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The comprehensive effects of nanoparticles and coexisting heavy metals on plant growth are still unclear, especially in soil medium. The single and combined effects of multiwall carbon nanotubes (MWCNTs) and cadmium (Cd) on rice (Oryza sativa L.) growth were examined in this study through a 4 months pot experiment in 2022. Rice plants were exposed to different concentrations of MWCNTs (100 and 500 mg kg−1) in the presence of 5.0 mg kg−1 Cd stress. At the tillering stage, the 500 mg kg−1 MWCNTs addition reduced plant height by 8.0% and increased soluble protein content in the leaves by 13.7%, demonstrating that a single MWCNTs had a slight negative impact on rice growth. When exposed to Cd stress, the inclusion of 500 mg kg−1 MWCNTs led to a 6.7%–9.0% decrease in bioavailable Cd level in soil, resulting in considerable reductions in Cd content in roots (23.4%–29.9%), shoots (24.5%–28.3%) and grains (28.3%–66.2%). Compared to the single Cd treatment, the O. sativa L. leaves treated with Cd and MWCNTs (500 mg kg−1) had considerably reduced levels of malondialdehyde (MDA), soluble protein, and activities of antioxidant enzymes (POD, CAT, and SOD). The findings of this study indicated that appropriate concentrations of MWCNTs application in soil could alleviate Cd-induced toxicity on rice growth.
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1 INTRODUCTION
Nanomaterial products, such as nano-fertilizer and nano-pesticide, were widely used in agriculture to improve crop productivity and nutrient use efficiency (Lee et al., 2018; Rong et al., 2018; Hochella et al., 2019). Nanomaterials may enter the farmland soil during their usage and disposal (Hu et al., 2021; Priester et al., 2012; Peng et al., 2017). Carbon nanomaterials such as graphene, fullerene, and carbon nanotubes, offer diverse potential applications in agriculture and environmental pollution remediation. Carbon nanotubes (CNTs) are a typical carbon-based nanomaterial, have been widely used in the field of pollution remediation because of their large surface area, excellent electrical conductivity and the ability to strengthen the mass transfer process of pollutants. There are differences in structure, specific surface area and electrical conductivity between single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). Due to the high specific surface area and active surface, MWCNTs perform well in adsorptive and catalytic degradation of organic pollutants, which is more suitable for environmental remediation. However, the potential toxicities and environmental behavior of MWCNTs in soil medium are not well understood (Cao et al., 2022).
The biotoxicity of MWCNTs on terrestrial plants has attracted great attention (Jordan et al., 2020; Wan et al., 2020; Zhai et al., 2015). Previous research has found both adverse and beneficial effects of MWCNTs on plants (Babbitt and Moore, 2018; Ruotolo et al., 2018; Cao et al., 2020; Pandey et al., 2018). In a hydroponic experiment, for example, Tiwari et al. (2014) indicated that the treatment of 60 mg L−1 MWCNTs (diameter of 6–9 nm) increased the biomass of corn. Similarly, Zhao et al. (2022) discovered that applying 25 and 50 mg kg-1 MWCNTs led to increase in the fresh weight of the alfalfa shoot. However, Hatami (2017) found that MWCNTs (diameter 5–15 nm, length 50 μm) addition (125, 250, 500, 1,000 mg L−1) to standard agar Murashige and Skoog medium had harmful impacts on the Cucurbita. pepo L. germination process and seedling growth. According to Sainao et al. (2020), the application of two distinct diameters (<8 nm and 20–30 nm) MWCNTs (1,000 mg L−1) reduced growth levels in rice seedlings, accompanied by decrease in the soluble protein contents and activities of peroxidase (POD) and superoxide dismutase (SOD) in roots, as well as the amount of chlorophyll in leaves. The effects of MWCNTs on plant growth is dependent on various factors, including the concentration, diameter, and length of MWCNTs, as well as the growth medium and species of plant (Lahiani et al., 2013; Shen et al., 2018).
