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Abstract

:

There is a complex cadmium (Cd) and iron (Fe) interaction in soil. To explore the influences of Fe application on the growth, Cd accumulation, and antioxidant capacity of poplar under Cd exposure, Populus tremula × P. alba ‘717’ was treated with different concentrations of Cd (0 and 100 μM) and Fe (50 and 150 μM). In addition, the root architecture, leaf chlorophyll content, Cd accumulation, and antioxidant enzyme activity were analyzed. The results showed that the high-dose Fe (150 μM) did not change poplar biomass in zero-Cd treatment but increased the chlorophyll content, total root surface area, net photosynthetic rate, and biomass accumulation of Cd-stressed poplar. In addition, under Cd stress, high-dose Fe increased the translocation factor (TF) of Cd, decreased root and leaf malondialdehyde (MDA) content, and enhanced root and leaf SOD activity. That is, high-dose Fe could alleviate the suppression of Cd on the growth of poplar and enhance the transport of Cd to aboveground tissues and the SOD activity in roots and leaves, thus alleviating the Cd-induced oxidative stress. This study will provide reference for the remediation of Cd-contaminated soils using poplar.
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1. Introduction


Heavy metal accumulation caused by natural processes or anthropogenic activities severely affects the life and biodiversity on earth [1]. Especially, cadmium (Cd) pollution has attracted much attention from people of many countries [2,3,4,5]. Cd in soil can be absorbed by plant roots and enters the human body through the food chain, endangering human immune, nervous, and reproductive systems [6]. To reduce the Cd accumulation in soil and the threat of Cd pollution to human health, many physical, chemical, and biological remediation technologies have been developed [7,8]. Among them, phytoremediation is an effective, low-cost, and environment-friendly way [9] to remove heavy metals from soils by plants’ uptake. For example, Hu et al. [10] and Balestri et al. [11] reported that Pteris vittata and Sedum alfredii could adsorb a large amount of Cd in the soil. However, most known Cd-enriched plants are herbs. Due to the low biomass, the amount of Cd accumulation is very small compared with trees [2]. Therefore, some scholars began to study the remediation of Cd-contaminated soils using trees [12,13,14]. Marmiroli et al. reported that the total Cd contents extracted from Populus and Thlaspi were about 250 and 125 g ha−1 per year in similarly polluted soil, respectively [15]. Due to the fast growth and strong adaptability, the performance of poplar in Cd-contaminated soil remediation has been explored [16]. He et al. [17] found that due to Populus canescens had a large biomass: the total amount of Cd absorbed and transported to the aboveground part was considerable. The root and leaf Cd content of P. canescens exceeded 1000 and 100 μg g−1 DW, respectively. Therefore, poplar has great potential in phytoremediation.



Several studies have shown that Cd can enter plant cells through transport vectors of Fe2+, Zn2+, and Ca2+, disrupting the uptake of minerals by plants [18,19,20]. The strong binding ability of Cd to proteins could replace Fe in proteins and change protein function and chloroplast structure, thus inhibiting photosynthesis and reducing biomass accumulation [21,22]. Cd can also disturb the metabolism and increase the production of reactive oxygen species (ROS), which ultimately causes oxidative stress [23]. Many studies have shown that plants can adapt to environmental stresses through changing root architecture to obtain adequate nutrients [24]. In addition, the activities of antioxidant enzymes in plant cells, such as ascorbate peroxidase (APX), ascorbate oxidase (AAO), superoxide dismutase (SOD), and catalase (CAT), could also be induced to maintain intracellular redox balance [12].



Iron (Fe) is necessary for plant growth. The redox of Fe2+ and Fe3+ participates in plant electron transport chain, photosynthesis, respiration, and chloroplast synthesis [25,26]. A previous study found that Cd can disrupt the absorption and transportation of Fe by plants, causing the iron deficiency chlorosis of plants [27]. Fe deficiency further aggravates Cd-induced oxidative stress and inhibits plant growth [28,29]. Although Fe could restore the photosynthesis of plants, it also strengthens the absorption of Cd and the allocation to the aboveground part [30,31]. However, a previous study also proved that sufficient Fe could reduce the absorption of Cd by plants [32]. Fe is a key component of the iron superoxide dismutase (Fe-SOD) subunit, which is vital for ROS scavenging [33], and most Fe in the soil is in insoluble form that cannot be directly utilized by plants. Thus, exploring the effect of high-dose Fe on poplar growth and Cd accumulation is essential for poplar phytoremediation.



