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Cadmium (Cd) contamination of soil threatens human health, food security, and ecosystem sustainability. The in situ stabilization of Cd has been recognized as a potentially economical technology for the remediation of Cd-contaminated soil. Recently, biochar (BC) and activated carbon (AC) have received widespread attention as eco-friendly soil amendments that are more beneficial for plant growth, soil health, and remediation of contaminated soil. An experiment was performed in a paddy field to investigate the effects of two different types of BC (maize straw biochar and bamboo biochar) and AC (coconut shell activated carbon) in combination with rape organic fertilizer (R), calcium magnesium phosphate fertilizer (P), and fulvic acid (F), respectively, on soil Cd immobilization, Cd accumulation in rice, and yield. The results indicated that the BC/AC-based amendments reduced soil bioavailable Cd (DTPA-Cd) and brown rice Cd by 9.58%–27.06% and 19.30%–71.77%, respectively. The transformation of exchangeable Cd (Ex-Cd) to carbonate-bound Cd (Ca-Cd), Fe-Mn oxide bond (Ox-Cd), and residual (Re-Cd) in soil accounted for the mitigation of Cd uptake and enrichment by rice. Additionally, BC-/AC-based amendments altered soil physicochemical properties, which significantly increased the soil pH and cation exchange capacity (CEC), total nitrogen (TN), total phosphorus (TP), soil organic carbon (SOC), and dissolved organic carbon (DOC), directly promoting soil health. All BC-/AC-based amendments significantly increased FeIMP and MnIMP concentrations by 47.31%–160.34% and 25.72%–73.09% in the Fe/Mn plaque (IMP), respectively. Maize straw and bamboo biochar-based amendments significantly increased rice yield by 10.46%–20.41% and 9.94%–16.17%, respectively, while coconut shell-activated carbon severely reduced rice yield by 65.06%–77.14%. The correlation analysis revealed that leaf Cd and IMP primarily controlled Cd uptake by rice, and soil pH, Eh, CEC, SOC, IMP, and TP influenced DTPA-Cd in soil. This field study demonstrated that maize straw and bamboo biochar-based amendments not only reduced soil DTPA-Cd in paddy fields but also decreased the accumulation of Cd in brown rice, as well as improved rice yield, which has potential application in Cd-contaminated agriculture fields. Coconut shell-activated carbon severely decreased rice yields, which is not appropriate for rice production.
Keywords: soil cadmium, rice, biochar, immobilization, food safety

