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Abstract

:

Bamboo is nutritionally significant across the world because the shoots are high in calories and nutritional fiber but low in cholesterol. However, recent research has shown that bamboo shoots also contain a substantial quantity of heavy metals, including arsenic (As). Therefore, we explored whether the co-application of iron oxide nanoparticles (IONPs) and selenium nanoparticles (Se-NPs) would attenuate As toxicity in bamboo plants (Pleioblastus pygmaeus). A greenhouse experiment was performed to investigate plant responses to arsenic toxicity. Bamboo plants exposed to four levels of As (0, 10, 20, and 40 mg L−1) were foliar-sprayed with 60 mg L−1 of Se-NPs and 60 mg L−1 of IONPs alone and in combination. The data indicated that different As concentrations (10, 20, and 40 mg L−1) caused membrane damage and reactive oxide species (ROS) production in bamboo cells, characterized by H2O2, O2•−, MDA, and EL increasing by up to 47%, 54%, 57%, and 65%, respectively, in comparison with a control. The co-application of 60 mg L−1 of Se-NPs + IONP markedly improved the antioxidant enzyme activities (by 75% in SOD, 27% in POD, 52% in CAT, 37% in GR, and 38% in PAL), total flavonoid content (42%), phenolic content (36%), proline (44%), nitric oxide (59%), putrescine (Put) (85%), spermidine (Spd) (53%), relative water content (RWC) (36%), photosynthetic characteristics (27%) in net photosynthesis (Pn) (24% in the intercellular CO2 concentration (Ci), 39% in stomatal conductance (Gs), and 31% in chlorophyll pigments), and ultimately biomass indices and growth. The co-application of Se-NPs + IONPs with 10 and 20 mg L−1 of As raised the TI by 14% and 9% in the shoot and by 18% and 14% in the root, respectively. IONPs and Se-NPs reduced ROS, cell membrane lipoperoxidation, and electrolyte leakage, all contributing to the decrease in oxidative stress by limiting As uptake and translocation. In sum, Se-NPs and IONPs improved bamboo endurance, yet the most effective approach for increasing bamboo’s ability to recover from As toxicity was the concurrent use of 60 mg L−1 of Se-NPs and 60 mg L−1 of IONPs. Our IONP and Se-NP data from single and combined applications offer novel knowledge in improving the tolerance mechanism against As exposure in Pleioblastus pygmaeus.






Keywords:


metal (oid) toxicity; nanoparticles; selenium; iron; bamboo












1. Introduction


Today, soil pollution from heavy metal(oid)s (HMs) has become an important issue. It could restrict plant growth and reduce crop production and pose a potential risk by entering the food web and threatening human health [1]. Indeed, even a single HM present in the soil has the potential to contribute to the significant widespread contamination of underground water supplies [2]. For instance, consuming drinking water containing more than 10 μg L−1 of As is toxic, and arsenic contamination could harm the health of up to 200 million individuals worldwide [3]. Anthropogenic activities such as metal smelting, mining, utilizing fossil fuels, and using disproportionate numbers of insecticides, herbicides, and pesticides in agriculture may result in the accumulation of arsenic (As), a non-essential (toxic) metalloid [4]. In plants, As can bind to proteins and enzyme complexes, thus disrupting cell biochemistry because of the overproduction of reactive oxygen species (ROS), leading to oxidative stress [5] and affecting respiration, photosynthesis, and transpiration, along with damage to carbohydrates and DNA [6]. This might limit plant reproductive capacity and lower the strength of the photosynthetic apparatus [7,8]. Morphologically, As leads to necrosis, leaf senescence, defoliation, reduction in leaf number, and chlorosis. This hinders development by reducing plant biomass and yield and inhibiting cell proliferation and root extension [3].



Researchers have recently proposed incorporating metal-based nanoparticles (NPs) as a feasible way of reducing environmental pollutants [9]. Even though there have been particular concerns arising from NP synthesis techniques, cellular penetration strategies, and ecotoxicological effects, their robust structure, compact size, high surface area, and high potential for adsorption, in general, make NPs valuable candidates for removing HMs from plants [10,11]. NPs can enter plants through the stomata opening (10 nanometers in diameter) and induce several mechanistic modifications, such as a reduction in ROS in cells [12,13,14,15].



One of the crucial trace elements in plants, selenium (Se), is a nutrient that can both enhance plant development and strengthen the immune systems of individuals [16,17]. Several research studies have proven that Se can help plant growth under different metal toxicity levels [18,19]. Selenium, by activating selenoenzymes, can increase antioxidant capacity, which can induce ROS scavenging, resulting in a preserved membrane in the plant cell [1]. Iron (Fe) is another essential micronutrient that can affect plants’ different physiological mechanisms and biochemical processes. Despite Fe being known to be an abundant element, Fe concentrations are generally insufficient for plant needs [20,21]. Because of improved photosystem II efficacy, catalysis of enzymatic reactions, RNA synthesis, DNA transcription, and auxin activity in plants, more substantial plant development has been observed using Fe supplementation [22]. Fe NPs impact plant cells at the molecular level, enhancing nutritional assimilation and absorption [23]. Furthermore, iron oxide nanoparticles (IONPs) increase agricultural production in many plant species by reducing metal and drought stress [24,25]. Because Fe-containing minerals are poorly soluble, applying Fe in NP form externally can be a powerful way to address Fe shortages in plants and improve the plant’s ability to withstand HM stress [21].