The root system directly contacts with soil Cd and is the channel for Cd to enter the plant’s aboveground part, so it is more sensitive to soil Cd [34]. Therefore, in this study, the effects of Fe treatments (50 and 150 μM) on the growth parameters, root architecture, Cd accumulation, and antioxidant enzyme activity of poplar under Cd exposure (100 μM) were explored, to clarify the mechanism of high-dose Fe alleviating Cd stress on poplar growth. This study hypothesized that: (1) high-dose Fe might affect the absorption and accumulation of Cd by poplar by changing poplar root architecture and (2) high-dose Fe might affect antioxidant enzyme activity to improve poplar tolerance to Cd stress. This research will provide reference for the phytoremediation of Cd-contaminated soil using poplar.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Tissue culture plants of Populus tremula × P. alba ‘717’ were used in this experiment. In March 2021, tissue culture plants were cultured under growth room condition (25/18 °C in the day and night; light duration: 14 h; light intensity: 150 μmol m−2 s−1; relative humidity: 50%–60%) for one month and then transplanted in 6 L pots filled with sands. Hoagland nutrient solution (1/4 concentration, 50 mL) was irrigated into each pot every day.



In May, when the height of seedlings reached 30–35 cm, 24 seedlings with similar size were transplanted in aerated Hoagland nutrient solution without Fe and equally divided into four groups, followed by Cd (0 and 100 μM CdCl2) and Fe (50 and 150 μM FeCl3) treatments. The Cd and Fe levels were determined according to previous studies [14,35,36], and 50 and 150 μM Fe doses were considered normal- and high-dose Fe, respectively. There were four treatments in total, including (1) Cd0Fe50: 0 μM CdCl2 + 50 μM FeCl3; (2) Cd0Fe150: 0 μM CdCl2 + 150 μM FeCl3; (3) Cd100Fe50: 100 μM CdCl2 + 50 μM FeCl3; and (4) Cd100Fe150: 100 μM CdCl2 + 150 μM FeCl3. The nutrient solution was renewed every three days, and Cd and Fe were added again after the nutrient solution was replaced. After 5 weeks, all poplar plants were harvested (Figure 1).




2.2. Determination of Photosynthetic Parameters and Sampling


Three leaves of each seedling (leaf plastochron index: 7–9) were sampled, and the method of Luo et al. [37] was employed to determine the net photosynthetic rate (Pn), transpiration rate (E), and stomatal conductance (gs) using a LI-6400 portable photosynthetic apparatus (LI-COR Inc., Lincoln, NE, USA) in the morning (9:00–11:00).



Then, the roots of each seedling were soaked in 50 mM CaCl2 for 5 min, washed twice, and dried with absorbent paper, to remove root surface metal ions. A portion of the seeding roots (ca. 2 g) was used for scanning (see Section 2.3). After that, the seedlings were separated into roots, woods, barks, and leaves; weighed; and recorded. After wrapping in tin foil and freezing in liquid nitrogen, the tissues were ground at low temperature using a ball mill (Tissuelyser-64L, Jingxin, Shanghai, China) and stored at −80 °C. About 200 mg was then dried to constant weight and weighed, followed by the calculation of the dry-wet ratio.




2.3. Determination of Root Morphology


The roots sampled for scanning above mentioned were spread out in water to avoid root overlap. Then the root was scanned using the WinRHIZO root analysis system (Regent Instruments, Québec, QC, Canada) to determine the total root length (TRL), total root surface area (TRSA), total root volume (TRV), and total root tips (TRT) [24].




