3+ or 18 mM K+, respectively, whereas Cd contents increased by 20.2% and 18.3% when the plants were Cd + 0.05 mM Fe3+ and 0.5 mM S, respectively (p < 0.05). However, the Cd content of B. tripartita under Cd + 8 mM S or 2 mM K+ did not significantly change relative to Cd treatment alone (p < 0.05).



Shoot biomass of B. tripartita seedlings was higher under Cd + 8 mM Mg2+ or 18 mM K+ than Cd alone. Cd + 0.05 mM Fe3+ also reduced the biomass. However, Cd + 0.5 mM Mg2+ or 8 mM S showed no significant impacts on biomass compared to the control, and Cd + 1 mM Ca2+ or 2 mM K+ had no effects on the biomass of B. tripartita seedlings. The Cd content of B. tripartita plants was reduced under Cd + high concentrations of nutrient ions compared to Cd alone. However, Cd + low-concentration nutrient ions were all without any impacts on the Cd contents compared to 10 μM Cd2+. Notably, B. tripartita can be used to extract Cd from soil contaminated with sulphur and Fe.




3.3. Variations in Chlorophyll and Dehydrogenase Activity


As shown in Table 2, there were no significant differences among Cd + 1 mM Ca2+, 0.5 mM Mg2+ and Cd alone (p < 0.05). The Chls concentrations in Cd + 16 mM Ca2+ or 8 mM Mg2+ were significantly higher than those under Cd alone (p < 0.05). Compared to Cd alone, the concentrations of Chls significantly increased by 16.0% and 17.9% under Cd + 0.5 mM Fe3+ (p < 0.05). But the concentrations of Chls decreased significantly by 18.0% and 20.6%, and 13.5% and 16.8%, respectively, under Cd + 0.05 mM Fe3+ or 0.5 mM S, respectively. Furthermore, the concentrations of Chls were increased by 14.2% and 41.9% in Cd + 18 mM K+. However, there were no significant effects of 10 μM Cd2+ + 2 mM K+ on the contents of Chls (p < 0.05).



The dehydrogenase activities increased significantly in Cd + 16 mM Ca2+ or 8 mM Mg2+ compared to Cd alone (p < 0.05), whereas no significant differences happened among Cd + 1 mM Ca2+ and 0.5 mM Mg2+ and Cd alone (Table 2). The dehydrogenase activity was significantly increased by 41.9% under Cd + 0.5 mM Fe3+ (p < 0.05). However, Cd + 8 mM S had no significant effects on the dehydrogenase activity of B. tripartita roots relative to Cd alone (p < 0.05). A significant decrease (37.9%) in dehydrogenase activity was observed in the treatment of Cd + 0.05 mM Fe3+ compared to Cd alone (p < 0.05). Furthermore, dehydrogenase activity in Cd + 18 mM K+ was higher (55.4%) than that under Cd alone. There were no significant effects of Cd + 2 mM K+ on dehydrogenase activity compared to Cd alone (p < 0.05).





4. Discussion


4.1. Dynamic Uptake of Cd2+ Flux from Accumulator and Hyperaccumulator Roots under Cd Stress


Tao et al. [26] demonstrated that Cd transport via the apoplasmic pathway is mainly concentrated in the root tips and lateral roots of the hyperaccumulator S. alfredii. NMT scanning locations of our design were mainly concentrated around B. tripartita root tips from 0 to 800 μm every 100 μm, based on the aforementioned reference. Li et al. [10] determined the Cd2+ influx of Sedum plumbizincicola seedling roots under 50 µM Cd treatments and found the highest influxes at 300 μm from the root tips. The previous observations are basically the same as our results, and the highest Cd2+ influxes were at 300 μm too from the root apexes of B. tripartita; the Cd pretreatments promoted the Cd2+ influx as compared with controls. Lan et al. [27] found that Cd2+ influx in Cd-hyperaccumulator Microsorum pteropus leaves was significantly resisted with an exposure to 500 μM Cd. However, such status did not happen in stems both under 500 μM and 100 μM Cd treatments, and the Cd2+ root fluxes changed from influxes to effluxes when the exogenous Cd stress changed from 100 μM to 500 μM. By contrast, the net Cd2+ influx at 300 μm from the root tip of B. tripartita was −84.3 pmol/cm2·s under 10 μM Cd treatments in this experiment.