Bamboo (Bambusoideae) is a fast-growing plant with the highest biomass that grows in a large area of Chinese forestland (more than 6 million ha) and the world’s forestland (approx. 31.5 million ha) [26,27]. Bamboo is an economical source of livelihood for local people in China and South Asia and is of particular importance [28]. The shoots are high-calorie, low-fat, and have high dietary fiber and can be used as a food source worldwide [29]. Additionally, given its unique qualities, such as high biomass and rapid vegetative development, bamboo can be used as a phytoremediation plant to remove HMs from polluted regions [30]. Therefore, using bamboo species as an eco-friendly option to clean up urban areas might be a practical concept. Bamboo species are also used commercially for gardening and landscape design [31]. Pleioblastus pygmaeus, with an average height of 30–50 cm, has been used specifically for this aim [32]. Numerous Chinese provinces, including Jiangsu, use Pleioblastus pygmaeus. On the other hand, results taken from sampled plants in various Chinese local marketplaces have shown that bamboo shoots have a remarkably high As concentration [33]. Therefore, investigating bio-nutrient and economic variables to detect and curb pollution levels from the ecosystem and, ultimately, the food web is crucial. To the best of our knowledge, this is the first research using foliar-applied Se-NPs and IONPs either alone or in combination to decrease As toxicity in bamboo plants, although the utilization of Fe and Se in ameliorating HM stress has previously been documented. Thus, in the current work, we aimed to investigate the impact of Se-NPs and IONPs in single and combination forms on bamboo plants under As toxicity, emphasizing associated mechanisms in As detoxification. We suggest that IONPs and Se-NPs can increase bamboo tolerance through antioxidant machinery and polyamine activity, thus decreasing bioavailability and, subsequently, As toxicity.




2. Materials and Methods


2.1. Growth Conditions


The current research was performed in a controlled greenhouse with a relative humidity of 69–79% and a photoperiod of 16 h/8 h in light/dark. Perlite and coco peat were used as a growth medium at a ratio of 1:2 in 3 L pots. One-year-old bamboo plants (Pleioblastus pygmaeus) were provided from the greenhouse belonging to the Bamboo Research Institute, Nanjing Forestry University, located in Jiangsu Province, China, and cultivated in the pots for 60 days. Each pot had five bamboo plants. Four concentrations of As, including 0 (control), 10, 20, and 40 mg L−1, were applied via irrigation in a total solution volume of 250 mL for each pot (in four replicates) throughout the course of the trial. The experimental design is provided in Table 1.



Se-NPs (Sigma-Aldrich, St. Louis, MO, USA) with spherical shapes and in a powder form (10–40 nm dimensions and 99.9% purity) were supplied by Nanjing Jiancheng Company, Nanjing, China. Iron oxide nanoparticles (IONPs) 15–25 nm in size, 4.67 g/cm3 density, and 99% purity were also purchased from Nanjing Jiancheng Company, Nanjing, China) Se-NPs (30 mg) were solvated in water (500 mL) and sprayed onto the leaves of each bamboo plant 20 days after the trial’s start. This was repeated after 40 days (total: 60 mg L−1 Se-NPs). This was similar to IONPs. For co-application treatment, the first spray of 15 mg of Se-NPs + 15 mg IONPs was solvated in 500 mL water and then sprayed onto each bamboo plant’s leaves 20 days after the trial’s start. This was repeated after 40 days (total: 60 mg L−1 Se-NPs + IONPs). Each pot of plants was nourished with 400 mL of nutrient solution at 5-day intervals. The measurement of morphological and photosynthetic parameters was conducted in the greenhouse. Then, the leaves, stem, and roots were separately sampled and transferred to the lab. The samples were maintained in the refrigerator (Haier) for the determination of enzymatic activities and biochemistry measurements.




2.2. As Content in Bamboo Organs (Roots, Stems, and Leaves)


In total, 6 mL of nitric acid (HNO3- 64%) was added to 0.5 g of dry leaf samples and then incubated at 28 °C overnight (o/n). Then, the treatments were moved to an oven (China Energy) at 95 °C so that all the NO2 evaporated. The As concentration in bamboo organs was determined using inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 4500 series, USA) [34].




2.3. Calculation of the Bioaccumulation Factor, Translocation Factor, and Tolerance Index


The bioaccumulation factor (BAF), translocation factor (TF), and tolerance index (TI) were calculated as indicators of phytoextraction efficiency using the method of Souri and Karimi [35] to show the phytoremediation potential of bamboo plants. The BAF, TF, and TI values were calculated by using the following formulae:


BAF = (the content of As in root/stem and leaves)/(content of As in the medium)



(1)






TF = (the content of As in the stem and leaves)/(content of As in the root)



(2)






TI of Shoot = (As in shoot dry weight)/(shoot dry weight of control)



(3)






TI of root = (As in root dry weight)/(root dry weight of control)



(4)








2.4. Determination of Dry Weight of Shoots and Roots


After the experiment, treated bamboo shoots and roots were washed and cleaned. The water content was removed by keeping samples in a vacuum-drying oven (DZF-6090) (Xiamen Tob New Energy Technology, Xiamen, China) at 118° C for 28 min. Then, the parameters were fixed at 78 °C for 48 h to reach constant weight. Shoot and root samples were weighed for all four replicates and displayed as the shoot and root dry weight.




2.5. Antioxidant Enzyme Activities


In total, 0.6 g of bamboo leaves were crushed in a mortar and pestle using liquid nitrogen (LN) to prepare samples for the antioxidant enzyme activity determinations. The obtained leaf powders were mixed with 4 mg of pH 7.6 phosphate buffer. The mixture was centrifuged at 3500–4500× g at 6 °C for 18 min to obtain the final supernatant.