MWCNTs can influence the migration, toxicity, and bioavailability of other contaminants (heavy metals, organic pollutants, pesticides, antibiotics) (Zhao et al., 2017). According to recent research, MWCNTs may be used in environmental pollutants remediation (Zhou et al., 2017; Zhang et al., 2016; Gong et al., 2019). Long et al. (2022) revealed that the application of MWCNTs (100, 500, 1,000 mg kg−1) decreased the acid-extractable Cd level in soil and immobilized Cd in contaminated soil. Song et al. (2017) reported that MWCNTs (15 g kg−1) exhibited enhanced adsorption capabilities for Cd(II) and phenanthrene, leading to a notable decrease in their concentrations in the overlying water. Shen et al. (2018) observed that MWCNTs (1, 10, 100, 1,000 mg L−1) reduced pyrene absorption in cucumber roots, and the level of inhibition decreased as the outer diameters of MWCNTs increased. The application of MWCNTs (1%, w/w) greatly enhanced the adsorption of herbicides to soil (Yao et al., 2021). However, MWCNTs substantially increased pyrene accumulation in alfalfa roots (Zhao et al., 2022). Cao et al. (2022) found that MWCNTs (0.075 wt%) markedly increased the levels of antimony (Sb) in rice roots and shoots. Furthermore, earlier research has verified that MWCNTs have a distinct impact on the phytotoxicity of coexisting pollutants on plants. Applying MWCNTs at concentrations of 0.5% and 1% notably decreased the adverse effects of quinclorac on tomatoes and enhanced plant heights and fresh weights (Zhao et al., 2022). This was confirmed by Yao et al. (2021); MWCNTs alleviated the phytotoxicity of quinclorac in soil and promoted the growth of tobacco. It has been found that MWCNTs (50, 100, 250, 500, 1,000 mg L−1) may increase the toxicity of heavy metals in plants (Sharifi et al., 2021). For instance, Wang et al. (2014) discovered that the combination of MWCNT-COOH (2.5, 5, 10 mg L−1) with Pb and Cd aggravated damage in bean seedling leaves. Furthermore, the co-exposure of MWCNTs and pyrene did not result in an observation of any notable phytotoxicity (Shen et al., 2018). MWCNTs aggravated the toxicity of coexisting pollutants in a concentration-dependent fashion (Zhao et al., 2022). In ramie seedlings, Gong et al. (2019) discovered that MWCNTs (500 mg kg-1) considerably reduced Cd-induced toxicity, but MWCNTs (5,000 mg kg-1) aggravated this toxicity. Currently, the interaction of MWCNTs with coexisting pollutants is poorly known, particularly in soil medium.
Cadmium (Cd), a prevalent pollutant in paddy fields, has garnered considerable interest owing to its exceptional mobility and biotoxicity in soil-rice systems (Zhang et al., 2019). Air pollution, sewage irrigation and fertilizer application can cause Cd pollution in farmland soil. Cd pollution could inhibit plant water metabolism, photosynthesis and respiration, etc. In addition, Cd could also affect the soil ecosystem and the availability of nutrient elements, thus affecting plant growth (Yang et al., 2022). The environmental behavior of MWCNTs with coexisted Cd in soil is poorly known. In this study, a 4 months pot experiment was conducted to evaluate the single and combined effects of MWCNTs and Cd on rice growth in soil medium. This study can provide reference data for understanding the effectiveness and environmental risk of MWCNTs application in farmland soil remediation.
2 MATERIALS AND METHODS
2.1 Characteristics of soil and MWCNTs
The experimental soil was collected from a paddy field located in Huizhou, Guangdong, South China (114°49′, 23°01′), with a depth ranging from 0 to 30 cm. After air-drying, soil samples were sieved (2-mm mesh). Table 1 shows the characteristics of the paddy soil.
TABLE 1 | Basic properties of the sample soils.
[image: Table 1]MWCNTs with lengths varying from 0.5 to 2.0 μm and diameters between 10 and 20 nm (purity: 95 wt%, ash content <2.5 wt%) were bought from Nanjing XFNANO Materials Tech Co., Ltd. The inner diameter is 5–10 nm, tap density is 0.22 g cm-3, specific surface area >200 m2 g-1, electrical conductivity >100 s cm-1. The SEM image of the MWCNTs was show in Figure 1, and the Zeta potential distribution was shown in Supplementary Figure S1.