1 INTRODUCTION
As a highly hazardous heavy metal, cadmium (Cd) poses a serious threat to the health of ecosystems and growth of plants (Liang Q. et al., 2022a). Human health and global food security are significantly impacted by Cd due to its bioaccumulation in the food chain through the soil–plant–human channel (Li J. et al., 2022b; Liang T. et al., 2022b). Human consumption of Cd-enriched crops, such as rice, vegetables, and wheat, for long periods may lead to a series of health problems like cancer, neurological diseases, renal disease, and damage to the skeleton (Chaney, 2015; Awual et al., 2018). Large-scale release of Cd into the soil might result from human-related activities such as mining industries, manufacturing, disposal of wastewater, and sewage irrigation (Haris et al., 2021). The long-term improper application of chemical fertilizers and pesticides is also an important factor leading to increased bioavailable Cd (DTPA-Cd) in agricultural fields (Mahar et al., 2016; Rafique et al., 2020). Cd contamination accounts for the largest contaminated lands in China, especially in southern and southwestern China, accounting for approximately 52.6% of the metal-contaminated lands and 74.3% of the polluted lands (Lv et al., 2021). Remediation of Cd in agricultural soil is an economically challenging process due to the high costs of removing Cd from the soil. Currently, in situ immobilization technology using soil amendments is considered to be an effective method for the remediation of Cd-contaminated soils (Wu et al., 2019). Therefore, it is urgent to explore a sustainable and environmentally friendly soil amendment to effectively reduce the Cd bioavailability in agricultural soils, improve soil condition, and increase crop yield.
Recently, biochar has been increasingly being applied to mitigate heavy-metal pollution in agricultural fields (Břendová et al., 2016; Chen et al., 2021). Biochar is generally produced by pyrolysis of biomass (agricultural waste, wood, herbs, fruit shells, etc.) under oxygen-restricted or non-oxygenated environments at temperatures between 400°C and 700°C (Blanco-Canqui, 2017). Biochar has a relatively high speculative surface and a wide pore-size distribution, with the surface containing a considerable number of negatively charged chemical functional groups (-OH, -COOH, C=O, S2−, CO32−, PO43−, etc.), which can enhance the absorption, complexation, and precipitation of Cd in soil (He et al., 2019; Ibrahim et al., 2020; Nguyen et al., 2022). Biochar is mainly used for soil improvement, remediation of heavy metal-contaminated agricultural fields, and enhancement of soil fertility. Yuan et al. (2023) showed that rape straw biochar remarkably enhanced soil pH and promoted Cd adsorption in iron minerals through increased iron hydroxylation and recrystallization processes. Chen et al. (2022) researched the influence of rice biochar applied to acidic soils on Cd and Cu uptake and found the maximum reduction in brown rice Cd and Cu by 58.1% and 20.8%, respectively. Additionally, prepared fruit shell-based biochar is re-activated by pyrolysis with activators (steam, carbon dioxide, or chemical reagents) under non-oxygenated conditions to form activated carbon (Golia et al., 2022). Activated carbon has a higher porosity structure, including micropores, mesopores, and macropores, which provide a higher specific surface area in favor of enhanced adsorption performance, and those surface functional group categories are closely related to the types of activators (Aborisade et al., 2022). Currently, a few studies have shown that activated carbon has an excellent remediation effect on heavy metal-contaminated soils. Břendová et al. (2016) showed that applied coconut shell-activated carbon decreased the accumulation of Cd (by 57% on average), Pb (by 44% on average), and Zn (by 44% on average), as well as increased biomass in spinach (Spinacia oleracea L.) and mustard (Sinapis alba L.). Wei et al. (2022) showed that applied bacterium-loaded coconut shell-activated carbon reduced DTPA-Cd and Pb in soil by 25.1% and 42.65%, respectively, and also significantly reduced Cd and Pb content in the shoot and root of pak choi (Brassica chinensis L.).
Co-applications of biochar (BC)/activated carbon (AC) with other materials (such as lime, organic fertilizers, urea, calcium magnesium phosphate fertilizer, and fulvic acid) were reported not only to reduce Cd uptake by plants but also increase crop yield. Hong et al. (2022) reported that the combined application of seaweed-derived fertilizer with biochar and apatite reduced the concentration of Cd in maize kernels by 68.9%. Liu et al. (2022) showed that, in comparison with a single biochar or biochar–lime application, the biochar combined with compost was more highly efficient in reducing Cd transfer and bioaccumulation in vegetables. Liang T. et al. (2022b) revealed that the co-application of rape-derived biochar, rice-derived biochar, and Chinese milk vetch-derived biochar decreased the Cd concentration in rice grain by 65.38%. Liu et al. (2020) showed that applying biochar with a phosphate fertilizer markedly decreased Cd concentrations in alfalfas. Yin et al. (2022) showed that the combined application of spermidine and activated carbon removed the efficiency by 78.11%–120.86% of Cd and increased dry mass by 39.65%–92.95%.
The materials we selected to be incorporated into BC/AC were organic fertilizers, calcium magnesium phosphate fertilizer (P), and fulvic acid (F) to prepare BC/AC-based amendments. The BC/AC mixture not only provided chemical chelates for metals to reduce metal bioavailability in soil but also improved soil physicochemical properties and nutrient status. Based on previous reports, it was found that there are few studies reported on this topic. Therefore, it is critical to study the effective BC-/AC-based amendments by measuring the indicators of Cd absorption by rice and changes in soil Cd bioavailability. The targets of this research were to i) explore the effects of various ratios of composite BC-/AC-based amendments on soil physicochemical properties and DTPA-Cd; ii) examine the impacts of the composite BC-/AC-based amendments on rice performance, productivity, Cd uptake, and bioaccumulation; and iii) investigate the potential mechanisms to reduce Cd absorption and enrichment in rice. It was hypothesized that BC-/AC-based amendments would change the physicochemical properties and alter the Cd fractions of the soil, thereby reducing the Cd bioavailability in paddy soil and absorption by rice, leading to a higher yield.
2 MATERIALS AND METHODS
2.1 Field site
The rice field trial site was located in Pengan (31°07′54″N, 106°15′27″E) in Nanchong City, Sichuan Province, Southwest China (Figure 1). The topsoil of the field was purple sandy loam that has been used for the rape–rice rotation every year. Prior to the experiment, the physiochemical characteristics of the 0–20-cm topsoil were measured as follows: pH of 5.18 ± 0.12, soil redox potential (Eh) of 614.2 ± 26.4 mv, cation exchange capacity (CEC) of 13.19 ± 1.97 cmol/kg, total nitrogen (TN) of 0.96 ± 0.03 g/kg, total potassium (TK) of 6.25 ± 0.37 g/kg, total phosphorus (TP) of 0.24 ± 0.03 g/kg, soil organic carbon (SOC) of 8.84 ± 0.29 g/kg, soil dissolved organic carbon (DOC) of 60.90 ± 3.53 mg/kg, total soil Cd (TCd) of 0.32 ± 0.02 mg/kg, DTPA-Cd of 0.0741 ± 0.0057 mg/kg, and pollution index of 107. The TCd level of the paddy soil was over the standard value of 0.3 mg/kg (pH ≤ 5.5); thus, the soil was considered slightly Cd-contaminated.
[image: Three-part image: Left panel shows a map with a highlighted region and a focused satellite view of a rectangular area. Top right panel displays a close-up of neatly planted crops. Bottom right panel shows a wide view of a field with mountains and trees in the background.]FIGURE 1 | Geographic location of the experimental paddy field.
2.2 Materials
The ingredients of BC-/AC-based amendments included biochar/activated carbon, rape organic fertilizer (R), calcium magnesium phosphate fertilizer (P), and fulvic acid (F), which were supplied by Henan Haopai Environmental Technology Co., Ltd., Shandong Ruifeng Trading., Ltd., and Jinan Hengyuan Chemical Co., Ltd., respectively. The rape organic fertilizer (R) was purchased from local agricultural markets. The rice cultivar tested was Fengyouxiangzhan (national authorized number rice 2003056) from Nanchong Academy of Agricultural Sciences. The maize straw and bamboo biochar were produced as follows: maize straw and bamboo were air-dried and crushed in a pulverizer and then fed into a carbonization furnace, which was heated at a rate of 10°C/min. Once the set conditions were reached, the temperature increase was stopped, and pyrolysis was carried out under anaerobic conditions at 500°C–600°C for 2.5 h. Coconut shell-activated carbon was prepared as follows: first, the coconut shell was dried at 70°C, then crushed into pulverized particles, and pyrolyzed at 500°C–600°C for 2.5 h to form coconut shell biochar. Second, the coconut shell biochar was mixed with phosphoric acid and then again pyrolyzed at 500°C–600°C for 2.5 to obtain coconut shell-activated carbon. Finally, it was washed and dried. All the prepared materials were passed through a 200-mesh sieve. The physicochemical properties of the materials are shown in Table 1.
TABLE 1 | Detailed physiochemical parameters of the biochar-based materials.
[image: Table comparing properties of six different substances: Biochar A, Biochar B, Biochar C, R, P, and F. Each column lists data for pH, TOC percentage, TN, TP, TK, TCd, TPb, TAs, and TCr in various units. ND indicates not determined. Footnotes explain: Biochar A is maize straw, B is bamboo, C is coconut shell-activated carbon, R is rape organic fertilizer, P is calcium magnesium phosphate fertilizer, and F is fulvic acid.]2.3 Experimental design
The trial was performed in a rice field from March to September 2022, consisting of a fully randomized factorial design with three replications for each treatment. Two types of biochar were used, maize straw biochar (A) and bamboo biochar (B), and the activated carbon was coconut shell-activated carbon (AC). Three materials were mixed with rape organic fertilizer (R), calcium magnesium phosphate fertilizer (P), and fulvic acid (F), respectively, at various ratios. Ten treatments included control (CK); T1 = 1:3:0.5:0.5 (A1R3P0.5F0.5); T2 = 2:2:0.5:0.5 (A2R2P0.5F0.5); T3 = 3:1:0.5:0.5 (A3R1P0.5F0.5); T4 = 1:3:0.5:0.5 (B1R3P0.5F0.5); T5 = 2:2:0.5:0.5 (B2R2P0.5F0.5); T6 = 3:1:0.5:0.5 (B3R1P0.5F0.5); T7 = 1:3:0.5:0.5 (AC1R3P0.5F0.5); T8 = 2:2:0.5:0.5 (AC2R2P0.5F0.5); and T9 = 3:1:0.5:0.5 (AC3R1P0.5F0.5). There were 30 plots with a planting area of 20 m2 (6 m × 3.3 m) per plot. The amendment mixture was manually applied to each plot at a rate of 10 kg 5 days before rice transplanting, and simultaneously, the CK plot was supplemented with 1 kg calcium magnesium phosphate fertilizer and 1 kg fulvic acid. Each plot was separated by surrounding protective rows of 50 cm in width, with separate watering inlets and outlets for irrigation and drainage. The plot's edge was divided by a black plastic film to prevent water drainage. Selected rice seeds were sterilized with 2% sodium hypochlorite solution, washed with purified water, and then sown in the soil. Rice seedlings were transplanted to each plot having a population of 150,000 plants ha−1 on 1 May 2022, with rows and spacing of 33 cm and 20 cm, respectively. Before rice transplanting, each plot was applied with a fertilizer of N-P2O5-K2O (23-7-10, 810 kg ha−1) to provide sufficient nutrients required for rice growth. During the period of rice growth, local standard agronomic management practices for rice production were followed across plots, including irrigation, pesticide application, and fertilization.
2.4 Soil analysis
A sample of mixed soil was collected from the topsoil (20 cm) of each plot 3 days before harvest using the five-point sampling method. Furthermore, soil samples were taken on days 0, 30, 60, 90, and 135 for the determination of DTPA-Cd concentrations only. The soil samples collected were air-dried at 20°C–25°C, pulverized using a wooden hammer, and then sieved using a 2-mm sieve for soil testing. The pH of the soil was determined using a pH meter (PB-10, Sartorius, Germany) at a soil:water ratio (w/v) of 1:2.5; Eh was determined using an Eh meter (PRN-41, DKK-TOA Corporation, Japan); and CEC was determined by leaching the soil with ammonium acetate at pH 7, followed by Kjeltec auto-analyzer (forest soil method: LY/T 1243-1999). The other parameters were determined as follows: TN with the LY/T 1228-2015 method, TP by the LY/T 1232-2015 method, TK with the LY/T 1234-2015 method, SOC by digestion with potassium dichromate, DOC by ultra-pure water oscillation extraction, and TOC using an automatic organic carbon analyzer (vario TOC cube, Elementar, Germany). TCd in the soil was measured using an inductively coupled plasma emission spectrometer (ICP-OES; Thermo Fisher, United States) after digestion with HNO3-HF-HClO4. DTPA-Cd was extracted with diethylenetriaminepentaacetic acid (DTPA) (GB/T 23739-2009) and subsequently analyzed by ICP-OES. The fractions of Cd, including exchangeable Cd (Ex-Cd), carbonate-bound Cd (Ca-Cd), Fe-Mn oxide bond Cd (Ox-Cd), organic-bound Cd (Or-Cd), and residual Cd (Re-Cd), were measured following the methods proposed by Liu et al. (2022).
2.5 Plant analysis
At each stage of rice growth, rice basic seedling, highest seedling, tiller number, and plant height were recorded. Rice was harvested after 150 days, and the yield data were recorded. Then, 2 days before harvest, five rice plants with similar growth were collected from each plot; divided into roots, shoots, leaves, and panicles; and weighed for fresh biomass of each tissue. All tissue samples were then air-dried under sunlight and weighed for dry biomass. Effective panicles, filled grains, and empty grains of the five plants were counted, and effective panicles per hectare and filled-grain percentages were calculated. A total of 1,000 grains were weighed, and the panicle length was measured.
Before tissue Cd analysis, the plant samples collected were rinsed with deionized water, dried in an oven at 65°C for obtaining a consistent weight, then digested with HNO3-HClO4, and analyzed by ICP-OES. The dithionite–citrate–bicarbonate (DCB) method (Lin et al., 2017) was applied to extract the IMP on the fresh root surface. The bioconcentration factor (BCF) for rice root from the soil was computed using Equation 1 according to Liang T. et al. (2022b):
[image: Bioconcentration factor equation for soil to root: BCF subscript soil-root equals C subscript root divided by C subscript soil. Equation labeled as one.]
In addition, the translocation factor (TF), which is the capability of the crop to transfer Cd from the root to shoot, shoot to brown rice grain, or leaf to brown rice grain, was obtained using Equations 2–4, as reported by Liang T. et al. (2022b):
[image: Transfer factor equation: \( TF_{root-shoot} = \frac{C_{shoot}}{C_{root}} \), labeled as equation (2).]
[image: Equation showing the translocation factor (TF) for shoot to rice, denoted as \( \text{TF}_{\text{shoot-rice}} = \frac{C_{\text{rice}}}{C_{\text{shoot}}} \), labeled as equation (3).]
[image: Equation depicting TF for leaf to rice transfer equals the concentration of rice (C_rice) divided by the concentration of leaf (C_leaf). It is labeled as equation (4).]
where Croot, Cshoot, Crice, and Cleaf are the Cd content in the root, shoot, rice grain, and leaf, respectively. Csoil was the total Cd concentrations in soil.
2.6 Statistical analysis
All data were calculated as an average of triplicate experiments and expressed as the mean ± standard error. The basic data were analyzed using Microsoft Excel 2016. One-way ANOVA was calculated using IBM SPSS Statistics version 25 (IBM Corp., Armonk, NY, United States). Significant differences among treatments were evaluated with the least significant difference (LSD) multiple comparisons test with a threshold value of p < 0.05. A correlation analysis was performed to evaluate the associations among soil physiochemical properties (pH, Eh, CEC, TN, TP, TK, SOC, and DOC) with DTPA-Cd and Cd concentrations in rice. Graphics were plotted using GraphPad Prism 9 (GraphPad Software, San Diego, United States), RStudio version 1.3.1093, and Adobe Illustrator 2022 (Adobe, San Jose, United States).
3 RESULTS
3.1 Soil physiochemical properties
The changes in soil physiochemical properties by treatments, including pH, Eh, TN, TP, TK, CEC, SOC, DOC, and C/N ratio, are presented in Figure 2. Compared with CK, in all cases, the amendments increased the soil pH at a range of 0.03–0.39 units. T6, T3, and T5 showed a significant increase in soil pH by 0.39, 0.37, and 0.24 units (p < 0.05), respectively, while T9 and T8 resulted in the smallest increase by 0.03 and 0.06 units, respectively. Soil Eh was substantially decreased by treatments from 41.6 to 125.7 mV. T6, T5, T3, T2, and T9 significantly reduced soil Eh by 20.8%, 17.7%, 16.6%, 15.7%, and 13.8% (p < 0.05), respectively, while the increase by T7 and T8 was the least.
[image: Nine bar graphs labeled A to I, each with different colors representing treatment groups CK, T1 to T9. Graph A shows pH levels; B shows Eh (mV); C shows TN (mg/kg); D shows NO3-N (mg/kg); E shows NH4-N (mg/kg); F shows C/N ratio; G shows DOC (mg/kg); H shows DOC/TSN ratio; I shows soil C/N ratio. Each graph includes error bars and different letters above bars indicating statistical significance differences among treatments.]FIGURE 2 | Effect of biochar-based amendments on soil physiochemical properties. Changes in soil pH (A), Eh (B), TN (C), TP (D), TK (E), CEC (F), SOC (G), DOC (H), and C/N ratio (I). Error bars represent the standard deviation of triplicates. Data are presented as the mean ± standard error (n = 3). The same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).
The content of TN (Figure 2C) and TP (Figure 2D) showed a significant increase compared with CK, except for T1 (p < 0.05). T9 and T8 increased the soil TN by 25.3% and 18.8% and TP by 32.5% and 27.4%, respectively. There was no significant difference in TK (Figure 2E) among treatments (p > 0.05).
Treatments markedly improved soil CEC in the following order: T6 (98.3%) > T3 (80.6%) > T5 (73.2%) > T2 (62.9%) > T9 (43.7%) > T4 (40.2%) > T7 (30.5%) > T1 (30.2%) > T8 (21.1%) > CK. The treatments also substantially enhanced SOC (Figure 2G) and DOC (Figure 2H) (p < 0.05). The largest increases were caused by T9 , i.e., SOC from 8.88 to 11.69 g/kg. The soil C/N ratio (Figure 2I) was slightly decreased, except for T9 (9.52), compared with CK (9.07).
3.2 Fractionation of soil Cd
As shown in Figure 3, the treatments caused a significant reduction in soil Cd concentrations. The DTPA-Cd content of each treatment decreased rapidly in the first 60 days, increased slightly from 60 days to harvest, and then gradually stabilized.
[image: Line graph showing DTPA-Cd concentration (mg/kg) over 140 days for multiple treatments (CK, T1-T8, T4). Concentrations generally decrease initially, then rise gradually, with varying trends for each treatment.]FIGURE 3 | Effect of biochar-based amendments on dynamic changes in the soil DTPA-Cd concentration. Data are presented as the mean ± standard error (n = 3).
Compared to day 0, the reduction of BC-/AC-based amendments on day 60 ranged from 20.67% to 38.72%, with the CK also decreasing by 9.13%. After harvest, the highest DTPA-Cd content was 0.071 mg/kg in CK. DTPA-Cd in T1, T4, and T6 was significantly reduced by 27.06%, 26.19%, and 24.03% against CK (p < 0.05), respectively, whereas no significant difference was found between T3 (23.19%), T5 (22.15%), T7 (20.49%), T2 (17.54%), T8 (15.48%), and T9 (9.58%) (p > 0.05).
The sequential extraction of soil Cd indicated that, in all cases, Ex-Cd (Figure 4A) was significantly decreased by treatments in a range of 8.60%–46.90% (Figure 4). The reduction by T3, T6, and T2 was 46.90%, 45.45%, and 43.45% (p < 0.05), respectively. Ca-Cd (Figure 4B) was increased by the treatments in a range of 11.50%–44.90%, while the reduction by T7, T8, and T9 was observed. On the other hand, Ox-Cd (Figure 4C) was enhanced by treatments in a range of 27.52%–59.16%, which was significant among T2, T3, T5, and T6. Amendments resulted in the reduction in or-Cd (Figure 4D) by 6.41%–13.24%, but the differences were insignificant. Re-Cd (Figure 4D) in all treatments increased by 1.27%–11.59%, but T8 and T9 decreased by 5.60% and 2.09%, respectively.
[image: Six grouped bar graphs labeled A to F compare various treatment groups (CK, T1 to T9) for different metals: Co, Cd, and Co-Cd in shoots and roots, as well as Co-Cd accumulation. Each graph shows mean values with error bars. Significant differences are marked by different letters above the bars. Graph F includes a legend indicating the presence of Co, Cd, and Co-Cd accumulation data for each group.]FIGURE 4 | Effect of biochar-based amendments on soil Cd fractions. Changes in soil exchangeable Cd (Ex-Cd) (A), carbonate-bound Cd (Ca-Cd) (B), Fe-Mn oxide bond (Ox-Cd) (C), (d) organic-bound Cd (Or-Cd) (D), residual Cd (Re-Cd) (E), and distribution of cadmium fractions (F). Error bars represent the standard deviation of triplicates. Data are presented as the mean ± standard error (n = 3). Same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).
The percentage of Cd fraction (Figure 4E) change by the amendments showed that, in all treatments, Ex-Cd, a bioavailable fraction, was transferred to more stable portions like Fe-Mn oxide bond, carbonate-bound, organic-bound, or residual Cd (Figure 4F). The concentrations of Cd fractions were as follows: Re-Cd > Ex-Cd > Ox-Cd > Or-Cd > Ca-Cd. The transformation of Ex-Cd in T3, T6, and T2 to other Cd fractions was 46.89%, 45.45%, and 43.45%, respectively, (P < 0.05). Furthermore, T3, T6, and T2 increased Ca-Cd, Ox-Cd, and Re-Cd fractions by 33.49%, 44.90%, and 22.60%; 59.15%, 41.22%, and 41.17%; and by 11.59%, 4.88%, and 8.35%, respectively.
3.3 Rice growth, biomass, and yield
Rice growth parameters such as basic seedlings, maximum seedlings, tiller number, plant height, effective panicles, tillering rate, and panicle rate are given in Table 2. T1–T6 demonstrated an increasing trend in comparison with CK, while T7–T9 displayed a decreasing trend. Yield component data given in Table 3, including 1,000-grain weight, filled grains, total grains, and panicles, showed that T6, T3, and T2 significantly enhanced filled-grain and 1,000-grain weight by 34.29% and 29.47%; 18.35% and 1.08%; and 2.41% and 2.26%, respectively (p < 0.05), while those of T9, T8, and T7 were significantly reduced by 60.80% and 57.07%; 52.95% and 8.12%; and 8.75% and 8.96%, respectively (p < 0.05). T7, T8, and T9 significantly decreased filled-grain percentage and panicle length (p < 0.05).
TABLE 2 | Influence of biochar amendments on rice growth.
[image: A table comparing rice treatments CK, T1 to T9 on basic and max seedlings, tillers, plant height, effective panicles, tillering rate, and panicle rate. Values include mean ± standard error. Treatments show variance, with significant differences indicated by different lowercase letters. Annotations detail calculation methods for tillering and panicle rates.]TABLE 3 | Effect of biochar amendments on rice yield components.
[image: A table showing treatment effects on rice metrics including filled grains, total grains, filled-grain percentage, panicle length, 1000-grain weight, and total yield. Treatments range from CK to T9, with data displayed as mean ± standard error. Differences are indicated by lowercase letters; significant differences are marked by different letters according to ANOVA and LSD testing.]The changes in panicle and shoot weight are shown in Figure 5. Panicle fresh weight (Figure 5A) and dry weight (Figure 5B) had a similar trend in all treatments. The highest fresh panicle weight, dry panicle weight, fresh shoot weight (Figure 5C), and dry shoot weight (Figure 5D) were recorded in T3, which significantly increased by 47.85%, 35.77%, 26.68%, and 17.73%, respectively (p < 0.05). In contrast, T9 showed the least fresh and dry panicle weights, which significantly decreased by 57.67% and 55.47%, respectively (p < 0.05), while the T8 had the lowest fresh shoot weight and dry shoot weight, which decreased by 4.89% and 22.66%, respectively.
[image: Five bar graphs labeled A to E compare the weights of various plant parts and yield across different treatments CK, T1 to T9. Each graph presents data with error bars and different letters indicating statistical significance. Panel A shows earplant dry weight, B shows panicle dry weight, C shows straw fresh weight, D shows straw dry weight, and E shows yield. The treatments exhibit variable effects on the measured parameters.]FIGURE 5 | Effect of biochar-based amendments on the rice biomass and yield. Panicle fresh weight (A), panicle dry weight (B), shoot fresh weight (C), shoot dry weight (D), and rice yield (E). Error bars represent the standard deviation of triplicates. Data are presented as the mean ± standard error (n = 3). Same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).
T1–T6 treatments enhanced the rice yield. The rice yield in all treatments was in the range of 1.44–7.58 t/ha (Table 3). T3, T2, T6, and T4 significantly increased the rice yield by 20.14%, 16.67%, 16.17%, and 11.64%, respectively (p < 0.05), while T9, T8, and T7 decreased the rice yield by 77.14%, 71.89%, and 65.06%, respectively (p < 0.05).
3.4 Cd content in rice tissues
As shown in Figure 6, the concentration of Cd in the tissues of rice was in the following order: root > shoot > leaf > brown rice. The root and shoot contained a much higher Cd content than the leaf and brown rice. The Cd content in rice tissues apart from the shoot of all amendments was lower than that in CK, while there was a slight increase in the shoot (Figure 6E). The Cd content in the root (Figure 6A) was the highest in CK and the lowest in T7, which significantly decreased by 33.13% compared with CK, and the reductions by T4, T5, T6, T8, T1, T3, and T2 were 32.03%, 29.52%, 21.01%, 20.33%, 19.81%, 16.54%, and 15.59%, respectively (p < 0.05). The maximum Cd concentration in the shoot was in T6, while the least Cd was in T9. As shown in Figure 6B, the decrease in Cd content caused by T9, T1, T2, and T8 in the shoot ranged from 1.47% to 9.28%, whereas the increase in Cd content caused by T3, T7, T4, T5, and T6 ranged from 2.82% to 87.41%. The highest Cd content in the leaf was in CK, while the lowest was in T8. As against CK, the percentage decrease in Cd in the leaf (Figure 6C) by amendments ranged from 17.01% to 53.47%. The effectiveness of Cd reduction in the leaf by treatments was in the following order: T8 > T2 > T9 > T7 > T3 > T6 > T5 > T1 > T4 > CK. The Cd concentration in brown rice grain (Figure 6D) was highest in CK. T2 showed the greatest reduction in Cd content in brown rice grain, which was 71.77% and significant compared with that of CK, followed by T8, T9, T3, T1, T7, and T6, which were 57.13%, 52.04%, 47.71%, 45.32%, 40.39%, and 38.16%, respectively. There were no statistically significant differences observed between T5 and T4, which was only 28.16% and 19.30% reduction, respectively (p > 0.05).
[image: Grouped bar charts display cadmium (Cd) concentrations in different plant parts with treatments labeled CK, T1 to T9. Chart A shows root Cd concentration, Chart B shows shoot Cd concentration, Chart C shows leaf Cd concentration, Chart D shows brown rice Cd concentration, and Chart E shows Cd distribution in plant tissues. Error bars indicate variability, and letters denote statistical differences.]FIGURE 6 | Effect of biochar-based amendments on the Cd concentration in rice tissues (LSD, p < 0.05). Cd concentration in the root (A), shoot (B), leaf (C), brown rice (D), and proportion of Cd in rice tissues (E). Error bars represent the standard deviation of triplicates. Data are presented as the mean ± standard error (n = 3). Same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).
BCFsoil-root showed a decreasing trend among treatments, ranging from 7.94% to 31.90%. The decrease was significant in T4, T7, and T5 (Table 4; p < 0.05). TFroot-shoot of all treatments substantially increased from 0.08 to 0.20, while the increase was 141.76%, 135.31%, 131.76%, and 90.84% in T5, T6, T4, and T7, respectively (p < 0.05). TFshoot-rice of all amendments was significantly lower than that in CK (p < 0.05), with a reduction range of 41.63%–71.39%, whereas TFleaf-rice showed no significant change in all treatments.
TABLE 4 | Effect of biochar amendments on the bioconcentration factor (BCF) and translocation factor (TF).
[image: Table displaying bioconcentration and translocation factors for various treatments. Treatments (CK, T1-T9) are listed with BCF_soil-root and translocation factors TF_root-shoot, TF_shoot-rice, and TF_leaf-rice. Values include means with standard errors. Lowercase letters indicate statistical significance; same letters imply no significant difference, and different letters suggest significant differences (p < 0.05).]3.5 IMP on the root surface
As shown in Figure 7, T3, T6, and T9 amendments induced a high level of IMP. IMP contained FeIMP (1.36–3.53 g/kg) and MnIMP (0.26–0.44 g/kg). T1, T4, and T7 caused no significant difference in the IMP content, whereas T2, T3, T5, T6, T8, and T9 significantly enhanced the formation of IMP by Fe, i.e., 92.42%, 160.34%, 84.49%, 113.67%, 94.59%, and 128.61% (Figure 7A), and Mn, i.e., 45.85%, 55.46%, 35.50%, 55.01%, 62.85%, and 73.09% (Figure 7B), respectively (p < 0.05).