2.4. Assays of Chlorophyll Content


Leaf chlorophyll content (chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid (Car)) were determined [14]. Forty milligrams of leaves was soaked in pure acetone and (400 μL) for 5 min. Then, 9.6 mL of 80% acetone solution was added. The mixture was shaken in dark conditions overnight. Fifteen minutes after the sample turned white, the absorbance at 663, 646, and 470 nm were measured using a spectrophotometer (Unico, Beijing, China).




2.5. Determination of the Concentrations of Cd and Fe


One hundred milligrams of root and leaf samples was digested using, respectively, solutions composed of perchloric acid (2 mL) and concentrated nitric acid (8 mL). Then, the ICP-MS inductively coupled plasma mass spectrometry (Agilent7800, Santa Clara, CA, USA) was used to determine the Cd and Fe concentrations [13].




2.6. Determination of MDA Content


One hundred milligrams of root and leaf samples was extracted in 10% TCA for 30 min. The supernatant was mixed with a solution composed of 0.6% TBA and 10% TCA after centrifugation. After that, the mixture was subjected to a 15 min boiling water bath, followed by cooling in ice and centrifugation. Finally, the absorbance of the supernatant was determined at 450, 532, and 600 nm [38].




2.7. Assays of Antioxidant Enzyme Activity


One hundred milligrams of root and leaf samples was extracted using an extract solution composed of polyvinylpolypyrrolidone (200 mg), potassium phosphate (0.1 M, pH 7.8), and Triton X-100 (v/v = 0.5%). After centrifugation, the soluble protein content was determined using the supernatant, with bovine serum as the standard. The antioxidant enzyme activity was determined using the extracted soluble protein [39].



Following Tamás et al. [40], the reaction system for the determination of AAO (EC 1.10.3.3) activity included enzyme solution, potassium phosphate buffer (0.1 M, pH 5.6), EDTA-Na2 (5 mM), and sodium ascorbate (50 mM). The absorbance was determined at 265 nm using a spectrophotometer. The oxidization of 1 μmol ascorbic acid (AsA) per milligram of protein per minute was defined as one unit of AAO activity.



Following He et al. [41], the reaction system for the determination of APX (EC 1.11.1.11) activity consisted of enzyme solution, phosphate buffer (0.05 M, pH 7.0), EDTA (0.1 mM), sodium ascorbate (0.1 mM), and H2O2 (2.5 mM). The absorbance was determined at 290 nm using a spectrophotometer. The decomposition of 1 μmoL of AsA per milligram of protein per minute was defined as one unit of APX activity.



Following Gong at al. [42], the SOD (EC1.15.1.1) activity was determined. The reaction system included enzyme solution, potassium phosphate (0.05 M, pH 7.8), methionine (0.22 M), nitro blue tetrazolium chloride monohydrate (NBT) (1.25 mM), and riboflavin (33 μM). The absorbance was determined at 560 nm using a spectrophotometer. The 50% inhibition of NBT photoreduction was defined as one unit of SOD activity.




2.8. Analysis of BCF, BAF, TF and TI


The bioconcentration factor (BCF), bioaccumulation factor (BAF), translocation factor (TF), and tolerance index (TI) were calculated [1]:


BCFR = CCdR/CSubstrate



(1)






BAFW = CCdW/CSubstrate



(2)






BAFB = CCdB/CSubstrate



(3)






BAFL = CCdL/CSubstrate



(4)






TFW = CCdW/CCdR



(5)






TFB = CCdB/CCdR



(6)






TFL = CCdL/CCdR



(7)






TI = DBMCd-treatment/DBMControl



(8)




where CCdR, CCdW, CCdB, CCdR, CCdL, and CSubstrate are the Cd concentrations in poplar root, wood, bark, leaves, and growing substrate, respectively, and DBMCd-treatment and DBMControl are the dry biomass (DBM) of each Cd treatment and the control, respectively.




2.9. Statistical Analysis


Data normality was first analyzed. All the data were analyzed using Statgraphics software (STN, USA). The significance of the differences was determined with two-factor analyses of variance at p < 0.05, and for significant differences, the means were analyzed by a posteriori comparison.