[image: Figure 1]FIGURE 1 | The SEM image of MWCNTs.
2.2 Experimental design
CdCl2 solution (CdCl2·5H2O, analytically pure) was added to soil in a plastic bucket and mixed thoroughly. According to the toxicity of Cd in soil and previous study (Zhang et al., 2019), the target Cd concentration in the soil was determined to be 5.0 mg kg-1. After 3 months of equilibration, the soils contaminated with Cd were air-dried and passed through a 2 mm-mesh sieve. The soils had final Cd concentrations of 5.11 ± 0.35 mg kg-1.
Two doses of MWCNTs (100 and 500 mg kg-1 soil) were set in this study according to the toxicity to the plants and remediation effect reported in previous study (Gong et al., 2019; Cao et al., 2022). To prevent nanoparticle aggregation during the addition process, a stepwise amplification strategy was used (Xu et al., 2015). One hundred milligrams of MWCNTs powder were mixed uniformly with 25 g dry weight (d.w.) of soil, then sequentially mixed with 100 and 875 g (d.w.) soil to obtain a concentration of 100 mg kg-1 of MWCNTs in soil. Five kilograms treated soil was added into a plant pot (diameter 200 mm, height 320 mm). There were a total of 6 treatments, and 3 replications were performed for each treatment. The treatments and serial numbers of the pot experiment are shown in Table 2.
TABLE 2 | Treatments and serial numbers of the pot experimental design.
[image: Table 2]The WUYOU116 test rice, commonly grown in Guangdong Province, was supplied by the Rice Research Institute, Guangdong Academy of Agricultural Science, Guangzhou, China. Seedlings were transplanted into the experimental box when the rice grown to 80 mm height, one seeding per plot. A 3 cm deionized water layer was maintained in the experimental plot. The pot experiment was carried out under natural light and heat (temperature variation: 20.1°C–35.9°C) in a greenhouse from April 5th to July 27th in 2022 at Peaking University Shenzhen Graduate School. According to the nutrient requirements of rice at different growth stages (Liu et al., 2023), 1.0 g KH2PO4 and CO(NH2)2 were dissolved in 100 mL water and added in the pot in pre-tillering stage (May 1st), flowering stage (June 10th) and heading stage (June 28th).
Plant height was measured at the tillering stage (May 5th), booting stage (June 6th), and heading stage (July 5th). Oryza sativa L. leaves were also tested for physiological and biochemical indexes at various growth stages.
The pot experiment lasted for 113 days, and rice (O. sativa L.) was harvested in July 27th. Tillering numbers were counted, and the plants were divided into three parts: roots, shoots, and ears. All plant tissues were washed with deionized water to remove the soil and dust, and then dried in a drying oven at 70°C to a constant weight. Ears were husked, and all the plant samples were pulverized using a plant grinding machine. The soil samples were obtained from various places in the pots, combined evenly to make a sample for each treatment, and thereafter left to air dry, crushed, and sifted through a 100 mesh sieve.
2.3 Measurement of Cd contents in soil and plants
The soil samples underwent digestion using a mixed-acid digestion method consisting of HCl-HNO3-HF-HClO4 (HJ1315, 2023, Ministry of Ecology and Environment, PRC). The following steps were taken: soil samples (0.2 g) were placed in a Teflon crucible and wetted with 0.2 mL deionized water. Then, 10 mL hydrochloric acid (concentration: 37%) was placed in the Teflon crucible with heating on an electric heating plate at 90–100°C. When the digestion solution had evaporated to about 3 mL, 15 mL nitric acid (concentration: 69%–70%) was added. The crucible was covered and heated until there were no visible particles in the solution. After that, the cap was removed, 10 mL hydrofluoric acid (concentration ≥40%) was added, and the temperature was set at 120°C for an hour. Finally, 5 mL perchloric acid (concentration: 70%–72%) was added. The crucible was heated at 150°C–170°C until the digestion solution became sticky and no longer flowing. After cooling, the residue was dissolved in a 5% nitric acid solution, filtered, and brought to a constant volume.