[image: Bar charts showing Fe content (A) and Mn content (B) in grams per kilogram across nine treatments (CK, T1-T9). Each bar displays mean values with error bars and statistical significance indicated by letters above the bars.]FIGURE 7 | Content of FeIMP and MnIMP in IMP. Changes in FeIMP (A) and MnIMP (B) content of IMP on the rice root surface. Error bars represent the standard deviation of triplicates. Data are presented as the mean ± standard error (n = 3). Same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).
3.6 Correlation among the soil properties, DTPA-Cd, and plant index
Principal component analysis (PCA) and correlation analysis of soil properties, DTPA-Cd, and plant indexes were performed to reveal the factors affecting soil Cd migration, plant Cd uptake, and accumulation. Data given in Figure 8 showed that PC1 and PC2 explained 51.88% of data variance, which suggested that the biochar-based amendments did cause a significant impact. Maize straw and bamboo biochar-based amendments had a greater effect on soil properties and rice growth, while coconut shell-activated carbon was less effective. Data given in Figure 9 showed that DTPA-Cd had a significantly positive correlation (p < 0.05) with soil IMP, TN, TP, and CEC, whereas there was also a strong correlation among Eh, pH, SOC, and DOC. In addition, decreased Cd content in rice grain primarily resulted from decreased uptake by rice plants. The Cd content in rice grain exhibited a high correlation with leaf Cd, root Cd, IMP, and Ex-Cd.
[image: Principal component analysis (PCA) biplot displaying relationships among different variables in two dimensions labeled PC1 (29.15%) and PC2 (22.79%). Data points, represented by colored dots, are grouped into clusters. Vectors originating from the center indicate variables such as “Brown root Cd,” “Ex-Cd,” “Plant height,” and others. A legend identifies treatments T1 to T9 with different colors.]FIGURE 8 | Principal component analysis (PCA) for soil properties, soil Cd fraction, tissue Cd content, rice yield, plant height, and plaque FeIMP and MnIMP content.
[image: Correlation matrix image illustrating relationships among various soil and plant properties related to cadmium content. Variables are labeled along the axes with colors indicating Pearson's correlation coefficient, from purple (negative correlation) to red (positive correlation). Lines connect significant correlations, and a legend explains correlation coefficient ranges. The matrix highlights interactions among parameters like DTPA-Cd, Brown rice Cd, soil pH, and plant height.]FIGURE 9 | Correlation analysis of soil properties, soil Cd fraction, tissue Cd content, rice yield and components, plant height, and plaque FeIMP and MnIMP content. Here, 1000-GW represents 1000-grain weight, PFW represents fresh panicle weight, PDW represents dry panicle weight, SLFW represents fresh stem and leaf weight, and SLDW represents dry stem and leaf weight. Line width represents the distance-dependent Mantel r statistic. Rosy brown lines indicate non-significant difference, pink lines indicate significant difference (0.01 < p < 0.05), and red lines indicate extremely significant difference (p < 0.01).
4 DISCUSSION
4.1 Effect on soil properties and Cd fraction
Prior research had indicated that the application of BC-/AC-based amendments had an impact on soil properties (Awasthi et al., 2019; Bagheri Novair et al., 2023), and the findings were in accordance with our research findings. Our results indicated that soil properties including pH, TN, TP, CEC, SOC, and DOC were improved by applying BC-/AC-based amendments.
Soil pH was recognized as a key determinant of metal solubility, which could directly influence the chemistry of soil Cd such as accumulation by plants and leachability (Lv et al., 2021). Leaching of heavy metals from soil is soil pH-dependent. Increasing the soil pH might lead to increased hydroxyl groups of metal cations and enhanced metal adsorption. Increased soil pH by treatments was due to the alkalinity of BC-/AC-based amendments (Zhang et al., 2017). Our study found that soil pH showed an increasing trend with the amounts of applied BC/AC (Figure 2A). The surface of BC/AC contained negatively charged functional groups, for instance, phenols, hydroxyl, amine, carboxyl, and mercaptan compounds, which were capable of binding hydrogen ions from the soil solution and increase the soil pH (Nguyen et al., 2017; Bagheri Novair et al., 2023). In addition, there was the possibility that BC-/AC-based amendments could stimulate or enrich the activity of soil microorganisms, thus increasing the soil pH (Lin et al., 2022). Increased soil pH might also provide active sites enhancing Cd adsorption or immobilization (Nguyen et al., 2023).
The value of Eh in the soil depended on the relative concentrations of oxidized and reduced substances in the soil solution (Chacón et al., 2020). The main factors affecting soil Eh were soil aeration, soil moisture, the metabolism of the plant root, and the proportion of decomposable soil organic matter (Yang et al., 2021). According to this research, soil Eh decreased with increasing biochar contents (Figure 2B). Xing et al. (2022) found that adding biochar to rice soil resulted in a broader range of soil Eh within 6 h (219 ∼ +334 mV) than control (−271 ∼ +391 mV), which had been confirmed by Yang et al. (2020). Klüpfel et al. (2014) and Rashid et al. (2022) indicated that biochar enhanced the redox reaction by providing electrons through a phenol group or accepting electrons through the quinone aromatic structure. These results showed the critical role of biochar in mediating the redox environment in soil. Much higher or lower soil Eh was not conducive to rice growth. Higher soil Eh presents a state of oxidation, faster organic matter decomposition, or nutrient leaching. Lower soil Eh could cause poor ventilation and restrict rice growth and development.
CEC was one of the critical soil properties strongly influenced by soil organic matter, which varied from <1 cmol/kg in sandy soil to >25 cmol/kg in clay soil (Guibert et al., 1999; Arabi et al., 2018). Our experiments revealed that applying BC-/AC-based amendments, especially those with high BC/AC content, significantly increased soil CEC (Figure 2F). These results were consistent with the findings found by Awasthi et al. (2019), Hussain Lahori et al. (2017), and Mohamed et al. (2015). Increasing soil CEC by BC/AC was a result of its highly porous characteristic and high specific area, which subsequently increased the adsorption capacity (Liu et al., 2012).
Our data indicated that amendments significantly increased TN, TP, SOC, and DOC contents in soil (Figure 2), consistent with the outcomes of published literature (Li Y. et al., 2022c; Jin et al., 2019). This might be because BC/AC, rape organic fertilizer, and calcium magnesium phosphate fertilizer were enriched in carbon, nitrogen, and phosphorus, which provided a source of organic material and increased the inputs of these compounds in soil (Arabi et al., 2018; Farhangi-Abriz et al., 2021). Previous research had also demonstrated that BC/AC could have a positive effect on crop growth and efficiency of nutrient availability (Backer et al., 2016; Azeem et al., 2023). Other surveys had demonstrated that biochar application could positively affect soil microorganisms and enzyme activity (Luis Moreno et al., 2022; Song et al., 2022). Moreover, TN, TP, SOC, and DOC contents increased with BC/AC content, and as a result, the rice yield increased (Figure 5E). Therefore, it was necessary to conduct long-term experiments in multiple geographical sites to validate the impacts of the application of BC/AC or derived materials on TN, TP, SOC, and DOC contents, in an effort to provide reliable evidence for the large-scale application of biochar-based materials.
DTPA-Cd was the bioavailable form that could be absorbed and utilized by plants. In comparison with total soil Cd, DTPA-Cd had a greater impact on metal toxicity and uptake by plants. DTPA-Cd played an essentially important role in managing Cd absorption by crops and forecasting the Cd toxicological effect in agroecosystems (Lahori et al., 2017; Wu et al., 2020). In our study, the DTPA-Cd content of each treatment was found to decrease rapidly in the early stage, increased slightly in the later stage, and finally stabilized. After harvest, the ultimate results showed that the treatments decreased soil DTPA-Cd, in which only the effects of T1, T4, and T6 were significant. Comparable findings were presented by Hong et al. (2022), who found that the co-application of biochar, apatite, and seaweed organic fertilizer at a ratio of 1.5:0.5:1 significantly reduced soil bioavailability of Cd, Cr, and Pb; enhanced soil conditions; and improved nutrient availability and yields. Liang T. et al. (2022b) revealed that the simultaneous application of rape straw biochar, rice straw, and Chinese milk vetch effectively reduced soil DTPA-Cd by 27.80%–46.62%. Furthermore, Xiong et al. (2019) revealed that rice straw, biochar, and engineered bacterium P. putida X4/pIME compost applied as a soil amendment significantly reduced Cd concentrations. This study also showed that BC-/AC-based amendments decreased Ex-Cd content in soil while increasing the content of other Cd fractions, including Ca-Cd, Ox-Cd, and Re-Cd (Figure 4). Similarly, Liu et al. (2022) and Xiong et al. (2019) revealed that biochar and biochar compost lowered the Ex-Cd content and increased that of other Cd fractions.
The reduction in DTPA-Cd in soil by BC-/AC-based amendments could be potentially because BC/AC-based amendments contained alkaline particles and produced OH− groups that could bind Cd ions from the soil solution to form insoluble complexes, thus reducing Cd bioavailability. Furthermore, the BC-/AC-based amendments contained high amounts of Ca2+ and Mg2+ ions and a large surface area that could interact with soluble Cd to enhance Cd adsorption or immobilization (Singh et al., 2023; Zanin Lima et al., 2023). pH was a prominent factor regulating the effectiveness of Cd, which showed a negative correlation to DTPA-Cd. It was reported that elevated soil pH caused an increased negative surface charge in soil, leading to facilitated surface precipitation, such as CdCO3 or Cd(OH)2, and decreased DTPA-Cd (Suzuki et al., 2020; Liang T. et al., 2022b). According to our research, soil pH was higher in BC/AC treatments than in CK, which was beneficial in reducing Cd mobilization and effectiveness. Furthermore, the addition of BC-/AC-based amendments could result in strengthening Cd complexation due to improved soil CEC and SOM, thereby contributing to the reduction in soil DTPA-Cd (Alaboudi et al., 2019). Additionally, studies had indicated that some soil microorganisms had the ability to absorb Cd. It might be possible that the addition of biochar-based amendments could enrich this group of soil microorganisms and, therefore, reduce the Cd content in soil (Qi et al., 2023; Haider et al., 2021; Mei et al., 2022).
4.2 Effect on rice yield and tissue Cd content
According to data on rice growth given in Table 2, yield components in Table 3, and biomass in Figure 5, BC-based amendments significantly increased the rice yield and yield components, as well as dry biomass. This result was in agreement with those reported by Mohamed et al. (2015), Arabi et al. (2018), and Li et al. (2019). On the other hand, AC-based amendments severely reduced the rice yield and caused the whitening of leaves during the seedling stage, which was contrary to the findings obtained by Břendová et al. (2016), who utilized biochar and coconut shell-activated carbon to reduce the phytoavailability and phytotoxicity of Cd, Pb, and Zn and reported that both carbon-based amendments increased spinach dry biomass by 114% and 55% in non-contaminated soil and 359% and 308% in contaminated soil, respectively. Therefore, the effectiveness of coconut shell-activated carbon needs to be further validated.
BC/AC exhibited strong adsorption of nutrients, such as ammonium, nitrate, phosphate, potassium, and trace elements, which could retain nutrients and reduce their loss from soil, enhancing nutrient uptake by plants and improving growth and yield (Lv et al., 2021). Furthermore, BC-based amendments improved soil properties by increasing soil pH and CEC and lowering soil Eh, which would enhance nutrient efficiency, especially of phosphorus and potassium (Alvarez et al., 2017), reduce nutrient leaching or loss from soil (Agegnehu et al., 2016), and slow down soil organic matter decomposition (Xing et al., 2022). Moreover, BC-based amendments would enrich soil bacterial communities, stimulate the activities of enzymes, and improve soil health and rice growth (Ibrahim et al., 2021; Hong et al., 2022).
This study demonstrated that Cd uptake and accumulation were dominated by roots, followed by shoots, leaves, and finally, brown rice grain (Figure 6). Maize straw biochar-based amendments were more effective than bamboo and coconut shell-activated carbon in reducing the Cd concentration in brown rice. T2 achieved the best reduction of Cd in brown rice by 71.77%. Liang T. et al. (2022b) revealed that the simultaneous application of Chinese vetch, rice straw, rape straw biochar, and iron-modified biochar remarkably reduced 65.38% and 62.65% of Cd concentration in rice grain, respectively. A comparable study was reported by Hong et al. (2022), who applied a combination of seaweed organic fertilizer, apatite, and biochar to maize grain, which reduced Cd, Pb, and Cr by 68.9%, 68.9%, and 65.7%, respectively. The analysis showed that the incorporation of BC/AC, rape organic fertilizer, calcium magnesium phosphate fertilizer, and fulvic acid significantly restrained Cd uptake by plants from the soil. Table 4 shows that BCFsoil-root was reduced by all treatments, illustrating that BC addition was more effective in decreasing Cd enrichment in brown rice as TFleaf-rice > TFroot-shoot > TFshoot-rice.
Cd transport from roots to brown rice grain was predominantly through shoots and leaves (Zhou et al., 2018). BC-/AC-based amendments inhibited Cd enrichment in various tissues of rice, which was most likely because of the reduction in DTPA-Cd in the soil. DTPA-Cd was found to be positively correlated with the Cd concentration in rice grain, and BC/AC-based amendments significantly lowered soil DTPA-Cd content and increased Re-Cd content. Thus, the BC/AC amendments reduced Cd uptake in rice by decreasing the bioavailability and transport of Cd in soil (Sun et al., 2016). Furthermore, the development of IMP was an effective barrier to prevent metal absorption by roots (Huang et al., 2022). Additionally, increased Fe2+ or Mn2+ might compete with Cd for the adsorption sites, thus being responsible for decreased Cd movement and storage in rice (Cai et al., 2020).
4.3 Effect on root IMP
IMP formed on the root surface was a kind of amphiphilic colloid, which could affect the chemical behavior and bioavailability of various elements in the soil through adsorption and co-precipitation. It effectively impeded Cd uptake by the root system and reduced Cd accumulation in rice tissues (Huang et al., 2022; Liang T. et al., 2022b). Previous studies had shown that the incorporation of organic materials, such as organic fertilizers, biochar, and livestock manure, could stimulate the generation of IMP (Li J. et al., 2020a; Liu et al., 2021). According to our research, applying BC-/AC-based amendments enhanced the IMP content, which simultaneously reduced the Cd concentration in the edible portion of rice (Figure 7; Figure 6D).
IMP formation was mainly influenced by the Fe2+ and Mn2+ concentrations, oxygen concentration, rhizosphere oxidase system, and soil microorganisms (Wu et al., 2016; Lin et al., 2017). In order to adapt to the flooded environment, rice morphological structures and physiological characteristics of the aboveground and root systems experienced specific changes, most prominently the formation of aerated tissues (Jiang et al., 2009). Aerated tissues transported oxygen through the leaves to the root system, which, in turn, released oxygen and other oxygenated substances into the rhizosphere, thereby oxidizing Fe2+ in the flooded soil to Fe3+ and Mn2+ to Mn (Ⅲ/Ⅳ). Fe3+ and Mn (Ⅲ/Ⅳ) formed insoluble oxides or hydroxides in the rhizosphere of rice, which were deposited on the surface of the roots, forming IMP (Machado et al., 2005; Kong et al., 2023; Zheng et al., 2024). Moreover, there existed oxidative enzyme systems (catalase, superoxidase, superoxide dismutase, etc.) in the rhizosphere of rice, and the application of BC-/AC-based amendments increased soil catalase and superoxidase enzyme activities, which could convert Fe2+ to Fe3+ and Mn2+ to Mn (Ⅲ/Ⅳ) (Chen H. et al., 2020a; Li Q. et al., 2020b; Zheng et al., 2023). Furthermore, iron-oxidizing and methane-oxidizing bacteria attached to the root surface of rice also played an active role in the formation of IMP (Yu et al., 2016; Danso et al., 2023). Fe2+ and Mn2+ in BC-/AC-based amendments were released into the soil solution, and soil redox conditions changed, which contributed to improved formation of IMP. The application of BC-/AC-based amendments modified the soil microenvironment, thereby promoting Fe2+ and Mn2+ release and contributing to IMP formation (Zhou et al., 2020).
4.4 Potential mechanism of Cd immobilization, Cd accumulation in rice grain, and rice yield
The distribution of DTPA-Cd in the soil directly affects the crop uptake and utilization of Cd. In our research, BC-/AC-based amendments reduced the DTPA-Cd content in soil. Therefore, it is important to explore its potential passivation mechanism. Figure 10 shows the potential mechanism of BC-/AC-based amendments on soil Cd immobilization, Cd accumulation in rice grain, and rice yield. The adsorption and immobilization of Cd by BC-/AC-based amendments was not a single process but rather a synergistic interaction of various reactions (Wu et al., 2020; Chen et al., 2021). The mechanisms mainly included physical adsorption, electrostatic action, ion exchange, complexation, and precipitation (Singh et al., 2023). BC/AC had a highly porous structure with a large specific surface area, and Cd could be adsorbed on its surface and also diffuse into the porous structure, which could be immobilized. In addition, the larger the specific surface area, the higher the physical adsorption capacity for Cd (Nguyen et al., 2023). The BC/AC surface contained alkali metals such as K, Na, Mg, and Ca, which could be exchanged with Cd, thereby reducing the concentration of Cd and increasing the nutrient concentration in the soil to promote the growth and development of crops (Lv et al., 2021). Additionally, the oxygen-containing functional groups (-OH, -COOH, and C=O) on the BC/AC surface performed ion-exchange reactions with Cd2+ [2 (R-OH) + Cd2+ → (R-O)2Cd + 2H+, 2 (R-OOH) + Cd2+ → (R-OO)2Cd + 2H+] (Zhou et al., 2018; Alaboudi et al., 2019). It also complexed with Cd on the surface of BC/AC, reducing the bioavailability and mobility of Cd (He et al., 2019). Electrostatic interaction was closely related to the valence state of Cd and CEC of the soil. A higher valence state of Cd causes a stronger electrostatic interaction, leading to Cd being more easily adsorbed. Increased CEC would make the soil negatively charged, which further enhanced the adsorption of Cd by soil (Zhang et al., 2020; Li H. et al., 2022a). Moreover, BC/AC contained soluble CO32- and PO43-, which could form a precipitation with Cd (Lahori et al., 2017). Additionally, our study showed that BC-/AC-based amendments decreased Ex-Cd content in soil and shifted it to a more stable morphology (Figure 4); as a result, DTPA-Cd was reduced. Therefore, the reduction in DPTA-Cd in the soil resulted in decreased Cd uptake by rice. Alternatively, the formation of IMP on the root surface reduced the accumulation of Cd in rice grains (Figure 7; Figure 6D).
[image: Diagram illustrating the impact of biochar amendment on rice plants. The left plant, without amendment, shows fewer nutrients and root activity, while the right plant, with biochar, displays increased nutrients and vigor. Soil cross-section highlights nutrient presence, Fe/Mn plaques, and chemical properties. Insets show rice yield and soil samples, labeled CK (no amendment) and amended soil.]FIGURE 10 | Mechanisms of Cd immobilization, brown rice Cd accumulation, and yield.
The BC-based amendment material contained rich nutrients that contributed to enhanced rice yield. BC could enhance soil fertility and nutrient efficiency by improving soil physicochemical properties (SOM, CEC, and fertilizer holding capacity) and regulating soil pH to reduce nutrient losses (Chen et al., 2021). Additionally, the porous structure of BC contributed to reduced ammonia volatilization losses, improved fertilizer utilization, and facilitated nutrient cycling. Moreover, the functional groups (-OH, -COOH, C=O, S2-, CO32-, and PO43-) on the BC surface could enhance the rice yield through various mechanisms. First, the BC porous structure and large specific surface area could adsorb N, P, K, and other nutrients in the soil, reducing nutrient loss and promoting nutrient cycling by improving soil microbial activity, therefore enhancing the efficiency of fertilizer utilization (Agegnehu et al., 2016; Liu et al., 2022). Second, these functional groups could also form complexes or chelates with nutrient ions, resulting in the retention and slow release of nutrients, thus promoting nutrient uptake by rice (Farhangi-Abriz et al., 2021). Finally, BC and organic fertilizers could have a synergistic effect, further increasing rice yields and soil carbon storage.
Our research showed that AC-based amendments severely reduced rice yield. We reviewed a large amount of literature, with were fewer studies found in this area, and existing studies had contrary results to our study. Yin et al. (2022) showed that Salix integra dry mass increased more with the combination of spermidine and activated carbon treatment (39.65%–92.95%) than with the treatment alone (14.79%–62.80%). Wei et al. (2022) used a bacterial consortium (Enterobacter asburiae G3, Enterobacter tabaci I12, and Klebsiella variicola J2 in a 1:3:3 proportion) via physisorption, and sodium alginate encapsulation on coconut shell-activated carbon significantly increased the fresh and dry weights of pak choi biomass. These studies were conducted in dry fields; however, there were no studies in paddy fields. Therefore, the mechanism of rice yield reduction caused by AC-based amendments was difficult to elucidate. We hypothesized that AC-based amendments might have a high adsorption capacity for effective nutrients (N, P, and K) after rice transplantation, and rice was unable to absorb the nutrients, resulting in leaf yellowing (Figure 1). During the mid-growth period of rice, rice leaves showed white–green patches and reduced chlorophyll content, which may be one of the factors leading to the reduction in rice yield. At harvest, the plant height was significantly lower in the AC-based amendment application than in the other treatments. The yield component data illustrated that all the AC-based amendment application treatments severely reduced rice filled-grain percentage and 1,000-grain weight (Table 3). Additionally, AC-based amendments might cause stress to the roots of rice, resulting in the inability to complete normal growth and development. Furthermore, AC-based amendments might affect the activity of microorganisms in the soil, resulting in their inability to perform their normal functions. In conclusion, the mechanism of AC-based amendments that severely reduced rice yield needs further research.
4.5 Impact of BC-based amendments on environmental and economic benefits
BC-based amendments are an eco-friendly remediation material that had remarkable effects in the treatment of soil heavy metal pollution. Its effect on the environment was mainly reflected in the following aspects: (1) reduction in heavy-metal bioavailability. BC-based amendments reduced heavy-metal bioavailability and mobility in the soil through various mechanisms, such as physical adsorption, electrostatic action, ion exchange, complexation, and precipitation, thereby reducing their potential threat to ecosystems and human health (Xiong et al., 2019; Li J. et al., 2022b); (2) improvement in soil physicochemical properties. BC-based amendments could improve soil pH, increased soil cation exchange and organic matter content, improved soil structure, and thus enhanced the soil ability to immobilize heavy metals (Ibrahim et al., 2021; Lv et al., 2021); (3) promotion of soil microbial activity. BC-based amendments might alter the structure of soil microbial communities, increased the relative abundance of some beneficial microorganisms, promoted soil metabolic processes, and enhanced microbial activity in the soil (Chen S. et al., 2020b; Wang et al., 2021); (4) long-term immobilization of soil heavy metals. Research showed that BC-based amendments could effectively stabilize heavy metals in the soil for a long period of time, and during the immobilization process, the “aging effect” of biochar promotes a continuous increase in soil cation exchange and organic matter content, which, once again, reduces the bioavailability of heavy metals without potentially harming the soil (Ros et al., 2006; Herold et al., 2012).
Applying BC-based amendments improved the soil quality and increased the crop yield and quality, thereby increasing the economic benefits of agricultural outputs (Singh et al., 2023). Meanwhile, biochar production could reduce waste disposal costs by utilizing biomass resources such as agricultural waste, while providing a value-added product (Ndoung et al., 2021). However, whether the production and application of biochar were economically viable depended on a number of factors, including the cost of feedstock, scale of production, pyrolysis conditions, price of biochar, and type of crop (Nguyen et al., 2023). Although BC-based amendments had potential economic benefits, they needed to be assessed in detail on a case-by-case basis, as well as policy support and market development to realize their commercialization potential.
5 CONCLUSION
This study showed that BC-/AC-based amendments significantly enhanced soil pH, TN, TP, CEC, SOC, and DOC and decreased soil Eh and DTPA-Cd. Maize straw and bamboo biochar-based amendments significantly improved the rice yield and biomass, while coconut shell-activated carbon severely reduced the rice yield. This experiment showed that BC-/AC-based amendments effectively modified Cd fractionation in soil and induced the Cd transformation from bioavailable (Ex-Cd) to less bioavailable fractions (Ca-Cd, Ox-Cd, and Re-Cd). The alleviation of Cd absorption and enrichment in rice tissues by BC-/AC-based amendments were achieved through soil Cd fractional transformation or immobilization and IMP formation. The results demonstrated that BC-/AC-based amendments could be potentially used as eco-friendly and sustainable materials for improving soil health and remediating Cd-contaminated soil, which safeguards human health and the ecosystem from metal contamination. The results of the field trial showed that our material could immobilize soil Cd, but there are still limitations. We aimed for a long-term fixed trial, but due to the local government’s construction of high-standard farmland, which had already destroyed our experimental field, we only performed one season of rice experiments. In future, we will build a long-term fixed trial to achieve favorable results.
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The widespread presence of polycyclic aromatic hydrocarbons (PAHs) and toxic heavy metals in soils is having harmful effects on food crops and the environment. However, the defense mechanisms and capacity of plants to counteract these substances have not been comprehensively explored, necessitating a systematic categorization of their inhibitory effects. Accordingly, an experimental investigation was conducted to examine the growth and physiological response of maize (Zea mays L.) to different concentrations and combinations of pyrene, copper (Cu), and cadmium (Cd), with an indicator developed to assess the joint stress. The results showed that 57-day culture with contaminations significantly inhibited the plant biomass via causing root cell necrosis, inducing lipid peroxidation, and damaging photosynthesis. Cd (50-100 mg/kg) induced stronger inhibition than Cu (800-1000 mg/kg) under both single and joint stress, and their co-existence further aggravated the adverse effects and generated synergetic inhibition. Although the presence of pyrene at a low concentration (5-50 mg/kg) can somewhat diminish the metal stress, the elevated pollutant concentrations (400-750 mg/kg pyrene, 50-100 mg/kg Cd, and 800-1000 mg/kg Cu) switched the antagonistic effect to additive inhibition on maize growth. A satisfactory tolerance of a low-level pyrene and/or metal stress was determined, associated with a relative stability of chlorophyll-a (Chl-a) content and antioxidant enzymes activity. Nevertheless, the photosynthesis and antioxidant system were significantly damaged with increasing contaminant concentrations, resulting in chlorosis and biomass reduction. These findings could provide valuable knowledge for ensuring crop yield and food quality as well as implementing soil phytoremediation.
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1 Introduction