3. Results


3.1. Effect of Fe Application on Cd-Stressed Poplar Growth


The biomass of roots (0.63 g), woods (0.59 g), barks (0.50 g), and leaves (0.50 g) for Cd100Fe50 decreased by 42%, 56%, 44%, and 51%, respectively, compared with those for Cd0Fe50 (Figure 2a–d). The biomass of roots (0.82 g), woods (0.71 g), barks (0.65 g), and leaves (3.79 g) for Cd100Fe150 decreased by 19%, 44%, 30%, and 30%, respectively, compared with those for Cd0Fe150 (Figure 2a–d). There was no difference between Cd0Fe50 and Cd0Fe150 (Figure 2a–d). However, the biomass of roots, woods, barks, and leaves for Cd100Fe150 increased by 29%, 20%, 29%, and 38%, respectively, compared with those for Cd100Fe50 (Figure 2a–d). The TI for Cd100Fe50 decreased by 50% compared with that for Cd0Fe50. Similarly, The TI for Cd100Fe150 decreased by 31% compared with that for Cd0Fe150 (Figure 2e). Under Cd-free condition, there was no difference in the TI between Cd0Fe150 and Cd0Fe50. The TI for Cd100Fe150 increased by 34% compared with that for Cd100Fe50 (Figure 2e).




3.2. Effect of Fe Application on Cd-Stressed Poplar Root Architecture


The TRL of poplar for Cd100Fe50 decreased by 58%, compared with that for Cd0Fe50. Similarly, the TRL of poplar for Cd100Fe150 decreased by 32% compared with that for Cd0Fe150. The TRL of poplar for Cd0Fe150 decreased by 25% compared with that for Cd0Fe50. However, there was no difference in the TRL of poplar between Cd100Fe150 and Cd100Fe50 (Figure 3a).



The TRSA of poplar for Cd100Fe50 decreased by 26% compared with that for Cd0Fe50. There was no difference between Cd100Fe150 and Cd0Fe150 or between Cd0Fe50 and Cd0Fe150. However, the TRSA of poplar for Cd100Fe150 increased by 42% compared with that for Cd100Fe50 (Figure 3b).



The TRV of poplar for Cd100Fe50 decreased by 56% compared with that for Cd0Fe50. Similarly, the TRV of poplar for Cd100Fe150 decreased by 17% compared with that for Cd0Fe150. The TRV of poplar for Cd0Fe150 decreased by 17% compared with that for Cd0Fe50. However, the TRV of poplar for Cd100Fe150 increased by 56% compared with that for Cd100Fe50 (Figure 3c).



The total number of poplar root tips for Cd100Fe50 decreased by 32% compared with that for Cd0Fe50. Similarly, the total number of poplar root tips for Cd100Fe150 decreased by 43% compared with that for Cd0Fe150. However, the total number of root tips of poplar for Cd0Fe150 increased by 32% compared with that for Cd0Fe50. There was no difference between Cd100Fe50 and Cd100Fe150 (Figure 3d).




3.3. Effects of Fe on Chlorophyll Content and Photosynthetic Parameters of Cd-Stressed Poplar


The leaf Pn, E, and gs for Cd100Fe50 decreased by 48%, 41%, and 27%, respectively, compared with those for Cd0Fe50. Similarly, the Pn, E, and gs for Cd100Fe150 decreased by 41%, 47% and 38%, respectively, compared with those for Cd0Fe150. However, the Pn, E, and gs of leaves for Cd0Fe150 increased by 21%, 47%, and 33%, respectively, compared with those for Cd0Fe50. In addition, the Pn, E, and gs of leaves for Cd100Fe150 increased by 37%, 33%, and 13%, respectively, compared with those in the Cd100Fe50 (Figure 4).