The HNO3-HClO4 mixed-acid approach was employed to digest shoot, root, and grain samples of plants (Zhang et al., 2016). The samples (2.0 g) were incorporated into a triangular flask, to which 10 mL of nitric acid (concentration: 69%–70%) was added, mixed, and left for a minimum of 8 h. Subsequently, 3 mL of perchloric acid (concentration: 70%–72%) was introduced, and the mixture was heated between 140°C and 160°C on an electric heating plate until the digestion solution became pale and mushy. The samples were filtered and diluted to a constant volume with deionized water.
Glacial acetic acid (HOAc) (0.11 mol L−1) was utilized for extraction of bioavailable Cd, 1.0 g soil sample was placed in the centrifuge tube (100 mL), and 40 mL 0.11 mol L−1 HOAc was added in the tube. Then, centrifuge tube was placed in a constant temperature shaker, shaking for 16 h in 22°C ± 5°C, with the speed of 200 r·min-1. After that, the centrifuge tube was centrifuged for 20 min at 4,000 rpm min-1, and the supernatant liquid was collected.
Inductively coupled plasma-mass spectrometry (Agilent 7,700x ICP-MS) was employed to measure the amounts of Cd in the extractants.
2.4 Measurement of chlorophyll content
Two hundred milligrams of fresh leaves were homogenized with acetone-anhydrous ethanol (2:1) extracting agent and a small amount of CaCO3 was transferred to a 25 mL volumetric bottle, and ultrasonicated (50 Hz, 200 W, 25 °C) for 10 min. Absorbances of the supernatants were read at 649 and 665 nm. The total chlorophyll content (mg g-1) was determined as follows:
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2.5 Measurement of soluble protein and malondialdehyde (MDA) content
Soluble protein levels were measured using Coomassie Brilliant Blue (Bradford, 1976). Fresh leaf tissue (0.2 g) was centrifuged for 10 min at 4,000 r min-1 after being homogenized in distilled water (5 mL). Supernatants were mixed with 5 mL of Coomassie reagent, absorbances were read at 595 nm, and the soluble protein amount was assessed as:
[image: image]
where [image: image] is the fresh weight (g), [image: image] is the total extract volume (mL), and [image: image] is the extract volume employed for measurement (mL).
The quantification of MDA was performed utilizing a colorimetric approach based on thiobarbituric acid (TBA) (Lee and Lee, 2000). After homogenizing fresh leaves (1.0 g) with trichloroacetic acid (TCA, 3 mL, 10%), the sample was centrifuged for 10 min at 4,000 rpm. After being heated for 35 min at 95°C, the mixture of supernatant (2 mL) and TBA (2 mL, 0.5%) was rapidly cooled and centrifuged. Supernatant absorbances were read at 450, 532, and 600 nm, and the content of MDA was determined using the following formula:
[image: image]
where [image: image] is the fresh weight (g).
2.6 Superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activity measurement
Two hundred milligrams of fresh leaves were homogenized in phosphate buffer (8 mL, 0.1 mmol-1, pH 7.0, with 0.1 μmol L-1 EDTA, ω = 1% (wt/vol) polyvinyl pyrrolidone) and a small amount of silica sand.
The homogenates were subjected to a 15-min centrifugation at 11,500 g for 4°C, and enzyme activities were measured in the supernatants. SOD, POD and CAT activities were analyzed using the nitrogen blue tetrazole photoreduction, guaiacol, and iodometry methods, respectively, the details for analysis were described by Chen et al. (2021).
2.7 Statistical analysis
Data were analyzed utilizing IBM SPSS 22.0 software and are represented as the mean ± standard deviation (SD). Tukey’s HSD tests were performed to determine the significance differences (P < 0.05) between individual treatments. Two-way ANOVA was performed to test the significance of Cd and MWCNTs and their interaction on plant growth and physiological indices.