The simultaneous presence of polycyclic aromatic hydrocarbons (PAHs) and heavy metals in soil and aquatic habitats has become more prevalent, as both pollutants originate from analogous anthropogenic activities, such as waste incineration, vehicle emissions, and power generation (Deng et al., 2018; Zwolak et al., 2019; Hu et al., 2020; Zhang et al., 2020). Among the 16 PAHs pollutants of priority concern, pyrene has gained attention due to its high phytotoxicity, mutability, and widespread presence in environments (Gabriele et al., 2021). Besides, the multiple sources, high persistence, and non-degrading nature of heavy metals, including cadmium (Cd), exert an accumulative effect on plant growth from seed germination to fruition (Zhou et al., 2021; Wu et al., 2022). Despite the fact that copper (Cu) is an essential micronutrient to bionts, both plants and humans are increasingly at risk of excessive intake due to heightened Cu contamination in soil and water, which subsequently enters the food chain (Fsanz, 2003; Fao/Who, 2011; Kumar et al., 2021), causing a harmful effect on the ecosystem and posing a risk of carcinogenic, teratogenic, and mutagenic disorders to human health (Moscoso et al., 2012; Deng et al., 2018).

While the potential for pollutants extraction by plants provides the possibility for soil phytoremediation, significant reduction of vegetation biomass and quality due to contamination causes worldwide concerns (Gao and Zhu, 2004; Peng et al., 2017; Deng et al., 2018; Sufian et al., 2022). Maize (Zea mays L.) is widely cultivated cereal crop, possessing comparatively high biomass yields, fast growth and tolerance to abiotic stress. These traits make it a valuable model for assessing the impact of various contaminants on plant growth and pollutant accumulation (Li et al., 2017; Abdelgawad et al., 2020). Both PAHs and heavy metals have been found to produce growth inhibition and pollutant accumulation in maize, especially with the increase in contaminated levels (Lin et al., 2008; Houshani et al., 2019). In addition, the interaction between PAHs and heavy metals under joint stress could generate more complicated effects on plant growth and physiology (Lu et al., 2014). The occurrence of organic pollutants could reduce the phytotoxicity of metals via chelation but increase their bioavailability and accumulation in plants (Ma et al., 2016; Ren et al., 2019). Conversely, the presence of heavy metals disturbs the root physiology and alters the rhizosphere bacterial community (Wang et al., 2021), which could change the biodegradation of PAHs and their subsequent impacts on plant growth. These interactions exert either synergistic (Deng et al., 2018) or antagonistic (Lin et al., 2008; Lu et al., 2014) effects on plant growth.

To overcome the abiotic stress, plants adopt protective strategies such as antioxidant enzyme production, pollutant chelation or sequestration, and regulation of biomass allocation (Yergeau et al., 2018; Thakur et al., 2020). Deng et al. (2018) found that while the presence of Cu/Pb/Cr strengthened the root and shoot biomass of pak choi (Brassica chinensis L.) compared to single PAHs stress, co-existence of PAHs and Cd/Zn significantly reduced the gross biomass. Lin et al. (2008) demonstrated that the root growth of maize was reduced under pyrene-Cu co-contamination, but the shoot growth was improved except for a high concentration of Cu (400 mg/kg) and pyrene (500 mg/kg). In contrast, the growth inhibitory effect was more significant in the aboveground part than the root part when Fire Phoenix (a mixture of Festuca L.) was planted in pyrene-Cd contaminated soil (Dai et al., 2020), as the presence of metals seriously damaged the ultrastructure in leaves and thus declined the photosynthetic pigment levels (Sorrentino et al., 2018). Li et al. (2021) also determined the increased lipid peroxidation in willow (Salix sp.) leaves under pyrene-Cd joint stress. A study by Song et al. (2022) suggested the synergetic toxicity of PAHs-Cd on the growth and physiology of Bermuda grass (Cynodon dactylon (L.) pers.) as the antioxidant enzyme activity and lipid peroxidation were significantly increased compared to single PAHs or Cd stress. Accordingly, plant physiological and growth inhibition and their self-defense mechanism vary with plant species and their cultivars, as well as the concentration and combination of contaminants. Considering the importance of maize crop, it is necessary to thoroughly investigate the growth and physiological response in the light of photosynthesis, lipid peroxidation, and enzyme activities under interactive effects of pyrene, Cu, and Cd. Also, there is a need to explore the capacity of plant defense systems by categorizing the growth inhibitory effects.

The current study aimed to investigate the maize physiological and growth response under the different concentrations and combinations of pyrene, Cu, and Cd, with an indicator adopted and further developed to identify the joint stress on growth inhibition. The findings provide valuable knowledge for the favorable production of maize crop (both in yield and quality) and for the implementation of phytoremediation technologies in PAHs-heavy metals co-contaminated soils.




2 Materials and methods



2.1 Maize culture

Maize seeds were germinated for one week, and the seedlings with a 12-14 cm height were selected for pot-culture. Agricultural soil was used for experiments, with a pH of 8.0 and an organic matter content of 17.6 g/kg. Subsequent to the elimination of stone and plant debris, the soil sample was air-dried and subjected to a 2-mm screen prior to utilize. Each 1 kg of soil was moved into a plastic pot (16cm diameter × 14cm height). The tested contamination groups and detailed soil treatment have been described in Wang et al. (2021). The evaluated levels of pyrene, Cu and Cd contamination were 5, 50, 400, and 750 mg/kg soil; 100, 500, 800, and 1000 mg/kg soil, and 1, 20, 50 and 100 mg/kg soil, respectively. Pyrene of analytical reagent (AR) grade (≥ 98.0%; Shanghai Macklin Biochemical Co., Ltd.) was solubilized in 100 mL of acetone (≥ 99.5%, AR) and then applied to the specified soil samples by spraying. Similarly, solutions with specific Cu/Cd concentrations were added to the soils. In addition, four groups of joint contamination were examined (Table 1). The unspiked soil was served as a control (CK). Fertilizers containing 95 mg/kg of N from CO(NH2)2, 480 mg/kg of P2O5, and 318 mg/kg of K2O were incorporated into the soil for maize cultivation. After soil incubation for 20 days, the pre-germinated maize seedlings were planted in the pots. Plant cultures were piloted in triplicate for each treatment within three 1000-L phytotrons (1.25 m × 0.65 m × 1.90 m, SGZ-1000A, Hangzhou Shuolian Instrument Co., Ltd) for a duration of 57 days. The soil moisture was kept at 70% of field capacity by making adjustments to the water levels every 24 hours. The temperature reached 30°C during daytime (16 h) and 25°C at night (8 h), with 6 h of light daily and a relative humidity of 80%.

Table 1 | Tested groups and contaminated levels in soils.


[image: Table displaying tested groups and contaminated levels. Control group has no contamination. Single contamination groups include Pyrene (P5 to P750), Cu (Cu100 to Cu1000), and Cd (Cd1 to Cd100). Joint contamination groups are combinations like Pyrene + Cu, Pyrene + Cd, Cu + Cd, and Pyrene + Cu + Cd, with corresponding levels such as P50Cu500, P50Cd20, and P400Cu800Cd50. "P" represents Pyrene with concentration in mg/kg soil.]



2.2 Determination of plant physiology



2.2.1 Biomass and cell viability

After 57-day culture, plant height (for the aboveground part) was measured. Then the plants were extracted from the pots, rinsed with deionized (DI) water to eliminate soil particles, and subjected to air-dry. Shoots and roots were segregated, and their fresh weights were quantified. Root section samples were dyed with 0.5% Evans blue solution for 1 min, rinsed with DI water and photographed using a microscope (XSP-35TV, ×1600, Phenix Optics Co., Ltd., China) to determine the cell viability.