The contents of Chl a (4.61 mg g−1 DW), Chl b (1.01 mg g−1 DW), and Car (0.85 mg g−1 DW) in poplar leaves for Cd100Fe50 decreased by 54%, 41%, and 51%, respectively, compared with those for Cd0Fe50. Similarly, the contents of Chl a (2.82 mg g−1 DW), Chl b (0.77 mg g−1 DW), and Car (0.61 mg g−1 DW) in poplar leaves for Cd100Fe150 decreased by 42%, 30%, and 29%, respectively, compared with those for Cd0Fe150. However, the content of Chl b for Cd0Fe150 increased by 10%, while the contents of Chl a and Car did not change significantly compared with those for Cd0Fe50. Additionally, the contents of Chl a, Chl b, and Car in poplar leaves for Cd100Fe150 increased by 34%, 29%, and 45%, respectively, compared with those for Cd100Fe50 (Figure 5).




3.4. Effect of Fe on the Cd Accumulation of Cd-Stressed Poplar


No Cd was found in the poplar for Cd0Fe150 and Cd0Fe50 (Figure 6a–d). The root Cd content (231.98 μg g−1 DW) in the Cd100Fe150 reduced by 66%, while the Cd contents in the woods (179.57 μg g−1 DW), barks (464.86 μg g−1 DW), and leaves (167.53 μg g−1 DW) increased by 44%, 76%, and 56%, respectively, compared with those for Cd100Fe50 (Figure 6a–d).



The root and bark Fe content for Cd100Fe50 increased by 71% and 92%, respectively, while the wood and leaf Fe content decreased by 37% and 34%, respectively, compared with those for Cd0Fe50. The Cd content in poplar roots, woods, and leaves for Cd100Fe150 reduced by 30%, 23%, and 43%, respectively, while the content of Fe in the barks increased by 81% compared with those for Cd0Fe150. The Fe content in the roots, barks, and leaves of poplar for Cd0Fe150 increased by 92%, 103%, and 89%, respectively, compared with those for Cd0Fe50, but there was no difference in the Fe content in woods. The content of Fe in the barks and leaves for Cd100Fe150 increased by 91% and 62%, respectively, but that in the roots reduced by 22%, compared with those for Cd100Fe50 (Figure 6e–h).



The BCFR for Cd100Fe150 (20.71) reduced by 66%, while the BAFW, BAFB, and BAFL increased by 44%, 76%, and 56%, respectively, compared with those for Cd100Fe50. The TFW (0.78), TFB (2.02), and TFL (0.73) for Cd100Fe150 increased by 325%, 420%, and 361%, respectively, compared with those for Cd100Fe50 (Table 1).




3.5. Effect of Fe application on MDA Content and Antioxidant Enzyme Activities of Cd-Stressed Poplar


The MDA content in poplar roots for Cd100Fe50 increased by 101% compared with that for Cd0Fe50 (Figure 7a). The MDA content in poplar roots for Cd100Fe150 increased by 60% compared with that for Cd0Fe150 (Figure 7a). There was no difference in the root MDA content between Cd0Fe50 and Cd0Fe150 (Figure 7a). However, the MDA content in poplar roots for Cd100Fe150 reduced by 24% compared with that for Cd100Fe50 (Figure 7a).



The MDA content in poplar leaves for Cd100Fe50 increased by 124% compared with that for Cd0Fe50 (Figure 7b). There was no difference between Cd0Fe150 and Cd100Fe150 and between Cd0Fe50 and Cd0Fe150 (Figure 7b). The MDA content in poplar leaves for Cd100Fe150 reduced by 30% compared with that for Cd100Fe50 (Figure 7b).



The AAO and SOD activities in poplar roots for Cd100Fe50 reduced by 24% and 33%, respectively, compared with those for Cd0Fe50, while there was no difference in root APX activity (Figure 8a–c). The AAO, APX, and SOD activities in poplar roots for Cd100Fe150 reduced by 36%, 21%, and 23%, respectively, compared with those for Cd0Fe150 (Figure 8a–c). The APX and SOD activities in poplar roots for Cd0Fe150 increased by 9% and 11%, respectively, compared with those for Cd0Fe50, while there was no difference in root AAO activity (Figure 8a–c). The AAO and APX activities in poplar roots for Cd100Fe150 reduced by 20% and 19%, respectively, while the SOD activity in poplar roots increased by 27% compared with those for Cd100Fe50 (Figure 8a–c).