4.2. Effects of Exogenous Nutrient Ions on Cd2+ Fluxes


Lu et al. [28] verified that Cd2+ influx into S. alfredii roots sharply decreased when Ca2+ in the medium increased from 2 mM to 32 mM. This is consistent with our findings, which also showed that the Cd2+ influx of B. tripartita roots was reduced by 35.9% under Cd treatment with 16 mM Ca2+ compared with Cd stress alone. Greger et al. [29] suggested that Cd2+ in the apoplasm or vacuole of wheat cells was decreased by silicate down-regulation of cation channels. Our results indicate that high concentrations of Ca2+ have an antagonistic effect on the uptake of Cd2+. It is possible that divalent cation concentrations compete with Cd2+ for uptake or that Ca2+ blocks Cd2+ influx in the cation channels. Jia et al. [30] found that pretreatment with 50 and 150 μmol/L NaHS decreased the Cd2+ influxes by 55.7% and 45.4% in Isatis indigotica root tips, respectively, and the application of NaHS effectively inhibited Cd2+ transmembrane transport. Zhang et al. [31] demonstrated that 10 μmol/L Cd and 25 μmol/L Fe-EDTA co-treatment could reduce the Cd influxes in Vicia sativa root tips, and the addition of Fe-EDTA significantly rescued Cd toxicity by inhibiting root uptake. Cd content decreased when plants were grown under Fe supply conditions. The findings from the current study are consistent with the discussed observations; the Cd2+ influxes of B. tripartita decreased under Cd treatment with 0.5 mmol/L Fe-EDDHA as compared to single Cd treatment. Yin et al. [32] elucidated the underlying physiological and biochemical mechanisms under optimal boron supply levels and found that, as a reliable Cd uptake inhibitor, boron decreased Cd2+ influx into cells and promoted the biosynthesis of cell wall components.