2.2.2 Chlorophyll-a

Chlorophyll-a (Chl-a) was extracted by acetone (Zhang et al., 2009). Fresh leaves were cut into pieces, and 0.3 g was moved into a 10-mL centrifuge tube containing 3 mL acetone. The mixtures were ground by a homogenizer in an ice-bath, added with 5 mL acetone solution (80%), and centrifuged at 4000 rpm for 10 min. Then the supernatant liquor was diluted with 80% acetone solution and determined using a UV-spectrophotometry (EU-2600R, Shanghai Onlab Instrument Co., Ltd, China) at 645 nm and 663 nm, with comparison to 80% acetone blank.




2.2.3 Lipid peroxidation

Malondialdehyde (MDA) was determined with thiobarbituric acid (TBA) to analyze the lipid peroxidation (Zhang et al., 2009). The enzyme was extracted from 0.5 g leaf sample by grinding with 5 mL 10% trichloroacetic acid (TCA). After 10-min centrifugation at 4000 rpm, 2 mL supernatant liquor was mixed with 2 mL 0.5% TBA, bathed in boiling water for 20 min, cooled down rapidly, and centrifuged at 3000 rpm for 10 min. Spectrophotometry was performed to determine MDA at 450 nm, 532 nm, and 600 nm.




2.2.4 Antioxidant enzymes

The antioxidant enzymes including peroxidase (POD) and superoxide dismutase (SOD) were determined using the enzyme-linked immunosorbent assay kits (Shanghai Meilian Biotechnology Co., Ltd., China). Fresh leaves were cut into pieces, ground with liquid nitrogen, and centrifuged at 6000 rpm for 15 min with 5 mL phosphate buffer. The supernatant liquor was sampled and determined using a microplate spectrophotometer (BioTek Instruments, Inc., USA).





2.3 Determination of pollutant accumulation

The accumulation of pyrene, Cu, and Cd in maize plants after 57-day exposure was determined according to Wang et al. (2021). Briefly, the lyophilized powder samples (0.2 g each from root, stem, and leaf) were soaked in 1:1 hexane-acetone solution (20 mL) and ultra-sonicated. The extract was then centrifuged and purified, and the pyrene concentration was determined by high-performance liquid chromatography (HPLC). For Cu and Cd accumulation, the powder sample (1 g) was soaked in 1:2 HClO4-HNO3 (15 mL) for 8 h, thereafter heated on a hot plate until the cessation of brown vapors, and then re-heated following the addition of 5 mL HNO3. The resultant solution was subsequently filtered and studied with a spectrophotometer for atomic absorption (TAS-986, Thermo Fisher Scientific, USA). The determination precision was validated by comparing with the authorized standard material, shrub leaves and branches GBW07603 (National Standard Substances Center of China). The result of pyrene, Cu, and Cd accumulation has been analyzed in detail in Wang et al. (2021), thus it is described with the discussion of maize growth and physiology in this article.




2.4 Data processing

The joint toxicity of pyrene and heavy metals on maize growth was examined according to the Abbott’s formula (Gisi, 1996; Teisseire et al., 1999; Chesworth et al., 2004; Gatidou et al., 2007). The expected combined inhibition Cexp is usually calculated using Eq. (1) when exposed to joint stress. Considering three contaminants tested in this study, Eq. (2) is developed for the expected inhibition.

[image: Equation depicting compound probability: C sub exp equals I sub 1 plus I sub 2 minus I sub 1 I sub 2, labeled as equation one.]

[image: Equation for \( C_{\text{exp}} \) equals \( I_1 \) plus \( I_2 \) plus \( I_3 \) minus \( I_1 I_2 \) minus \( I_1 I_3 \) minus \( I_2 I_3 \) plus \( I_1 I_2 I_3 \), followed by the number two in parentheses.]

where I1, I2 and I3 were the inhibitions caused by relevant single contaminations.

The indicator of combined contamination, ratio of inhibition RI, which compares the observed inhibition OI and the expectation Cexp, was assessed using Eq. (3). RI > 1 indicates synergism, RI = 1 means simple additivity, and RI < 1 represents antagonism (Gisi, 1996; Teisseire et al., 1999; Chesworth et al., 2004; Gatidou et al., 2007).

[image: Equation showing RI equals OI divided by C subscript exp, with equation number three in parentheses.]

The experimental results are presented as the mean ± standard deviation (SD) of triplicates. The analysis of variance (ANOVA) was performed with SPSS 22.0 to evaluate the significance of difference. In addition, multivariate statistical techniques, including the Pearson’s correlation analysis and redundancy analysis (RDA), were adopted to further explore the effects of contaminant accumulation on plant growth and physiological response.





3 Results



3.1 Cell viability

Evans blue, a kind of azo dye, can distinguish the dead cells from the live ones. The surface layer of maize roots grown in unspiked soil appeared light blue (Figure 1A), indicating the presence of necrotic cells. The dyed blue was much more pronounced in P750 (Figure 1B) and Cu1000 (Figure 1C) compared to CK. By contrast, joint contamination of pyrene and Cu (Figure 1E) did not produce a noticeable difference compared to the single treatments. Physio-toxicity caused by Cd and PCd contaminations at level IV appeared to be more significant, given the deeper blue of root cells (Figures 1D, F).

[image: Microscopic images of plant samples stained in blue, arranged in two rows labeled A to F. Each sample shows root tip structures with varying degrees of staining intensity and detail, highlighting cellular morphology differences.]
Figure 1 | Dyeing of the maize roots by Evans blue: (A) CK, (B) P750, (C) Cu1000, (D) Cd100, (E) P750Cu1000, and (F) P750Cd100. The solid black lines represent a reference to 0.5 mm scale.




3.2 Plant biomass



3.2.1 Single contamination

For 57 days of culture, the maize biomass was significantly reduced under single and joint treatments with pyrene, Cu, and Cd (Figures 2, 3). Increased contaminant concentrations (levels I-IV) decreased plant height and fresh weight. Supplementary Figure S1 and Figure 2 show the maize plants and roots after 57-day culture, respectively, while Figure 3 presents the increase in plant height and fresh weight. Exposed to individual pyrene, Cu, and Cd contaminated soil, the increase in fresh weight was reduced by 23-73%, 20-65%, and 12-85%, respectively, compared to CK (Figure 3). Supplementary Figure S2 further shows the fresh weight of maize roots, stems, and leaves separately. It appeared that at contaminated levels I-II, pyrene, Cu, and Cd contaminations produced a more substantial impact on leaves, stems, and roots of maize biomass, respectively, whereas this oriented inhibition disappeared as the contaminations increased to levels III-IV. Comparably, the increase in plant height was reduced by 14-47% (pyrene) and 13-58% (Cu), which was almost similar for levels II and III. For Cd spiked soil, plant height was slightly improved at Cd1 condition compared to CK, while continually decreased up to 63% with increasing contaminated level.

[image: Seven panels labeled A to G show root systems of plants under various treatment conditions. Each panel features several samples with labels indicating different treatment types, including combinations of phosphorus (P), copper (Cu), and cadmium (Cd) concentrations. The roots vary in length and density, demonstrating the effects of these treatments.]
Figure 2 | Maize roots after 57-day culture under single contaminations of (A) pyrene, (B) Cu, and (C) Cd and joint contaminations of (D) pyrene-Cu, (E) pyrene-Cd, (F) Cu-Cd, and (G) pyrene-Cu-Cd.

[image: Bar and line graph showing weight and height increases in grams and centimeters across various treatments, including CK, P5, and combinations involving Cu and Cd at different concentrations. Bars represent weight increases, while red squares connected by lines depict height increases. Error bars indicate variability. Distinct labeled groups range from a to h along the x-axis.]
Figure 3 | Increases in height and fresh weight of maize plants exposed to varying levels of pyrene, Cu, Cd, and the associated combinations for 57-day culture. The results are expressed as the mean ± SD of triplicates, with distinct letters denoting significant difference at p < 0.05 level.




3.2.2 Joint contamination

For the joint contaminations, the fresh weight increase of plants was reduced by 19-86% (PCu), 22-90% (PCd), 30-88% (CuCd), and 18-94% (PCuCd) compared to CK at contaminated levels I-IV. Meanwhile, the reduction in height increase ranged from 12-65%, 12%-75%, 36-78% and 24-88% for PCu, PCd, CuCd and PCuCd, respectively. However, the growth effect under the joint stress of contaminants was complex and related to the combination of contaminants and their concentration levels. The PCu co-contamination showed no obvious influence on the maize growth for level I compared to individual pyrene or Cu treatment (Figure 3). By contrast, the increase in plant height at level II was elevated by 19% and 23% compared to P50 and Cu500, respectively. Meanwhile, the fresh weight of maize shoots was significantly increased by joint contamination (Supplementary Figure S2), leading to a 39% increase in total weight gain in P50Cu500 compared to Cu500 (Figure 3). Nevertheless, the growth inhibition was gradually enhanced, with the RI increased from <0.5 at level I to ~0.9 at level IV (Table 2). In other words, the antagonistic effect of PCu co-contamination on maize biomass at low levels was escalated to additive inhibition (RI ≈ 1) as pollutant concentrations increased.

Table 2 | The ratio of inhibition of joint contamination on maize growth.


[image: Table displaying data on weight increase, height increase, and Chl-a across different contamination levels (PCu, PCd, CuCd, PCuCd). Each section lists four levels (I-IV) with corresponding numeric values. Height increase and Chl-a under contaminated level I show exceptions noted for certain data points, marked as not significantly different.]
For PCd co-contamination at level I, the plant growth resembled that seen to individual pyrene treatment (Figure 3), indicating that pyrene co-presence prevails normal growth in this low-contamination scenario, potentially mitigating the irregularities induced by Cd contamination. However, maize biomass rapidly declined with increasing contaminated levels, and the RI values were close to 1.0 at levels III and IV. The combined effect of PCd co-contamination appeared to be additive at high contaminated levels, implying that the inhibition of maize growth was aggravated.

Unlike the above, when exposed to the combined stress of heavy metals Cu and Cd, maize growth was significantly reduced at any contaminated level (Figure 3). The RI values (Table 2) show that the joint stress of Cd and Cu inhibited the maize growth with an additive or even synergetic effect in many cases. Exposed to PCuCd co-contamination at level I, plant growth was improved in terms of fresh weight (17%) and height (19%) increase compared with CuCd co-treatment, resulting in an antagonistic effect with RI = 0.39. It implies that pyrene could somewhat diminish the stress of heavy metals at low concentrations. In contrast, increasing contaminations significantly suppressed maize growth, and the inhibition appeared purely additive for levels II-IV. Supplementary Figure S2 shows that CuCd and PCuCd co-contaminations produced a more significant impact on maize shoots rather than roots.





3.3 Chl-a

The Chl-a content in plant leaves decreased with the increasing contaminations under single and joint stress of pyrene, Cu, and Cd (Figure 4). Compared with CK, single pyrene or Cu treatment at level I did not significantly influence the Chl-a content. As the contaminant concentrations increased, the Chl-a content gradually reduced, and the inhibition reached 14% for P400 and 13% for Cu1000. Likewise, the Chl-a content was reduced by 4-19% when exposed to single Cd stress. Recognizable chlorosis can be observed for Cu and Cd treatments at level IV (Supplementary Figures S1B, C).

[image: Line graph comparing chlorophyll-a (Chl-a) and malondialdehyde (MDA) levels across various samples labeled CK, P5, P50, P400, P750, Cu100, Cu500, Cu800, Cu1000, Cd1, Cd20, Cd50, Cd100, and combinations. Chl-a values (blue circles) and MDA values (red squares) are plotted with standard deviations. Each sample shows different levels and trends, indicating variance in Chl-a and MDA across treatments. The left y-axis represents Chl-a in milligrams per kilogram, and the right y-axis represents MDA in milligrams per kilogram multiplied by 10 raised to the power of negative five.]
Figure 4 | Profiles of Chl-a content and MDA formation in maize leaves exposed to varying levels of pyrene, Cu, Cd, and the associated combinations for 57-day culture. The outcomes are expressed as the mean ± SD of triplicates, with distinct letters denoting significant difference at p < 0.05 level.

For the joint contaminations, PCu produced a similar effect on Chl-a compared to single pyrene or Cu treatment. Generally, PCu and PCd co-contaminations produced an antagonistic effect on Chl-a, with the RI ≤ 0.6 (Table 2). An RI = 1.5 was obtained at P50Cd20 because the inhibitions caused by P50 and Cd20 were slight, resulting in a small Cexp in Eq. (3). When exposed to low contamination (level I), the Chl-a content was increased by 3% (PCd) and 9% (PCuCd) compared to Cd and CuCd, respectively. It indicates that the photosynthetic activity was amended in the presence of pyrene at a low level. In contrast, the inhibition of Chl-a reached up to 28% (CuCd) and 35% (PCuCd) at level IV compared to CK, with an additive effect on photosynthetic pigmentation. Plants exposed to this stress present severe chlorosis in the leaves (Supplementary Figures S1F, G).




3.4 MDA

The MDA content, an indicator of lipid peroxidation, greatly increased with increasing concentrations of pyrene, Cu, and Cd (Figure 4). Single contaminant stress increased the MDA content in maize leaves from 1.7×10-5 mg/kg (CK) to 6.1×10-5 mg/kg (P750), 4.2×10-5 mg/kg (Cu1000), and 5.3×10-5 mg/kg (Cd100), respectively. At contaminated level I, there was no obvious change with single contaminations compared to CK, but a noticeable increment can be determined under co-contamination treatments. MDA concentrations were increased up to 3.6-4.1 times under joint contaminations at level IV, with the maximum impact determined at P750Cu1000Cd100.




3.5 Antioxidant enzymes

The POD activity showed no significant variation at the low contamination level of all treatments (Figure 5). With the increasing contaminated levels, the POD activity was gradually elevated. The effect of joint contamination was more significant compared to single stress, with the maximum (1.3 times of CK) determined at Cu1000Cd100 (level IV) and P750Cu1000Cd100 (level IV).

[image: Line graph comparing POD (U/gram) and SOD (U/milligram) activity across different treatments. Treatments include CK, various P, Cu, and Cd concentrations, and combinations thereof. Blue circles represent POD, while red squares represent SOD. Error bars indicate variability, and lowercase letters denote statistical significance. POD generally increases with certain treatments, while SOD shows fluctuations.]
Figure 5 | The variation in POD and SOD activity in maize plants exposed to varying levels of pyrene, Cu, Cd, and their combinations for 57-day culture. Data are presented as the mean ± SD of triplicates, with different letters denoting significant difference at p < 0.05 level.

By contrast, the SOD activity was reduced from 1.4 U/mg to 1.1-1.3 U/mg under single contaminations, which showed no significant variation associated with contaminant concentrations. Joint contaminations at low/medium levels produced a similar effect to the single treatments, whereas a high co-contaminated level increased the SOD activity to 1.5-1.6 U/mg.




3.6 Effects of pyrene, Cu, and Cd accumulation in maize

Along with the exposure, pyrene, Cu, and Cd accumulated in varying degrees in maize plants (Supplementary Figure S3). Pyrene concentration in maize plants was negligible (< 10 mg/kg) in most cases. However, co-presence with Cu at III-IV levels dramatically increased the pyrene accumulation (30-100 mg/kg) in maize roots. As for the metals, Cu and Cd contents in plants consistently rose with increasing degrees of contamination, which were mainly trapped in maize roots. In addition, the joint contamination tended to increase the Cu accumulation but decrease Cd in maize shoots.

The contaminant accumulation produced a negative effect on plant biomass increase and photosynthesis (Chl-a) and a positive influence on lipid peroxidation (MDA) and antioxidant enzymes (POD and SOD) (Figure 6A). Generally, the significance of effects appeared Cd (p < 0.01) > Cu (p < 0.05) > pyrene (p > 0.05), except for the antioxidant enzymes which were more significantly stimulated by Cu. The RDA biplot further illustrated the correlation between stress and plant physiological response (Figure 6B). For physiological parameters, biomass and Chl-a positively associated with x-axis while MDA, POD, and SOD negatively correlated, representing a differentiation of samples with varying contaminated levels. For contaminant indicators, pyrene, Cu and Cd were projected on the opposite with y-axis, differentiating the tested treatments. In other words, maize growth and physiological characteristics were impacted both by the contaminant types and stress levels.

[image: Panel A is a correlation matrix with variables like pyrene, copper, cadmium, and growth factors, using a color scale from green (negative) to red (positive), indicating significance at p ≤ 0.05 and p ≤ 0.01. Panel B shows an RDA plot with RDA1 and RDA2 axes, displaying relationships among the same variables, represented by vectors and data points.]
Figure 6 | The effects of pyrene, Cu, and Cd stress on maize plant growth: (A) correlation matrix with significant correlations values denoted s * P ≤ 0.05, ** P ≤ 0.001 and (B) RDA of physiological characteristics with contaminant accumulation.