3 RESULTS
3.1 Changes in the morphological properties of plant
As shown in Table 3, Cd stress inhibited plant height, especially at the tillering stage. In comparison to the C0M0 treatment, the C5M0 treatment led to a 12.5% decrease in plant heights. MWCNTs addition also inhibited plant growth during the tillering stage; the addition of MWCNTs (500 mg kg-1) reduced plant height by 8.0%. Following Cd stress, the plant height in the treatments with MWCNT addition was slightly greater than that in the treatment without MWCNT addition. When compared to the C5M0 treatment, the C5M1 and C5M5 treatments resulted in a 7.9% and 8.5% increase in plant height, respectively. The outcomes demonstrated that the inclusion of MWCNTs could mitigate the negative impact of Cd on growth. However, during the booting and heading stages, this type of impact was not apparent.
TABLE 3 | Impact of different treatments on height, tillering numbers, and biomass of rice plants. Mean values ±S.D. are shown (n = 3).
[image: Table 3]There was no significant difference in tillering number between different doses of Cd and MWCNTs addition treatments. Cd stress significantly reduced root biomass, shoot biomass, and total biomass in the C5M0 treatments, which were 18.6%, 11.7%, and 15.2% lower than in the C0M0 treatment, respectively. A 500 mg kg-1 MWCNTs addition caused 16.3% and 11.8% reductions in root and shoot biomass, respectively, in contrast to the C0M0 treatment. However, relative to the C5M0 treatment, the C5M5 treatment resulted in an increase of 14.3% in total biomass, 11.4% in root biomass, 13.3% in shoot biomass, and 25.0% in ear biomass. Cd and MWCNTs have a interaction on the total biomass (F = 7.02, P < 0.01), root biomass (F = 45.24, P < 0.01), and shoot biomass (F = 7.77, P < 0.01) (Supplementary Table S1).
3.2 Changes in Cd content
The introduction of MWCNTs into the soil led to substantially reduced levels of bioavailable Cd (Figure 2). In particular, the C5M1 and C5M5 treatments exhibited a decrease of 0.18 and 0.33 mg kg-1 in bioavailable Cd, respectively, in contrast to the C5M0 treatment.
[image: Figure 2]FIGURE 2 | Content of Cd in the grain, roots, shoots, and soil. Mean values ±S.D. are shown (n = 3). Significant differences are shown by various letters above each column (p < 0.05).
A 500 mg kg-1 MWCNT addition to soil considerably reduced the tissue Cd contents (Figure 2). The addition of 100 mg kg-1 MWCNTs had a negligible impact on the variations in the amount of Cd found in plant tissues. Cd contents in roots, shoots, and grain in the C5M5 treatment decreased by 23.9%, 23.4%, and 28.3%, respectively, relative to the C5M0 treatment. Even though the introduction of MWCNTs (500 mg kg-1) greatly decreased the Cd concentration in rice grain, it was still higher than the Chinese threshold for rice grain concentration of Cd (0.2 mg kg-1) (GB2762-2017).
The total Cd content uptake by rice plant in C5M0, C5M1 and C5M5 treatment was 0.099, 0.098 and 0.083 mg. The Cd content uptake by rice in C5M5 treatment decreased by 16.16% compared to C5M0 treatment.
3.3 Changes in plant biochemical characteristics
3.3.1 Chlorophyll content
At the tillering and booting stages, leaf chlorophyll content was significantly reduced due to Cd stress. In the C5M0 treatment, the chlorophyll content dropped by 0.20 and 0.25 mg kg-1, respectively, in contrast to the C0M0 treatment (Table 4).
TABLE 4 | Total chlorophyll content in Oryza sativa L. leaves (mg kg-1). Mean values ±S.D. are shown (n = 3).
[image: Table 4]C5M5 treatment resulted in a 0.11 and 0.21 mg kg-1 increase in chlorophyll contents throughout the tillering and booting stages, respectively, relative to C5M0 treatment. Cd did not affect the amount of chlorophyll in the leaf at the heading stage; however, a single 500 mg kg-1 MWCNT addition led to a noticeable drop in leaf chlorophyll content. Cd and MWCNTs have a interaction on the chlorophyll content at the tillering (F = 4.34, P < 0.05) and booting (F = 18.03, P < 0.01) stages (Supplementary Table S2).