The AAO and SOD activities in poplar leaves for Cd100Fe50 reduced by 11% and 43%, respectively, while the APX activity increased by 8% compared with those for Cd0Fe50 (Figure 8d–f). The AAO, APX, and SOD activities in poplar leaves for Cd100Fe150 reduced by 76%, 29%, and 32%, respectively, compared with those for Cd0Fe150 (Figure 8d–f). The AAO activity in poplar leaves for Cd0Fe150 increased by 75% compared with that for Cd0Fe50, but there was no difference in the APX and SOD activities in leaves (Figure 8d–f). The AAO and APX activities in poplar leaves for Cd100Fe150 reduced by 53% and 35%, respectively, while the SOD activity increased by 22% compared with those for Cd100Fe50 (Figure 8d–f).





4. Discussion


4.1. Cd and Fe Interaction Affects the Growth, Photosynthesis, and Pigment Accumulation of Poplar


Cd stress can inhibit plant growth and photosynthesis, and even cause plant death [2,13,36]. This study found that Cd significantly inhibited poplar growth and reduced the biomass of roots, woods, barks, and leaves. Fe is necessary for plant growth. Sperotto et al. [43] found that proper high-dose Fe was beneficial to plant growth, but excessive Fe was toxic to plants. This study found that 150 μM Fe did not reduce the biomass of poplar roots, woods, barks, and leaves. This indicates that 150 μM is the suitable Fe level for poplar. Separately, TI can indicate a plant’s resistance to Cd toxicity [1]. In this study, under Cd stress, 150 μM Fe increased the biomass accumulation, and TI of poplar compared with 50 μM Fe. These results indicate that proper high-dose Fe is helpful to enhance poplar’s tolerance to Cd stress, and 150 μM is not excessive for poplar growth.



The analysis of root architecture showed that Cd significantly reduced the TRL, TRSA, TRV, and root tip number of poplar. This may be related to the toxicity of Cd [44]. In the absence of Cd, high-dose Fe decreased the TRV and TRL but increased the TRT. This indicates that high-dose Fe (150 μM) could make poplar roots shorter, thinner, and more lateral. In this study, under Cd stress, high-dose Fe increased the TRV of the poplar root system. This indicates that high-dose Fe could effectively alleviate the inhibition of Cd on poplar root growth. Meanwhile, the root system is the key part for plants to adsorb nutrients from soil, and large TRSA helps plants to adsorb nutrients [24,45]. In this study, under Cd stress, the high-dose Fe increased the TRSA. This may be due to the higher root biomass under Cd stress [45]. The increased TRSA can not only enhance the absorption of nutrients, but also enhance the absorption and accumulation of Cd by poplar.



Previous research has shown that plants with higher Pn have higher biomass [46,47]. Cd stress can lead to the reduction of biomass by inhibiting plant photosynthesis [27]. In this study, Cd significantly inhibited the Pn of poplar regardless of normal or high concentration of Fe, which was in line with the biomass results. Studies have shown that Cd could greatly inhibit the synthesis of chlorophyll, reduce the chlorophyll content, and cause the iron deficiency chlorosis of plants [38,44]. This study obtained similar results. Qureshi et al. [48] reported that Fe exists in heme- and iron-sulfur proteins as a cofactor that plays an important role in photosynthesis in chloroplasts. In addition, Fe participates in the transport of photosynthetic electrons in the photosynthetic electron transport chain [49]. In this study, under Cd stress, high-dose Fe increased the contents of Chl a, Chl b, and Car and enhanced the Pn and biomass. This indicates that high-dose Fe (150 μM) could effectively alleviate the iron deficiency chlorosis induced by Cd, enhance poplar tolerance to Cd, and restore the normal growth of poplar.