4 Discussion



4.1 Maize growth response to pyrene stress

Maize growth showed a certain tolerance and adaptive capacity to low-level (< 50 mg/kg) stress induced by pyrene, reflected by the plant appearance and relative stability of leaf physiology. Similar findings have also been reported for the willow that addition of 15.72 mg/kg pyrene slightly decreased the biomass with negligible change in other physiological parameters (Li et al., 2022). This is partially because that the majority of pyrene in soil can be dissipated via volatilization, photodegradation, or rhizosphere biodegradation during plant culture, with only a small part accumulated in maize plant (Wang et al., 2021). Even low-level organic contaminants could promote the growth of some specific plants. For example, Yang et al. (2022) and Sun et al. (2011) have observed a stimulating effect on plant growth (Brassica campestris L. and Tagetes patula) induced by <50 mg/kg pyrene and benzo[a]pyrene, respectively.

However, maize growth and the physiological regulations were significantly impacted with an elevated pyrene level. Exposed to 750 mg/kg pyrene treatment, maize roots showed a significant deleterious impression (Figures 1B, 2A), as the rhizosphere-promoted degradation was inhibited under high-level pyrene stress (Wang et al., 2021). Although most of the pyrene was vanished eventually, the stress elevated the level of reactive oxidative species, which can reduce photosynthesis by deteriorating protein complex embedded in chloroplast membrane (Liu et al., 2009; Zhang et al., 2013). Consequently, the potential in water and nutrients uptake from soils by root system was shrunk (Lu et al., 2014), leading to a significant decrease in plant biomass.




4.2 Phytotoxicity of heavy metals to maize

Plant cells adopt homeostasis to regulate the concentrations of metal ions and maintain a stable biochemical environment, especially at level I with single metal stress (Figures 3, 4). However, this homeostatic mechanism becomes supersaturated under excessive metal stress in terms of elevated concentrations and metals co-existence, and failed to ensuing the toxicological processes (Colin et al., 2012). Thus, the exposure of Cu (redox-active) and Cd (redox-inactive) transition metals catalyzes the formation of reactive oxygen species such as free radicals (Figure 5) (Rahman and Singh, 2019; Abdelgawad et al., 2020). Lipid peroxidation induced by these free radicals accelerates MDA production, which exhibits cytotoxicity to damage proteins, pigments, and nucleic acids (Tanyolac et al., 2007; Ekmekçi et al., 2008).

Accordingly, the overexpression of antioxidant enzymes activity in plants has been reported to overcome the Cu or Cd toxic effect (Liu et al., 2017). For example (Anwar et al., 2019; Franco et al., 2022), and (Anwar et al., 2019; Franco et al., 2022) observed an increase in POD and SOD activity in maize when exposed to 0-30 mg/kg Cd or 0.05-100 μM Cu stress. However, the opposite pattern was also determined, as Zhang et al. (2019) reported that the POD and SOD activity in two maize cultivars decreased at 50 mg/kg Cd stress compared to the uncontaminated case. Tanyolac et al. (2007) found that exposure to 0.5 mM Cu produced no significant change in POD activity but slightly increased SOD activity in maize leaves, while increasing Cu concentration to 1.5 mM significantly increased the activity of both. Actually, the response of antioxidant enzymes activity depends on maize cultivars (Ekmekçi et al., 2008), growth status and contaminated levels (Yang et al., 2021). According to the results, maize cultivar used in this study exhibited a comparatively satisfactory tolerance against Cu or Cd stress with the relative stability of MDA content at low Cu (< 500 mg/kg) and Cd (< 20 mg/kg) concentrations. Nevertheless, increasing contamination levels significantly affect many metabolism pathways (e.g., carbohydrates and energy) and cellular processes (e.g., transport and catabolism) (Wang et al., 2021), which obstructed the transportation of Fe and the synthesis of photosynthetic pigments (Sorrentino et al., 2018), resulting in a reduction of plant biomass and the chlorosis.

Worse still, the contaminated soil in practice usually contains multiple metals, which exert complicated effects on the cultivated plants. The co-occurrence of Cu and Cd produced more severe growth inhibition than its single stress across all contaminated levels in this study, with the combined inhibition appearing as a pure additive or even synergetic. While the presence of Cd reduced Cu levels in maize roots, it enhanced Cu transfer from roots to shoots, here promoting Cu accumulation in the aerial portions (Wang et al., 2021), thus increasing the toxicological effect on the plants. Meanwhile, the co-stress of Cu and Cd further disturbed the physiological functions (including biosynthetic and metabolic reactions) in maize roots and rhizosphere microbial communities (Wang et al., 2021), impeding the cellular tolerance to metal stress. Qian et al. (2009) also reported that Chlorella vulgaris growth was synergistically inhibited due to decreased cell growth and Chl-a level, blocked electron transport and CO2 assimilation, and increased reactive oxygen species under the joint stress of Cu and Cd. In addition, cytological analysis of cardoon cultivars grown in Cd-Pb polluted soil has demonstrated the destruction of chloroplasts under joint stress (Sorrentino et al., 2018). These ultrastructural damages directly impeded photosynthesis and nutrient absorption in association with stomatal conductance, consequently inhibiting plant growth. Premature senescence (e.g., chlorosis and necrosis) of leaves can be the typical symptom of these effects (Supplementary Figure S1).




4.3 Joint effects of pyrene and heavy metals on maize

The interaction of pyrene and heavy metals in soil seemed to be associated with their contaminated levels, which caused complex effects on maize growth. Generally, the co-occurrence of pyrene and Cu/Cd at levels I-II produced no obvious difference in maize growth compared to its respective single contaminations, with exposure to P50Cu500 even slightly increased the plant biomass compared to P50 and Cu500. The presence of some specific metals is beneficial to the rhizosphere biodegradation of organic pollutants as they decrease the abundance of metal-sensitive bacteria and mitigate nutrient competition (Xu et al., 2018; Wang et al., 2021). Conversely, a low-level pyrene addition can reduce the metal phytotoxicity to a certain extent via the formation of metal-organic chelates (Ma et al., 2016; Ren et al., 2019), which exerts gentler stress on root physiology. The presence of 5mg/kg pyrene alleviated the negative effect on Chl-a formation induced by Cd1 or Cu100Cd1. Similar pattern has also been observed in willow and the increased photosynthetic activity was ascribed to the promoted nutrient uptake (Li et al., 2022). In addition, moderate pyrene concentration could be a potential carbon source for the prosperity of biodegrading microbes in soil and stimulate the secretion of phytohormones to overcome metal stress (Weyens et al., 2009). Consequently, the joint stress of pyrene with metals appeared antagonistic under these circumstances. Likewise, it has been demonstrated that the co-presence of pyrene-Cu in maize (Lin et al., 2008) and pyrene-Cu/Cd in tall fescue (Lu et al., 2014) showed improvement in biomass along with the increased accumulation of metals in plant organs. This implies that specific organic agents can be adopted to aid in the phytoremediation of metal-contaminated soil without reducing the biomass of hyperaccumulators, on condition that the contaminant properties, agent dosage, and plant species are comprehensively considered.

Nevertheless, the severity of antagonism on maize growth intensified as the co-contaminated level increased, with the negative effects on biomass and leaf physiology aggravated (Table 2). The intensive metal stress induced oxidative damage in plant cells, disturbed the metabolic process, and inhibited the biodegradation of pyrene (Kang et al., 2010; Toyama et al., 2011; Mcmanus et al., 2018; Sorrentino et al., 2018). Besides, the biodegradation of organic contaminants was hindered due to changes in root exudates and heavy metal contamination, which affected rhizosphere microbial populations and activity, thereby hindering the biodegradation of organic contaminants (Chigbo et al., 2013; Lu et al., 2014; Liu et al., 2017; Jiang et al., 2019; Gabriele et al., 2021). It elucidates the elevated pyrene accumulation in maize roots under pyrene and Cu co-contamination (Supplementary Figure S3). Sun et al. (2011) observed that while Cu at a low level (100 mg/kg) did not affect plant development compared to single benzo[a]pyrene stress, an increased Cu level to 500 mg/kg significantly lowered uptake of benzo[a]pyrene and targeted the biomass of Tagetes patula. On the other hand, the co-presence of excessive organic pollutants disrupted the metabolic processes, molecular-binding functions, and catalytic activities of enzymes in plant roots (Zhang et al., 2013; Wang et al., 2021), thus reducing the cell tolerance to metal stress. Lin et al. (2006) found that with the initial pentachlorophenol (PCP) concentration of 50 mg/kg, the growth of Lolium perenne L. and Raphanus sativus was enhanced with increasing Cu level (0-300 mg/kg), whereas an adverse effect was observed with initial PCP of 100 mg/kg. This suggests that the plants reach their detoxification capacity and degradation limits under intense joint stress, which provides important information for protecting food crop safety and formulating phytoremediation approaches using suitable hyperaccumulators. To acquire a better understanding of how maize reacts to co-contaminants, future research should look at the molecular and biochemical mechanisms involved, with an emphasis on antioxidant enzyme control and chlorophyll stability.





5 Conclusions

Pot tests were conducted to explore the maize growth and physiological response to single and joint stress of pyrene, Cu, and Cd. The application and development of growth inhibition indicator further contribute to the assessment of combined contamination. Generally, the growth inhibition produced by Cd (50-100 mg/kg) was stronger compared to Cu (800-1000 mg/kg), associated with the lethal effect of Cd on root cells. Joint stress of Cu and Cd further aggravated the adverse effects and generated synergetic inhibition, and the presence of pyrene (400-750 mg/mg) with such metal stress levels produced additive inhibition on maize growth. The maize cultivar used in the current study showed a satisfactory tolerance of a low-level pyrene and/or metal stress, with the relatively stable Chl-a content and antioxidant enzymes (POD and SOD) activity. Nevertheless, the photosynthesis and antioxidant system were significantly damaged with increasing contaminant concentrations, resulting in chlorosis and biomass reduction. These findings assist in protecting crop yield and food quality supporting soil phytoremediation, and underscoring the need for further research on metabolic pathways involved in maize response to co-contaminants.
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With a focus on plant tolerance to environmental challenges, nanotechnology has emerged as a potent instrument for assisting crops and boosting agricultural production in the face of a growing worldwide population. Nanoparticles (NPs) and plant systems may interact molecularly to change stress response, growth, and development. NPs may feed nutrients to plants, prevent plant diseases and pathogens, and detect and monitor trace components in soil by absorbing their signals. More excellent knowledge of the processes of NPs that help plants survive various stressors would aid in creating more long-term strategies to combat these challenges. Despite the many studies on NPs’ use in agriculture, we reviewed the various types of NPs and their anticipated molecular and metabolic effects upon entering plant cells. In addition, we discussed different applications of NPs against all environmental stresses. Lastly, we introduced agricultural NPs’ risks, difficulties, and prospects.
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1 Introduction

Plants are exposed to a range of environmental stressors that have the potential to diminish and restrict the yield of crops (El-Sappah and Rather, 2022; Ihtisham et al., 2023). Plants encounter two distinct categories of environmental challenges: abiotic stress and biotic stress (El-Sappah and Rather, 2022). The global loss of essential crop plants is attributed to abiotic stressors such as radiation, salinity, floods, drought, temperature extremes, heavy metals (HMs), and other factors (Umar et al., 2021). Conversely, biological stressors encompass the presence of pathogens such as fungi, bacteria, oomycetes, nematodes, and herbivores (Bhatla et al., 2018). Crop production losses can be attributed to biotic and abiotic stressors (Gull et al., 2019). The overproduction of reactive oxygen species (ROS) is identified as a significant factor contributing to crop losses resulting from abiotic stressors (El-Sappah et al., 2022b; Li et al., 2023b). In recent decades, significant endeavors have been undertaken to enhance agricultural productivity by extensively employing chemicals that have enduring and profound impacts on the environment and human wellbeing. Consequently, innovative technology is necessary to nourish the global population while minimizing environmental damage (Gill and Garg, 2014; Tudi et al., 2021).

The field of nanotechnology is stimulating and undergoing significant advancements, leading to many breakthroughs (Ratner and Ratner, 2003; Abbas et al., 2022b; Naveed et al., 2022b). Nanotechnology has the potential to offer viable solutions to agricultural challenges and contribute to the attainment of a sustainable and secure future for the agricultural sector (Pandey, 2018). In recent years, nanotechnology has garnered significant attention due to its wide range of applications in medical, drug delivery, energy, poultry production, and agri-food industries (Ashraf et al., 2021). According to Khan and Upadhyaya (2019), nanoparticles (NPs) are diminutive substances with dimensions spanning from 1 to 100 nm. Unlike larger-sized entities, NPs possess unique and varied physicochemical characteristics (Hsiao and Huang, 2011). The high surface area-to-volume ratio, high adsorption efficacy, and higher connecting and working efficiencies of NPs can be attributed to their small size (Gil et al., 2010). NPs may help plants resist stress by improving nutrient uptake by assisting plants in absorbing and transporting minerals and nutrients (Singh et al., 2024), improving photosynthetic efficiency (Faizan et al., 2021), regulating hormone balance, particularly auxins and gibberellins, scavenging ROS (Tripathi et al., 2022), which can harm plants, and improving stress-responsive gene expression by boosting the expression of genes that help plants react (Abideen et al., 2022).

The current review comprehensively summarizes the advances in applying nanobiotechnology in agriculture, especially the potential of biosynthesized NPs to relieve abiotic and biotic problems in crop production.




2 Properties of nanoparticles

NPs have been classified into four categories: electrical and optical, magnetic, mechanical, and thermal (Khan et al., 2019), as shown in Table 1.

Table 1 | Overview of nanoparticle properties, measurement methods, and agricultural applications.
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NPs have a higher degree of interdependence between their electrical and optical properties. NPs composed of noble metals exhibit optical properties that depend on their size and possess a distinct ultraviolet–visible (UV–Vis) extinction band absent in the bulk metal spectrum (Gautam et al., 2021). The phenomenon known as localized surface plasma resonance (LSPR) arises when the frequency of incident photons remains constant while the conduction electrons are collectively excited (Singh, 2017). The LSPR excitation induces absorption at specific wavelengths due to resonance with a significantly high molar excitation coefficient (Kochuveedu and Kim, 2014). LSPR improves NPs’ capacity to interact with light, which may be employed realistically to enhance plant health, disease management, and precision agricultural approaches.

The magnetic properties of these NPs have garnered significant attention from researchers in various domains, including heterogeneous and homogeneous catalysis, biomedicine, magnetic fluids, data storage, magnetic resonance imaging, and environmental remediation, such as water decontamination (Ali et al., 2021). According to existing scholarly works, NPs exhibit optimal performance within the critical size range of 10–20 nm (Reiss and Hütten, 2005). The magnetic characteristics of NPs were more dominant at a tiny scale, rendering these particles highly desirable and valuable in a wide range of applications (Cardoso et al., 2018). NPs exhibit magnetic properties due to their non-uniform electronic dispersion (Karunakaran et al., 2018). The qualities mentioned are influenced by the synthetic process, which can be achieved in many ways, such as solvothermal (Navas et al., 2020), co-precipitation, micro-emulsion, thermal breakdown, and flame spray synthesis (Dippong et al., 2021).

Conversely, NPs’ unique mechanical characteristics allow researchers to explore innovative applications in diverse critical domains, including tribology, surface engineering, nanofabrication, and nanomanufacturing (Khan et al., 2019). Diverse mechanical metrics like elastic modulus, hardness, stress and strain, adhesion, and friction can be examined to ascertain the precise mechanical characteristics of NPs (Wu et al., 2020). Various factors, including surface coating, coagulation, and lubrication, influence NPs’ mechanical properties (Balmert and Little, 2012; Pownraj and Valan Arasu, 2021). There are distinct mechanical properties between NPs and titles and their bulk materials. In a lubricated or greased contact, the stiffness contrast between the NPs and the external surface determines whether the NPs are indented into the plan surface or distorted when the pressure at contact is sufficiently high (Madkour and Madkour, 2019). These crucial data may provide insights into the performance of the NPs in a contact scenario. It is of utmost importance to exercise control over the mechanical properties of NPs and their interactions with various surface types to enhance surface quality and remove more material (Khan et al., 2019).