3.3.2 Soluble protein and MDA content
As demonstrated in Figure 3A, at various growth stages, the soluble protein content rose in proportion to the Cd level in the soil. Relative to the C0M0 treatment, the soluble protein content rose by 24.5%, 36.4%, and 38.4% in the C5M0 treatment, respectively, during the tillering, booting, and heading stages. Compared with the controls, the inclusion of 500 mg kg-1 MWCNTs at the tillering stage increased the soluble protein content by 13.7%. The soluble protein concentration is drastically reduced when 500 mg kg-1 of MWCNTs are added under Cd stress conditions. At the tillering, booting, and heading stages, the soluble protein concentration dropped in the C5M5 treatment by 8.1%, 13.7%, and 15.6%, respectively, in comparison to the C5M0 group. Cd and MWCNTs have a interaction on the soluble protein content at the tillering (F = 8.23, P < 0.01) and heading (F = 6.86, P < 0.05) stages (Supplementary Table S2).
[image: Figure 3]FIGURE 3 | Alterations in the contents of soluble protein (A) and MDA (B) in Oryza sativa L. leaves. Mean values ±S.D. are shown (n = 3). Significant differences (p < 0.05) between treatment conditions at the same stage of growth are indicated by different letters above the column.
The MDA content increased significantly under Cd stress at various growth stages, as illustrated in Figure 3B. The MDA content was considerably greater in the C5M0 treatment relative to the C0M0 treatment. The inclusion of MWCNTs (100 and 500 mg kg-1) reduced Cd stress by 15.5% and 23.9%, respectively, during the tillering stage as compared to a treatment without MWCNTs. In comparison to the C5M0 treatment, the MDA content decreased by 12.9% and 14.1%, respectively, in the C5M1 and C5M5 treatments during the booting stage. C5M5 treatments resulted in a 12.9% decrease in MDA content at the heading stage when compared to C5M0 treatments. Cd and MWCNTs have a interaction on the MDA content at the tillering (F = 9.35, P < 0.01) and booting (F = 4.63, P < 0.05) stages (Supplementary Table S2).
3.3.3 Activities of antioxidant enzymes
Activities of antioxidant enzymes increased in the leaves following Cd stress. Figure 4A shows that, in comparison to the C0M0 treatment, there was a 14.3% elevation in SOD activities in the C5M0 treatment during the tillering stage. SOD activity in the heading stage was greater in the C5M0 treatment than in the C0M0 treatment, by 36.4%. The inclusion of MWCNTs (500 mg kg-1) reduced SOD activity at the heading stage by 9.1% under Cd stress conditions.
[image: Figure 4]FIGURE 4 | Variations in the activities of SOD (A), POD (B), and CAT (C) in Oryza sativa L leaves. Mean values ±S.D. are shown (n = 3). Significant differences (p < 0.05) between treatment groups in the same stage of growth are represented by different letters above the column.
At various growth stages, the POD activities in C5M0 were greater than in the C0M0 treatment, as indicated in Figure 4B. Under Cd stress conditions, 500 mg kg-1 MWCNTs addition markedly reduced POD activity. At the tillering stage, POD activity in C5M5 was reduced by 12.2% compared to the C5M0 treatment. POD activities in the C5M1 and C5M5 treatments were 12.6% and 19.7% lower at the booting stage, respectively, than in the C5M0 group. Relative to C5M0 treatment, both C5M1 and C5M5 lowered POD activities by 17.5% and 25.0%, respectively, during the heading stage. Cd and MWCNTs have a interaction on the POD activities at the tillering (F = 6.82, P < 0.05), booting (F = 12.44, P < 0.01), and heading (F = 12.79, P < 0.01) stages (Supplementary Table S2).
Figure 4C demonstrates that exposure to Cd stress resulted in elevated CAT activities during the tillering and booting stages. In the C5M0 treatments, CAT activities rose by 58.3% and 31.5% compared to the C0M0 treatment. At the tillering and booting stages, the activities of CAT in the C5M5 treatment decreased by 14.5% and 8.3% compared with those in the C5M0 treatment, respectively. Cd and MWCNTs have a interaction on the CAT activities at the tillering stage (F = 19.45, P < 0.01) (Supplementary Table S2).