4.2. Fe application Enhances Cd Enrichment in Aboveground Parts of Poplar


Cd can be absorbed by plant roots, transported and accumulated in the aboveground tissues [8,40,50,51]. Studies have shown that the interaction between Cd and Fe in soil is complex. Because Cd2+ and Fe2+ have similar ionic radii, Cd2+ can enter plant cells through IRTs, ZIPs, NRAMPs, and other Fe2+ transport carriers [2,32,52], and Fe deficiency can increase the Cd accumulation in Arabidopsis [46]. In this study, under Cd stress, high-dose Fe increased the transpiration rate of poplar. Thus, more Cd could be transferred to the aboveground part with sap flow. The plant’s phytoextraction capacity is defined as TF [1]. In this study, the TFW, TFB, and TFL of Cd under high-dose Fe were significantly higher than those under normal-dose Fe. This indicates that high-dose Fe (150 μM) could effectively enhance the transport of Cd to the aboveground part of poplar. Separately, the Cd absorption capacity of plants from substrate/soil is defined as BCF [1]. In this study, most BAFs were lower than BCFs. It indicates that there is a limitation in the Cd transport from roots to aboveground parts, which results in more Cd accumulating in the root instead of the aboveground part [53]. However, it was found that after high-dose Fe, the BAF increased. This indicates that high-dose Fe may break some restrictions and enhance the transport and accumulation of Cd to the aboveground part of poplar. Although Cd-enriched herb plants have higher Cd contents, poplar trees can enrich a larger amount of Cd due to their larger biomass, which has important value in phytoremediation [54,55,56]. This study result indicates that a proper-high amount of Fe can be applied in the poplar phytoremediation of Cd-contaminated soils, so as to enhance the remediation efficiency.



As Cd2+ can enter plant cells through the transport protein of Fe2+, it will disturb the absorption of Fe2+ by plants [36,57,58]. This study obtained similar results: Although high-dose Fe increased the Fe content in roots, barks, and leaves under zero Cd condition, it only increased the Fe content in barks and leaves under Cd exposure. Studies have shown that under Cd stress, increasing the Fe content of aboveground parts, especially increasing leaf Fe content, is very important for maintaining chlorophyll synthesis and improving photosynthetic rate [44,59,60]. Sarvari et al. [34] held that an appropriate Cd: Fe ratio was conducive to reducing the damage of Cd to plants. This study results showed that the poplar growing under the condition of Cd/Fe ratio = 2:3 was better than the poplar growing under the condition of Cd/Fe ratio = 2:1.




4.3. Antioxidant Defense of Poplar under Cd and Fe Interaction


Cd can induce the accumulation of a large amount of ROS after entering cells, resulting in membrane lipid peroxidation and MDA accumulation [15,61]. In this study, Cd induced the accumulation of large amounts of MDA under both normal- and high-dose Fe. In addition, in the absence of Cd, high-dose Fe did not change poplar root and leaf MDA content. This indicates that 150 μM Fe is not excessive for poplar growth and could not cause oxidative damage. Interestingly, this study found that under Cd stress, the root and leaf MDA content in the high-dose Fe group was significantly lower than that of poplar in the normal-dose Fe group. This indicates that under Cd stress, high-dose Fe could alleviate the Cd-induced oxidative damage to a certain extent and promote the growth of poplar.



To cope with the Cd-induced oxidative stress, plant antioxidant enzymes are activated to scavenge ROS, but the enzymes’ responses are different under different degrees of Cd stress [12]. In this study, Cd significantly suppressed root and leaf AAO and SOD activities under normal- and high-dose Fe. However, under normal-dose Fe, the Cd-stressed poplar root and leaf APX activity increased. This indicates that APX may play a more important role in mitigating Cd-induced oxidative stress under normal-dose Fe compared with other antioxidant enzymes. In the absence of Cd, high-dose Fe increased root APX and SOD activities and leaf AAO and APX activities, thus enhancing poplar’s antioxidant capacity. However, under Cd stress, high-dose Fe decreased root and leaf AAO and APX activities but increased the activity of SOD in roots and leaves, which helped to scavenge ROS. A previous study reported that under abiotic stress, plants could maintain the ROS balance by a ROS-scavenging system that mainly includes three types of SODs (Cu/Zn-SOD, Mn-SOD, and Fe-SOD) [62]. Among them, Fe-SOD is an important component in chloroplasts, peroxisomes, and mitochondria [32]. Therefore, in this study, under Cd stress, high-dose Fe may have increased the activity of Fe-SOD to enhance the ROS scavenging ability.