A comprehensive comprehension of the essential mechanical characteristics of NPs, including their elastic modulus and hardness, movement law, friction and interfacial adhesion, and size dependence, is typically required to achieve successful results in these areas (Mehmood et al., 2023). Metal NPs are widely recognized for their superior thermal conductivities compared to solid fluids. At room temperature, the thermal conductivity of copper is approximately 700 times greater than water’s and nearly 3,000 times greater than engine oil’s (Choi and Eastman, 1995). Thermal conductivity is stronger in oxides such as alumina (Al2O3) than in water (Senthilraja et al., 2015). It is anticipated that fluids containing suspended solid particles will exhibit considerably greater thermal conductivities than current heat transfer fluids (Choi and Eastman, 1995). Nanofluids are generated through the dispersion of solid particles at nanometric wavelengths within liquid mediums, such as water, ethylene glycol, or oils (Taylor et al., 2013). The properties of nanofluids are anticipated to surpass those of traditional heat transfer fluids and fluids containing particles at the tiny level (Das and Stephen, 2009). Because of heat transmission at the particle’s surface, particles with a substantial total surface area are favored. The enhancement of suspension stability is also attributed to the significant total surface area (Timofeeva et al., 2009). Another study demonstrated that nanofluids containing Al2O3 or CuO-NPs (copper oxide nanoparticles) in ethylene (H₂C=CH₂) or water had increased thermal conductivity (Mohamad et al., 2018).




3 Plants’ molecular and metabolic responses to nanoparticle exposure

Assessing the absorption, dispersion, and toxicity of NP exposure in plants requires understanding the nature of NP interactions with plants. According to Dietz and Herth (2011), NPs’ enormous surface area, minuscule size, and innate catalytic reactivity are the leading causes of their chemical and mechanical interactions with biological systems, such as plants.

It is commonly known that NPs alter biological architecture in various complex and little-understood ways. The effects of environmental stress on plants have been evaluated using multiple biochemical markers, including metabolite composition, membrane integrity, and enzyme activity (Singh et al., 2020). A physiological study indicates that smaller NPs, like plasmodesmata, can flow through the symplast, but larger NPs congregate in the apoplastic region (Banerjee et al., 2019; Wang et al., 2023), as seen in Figure 1. The most commonly reported mechanisms of NP toxicity in plants are the release of toxic metal ions (Dietz and Herth, 2011), increased production of ROS leading to oxidative stress (OS) (Asli and Neumann, 2009; Dietz and Herth, 2011), and mechanical damage or clogging of pores caused by cell surface coating (Pashkow et al., 2008).
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Figure 1 | The plant cell’s molecular response to NP exposure. Small and large nanoparticles infiltrate plant cells, triggering a process termed MAPK signaling, leading to reactive oxygen species (ROS) generation. Numerous genes have been identified as overexpressed in response to NPs, including metallothionein (MT), pathogenesis-related genes (PRs: PR1, PR2, and PR5), DNA mismatch repair (MMR) genes, proliferating cell nuclear antigen (PCNA), glutathione S-transferase (GSTU12), glutathione reductase (GR), and phytochelatin synthase (PCS1); specific microRNAs (miR395, miR397, miR398, and miR399); the light-harvesting complex II (LHCII) b gene; and various abiotic stress-related genes, including those involved in oxidative stress, salinity, water management, sulfur metabolism, glutathione (GSH) biosynthesis, metal toxicity detoxification, cell division (CycB), cell wall extension (NtLRX1), water transport (aquaporin gene NtPIP1), aquaporin gene (LeAqp2), plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), small and essential intrinsic proteins (SIPs), and tolerance to cadmium sulfide quantum dots (MYB-containing gene ELM2), as well as genes implicated in high chlorophyll photosynthesis. Additional genes associated with hormonal stimuli and plant defense systems [e.g., the ethylene signaling pathway, systemic acquired resistance to pathogens, and the auxin-regulated gene linked to organ size (ARGOS)] were downregulated after NP treatment. It diminishes the expression of genes associated with microbial infection defense, enhancing bacterial colonization and survival while decreasing self-protection against pathogens. Additional genes affected by NP exposure are glutathione synthetase (GS), 3′-phosphoadenosine 5′-phosphosulfate reductase (APR), sulfite reductase (SiR), cysteine synthetase (CS), glutamate-cysteine ligase (GCL), and ATP sulfurylase (ATPS). This figure was created using BioRender.

OS is one of the most widely observed stressors caused by NP exposure at the cellular level (Horie and Tabei, 2021). It is widely described as an imbalance between antioxidant activity and oxidant production (Pisoschi and Pop, 2015). Furthermore, OS can be induced by elevated ROS levels at the expense of antioxidants. ROS, such as peroxynitrite (ONOO−), nitric oxide (NO), hydroxyl radical (∙OH), hydrogen peroxide (H2O2), and superoxide radical (O2∙−), are typically produced as by-products of biochemical reactions like neutrophil-mediated phagocytosis, enzymatic metabolism of cytochrome P450, and mitochondrial respiration (Cuzzocrea, 2006). ROS attacks nucleic acids, proteins, lipids, and most essential biomolecules, activating the NADPH-like system, impairing the electron transport chain (ETC), depolarizing the mitochondrial membrane, and damaging the mitochondrial structure (Egbuna et al., 2021). OS is a significant drawback of NP use because it can generate oxidants and promote ROS production due to the relative stability of free radical intermediates on particles’ reactive surfaces, NP-induced cellular response, or NP functionalization’s redox-active groups, which can interfere with cellular uptake (Manke et al., 2013). Such imbalances caused by NPs, whether directly or indirectly, may have serious consequences, including cytotoxicity (Saifi et al., 2018). The ROS produced by NPs may harm genetic materials, including DNA crosslinking, strand breaking, and genetic mutations (Rim et al., 2013). NPs may also boost ROS generation by stimulating inflammatory cells like neutrophils (Yang et al., 2019).

Much research has been done using models of algae, monocotyledonous plants, and dicotyledonous plants to examine the effects of various NP types on secondary metabolite precursors (Selvakesavan et al., 2023). Research on the impact of NPs on the pentose phosphate pathway, glycolysis, tricarboxylic acid cycle, and the roles played by organic acids and carbohydrates in these processes has been conducted extensively (Majumdar et al., 2019). Defense mechanisms trigger many metabolic pathways and chemicals in reaction and their supplemental roles as chelators and osmoprotectors (Singh et al., 2023). In addition, silver (Ag), copper-oxide (CuO), copper (II) hydroxide Cu(OH)2, cadmium oxide (CdO), cerium dioxide (CeO2), graphene-based, tungsten disulfide (WS2), and fullerols (C60) changed the fatty acid and lipid contents of Arabidopsis thaliana, Cucumis sativus, Zea mays, Hordeum vulgare, and Phaseolus vulgaris (Al-Khayri et al., 2023a). Amino acid metabolism provides a vital link between primary and secondary metabolites. Major precursors in the biosynthesis of these compounds include glucosinolates (e.g., methionine, leucine, isoleucine, phenylalanine, and tryptophan), phenylpropanoids [e.g., Ag-, CuO-, and Cu(OH)2-NPs, as well as Ag+ and Cu2+ ions), and alkaloids (e.g., arginine, lysine, ornithine, phenylalanine, proline, tryptophan, and tyrosine) (Barros and Dixon, 2020; Jan et al., 2021). Zinc oxide (ZnO), C60, graphene NPs, and tissues from Z. mays, A. thaliana, Z. sativus, and T. aestivum all encouraged the synthesis of additional amino acids (Hu and Zhou, 2014; Zhao et al., 2019; Chen et al., 2021; Li et al., 2021).

Many studies have examined how NPs affect plants’ secondary metabolism (Marslin et al., 2017). Cucumber, maize, and wheat exposed to Ag, pepper exposed to silicone dioxide (SiO2) or ferric oxide (Fe2O3), and Arabidopsis treated with CuO-NPs after foliar spray of Cu(OH)2 were all discovered to have shikimate and phenylpropanoid pathway products (Zhao et al., 2017; Soria et al., 2019; Feng et al., 2021; Kalisz et al., 2021). Cu(OH)2, CeO2, and soil application of CuO and CdO treatments decreased lettuce, spinach, cucumber, and barley phenylpropanoids (Večeřová et al., 2016; Zhao et al., 2016; Huang et al., 2019; Zhang et al., 2019b). Low CeO2-NPs induced metabolic reprogramming in P. vulgaris roots and leaves by affecting flavonoids and phenolic compounds (Majumdar et al., 2014). Gallic and benzoic acid concentrations in sativus increased, whereas hydroxycinnamic acid derivative concentrations decreased in response to carbon (C)- and CuO-NPs (Hong et al., 2016; Selvakesavan et al., 2023). When Solanum lycopersicum was treated with multiwalled carbon nanotubes (MWCTs), it produced fewer flavonoids and more anthocyanins (Mcgehee et al., 2017). Within the Hypericum perforatum cells, the production of phenylpropanoids was impacted by metal and metal oxide NPs (Kruszka et al., 2022). Ag, Au, Cu, and Pd metal NPs decreased the amounts of flavonoids and hydroxycinnamic acid derivatives in cells while increasing the accumulation of xanthone, prenylated xanthone, and benzophenone (Selvakesavan et al., 2023).

On the other hand, the treatment with CuO-NPs increased the amount of flavonoids in biomass (Selvakesavan et al., 2023). NPs have changed the metabolism of alkaloids, a family of chemicals with great biological importance as defensive metabolites (Salehi et al., 2018). (S)-corytuberine, laudanosine, and precursors of naphthyl isoquinoline alkaloids were found to be decreased in P. vulgaris, whereas demecolcine, caconine, and tropinone were found to be increased following foliar application of CeO2-NPs (Salehi et al., 2018). Hyoscyamine and scopolamine following ZnO-NP exposure, and taxane and tropane alkaloids after Ag- NP exposure all accumulated (Asl et al., 2019). Methocotype synthase (MWCT) in S. lycopersicum and graphene oxide quantum dots (GOQDs) in Chlorella vulgaris Beijerinck were shown to decrease the production of isoquinoline alkaloids (McGehee et al., 2017; Kang et al., 2019). Under biotic and abiotic stress conditions, A. thaliana produces the camalexin of indole phytoalexin (Kruszka et al., 2020). As a consequence of applying Ag-NPs, this substance was collected (Kruszka et al., 2020).

Understanding the molecular effects of nanomaterials is critical to evaluating possible routes for the effects observed in plants (Ma et al., 2015). RNA-sequencing (RNA-seq) transcriptome analysis is a solid tool to determine cellular responses compared to other omics techniques owing to the unequaled resolution of entire transcripts (Xiong et al., 2021). Transcriptome analysis revealed that A. thaliana treated with PVPAg-NPs had increased tryptophan metabolism, a precursor to camalexin (Zhang et al., 2019a). NPs also change the expression of genes in plants and microbes. Different kinds of NPs have different impacts on gene expression after exposure. Our defense hypotheses about plant-responsive genes that showed high expression under NP exposure come from the exposure of various plants such as Arabidopsis, tobacco, barley, maize, and soybean to different NPs such as silver NPs (Ag-NPs), titanium dioxide NPs (TiO2-NPs), zinc oxide NPs (ZnO-NPs), carbon nanotubes (CNTs), graphene oxide (GO), aluminum oxide NPs (Al2O3), cerium oxide (CeO2), and indium oxide (In2O3) NPs (Zhang et al., 2006; Dubos et al., 2010; Ze et al., 2011; Burklew et al., 2012; Chu et al., 2012; Dimkpa et al., 2012; Khodakovskaya et al., 2012; Landa et al., 2012; Kaveh et al., 2013; Yruela, 2013; Frazier et al., 2014; Gopalakrishnan Nair and Chung, 2014; Marmiroli et al., 2014; Nair and Chung, 2014; Wang et al., 2014; Chen et al., 2015; García-Sánchez et al., 2015; Thiruvengadam et al., 2015).

To summarize, NPs cause chromosomal anomalies such as chromatin condensation and micronuclei formation, disruption of cell division, and DNA damage, all of which lead to programmed cell death (PCD)/apoptosis (Shen et al., 2010; Panda et al., 2011; Thiruvengadam et al., 2015). They also damage chromosomes and the cell cycle (Sudhakar et al., 2001).




4 Application of nanoparticles in plant biotic resistance

Plant health and disease control have benefited from developing several nanotechnology applications. For plant protection, multiplexed bioassays are one of the biological and non-biological uses for NPs. Hazarika et al. (2022) state that managing diseases in agriculture necessitates the employment of nano-pesticides, nano-bactericides, nano-fungicides, and nano-insecticides, along with their carefully monitored distribution. It also covers using nanosensors, nanobarcodes, and nanotubes for diagnostic purposes. Antimicrobial biomolecules and NPs can potentially eliminate harmful microorganisms, including viruses, bacteria, fungi, and yeast, in many settings, as shown in Figure 2 (Abdelgawwad et al., 2020; Munir et al., 2023).
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Figure 2 | The key functions of nanoparticles in reducing the impact of different environmental stressors. Distinct effects of NPs on plant resistance have been shown, with blue representing biotic stress and yellow representing abiotic stress. This figure has been made using BioRender.



4.1 Insect infections

Insect pests represent substantial hazards to agricultural productivity, and the increased use of chemical pesticides has prompted concerns about environmental and health consequences (Nie et al., 2023). NPs have emerged as a promising option for pest control in agriculture because of their unique features, including large surface area, tiny size, and improved reactivity (Mittal et al., 2020). NPs may harm insects in various ways, causing them to perish or be unable to operate (Hazafa et al., 2021). Metal NPs, such as Ag-NPs and TiO₂-NPs, may kill insects by damaging cell structures, causing stress due to excess oxygen, and disrupting average body functioning (Saranya et al., 2020). Ag-NPs effectively control aphids (Aphis gossypii), whereas TiO₂-NPs and Ag-NPs significantly affect Spodoptera litura larvae (Jafir et al., 2021). NPs are more harmful than regular insecticides due to their small size and massive surface area, which allows them to penetrate deeper into insect bodies (Jafir et al., 2023). Carbon-based NPs, such as CNTs and polymer-based NPs, have shown promise for pest management (Yadav and Yadav, 2018). One advantage is that they may degrade organically, which benefits the environment. These NPs are generally designed to target specific pests, causing minimal damage to other organisms (Athanassiou et al., 2018).

Although NPs offer many benefits in controlling pests, there are still challenges to overcome, such as making them work better, using them more innovatively, and understanding how they affect the environment over time. More research is needed to fully realize the potential of NPs in pest control, ensuring they provide effective, sustainable, and environmentally friendly solutions for farming.




4.2 Fungus infection

Over 19,000 distinct types of fungi have been connected to plant diseases in agriculture worldwide (Jain et al., 2019). On the tissues of living and dead plants, they may lay dormant but alive until the conditions are right for their multiplication (Van Alfen, 2014). Certain fungi may multiply in the tissues of their hosts (Garrett, 1950). Fungus spores may be easily dispersed by soil, water, wind, and other invertebrates, including insects (Malloch and Blackwell, 1992). They might contaminate a whole crop in this way (Payne, 1998). Conversely, certain fungi benefit the host plant and could even help it grow (Mohammadi et al., 2011). One example of a mutualistic relationship is between mycorrhizae’s root systems and host plants (Johnson et al., 1997). Numerous plant diseases, including damping-off, root rot, mildew, dieback, coiled, scab, gall, blight, leaf spot, rust, and wilt, can be caused by pathogenic fungi (Jain et al., 2019). Nanotechnology is one of several methods used to mitigate the adverse effects of fungi infection in plants (Kutawa et al., 2021).

Metal NPs can be used in plant cultivation as fungicides or growth promoters (Hoang et al., 2022). The effects of Ag- and Cu-NPs on powdery mildew-affected leaves as well as on spontaneous ectomycorrhizal colonization in Quercus robur seedlings were documented by Olchowik et al. (2017). A significant decrease in the expansion of mycelial development was seen in spores treated with Ag-NPs (Li et al., 2022). As agricultural NPs are less harmful to people and animals, they are used far more often in plant disease control than store-bought fungicides (Malandrakis et al., 2019). Moreover, proteins, DNA, lipids, and other macromolecules can be harmed by the highly reactive hydroxyl radicals that Cu-containing fungicides can create (Demidchik, 2015). Banik and Pérez-de-Luque (2017) employed Cu-NPs to treat several plant diseases caused by Rhizobium spp., Oomycetes, Trichoderma harzianum, bacteria, and fungus. Alternaria alternata, Phytophthora syringae, and P. cinnamomi have all been found to grow less when Cu-NPs are mixed with non-nano Cu-like copper oxychloride (COC) (Munir et al., 2023). Cu-NPs may be advantageous to the agroecosystem as it has been demonstrated that they do not affect Rhizobium spp. or T. harzianum. In agricultural and food applications, ZnO-NPs can also be utilized as bactericides and fungicides (Banik and Pérez-de-Luque, 2017). ROS were produced by ZnO-NPs, damaging plant cells and triggering the plant’s defense system while improving plant growth and development (Sharma et al., 2019).