4 DISCUSSION
Due to the huge specific surface area, unique aperture structures, and high surface activity, etc., MWCNTs can adsorb coexisting contaminants and influence the bioavailability and biotoxicity of those contaminants (Torre-Roche et al., 2013). Here, it was found that the bioavailable Cd amount in soil was substantially reduced after adding 500 mg kg-1 of MWCNTs, which in turn led to a drop in the Cd concentration in rice plant tissues. Cd bioavailability may be decreased if MWCNTs aggregate in the soil or on the surface of the roots. Gong et al. (2019) discovered that adding MWCNTs led to a 21%–30% reduction in the Cd content in ramie roots. The effect of MWCNTs on coexisting contaminant bioavailability/uptake depended on the uptake of the MWCNTs/contaminant complex in plants (Gong et al., 2017; Rossi et al., 2017; Huang et al., 2018). The translocation of the MWCNTs/contaminant complex in the soil-plant system varies greatly with growth medium, plant species, MWCNTs diameter, length and concentration, etc. (Shen et al., 2018). The findings indicated that adding 500 mg kg-1 of MWCNTs decreased the Cd content in roots, shoots, and rice, suggesting poor mobility of the MWCNTs/contaminant complex in the soil-rice system.
Plant height, biomass, and tillering number are often used as morphological indicators to judge Cd stress on growth (Zhang et al., 2019). Here, plant height and root biomass were found to be considerably reduced under 5.0 mg kg-1 Cd levels, indicating that Cd stress impeded the growth of O. sativa L. This was more noticeable at the tillering stage.
Previous research has documented the inhibitory impact of MWCNTs on growth in plants (Hao et al., 2018; Moll et al., 2016). Here, plant height was shown to be reduced under 500 mg kg-1 MWCNTs addition at the tillering stage. Additionally, the biomass of the roots and shoots were also dropped under MWCNTs addition. MWCNTs may negatively impact the growth of O. sativa L. by attaching to or being absorbed by plant roots, leading to plant cell death and membrane damage (Hao et al., 2018). Similar outcomes were also noted by Cao et al. (2018), who observed that adding 50 and 500 mg kg-1 MWCNTs to the soil markedly reduced the diameter and shrinkage of cortical cells in roots as well as the lengths of shoots and roots.
Under Cd stress conditions, the addition of MWCNTs enhanced plant height and total biomass. This suggested that adding MWCNTs could lessen the harmful impacts of Cd. Chen et al. (2021) discovered in their investigation that using MWCNTs could lessen heavy metal toxicities (Cd and As) by increasing the fresh weights of shoots and roots. The use of MWCNTs had a beneficial effect on the morphology of Boehmeria nivea L. under Cd stress, according to Gong et al. (2019).
The amount of chlorophyll in plants can influence photosynthesis, which in turn can impact plant growth. During the tillering stage, in particular, the chlorophyll content of plant leaves diminished noticeably after exposure to Cd stress. The substitution of a metal element in chlorophyll by Cd resulted in reduced chlorophyll contents (Agrawal and Mishra, 2009; Khan et al., 2018). The addition of MWCNTs (500 mg kg-1) dramatically raised the leaf chlorophyll contents during the booting and tillering stages under 5 mg kg-1 Cd. This indicated that MWCNT addition alleviated Cd toxicity by promoting leaf photosynthesis. Our conclusion is in line with that of Gao et al. (2020), who observed that under high Cd levels, the chlorophyll content was enhanced by foliar graphene oxide treatment. Meanwhile, the increase in chlorophyll content is a possible reason for the increase in plant height and biomass in the MWCNTs addition treatments.
Soluble proteins are crucial for preserving the integrity of the cytomembrane when exposed to stress (Lewis et al., 2019). A higher content of soluble protein indicates greater stress on plants (Fazelian et al., 2020; Geng et al., 2020; Rico et al., 2013). Here, the soluble protein content increased upon exposure to both single MWCNTs and single Cd. MWCNTs and Cd can damage root cell structures and functions, activate defensive systems, and lead to an increase in protein synthesis (Dai et al., 2020; Guan et al., 2020). Under Cd stress condition, the addition of MWCNTs (500 mg kg-1) decreased the soluble protein content during the booting and heading stage. Based on the findings, the toxicity of MWCNTs combined with Cd was less than that of Cd alone.