Superoxide dismutase (SOD) activity was measured by using the photoreduction of nitro blue tetrazolium (NBT) via the Senthilkumar [36] protocol. The peroxidase activity (POD), catalase (CAT), and glutathione reductase (GR) activities were measured using the protocol of Liu [37], Aebi [38], and Foyer and Halliwell with some modifications [39]. Phenylalanine ammonia-lyase (PAL) activity was obtained using the protocol of Berner [40]. The enzymatic activities were expressed as U mg−1 of protein.




2.6. Total Phenolics and Flavonoid Content


Total flavonoid content (TFC) was determined based on [41] by plotting the curve using a quercetin standard. The total phenolic content (TPC) was measured with a reference protocol [42], using gallic acid (GA) as a standard and Folin–Ciocalteu as a reagent.




2.7. Hydrogen Peroxide Malondialdehyde, Superoxide Radical, and Electrolyte Leakage


Hydrogen peroxide (H2O2) content was determined as per Velikova [43]. The superoxide radical (O2•−) content was obtained using the Li method [44]. Malondialdehyde (MDA) content, as a lipid peroxidation biomarker, was estimated using Rao and Sresty’s protocol [45]. Electrolyte leakage (EL) was determined using the Valentovic method [46]. EL was obtained via the difference between primary electrical conductivity (EC1) and final conductivity (EC2). The following formula was used to calculate the EC percentage:


EL (%) = (EC1/EC2) × 100



(5)








2.8. Nitric Oxide and Relative Water Content


The nitric oxide content was determined using the detection kit following the manufacturer’s instructions accordingly, which Solar Bio Life Science, Beijing, China provided. RWC was obtained by measuring the fresh weight (FW) and saturation weight (SW) (in leaves immersed in distilled water o/n), as well as the dry weight (DW) (at 70 °C o/n). Relative water content (RWC) was obtained according to the following formula [47]:


RWC (%) = (FW − DW)/(SW − DW) ×100



(6)








2.9. Proline Content and Spermidine and Putrescine


Proline content was obtained using the Bates protocol [48]. The spermidine (Spd) and putrescine (Put) contents were analyzed based on the levels of H2O2 produced through polyamine oxidation. The spermidine (Spd) and putrescine (Put) contents were estimated based on the method of Zhao et al. [49].




2.10. Gaseous Exchange and Photosynthetic Pigments


A portable gas exchange device was used to measure the intercellular CO2 concentration (Ci), net photosynthesis (Pn), and stomatal conductance (Gs) on larger leaves at 9:30 in the morning at 26 °C [50]. The total photosynthetic pigments were calculated using the methodology of [51] by adding 80% acetone to a 100 mg leaf extract and centrifuging the mixture for 10 min at 8000 rpm. A spectrophotometer (Hitachi U-2001, Tokyo, Japan) was used to quantify total chlorophyll absorbance at 630, 647, and 664 nm wavelengths.




2.11. Statistics


The study was implemented in a completely randomized design (CRD) with four replicates. A 2-way factorial design was used to analyze variance in the R package. For the computation of the mean differences between treatments, Duncan’s test was used at a level of p < 0.05.





3. Results


3.1. Impact of Se-NPs and IONPs on As Content in Bamboo Plant Organs


The presence of HMs in plant organs is a significant sign of a plant’s stress level. Our findings revealed a substantial disparity of As content between the bamboo plant leaves, stems, and roots (p < 0.001). The highest reduction in As content was found using the combined Se-NP + IONP group, which showed that As (10 and 20 mg L−1) decreased by 33% and 15% in leaves, 28% and 21% in the stem, and 26% and 13% in roots when compared with the control treatments, respectively (Figure 1). On the other hand, Se-NPs and IONPs (60 mg L−1) alone significantly reduced As levels in bamboo organs. Yet, the combination form of Se-NPs + IONPs showed the most critical impact on As decreases, demonstrating the effectiveness of combining nanoparticles rather than using a single version to reduce As absorption by plants.




3.2. Impact of Se-NPs and IONPs on Bioaccumulation Factor, Translocation Factor, and Tolerance Index (TI) in Bamboo Exposed to As Toxicity


To show the efficacy of Se-NPs and IONPs in lowering As toxicity, the phytoextraction potency of bamboo was measured using the bioaccumulation factor (BAF) of the leaves, stems, and roots; the translocation factor (TF) of the stems and leaves; and the TI of the shoots and roots. There was a significant difference in the BAFs between the bamboo treatments (p < 0.001). The BAFs in the leaves, stems, and roots of bamboo subjected to As decreased after applying NPs; thus, Se-NPs and IONPs inhibited As uptake in plant organs. The lowest BAF was related to the co-application of Se-NPs + IONPs with 10, 20, and 40 mg L−1 of As, which led to 50%, 54%, and 42% reductions with 10 mg L−1; 42%, 50%, and 37% reductions with 20 mg L−1; and 26%, 35%, and 24% reductions with 40 mg L−1 As as compared with the controls in leaves, stems and roots, respectively. On the other hand, the capacity of As ions to absorb and adhere to the Se-NP and IONP surfaces caused the decrease in the As-BAF to diminish the TF in the plants. The lowest TF percentage was related to the co-application of Se-NPs + IONPs with 10, 20, and 40 mg L−1 of As, resulting in 20%, 26%, and 14% decreases in the stems and 19%, 11%, and 3% reductions in the leaves, respectively. Thus, the bamboo tolerance index (TI) was enhanced. There was also a significant difference between treatments for the TI of the shoot/root samples (p < 0.001). The findings showed that, in contrast to the control treatment, introducing Se-NPs and IONPs raised the TIs by 22%, 18%, and 26% in the stem and 23%, 21%, and 27% in the root (Table 2).