5. Conclusions


In this study, Cd (100 μM) could suppress the photosynthesis and reduce the total root surface area of P. tremula × P. alba ‘717’, thus suppressing the absorption of nutrients, CO2 assimilation, and the growth of poplar. Under Cd stress, high-dose Fe (150 μM) increased the net photosynthetic rate, total root surface area, and nutrient absorption, thus alleviating the toxicity of Cd. That is, the Fe dose of 150 μM is not excessive for poplar growth but promotes biomass accumulation. In addition, the high-dose Fe increased the BAF and TF, thus breaking some restrictions and enhancing the transport of Cd to the aboveground part of poplar. In addition, under Cd stress, high-dose Fe enhanced the antioxidant capacity of poplar by increasing the activity of Fe-SOD. Therefore, it is necessary to further explore the effects of high-dose Fe (150 μM) on the activity of Fe-SOD under Cd stress. This study has a guiding significance for the use of poplar in the high-efficiency remediation of Cd-contaminated soil.
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Figure 1. The leaves of poplar under different Cd and Fe combined treatments. Cd0Fe50: 0 μM CdCl2 + 50 μM FeCl3; Cd0Fe150: 0 μM CdCl2 + 150 μM FeCl3; Cd100Fe50: 100 μM CdCl2 + 50 μM FeCl3; Cd100Fe150: 100 μM CdCl2 + 150 μM FeCl3. The same below. 
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Figure 2. The biomass of root (a), wood (b), bark (c), leaves (d), and TI © of poplar under different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant). The same below. 
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Figure 3. The TRL (a), TRSA (b), TRV (c) and total root tip number (d) of poplar under different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, not significant). 
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Figure 4. The Pn (a), E (b) and gs (c) of poplar under different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant). 
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Figure 5. Chl a (a), Chl b (b), and Car (c) in the leaves of poplar under different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant). 
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Figure 6. The Cd (a–d) and Fe (e–h) contents in the roots, woods, barks, and leaves of poplar under different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant). 
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Figure 7. The contents of MDA in the roots (a) and leaves (b) of poplar under different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, not significant). 
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Figure 8. The activities of AAO (a,d), APX (b,e), and SOD (c,f) in the roots and leaves of poplar under different Cd and Fe combined treatments. Data were means ± SE (n = 6). Different lowercase letters on the bars indicate significant differences in ANOVA (p < 0.05). p values of two-way ANOVA on Cd, Fe, and their interaction (Cd × Fe) were indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant). 
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Table 1. BAF, BCF, and TF for Cd in the roots (R), woods (W), barks (B), and leaves (L) of poplar under different Cd and Fe combined treatments.
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BCFR

	
BAFW

	
BAFB

	
BAFL

	
TFW

	
TFB

	
TFL






	
Cd0Fe150

	
61.00 ± 2.68 b

	
11.15 ± 0.38 a

	
23.64 ± 0.53 a

	
9.58 ± 0.54 a

	
0.18 ± 0.01 a

	
0.39 ± 0.01 a

	
0.16 ± 0.02 a




	
Cd100Fe150

	
20.71 ± 1.26 a

	
16.03 ± 0.51 b

	
41.51 ± 0.31 b

	
14.96 ± 0.70 b

	
0.78 ± 0.06 b

	
2.02 ± 0.13 b

	
0.73 ± 0.07 b




	
p-values

	
Fe

	
***

	
**

	
****

	
**

	
***

	
***

	
**








Notes: Data were means ± SE (n = 6). Different lowercase letters following the values in the same column indicate significant differences in ANOVA (p < 0.05). p values of one-way ANOVA on Fe were indicated (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant).
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