MDA is produced by lipid peroxidation in plants; its concentration is frequently utilized as a marker of oxidative stress (Huang et al., 2016). Mishra et al. (2006) found that stress caused by heavy metals could increase MDA levels in plants. Cd stress significantly increased MDA concentration across all growth stages in this study. Cd exposure aggravated the peroxidation of membrane lipids, leading to a significant accumulation of MDA (Ahmad et al., 2021). Figure 3B shows that the MDA content at various growth stages was significantly reduced after the addition of MWCNTs under Cd stress conditions, suggesting that the MWCNTs decreased the oxidative stress generated by Cd. Chen et al. (2021) and Sharifi et al. (2021) both documented comparable findings. The reduction of oxidative stress may be attributed to the decreased bioaccumulation of Cd caused by the addition of MWCNTs.
Furthermore, Cd stress can induce metabolic abnormalities in plants, leading to increased production of reactive oxygen species (ROS) (Cuypers et al., 2011; Huang et al., 2012; Abdel Latef, 2013). Antioxidant enzymes can reduce ROS damage to plant cells by the elimination of excess ROS (Fidalgo et al., 2011; Kumar et al., 2012). Figure 4 shows that the activities of the antioxidant enzymes POD, SOD, and CAT in leaves were higher in the C5M0 treatment than in the C0M0 treatment, indicating that Cd stress improved these activities. Chaudhary and Sharma (2009) reported similar findings, indicating that Cd stress activated the antioxidant defense system. Under 5.0 mg kg-1 Cd stress condition, 500 mg kg-1 MWCNTs addition reduced POD and CAT, especially at the tillering and booting stages. Additionally, alterations in antioxidant enzyme activity suggested that the addition of MWCNTs reduced Cd-induced toxicity in O. sativa L. Similarly, Rong et al. (2018) discovered that MWCNTs increased oxidative damage resulting from Pb and Cd in seedlings of Vicia faba L.
Soil pH has significant positive correlation (p < 0.01) with MWCNTs concentration and cation exchange capacity, however, has significant negative correlation (p < 0.01) with bioavailable Cd content in soil, root, shoot, and grain (Supplementary Figure S2). Based on the aforementioned findings, it can be inferred that the incorporation of MWCNTs increase the soil pH and CEC, and then cause decrease of the Cd bioavailability in soil and the bioaccumulation of Cd in rice plant tissues. This, in turn, influences the activities of antioxidant enzymes and oxidative stress. In addition to impacting the toxicity of coexisted Cd, MWCNTs also affect the migration of Cd in soil, which may cause pollution diffusion. Furthermore, the potential risks of MWCNTs to plants, animals, and microorganisms in soil ecosystems are still poorly understood. In future, appropriate risk assessment method for nanoparticles needs to be established, especially at the soil ecosystem, to prevent their potential negative environmental impacts.
5 CONCLUSION
Here, the separate and combined impacts of Cd and MWCNTs on the growth of rice plants were investigated. The findings indicated that exposure to Cd stress resulted in a marked reduction in root biomass, plant heights, and chlorophyll contents in the leaves, together with elevated levels of POD, SOD, and CAT activities. The growth of rice was slightly impacted by the introduction of a single MWCNT, whereas the addition of MWCNTs (500 mg kg-1) substantially decreased plant height while simultaneously increasing soluble protein contents and CAT activity in the leaves during the tillering stage. The inclusion of MWCNTs (500 mg kg-1) under high Cd levels led to a marked decrease in the amount of bioavailable Cd in the soil as well as in the roots, shoots, and grains. Cd in combination with MWCNTs (500 mg kg-1) resulted in decreased levels of soluble protein, MDA, and antioxidant enzyme activity relative to Cd alone. The results indicated that MWCNTs alleviated Cd-induced toxicity in rice growth. However, the comprehensive impacts of Cd and MWCNTs on plant growth in different soil conditions (soil texture, pH, organic matter content and ionic strength, etc.) still need further research.
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