3.3. Impact of Se-NPs and IONPs on Root and Shoot Dry Weight in Bamboo Exposed to As Toxicity


The data showed that applying NPs both independently and in combination improved plant biomass under As toxicity. The different As concentrations substantially reduced the plants’ shoot and root dry weights (SHDWs and RDWs). The SHDWs and RDWs significantly differed between groups (p < 0.001). It was found that SHDWs increased by 26%, 22%, and 18%, while RDWs increased by 27%, 23%, and 21%, respectively, for 10, 20, and 40 mg L−1 of As. In addition, the results showed that both NPs significantly promoted plant biomass under As toxicity compared with the controls. Thus, the highest SHDWs and RDWs were related to the co-application of Se-NPs + IONPs with 10 and 20 mg L−1 of As, with 14% and 9% increases in the SHDWs and 18% and 14% increases in RDWs (Figure 2) (Table 3).




3.4. Effect of Se-NPs and IONPs on Antioxidant Enzyme Activities in Bamboo Exposed to As Toxicity


The antioxidant activity varied significantly between the treatments (p < 0.001). The co-application of Se-NPs + IONPs, with increases of 48% in SOD, 17% in POD, 51% in CAT, 19% in GR, and 18% in PAL in comparison with the controls, was found to have the highest antioxidant activity in bamboo plants under As toxicity. In addition, Se-NPs and IONPs alone increased antioxidant activity; however, the highest increase was in the group with 10 mg L−1 of As, with 24% and 12% increases in SOD; 8% and 4% in POD; 18% and 6% in CAT; 6% and 3% in GR; and 8% and 5% in PAL, respectively. On the other hand, As significantly reduced antioxidant activity in bamboo species, as expected. The results showed the lowest antioxidant activity was in the treatments exposed to 40 mg L−1 of As, with a 60% decrement in SOD; 44% in POD; 50% in CAT; 66% in GR; and 66% in PAL activity, as compared with the control groups (Figure 3).




3.5. Impact of Se-NPs and IONPs on Flavonoid Content and Phenolics in Bamboo under As Toxicity


The two non-enzymatic antioxidant factors, i.e., the total flavonoid content (TFC) and total phenolic content (TPC), are indicators of secondary metabolism in plants under stress. We found a significant difference in the TFC and TPC (p < 0.001). Se-NPs and IONPs alone and combined elevated TFC and TFC in bamboo plants under different concentrations of As (10, 20, and 40 mg L−1). However, the highest TFC and TPC were in the co-application of Se-NPs and IONPs exposed to 10 mg L−1 of As, with a 24% increase in TFC and a 21% increase in TPC, compared with the respective controls. On the other hand, the lowest TFC and TPC were found using 40, 20, and 10 mg L−1 As, with 58%, 40%, and 24% decrements in TFC and 33%, 25%, and 16% decrements in TPC, respectively. Therefore, we propose that Se-NPs and IONPs can enhance TFC and TPC under normal and toxic As conditions (Figure 4).




3.6. Impact of Se-NPs and IONPs on Hydrogen Peroxide, Malondialdehyde, Superoxide Radicals, and Electrolyte Leakage in Bamboo Exposed to As Toxicity


ROS compounds such as hydrogen peroxide (H2O2), superoxide radical (O2•−), and malondialdehyde (MDA), as well as electrolyte leakage (EL), are all oxidative stress markers in plants. In this research, bamboo was significantly less susceptible to oxidative stress, with evident reductions in H2O2, O2•−, MDA, and the percentage of EL content when NPs were administered. The data show that there was a considerable change (p < 0.001) in the concentrations of H2O2, O2•−, MDA, and EL among treatments (Figure 5). H2O2 content increased by 29%, 40%, and 48%; O2•− increased by 29%, 55%, and 57%; MDA content increased by 57%, 69%, and 82%; and EL increased by 46%, 65%, and 80% relative to the controls at concentrations of 10, 20, and 40 mg L−1, respectively. ROS production and lipoperoxidation were considerably reduced with the use of NPs. Hence, the co-application of Se-NPs + IONPs subjected to 10 mg L−1 of As led to the most considerable decrease, with corresponding reductions of 42% in H2O2, 52% in O2•−, 52% in MDA content, and 60% in the percentage of EL compared with their respective controls.




3.7. Impact of Se-NPs and IONPs on Nitric Oxide and Water Content in Bamboo Exposed to As Toxicity


The results of the nitric oxide analysis of bamboo plants revealed that there was substantial variation between the different treatments (p < 0.001). Nitric oxide levels in plants under varying As levels (10, 20, and 40 mg L−1) increased considerably after NP application. The utilization of Se-NPs and IONPs in a combined form led to the highest levels of nitric oxide concentration, rising by 60%. On the other hand, single Se-NPs and single IONPs led to 47% and 40% nitric oxide increments in comparison with the control treatments, respectively (Figure 6). Our findings showed that, whereas the addition of 60 mg L−1 each of Se-NPs and IONPs increased the RWC in plants, varying amounts of As dramatically decreased the RWC. The co-application of 60 mg L−1 of Se-NPs + IONPs with 10 and 20 mg L−1 of As caused 18% and 12% increases in the RWC, respectively, as compared with the treatment used on the controls (Figure 6). By strengthening antioxidant activity and bamboo’s nitric oxide production, we argue that Se + IO nano-sized particles can significantly preserve the RWC.