4.3. Biomass and Cd Accumulation Affected by Cd and Exogenous Nutrient Ions


Chen et al. [33] investigated the effects of Ca addition on root morphology, Cd translocation, and metabolic responses in Catharanthus roseus under Cd stress and found that the addition of 5 mmol/L Ca(NO3)2 promoted lateral root occurrence on root tips and alleviated Cd-induced toxicity by reducing the content of MDA and H2O2 in plants. The exogenous application of Ca decreased Cd uptake by the roots and increased Cd translocation to the shoots. However, the results of the current study indicated that the shoot biomass of B. tripartita decreased under Cd treatment when the Ca2+ concentration was tripled (16 mmol/L). High concentrations of Ca2+ inhibit plant growth and affect root development. Wu et al. [34] investigated K+ regulation in Arabidopsis thaliana in response to Cd stress and discovered that the addition of 3 mmol/L K+ alleviated leaf chlorosis under Cd stress. Cd treatment with 3 mmol/L K+ not only increased the content of hemicellulose in the root cell wall but also down-regulated the expression of genes related to Cd membrane transport, which led to Cd fixation and retention in the root cell wall. In the present study, the shoot biomass of B. tripartita increased by 13.9% after Cd treatment with 18 mmol/L K+. It is possible that hemicellulose biosynthesis was promoted by the Cd treatment with a high concentration of K+. Vaculík et al. [35] investigated the influences of Cd on element distributions in Salix caprea roots using energy-dispersive X-ray spectroscopy (EDX) and found that, after exposure to 0.5 mg/L Cd for 14 weeks, Ca and Mg were accumulated in the peripheral bark and K and S were enriched in the phloem. Iron fertilisers can reduce Cd uptake and accumulation in wheat plants. Yao et al. [36] investigated the effects of FeCl3 and Fe2(SO4)3 on Cd uptake and accumulation in wheat under Cd stress and found that FeCl3 and Fe2(SO4)3 decreased Cd accumulation, and 50 μM FeCl3 is the optimal treatment. Optimising soil environmental Fe effectively reduces Cd accumulation in shoots by immobilising Cd in the roots. Zhang et al. [7] discovered that fertilisation with 500 μM EDTA-Na2Fe increased the contents of the ionic soluble pectin and decreased citric acid in rice roots, which provided more Cd-binding sites in the root cell walls and reduced Cd mobility in the xylem. They also demonstrated that low-Fe treatments up-regulated the expression of Cd-transport-related genes, and excessive-Fe treatments enhanced Cd enrichment in the iron plaque and root cell wall. Interference of Cd with Fe nutrition has a strong effect on the development and efficiency of the photosynthetic apparatus. Sárvári et al. [37] researched the influence of Fe-citrate supplied to the chlorophyll–protein complexes of poplar leaves and verified that the increased Fe content of chloroplasts was due to excessive-Fe-induced changes in the Fe distribution in the leaf. The selection of a suitable Fe-to-Cd ratio and a proper light environment is crucial to avoiding the potentially harmful effects of excessive Fe. The combination of sulphur and chicory promotes Cd bioaccumulation for the phytoremediation of Cd-contaminated alkaline soil. Liu et al. [38] reported the mechanism of sulphur-assisted Cd phytoremediation by chicory and suggested that the Cd bioconcentration factors significantly increased by 201.0% for shoots and 227.7% for roots under 1.2 g/kg (2700 kg/ha) sulphur treatment, as compared with the control. Elemental sulphur can enhance the efficiency of Cd phytoremediation. Zia-ur-Rehman et al. [39] found that Cd accumulation in the roots of spider plants increased by 62% with a 0.2% sulphur treatment relative to controls under 100 mg/kg Cd stress, and the application of treatments such as 0.2% sulphur also increased the photosynthetic rate in plants. Similarly, the findings of the current study showed that Cd + 0.05 mM Fe3+ or 0.5 mM S increased Cd2+ influx around B. tripartita roots. First, the addition of excess Fe may protect against Cd stresses and based on the results of the chlorophyll concentration of leaves, photosynthetic symptoms were recovered in plants subjected to Cd stress. Second, considering the effects of Fe on the real-time uptake of Cd by B. tripartita roots, we chose Fe-EDDHA as the chelating iron fertiliser to avoid the inorganic ferric salt-led precipitation of Fe(OH)3 on the root surface. Third, sulphur is involved in the synthesis of several important metabolites, such as glutathione, phytochelatins, and non-protein thiols, which are related to the tolerance and detoxification mechanisms of Cd in plants.





5. Conclusions


Using NMT, real-time Cd uptake by B. tripartita root under Cd treatments with different exogenous nutrient ions was measured in this experiment. Cd + 0.05 mM Fe3+ or 0.5 mM S increased Cd2+ influx at 300 μm from B. tripartita root apexes. Meanwhile, the dehydrogenase activity of roots increased significantly under Cd + 0.05 mM Fe3+ or 0.5 mM S compared to Cd alone, but the chlorophyll concentration of leaves decreased evidently, which laid the foundation for monitoring the Cd uptake by the roots of the accumulator using NMT. In addition, the processes involved in Cd uptake of B. tripartita root, Cd translocation from root to shoot, and Cd accumulation in the root/shoot could be monitored by NMT in future research, especially Cd2+ sequestration into the vacuole and Cd2+ transport in the xylem vessels together with inorganic ions. Based on our results and other comprehensive studies, the focus should be on the effects of S and Fe3+ on the remediation potential of B. tripartita in the future with the application of NMT.
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Figure 1. The principle of NMT and setting of probe on Bidens tripartita L. root surface based on Han et al. [6] with some modifications. 
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