3.8. Impact of Se-NPs and IONPs on Proline, Spermidine (Spd), and Putrescine (Put) in Bamboo under As Toxicity


The data showed a significant variation in proline content across various treatments (p < 0.001). The proline content rose with 60 mg L−1 of each NP in single and combination forms, increasing by 39% for Se-NPs, 32% for IONPs, and 44% for Se-NPs + IONPs compared with the control. The co-application of NPs with 10 and 20 mg L−1 of As is associated with 25% and 14% increases in proline accumulation, respectively.



The putrescine (Put) and spermidine (Spd) levels varied significantly between the treatments (p < 0.001). The data demonstrated that combining Se-NPs and IONPs increased Put and Spd in bamboo plants. As a result, the co-application of Se-NPs + IONPs with 10 and 20 mg L−1 of As yielded the highest amounts, with corresponding Put and Spd increases of 33%, 23%, 26%, and 13%, respectively, compared with the control. The data showed that Se-NPs and IONPs alone could increase Put and Spd contents. The highest Put and Spd contents were found in the treatment with 60 mg L−1 of Se-NPs, with 66% and 40% increases in Put and Spd. Single-treatment IONPs provided 57% and 40% increases in Put and Spd compared with the control groups (Figure 7).




3.9. Effect of Se-NPs and IONPs on Gas Exchange and Photosynthetic Pigments in Bamboo Exposed to As Toxicity


The pattern suggests that the bamboo plant’s photosynthetic rate increased as a result of NPs under As (p < 0.001). The highest net photosynthesis (Pn) content, total pigment, intercellular CO2 concentration (Ci), and stomatal conductance (Gs) was found in the co-application of Se-NP + IONP group with 10 and 20 mg L−1 of As, with 13% and 7% increases in pigment concentration, 19% and 13% increases in net photosynthesis (Pn), 10% and 14% increases in intercellular CO2 concentration (Ci), and 23% and 19% increases in stomatal conductance (Gs), respectively. However, the co-application of Se-NPs + IONPs showed a rising tendency in the treatments under 40 mg L−1 of As. The two NPs (Se-NPs and IONPs) in single and combined forms significantly increased pigment intactness and gas exchange properties under different levels of As (10, 20, and 40 mg L−1) compared with their control treatments (Figure 8).





4. Discussion


Arsenic is a naturally occurring metalloid element with a large lithospheric distribution. Even tiny particles in agricultural soil and drinking water can harm human health [52]. However, NPs with unique surface area features can absorb and translocate As in the soil [53]. Selenium and iron oxide stimulate plant development through nano-sized particles [16,17,18,19,20,21]. These two micronutrients positively impact the enhancement of root length, which can help further boost the absorbance of nutrients from the soil. A related phenomenon resulting in improved plant growth was previously reported for pepper (Capsicum annuum L.) using Se and Arachishypogaea via IONPs [54,55]. Nanoparticles may exchange and absorb metal ions on the surface of the leaves and roots of plants, increasing their tolerance to HM stress [56]. In addition, metal-based NPs can release metal ions into plant cells [57]. A study on the impacts of silicon (Si) NPs showed that Si-NPs could adsorb metal ions, which limits Cd accumulation in leaves [27]. In this study, our results showed beneficial effects at multiple levels in plants treated with NPs. Our data demonstrated that foliar-spraying Se and IONPs in bamboo under As toxicity reduced the bioaccumulation of As in plant organs (leaves, stems, and roots). This can be attributed to the role of NPs in the absorption of metal ions and changes in metal distribution rates in leaves, and this has also been reported regarding the utilization of titanium dioxide NPs on Coriandrum sativum L. [58] and Se-NPs [59] and IONPs on wheat (Triticum aestivum) [55]. However, our results showed that the concentration of As in bamboo roots was higher than in bamboo stems and shoots, and it might be inferred that the two NPs applied inhibit the translocation of As from roots to shoots by enhancing the absorption of metal ions in roots, therefore maximizing plant tolerance to As toxicity. We hypothesize that the NPs, after penetrating the plant through the stomata of the bamboo leaves, are transferred to the bamboo rhizome junction and root surface and inhibit arsenic uptake by bamboo roots. Kerui Guo reported a similar mechanism when spraying nano-materials on cucumber leaves [60]. Thus, the reduction in As uptake by NPs in roots can be related to the high surface area of NPs and their potential to adsorb metal ions [61]. Van der Waals forces are also reported to be involved in the physical adsorption of metal ions onto the adsorbent [62]. Therefore, the NPs reduce the translocation of As to aerial parts by limiting arsenic uptake via roots. It was also reported that by modifying gene expression and rising antioxidant capacity in plants, NPs can also limit metal translocation from roots to shoots [63]. The excess of HMs in plants leads to plant oxidative stress by generating ROS compounds [64,65]. This leads to osmotic shock in plants along with lipoperoxidation in membranes and proteins, cell wall thickness, nuclear/DNA injury, water potential, transpiration limitation, and ultimately plant growth inhibition [66]. Our results showed that while different levels of As increased oxidative stress in plants with increasing ROS (H2O2 and O2•−), MDA, and electrolyte leakage, the NP application reduced oxidative stress under different As exposure levels in comparison with control treatments.



The plants contain various defensive mechanisms to scavenge ROS, including increased antioxidant activity [67]. For instance, antioxidants can alleviate the toxicity of H2O2 by splitting molecules into oxygen and water [66]. In this study, we measured antioxidant indices, including SOD, CAT, POD, GR, and PAL. Our results demonstrated that Se-NPs and IONPs in single and combined forms in bamboo under As toxicity led to antioxidant activity increments. This significantly decreased MDA content, H2O2, O2•−, and EL in bamboo under As toxicity. This can be related to the reduction in HM accumulation in tissues by NPs which can reduce oxidative stress resulting in increased antioxidant capacity in plants under stress. With increasing plant nutrient ion availability, we also suggest that NPs may provide some essential co-factors involved in antioxidant molecule synthesis, which can help improve antioxidant activity. The increasing antioxidant capacity caused by NPs has been reported in several studies [68,69]. For instance, Mozafariyan et al. (2014) [54] applied Se-NPs to pepper under Cd toxicity, while IONPs were tested on wheat [55]. Thus, the reported improvement in plant signaling led to the activation of antioxidant activity, which may be influenced by NPs [70].



The antioxidant activity of plants and phenolic substances (flavonoids, phenolic acids) are closely related. They have aromatic rings and OH groups, and because of their redox characteristics, substantial plant antioxidant production can be driven [71]. Phenolic metabolites modulate oxidative stress by oxidizing ROS compounds when the plants are exposed to HMs [34]. Our data show that the Se-NP and IONP application increases TPC and TFC in plants under different levels of As. ROS compounds could be scavenged using both NPs, which can be applied with the help of stimulation from antioxidant activities, which has also been reported in recent studies [59,72].



Proline production can assist in regulating growth in stressed plants [73]. This may be crucial for osmotic stress, membrane stability, and scavenging ROS molecules [74]. Our findings demonstrated that Se-NPs and IONPs might increase proline accumulation in plants under As toxicity, which may be related to the NPs’ function in the proline biosynthesis gene expression network. This phenomenon has been reported in previous research using ZnO-NPs to alleviate Cd and Cu toxicity [75,76,77,78]. On the other hand, the measurement of the RWC in leaves is a critical index to show HM stress in plants [79]. Hence, it was employed to assess the plants’ water status as one of the principal physiological reactions against stress [80]. Based on our data, Se-NPs can enhance water content, optimizing metabolic processes in plant cells and promoting development [81]. Also, we observed that IONPs minimized the toxicity of HMs by preventing further reduction in Fe in the leaves by maintaining the leaf structure, which can help manage plant water content [82]. Our results revealed that, while As at various levels reduces the RWC in bamboo plants, NP applications in both single and combined forms favor RWC indices. This was also reported by Se-NPs on Coriandrum sativum plants under Cd toxicity [83].



Nitric oxide, as a multifunction and gaseous molecule, enhances water content by inducing cell division and cell wall extensibility and impacting leaf area expansion, weight, and length [79]. The improved nitric oxide levels caused by the NPs in bamboo plants under As toxicity were observed in our work. We also found that one of the most significant factors contributing to the rise in the RWC of leaves under As toxicity was the increased nitric oxide concentrations shown in our previous work [84]. According to reports, Se-NPs can help protect chloroplast enzymes by increasing the overall antioxidant ability. Moreover, the catalytic core of selenoproteins like GPX uses Se to eliminate free radicals and prevent photosynthetic pigment degradation [85,86].



Polyamines have a pivotal role in the growth and reproduction of plants, regulating plant cell functions under HM stress [87]. They also regulate gene expressions responsible for HM detoxification via vacuole compartmentalization [88]. Spermidine (Spd) and spermine (Spm) are the primary PAs, along with putrescine (Put), which is a diamine found within plant cells. They are involved in an array of processes, including membrane stability and plant abiotic stress tolerance [87]. Our data demonstrated that the NPs significantly increase putrescine (Put) and spermidine (Spd) in plants under As toxicity. This explains the crucial significance of IONPs and Se-NPs in limiting the toxicity of As in bamboo plants. Because of the disintegration of plant defense mechanisms under HM stress, ROS generation readily causes damage to photosynthesis and limits plant development [55]. Nevertheless, NPs can boost the photosynthesis rate in plants. Many studies have reported that NPs can improve the functions of the photosynthetic apparatus and the integrity of chlorophyll pigments under HM stress [89,90,91,92]. For instance, Zn NPs activate carbonic anhydrase (CA) and Rubisco. These enzymes are responsible for certain defense gene expressions, which can improve chemical energy distribution in the photosynthetic machinery [93]. By boosting antioxidant capacity, Se-NPs have been reported to protect certain chloroplast enzymes [85,94] that increase light absorption through chloroplasts [95,96]. Iron, a trace nutrient in plants, is involved in photosynthetic reactions, which play a pivotal role in balancing photosystem I and II compartments [97]. Our results showed that Se-NPs and IONPs together improved gas exchange parameters and chlorophyll content in bamboo plants under toxic As conditions. Several investigations have supported our hypothesis that Se and iron NPs with higher antioxidant potential chelate ROS molecules, thereby enhancing the efficiency of plant photosynthesis [59,98]. Foliar sprays containing Se can raise the nutritional value of essential phytochemicals, promoting plant development [99]. On the other hand, Fe is known to stimulate cell division in plants, leading cells to expand [100]. Accordingly, the foliar spray of Se-NPs and IONPs improved bamboo biomass (the dry weight of shoots and roots) under different As concentrations, which improved bamboo photosynthesis and development under As toxicity. Se and Iron NPs’ roles in plant growth promotion have been reported in several studies [55,97,101,102,103,104,105,106].




5. Conclusions


We proved that nanoparticles (Se-NPs and IO-NPs) might be effective foliar spray agents. Our data showed that different As concentrations (10, 20, and 40 mg L−1) limit plant photosynthesis and growth in bamboo by increasing the oxidative stress caused by the generation of free radicals in the cells. The external application of 60 mg L−1 of Se-NPs and IONPs alone or in combination promotes plant growth under As toxicity with rising levels of antioxidants (SOD, POD, CAT, GR, PAL) and non-antioxidants (TFC and TPC); the accumulation of proline; and the enhancement of spermidine (Spd) and putrescine (Put). The NPs were able to reduce lipoperoxidation and electrolyte leakage, scavenge ROS molecules (H2O2 and O2•−), and protect plant cells. Optimizing chlorophyll pigment intactness and gas exchange improved the photosynthetic rate and, in turn, plant biomass in bamboo plants exposed to different levels of As. Furthermore, we discovered that NPs enhance nitric oxide concentrations and the RWC, which is essential in strengthening plant tolerance against As toxicity. We hypothesize that NPs, by limiting As uptake and translocation, could increase bamboo tolerance under As toxicity. Accordingly, combining 60 mg L−1 of Se-NPs with IONPs significantly strengthened bamboo tolerance to toxic As. However, a more in-depth study is needed to understand the involved mechanisms.
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Figure 1. Arsenic concentrations in bamboo organs: (A) root, (B) stem, (C) leaves. The data display the mean ± standard error (n = 4). The treatments comprise single and combined Se-NPs and IONPs with four different As concentrations. Se-NPs and IONPs: 60 mg L−1. The lowercase letters show significant differences between the treatments (Duncan, p < 0.05). 
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Figure 2. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on the SHDWs (A) and RDWs (B). Boxes represent the lower and upper quartiles (25–75%). The whiskers show the min–max values. Lines in the boxes indicate median values. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05). 
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Figure 3. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on antioxidant enzyme activity: (A) superoxide dismutase (SOD); (B) peroxidase (POD); (C) catalase (CAT); (D) glutathione reductase (GR); and (E) phenylalanine ammonia-lyase (PAL). Boxes represent the lower and upper quartiles (25–75%). The whiskers show the min–max values. Lines in the boxes indicate median values. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05). 
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Figure 4. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on TFC (A) and TPC (B). Boxes represent the lower and upper quartiles (25–75%). The whiskers show the min–max values. Lines in the boxes indicate median values. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05). 
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Figure 5. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on H2O2 (A), O2•− (B), MDA (C), and EL (D). Boxes represent the lower and upper quartiles (25–75%). The whiskers show the min–max values. Lines in the boxes indicate median values. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05). 
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Figure 6. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on nitric oxide (A) and relative water content (RWC) (B). Boxes represent the lower and upper quartiles (25–75%). The whiskers show the min–max values. Lines in the boxes indicate median values. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05). 
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Figure 7. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on proline content (A), putrescine (Put) (B), and spermidine (Spd) (C). Boxes represent the lower and upper quartiles (25–75%). The whiskers show the min–max values. Lines in the boxes indicate median values. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05). 
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Figure 8. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on the total photosynthetic pigment (A), net photosynthesis (Pn) (B), intercellular CO2 concentration (Ci) (C), and stomatal conductance (Gs) (D). Boxes represent the lower and upper quartiles (25–75%). The whiskers show the min–max values. Lines in the boxes indicate median values. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05). 






Figure 8. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on the total photosynthetic pigment (A), net photosynthesis (Pn) (B), intercellular CO2 concentration (Ci) (C), and stomatal conductance (Gs) (D). Boxes represent the lower and upper quartiles (25–75%). The whiskers show the min–max values. Lines in the boxes indicate median values. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05).



[image: Agronomy 13 01748 g008]







[image: Table] 





Table 1. The experimental design.
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	Treatments
	Concentrations





	Control
	0



	As
	10 mg L−1 As



	As
	20 mg L−1 As



	As
	40 mg L−1 As



	Se-NPs
	60 mg L−1 Se-NPs



	Se-NPs + As
	60 mg L−1 Se-NPs + 10 mg L−1 As



	Se-NPs + As
	60 mg L−1 Se-NPs + 20 mg L−1 As



	Se-NPs + As
	60 mg L−1 Se-NPs + 40 mg L−1 As



	IONPs
	60 mg L−1 IONPs



	IONPs + As
	60 mg L−1 IONPs + 10 mg L−1 As



	IONPs + As
	60 mg L−1 IONPs + 20 mg L−1 As



	IONPs + As
	60 mg L−1 IONPs + 40 mg L−1 As



	Se-NPs + IONPs
	60 mg L−1 Se-NPs + IONPs



	Se-NPs + IONPs + As
	60 mg L−1 Se-NPs + IONPs + 10 mg L−1 As



	Se-NPs + IONPs + As
	60 mg L−1 Se-NPs + IONPs + 20 mg L−1 As



	Se-NPs + IONPs + As
	60 mg L−1 Se-NPs + IONPs + 40 mg L−1 As
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Table 2. Changes in the bioaccumulation factor (BAF) of roots, stems, and leaves; the translocation factor (TF) of stems and leaves; and the tolerance index (TI) of shoots and roots in response to Se-NPs and IONPs, whether independently or in combination, with 10, 20, and 40 mg L−1 of As relative to the control. The data display the mean ± standard error for four replicates. The lowercase letters show significant differences between the treatments using Duncan’s test (p < 0.05).
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	Treatments
	BAF (Leaf)
	BAF (Stem)
	BAF (Root)
	TF (Leaf)
	TF (Stem)
	TI (Shoot)
	TI (Root)





	Control
	0
	0
	0
	0
	0
	1.00 ± 0.01 fg
	1.00 ± 0.02 fg



	10 mg L−1 As
	2.21 ± 0.01 a
	2.88 ± 0.02 a
	3.92 ± 0.03 a
	0.56 ± 0.01 ab
	0.73 ± 0.01 ab
	0.77 ± 0.01 k
	0.76 ± 0.02 jk



	20 mg L−1 As
	1.17 ± 0.01 d
	1.46 ± 0.02 d
	2.01 ± 0.03 e
	0.58 ± 0.01 a
	0.73 ± 0.01 ab
	0.73 ± 0.01 k
	0.72 ± 0.02 kl



	40 mg L−1 As
	0.61 ± 0.01 h
	2.88 ± 0.02 g
	1.06 ± 0.03 h
	0.57 ± 0.01 a
	0.74 ± 0.01 a
	0.65 ± 0.01 i
	0.65 ± 0.02 l



	60 mg L−1 Se-NPs
	0
	0
	0
	0
	0
	1.22 ± 0.01 ab
	1.23 ± 0.02 ab



	60 mg L−1 Se-NPs + 10 mg L−1 As
	1.44 ± 0.01 c
	1.55 ± 0.02 c
	2.67 ± 0.03 c
	0.53 ± 0.01 bcd
	0.58 ± 0.01 e
	1.05 ± 0.01 de
	1.09 ± 0.02 de



	60 mg L−1 Se-NPs + 20 mg L−1 As
	0.89 ± 0.01 f
	1.12 ± 0.02 f
	1.66 ± 0.03 f
	0.53 ± 0.01 bcd
	0.67 ± 0.01 c
	0.92 ± 0.01 h
	0.91 ± 0.02 gh



	60 mg L−1 Se-NPs + 40 mg L−1 As
	0.45 ± 0.01 j
	0.60 ± 0.02 i
	0.86 ± 0.03 ij
	0.52 ± 0.01 cd
	0.69 ± 0.01 bc
	0.88 ± 0.01 i
	0.87 ± 0.02 hi



	60 mg L−1 IONPs
	0
	0
	0
	0
	0
	1.18 ± 0.01 bc
	1.21 ± 0.02 abc



	60 mg L−1 IONPs + 10 mg L−1 As
	1.54 ± 0.01 b
	1.73 ± 0.02 b
	2.94 ± 0.03 b
	0.52 ± 0.01 cd
	0.58 ± 0.01 e
	1.01 ± 0.01 ef
	1.04.00 ± 0.02 ef



	60 mg L−1 IONPs + 20 mg L−1 As
	0.93 ± 0.01 f
	1.30 ± 0.02 e
	1.64 ± 0.03 f
	0.52 ± 0.01 cd
	0.73 ± 0.01 ab
	0.87 ± 0.01 i
	0.83 ± 0.03 ij



	60 mg L−1 IONPs + 40 mg L−1 As
	0.53 ± 0.01 i
	0.67 ± 0.02 h
	0.96 ± 0.03 hi
	0.56 ± 0.01 ab
	0.69 ± 0.01 abc
	0.82 ± 0.01 j
	0.78 ± 0.02 jk



	60 mg L−1 Se-NPs + IONPs
	0
	0
	0
	0
	0
	1.26 ± 0.01 a
	1.27 ± 0.02 a



	60 mg L−1 Se-NPs + IONPs + 10 mg L−1 As
	1.08 ± 0.01 e
	1.32 ± 0.02 e
	2.25 ± 0.03 d
	0.47 ± 0.01 e
	0.58 ± 0.01 e
	1.14 ± 0.01 c
	1.18 ± 0.02 bc



	60 mg L−1 Se-NPs + IONPs + 20 mg L−1 As
	0.68 ± 0.01 g
	0.72 ± 0.02 gh
	1.32 ± 0.03 g
	0.51 ± 0.01 d
	0.54 ± 0.01 f
	1.09 ± 0.01 d
	1.14 ± 0.02 cd



	60 mg L−1 Se-NPs + IONPs + 40 mg L−1 As
	044 ± 0.01 j
	0.50 ± 0.02 j
	0.80 ± 0.03 j
	0.55 ± 0.01 abc
	0.63 ± 0.01 d
	0.96 ± 0.01 gh
	0.95 ± 0.02 gh
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Table 3. The effect of Se-NPs and IONPs alone and in combination with varying As concentrations on Pleioblastus pygmaea L. SHDWs and SHDWs relative to the control; ↓ indicates a decrease, and ↑ indicates an increase.
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	NP (mg L−1)
	As (mg L−1)
	SHDW (%)
	RDW (%)





	0
	10 mg L−1
	19% ↓
	24% ↓



	0
	20 mg L−1
	25% ↓
	21% ↓



	0
	40 mg L−1
	32% ↓
	27% ↓



	60 mg L−1 Se-NPs
	0
	26% ↑
	33% ↑



	60 mg L−1 Se-NPs
	10 mg L−1
	9% ↑
	18% ↑



	60 mg L−1 Se-NPs
	20 mg L−1
	4% ↓
	0.5% ↓



	60 mg L−1 Se-NPs
	40 mg L−1
	8% ↓
	9% ↓



	60 mg L−1 IONPs
	0
	22% ↑
	29% ↑



	60 mg L−1 IONPs
	10 mg L−1
	4% ↑
	12% ↑



	60 mg L−1 IONPs
	20 mg L−1
	10% ↓
	8% ↓



	60 mg L−1 IONPs
	40 mg L−1
	14% ↓
	15% ↓



	60 mg L−1 Se-NPs + IONPs
	0
	30% ↑
	37% ↑



	60 mg L−1 Se-NPs + IONPs
	10 mg L−1
	18% ↑
	27% ↑



	60 mg L−1 Se-NPs + IONPs
	20 mg L−1
	12% ↑
	24% ↑



	60 mg L−1 Se-NPs + IONPs
	40 mg L−1
	0.3% ↓
	6% ↓
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