Regarding microbicidal activity, these NPs performed better than zinc particles in bulk (Siddiqi et al., 2018). Because they were tiny and had a high surface-to-volume ratio, they had good interaction with microorganisms (Ingle et al., 2014). Khan et al. (2021a) established the antibacterial and antifungal properties of Ag-NPs by utilizing them against Fusarium avenaceum, Fusarium graminearum, Fusarium coloratum, Erwinia sp., and Pseudomonas aeruginosa. Abdelmalek and Salaheldin (2016) assert that Ag-NPs have fungicidal action against A. alternata, Alternaria citri, and Penicillium digitatum. Ag-NPs are thought to possess antifungal properties against Rhizoctonia solani, Botrytis cinerea, Macrophomina phaseolina, A. alternata, S. sclerotiorum, and Curvularia lunata (Mansoor et al., 2021).

Additionally, Ag-NPs have antifungal properties against Bipolaris sorokiniana and Magnaporthe grisea (Rajeshkumar, 2019). Divya et al. (2017) report that chitosan-NPs have fungicidal efficacy against A. alternata, Macrophomia phaseolina, and Streptococcus pneumoniae. In addition, chitosan-NPs can be used as a fungicidal agent against Aspergillus niger and F. solani (Al-Sheikh and Yehia, 2016). On the other hand, several studies that produced Au-NPs also documented their effectiveness against various plant diseases as antifungals (Osonga et al., 2020).

Furthermore, it has been demonstrated that CuO-NPs have antifungal action against the following: Magnaporthe oryzae, P. digitatum, Sclerotium rolfsii, R. solani, Colletotrichum musae, and B. cinerea (Huang et al., 2015). CuO- and Cu2O-NPs have a fungicidal impact on Phytophthora infestans, as Giannousi et al. (2013) show. Evidence shows that a broad spectrum of fungi can be affected by the antifungal characteristics of different metal oxide NPs, such as Si-NPs, MgO-NPs, ZnO-NPs, and TiO2-NPs (Slavin and Bach, 2022). Sharma et al. (2016) provided evidence of MgO-NPs’ antifungal efficacy against Phomopsis vexans. Derbalah et al. (2018) state that Alternaria solani can benefit from silica NPs’ antifungal properties.

Additionally, Park et al. (2006) reported that M. grisea, R. solani, Pseudomonas syringae, Xanthomonas compestris, Pythium ultimum, and Colletotrichum gloeosporioides were among the bacteria impacted by the antifungal effect of Si/Ag-NPs. According to Jamdagni et al. (2018), ZnO-NPs also performed well against Penicillium expansum, F. oxysporum, B. cinerea, A. niger, and A. alternata. Furthermore, ZnO-NPs showed strong antifungal efficacy against Aspergillus fumigates, as demonstrated by Shinde (2015). ZnO-NPs have significant antifungal activity against Aspergillus nidulans, Aspergillus flavus, Rhizopus stolonifera, and T. harzianum (Gunalan et al., 2012). Dimkpa et al. (2013) reported that ZnO-NPs are efficient antifungally against F. graminearum. Furthermore, Hamza et al. (2016) found that TiO2-NPs have fungicidal properties against Cercospora beticola. On the other hand, the chemically and ecologically synthesized Ag-NPs displayed different antifungal activity (Tyagi et al., 2020).




4.3 Bacterial and viral infection

Bacteria are ubiquitous and can harm fungi, plants, and animals (Frey-Klett et al., 2011). In a bacterial cell, plasmids’ mobile genetic material outside the chromosome can transport crucial virulence or biological regulatory components (Partridge et al., 2018). Prophages, or bacteriophage DNA incorporated into the genome, may also be found in bacteria (Brüssow et al., 2004). Most bacteria proliferate by binary fission, which often entails the simultaneous duplication of extrachromosomal elements and chromosomal DNA (Baron, 1996). Conversely, viruses are non-cellular infectious agents limited to replicating within living cells (Koonin and Starokadomskyy, 2016). All species, including bacteria, plants, mammals, and archaea, are susceptible to viral infection (Kheyrodin et al., 2022). They can either replicate actively and control the host’s biosynthetic processes or integrate into the host’s genome and stay dormant as a provirus (Nagy and Pogany, 2012). A latent infection may arise from the suppression of transcription of the viral gene.

Most plant viruses are single-stranded and DNA-containing retroviruses and single-stranded or double-stranded RNA viruses (Shafiq et al., 2020). Ag, Cu, ZnO, and TiO2 are among the metal NPs whose antibacterial and antiviral qualities have been the subject of much research (Padmavathi and Anuradha, 2022). In addition to having inhibitory solid qualities, Ag-NPs have a wide range of antibacterial activities (Chen et al., 2020; Naveed et al., 2022a; Hayat et al., 2023). Ag-NPs have antibacterial activities against Escherichia coli and Bacillus subtilis (Shehzad et al., 2018), Staphylococcus aureus, and Klebsiella pneumoniae (Hussein et al., 2019; Waseem et al., 2023). Additionally, Ag-NPs prevented the growth of three dangerous food-borne bacteria: Pseudomonas aeruginosa, E. coli, and B. subtilis (Mohanta et al., 2017). Ag-NPs and an Ag-chitosan composite, according to Shahryari et al. (2020), suppressed the growth of P. syringae bacteria. According to Dang et al. (2019), Au-NPs were also demonstrated to possess bactericidal characteristics concerning E. coli. A range of harmful bacteria were shown to be susceptible to the bactericidal effects of distinct metal oxide NPs, such as MgO-NPs against Ralstonia solanacearum (Sharma et al., 2016), Cu composites against the bacterium Xanthomonas euvesicatoria (Fan et al., 2021), and ZnO-NPs against E. coli and solanacearum (Imada et al., 2016; Attar and Yapaoz, 2018).

Plants treated with ZnO-NPs both before and during the bacterial inoculation were able to stop the Pantonea ananatis bacterium from proliferating throughout the maize crop (Shahid et al., 2021). ZnO-NPs were also demonstrated to efficiently reduce the bacterial blight diseases that pea plants contracted from P. syringae and M. incognita (Kashyap, 2022). Furthermore, ZnO-NP additions to the soil increased rhizospheric microbial diversity, stimulated antioxidant response and plant growth in tomato plants, and reduced the occurrence of R. solanacearum-caused diseases (Jiang et al., 2021). ZnO-NPs derived from Matricaria chamomilla flower extract were found to be bactericidal against R. solanacearum and to reduce bacterial wilt disease in tomato plants (Khan et al., 2021b). The same ZnO-NPs derived from Citrus medica peel are effective against B. subtilis, Streptomyces sannanesis, P. aeruginosa, A. niger, and Candida albicans (Keerthana et al., 2021). Furthermore, biogenic ZnO-NPs derived from Trichoderma reesei, T. harzianum, and co-culture, as well as the Paenibacillus polymyxa strain Sx3, were used to inhibit the growth of Xanthomonas oryzae (Shobha et al., 2020). Furthermore, several studies discovered that TiO2-NPs inhibited sugar beet infection (cause: P. syringae pv. aptata), apple scab disease (cause: Venturia inaequalis), Fusarium wilt diseases in tomato and potato plants (cause: F. solani), and bacterial blight on geranium and leaf spot on poinsettia (cause: F. solani) (Hamza et al., 2016). Rice bacterial leaf blight was shown to be significantly inhibited by AgNPs, especially Al-Ag-NPs, as revealed by Tian et al. (2022).




4.4 Nematode infection

Nematode infestations adversely affect plant growth and vitality in the majority of crops (El-Sappah et al., 2022a). Large feeding cells are produced by the parasites’ infection of plant roots, which reduces plant nutrition and water uptake (El-Sappah et al., 2019). This can cause plants to wilt and stunt, which makes them more vulnerable to diseases and significantly lowers their yield. Of the more than 100 species of nematodes that have been discovered, root-knot nematodes (RKNs), also called Meloidogyne spp., are the most harmful (El-Sappah et al., 2019), with the annual global cost of RKNs being $100 billion (Khan, 2015). Hussain et al. (2016) claim that because of their fast rate of reproduction and broad host range, RKNs are challenging to regulate (Hussain et al., 2016). Some conventional means of controlling nematodes include crop rotation, chemical nematodes, cultivating resistant plant varieties, management of resistant varieties, and managing fallow land (Sivasubramaniam et al., 2020).

To manage significant plant-parasitic nematodes, nemacids are utilized despite their severe toxicity and environmental concerns (Kiriga, 2018). A multi-site mode of action has been demonstrated for NPs, making them efficient nematicides against various parasitic plant worms (Abdollahdokht et al., 2022). Comparing Au- and Ag-NPs to synthetic and hazardous nematicides, Thakur and Shirkot (2017) claim that the former have better nematicidal activity. As promising findings in treating plant diseases caused by RKNs like M. incognita are being obtained, the utilization of easily accessible materials for nanotechnology is increasing, according to Sharon et al. (2010). The number of deaths from M. incognita J2 increased after Si-NPs were applied because the SiC-NPs significantly altered the first phase of C. elegans larval development (Al Banna et al., 2018). According to Thounaojam et al. (2021), ZnO-NPs have antibacterial activity against nematodes, bacteria, and fungi, including M. incognita. TiO2-NPs, on the other hand, can be used to treat nematodes and viruses (Almoneafy et al., 2023). M. incognita in tomato plants was susceptible to the nematicidal effects of TiO2 (Ardakani, 2013).





5 Application of nanoparticles in abiotic stresses

Among the most thoroughly researched effective NPs include nanoscale crystalline powders (Fe, Co, and Cu), metal-oxide NPs (Fe2O3-NPs, TiO2-NPs, ZnO-NPs, SiO2-NPs, CuO-NPs, and CaCO3-NPs), fullerols, metal-based NPs (Ag-NPs and Au-NPs), and carbon nanotubes (CNTs) (Singh et al., 2021). Because of NPs’ high surface energy and high surface/volume ratio, which enhance their heightened metabolic activity and responsiveness, plants undergo a range of consequences (Juárez-Maldonado et al., 2019). NPs swiftly agitate plants through their molecular processes (Ahmad et al., 2020). Furthermore, NMs have two functions: first, they trigger OS, which triggers plants’ antioxidant defense system to guard against ROS (Figure 2) (González‐García et al., 2021).



5.1 Drought stress

As they grow and develop, plants face various environmental problems in both natural and agricultural situations (El-Sappah and Rather, 2022). Drought is one of the most detrimental environmental conditions to plant production (Seleiman et al., 2021; El-Sappah and Rather, 2022). Approximately 80%–95% of the fresh biomass in a plant is made up of water, which is crucial for several physiological functions, such as metabolism, growth, and development (Abbasi and Abbasi, 2010; Brodersen et al., 2019). Because of this, some believe that drought is the primary environmental stressor for different plants, especially in locations that are prone to drought (Anjum et al., 2011; Diatta et al., 2020), that it poses the greatest danger to future global food security, and that it has historically caused large-scale famines. Several NPs can be used to modify drought stress; research has demonstrated that silica NPs can increase plants’ resistance to drought (Chandrashekar et al., 2023). Ashkavand et al. (2015) found that silica NPs enhanced seedling development and physiological parameters in hawthorns under drought stress. Similarly, Triticum aestivum showed improvements in starch and gluten levels and higher growth and yield in response to dryness and wit (Li et al., 2023d). This modification has happened because TiO2 can promote seed germination and seedling growth (Shafea et al., 2017). During droughts, TiO2 also boosts biomass in plants, preserves relative water content (RWC), and promotes antioxidant enzymes (Ostadi et al., 2022). By regulating the amount of proline and promoting proline production, jute seedlings treated with hydroxyapatite NPs demonstrated enhanced drought resistance (Das et al., 2016).

Drought stress negatively affected B. napus while significantly impeding and delaying the growth of corn seedlings; yet, application of yttrium-doped Fe2O3-NPs improved photosynthetic apparatus, resulting in higher levels of carotenoid and chlorophyll (Palmqvist et al., 2017). By using seed reserves more quickly, ZnO in G. max increased seed germination percent and dry weight due to increased gibberellin activity (Sedghi et al., 2013). Similarly, Fe2O3 improved drought resistance by altering glucose metabolism and stomatal mobility (Sarraf et al., 2022). Micro ZnO has been shown in studies on maize to slow down the degradation of photosynthetic pigment, speeding up stomatal movement and photosynthesis (Chandrashekar et al., 2023). Necessary enzymes, including phosphoglucoisomerase, cytoplasmic invertase, and UDP glucose pyrophosphorylase, were modified to improve starch and sucrose production and drought stress performance (Chen et al., 2018). Zinc oxide (ZnO) might be employed as a nano agent to lessen the harmful impacts of drought stress (Jafir et al., 2024). Van Nguyen et al. (2021) report that CuO-NPs in maize favorably impact the pigment system and the ROS scavenging mechanism. It has a favorable effect on yield and aids in supplement absorption and stress resistance. Another study by Li et al. (2023b) found that foliar application of Zn-NPs, rather than ZnSO4, is beneficial in increasing turnip plant growth and yield under drought stress.




5.2 Thermal stress

From a physical standpoint, heat and cold are in the same temperature range (El-Sappah and Rather, 2022). However, in order to maintain their survival and the success of their reproduction, organisms respond to dramatically varied temperature regimes on a biological level (Acevedo-Whitehouse and Duffus, 2009). Sessile plants are subject to daily variations in temperature and seasonal variations brought on by climate change, as they cannot seek shelter (Leisner et al., 2023). According to Penfield (2008), temperature signals are a crucial factor in making decisions about the life history, including when to blossom or germinate and how long to keep seeds dormant. On the other hand, temperature cues can cause plants to begin tolerance or escape mechanisms at any stage of their life cycle (Dai Vu et al., 2019; De Smet et al., 2021; Zhu et al., 2021). Specifically, plants can acquire two tolerance mechanisms in response to almost fatal temperatures: freezing tolerance and heat stress tolerance (Hincha and Zuther, 2014; Ritonga and Chen, 2020; Haider et al., 2022). While insufficient temperature conditions might lead to optimum performance, small temperature changes within the physiological range typically result in (growth) acclimation responses (Quint et al., 2016; Casal and Balasubramanian, 2019). Hasanuzzaman et al. (2013) state that high ROS levels cause OS, which harms growth, development, and yield. As a result, plants adapt morphologically and biochemically to withstand heat stress (Bhardwaj et al., 2023).

Plants respond to this abiotic stress by triggering signaling pathways that produce osmolytes, which regulate the osmotic pressure in cells to preserve turgidity and other secondary metabolites that alter the antioxidant system (Arif et al., 2020). Increased photophosphorylation, oxygen evolution, and splitting of the water CP43 protein (Pradhan et al., 2013), nitrogen metabolism (Pradhan et al., 2014), photosynthetic capacity (Younis et al., 2020), antioxidant enzyme activity, decreased lipid peroxidation (Hassan et al., 2021a), and restoration of ultrastructural distortions of chloroplasts and the nucleus (Younis et al., 2020) are indications of the beneficial effects of NPs on plants under temperature stress. Extensive research has been conducted on the ability of TiO2-NPs and chitosan to withstand cold stress (Singh and Husen, 2019; Pramanik et al., 2023). Ti-NPs are helpful in cold-stressed chickpea plants for enhancing photosynthetic activity, electrolyte leakage, and membrane damage through transcriptional regulation (Singh and Husen, 2019).

The antioxidative system and transcription factors involved in the chilling response may be used by rice plants when ZnO-NPs are applied foliarly (Mirakhorli et al., 2021). Increased photosynthetic capacity in sugarcane plants under cooling stress may also result from Si-NPs (Hassan et al., 2021b). Se-NPs are effective in mitigating adverse effects, including membrane damage, reduced pollen germination, and lower crop yields, when used to strengthen the antioxidant defense system in sorghum plants subjected to high temperatures (Djanaguiraman et al., 2018). Ag-NPs encouraged morphological growth in wheat plants, protecting them against heat stress (Iqbal et al., 2019a). Zinc NPs have been shown to reduce lipid peroxidation and increase the synthesis of antioxidant enzymes, hence improving wheat’s resistance to heat stress (Hassan et al., 2018). Tomato leaves have foliar coatings of NPs that activate when temperatures rise over specific thresholds, shielding the plants from heat stress. Si-NPs could potentially be helpful in lowering heat stress (Kim et al., 2017).




5.3 Heavy metal stress

HM stress is one of the current negative factors affecting agricultural output (El- Sappah et al., 2021; El-Sappah et al., 2023). HM contamination has risen globally due to human activities, including industrialization and urbanization (Abbas et al., 2022a; Li et al., 2023a). Additionally, aggravating crop plant HM stress is the increasing use of chemical pesticides and fertilizers in agriculture (El-Sappah et al., 2024). HMs, such as Ag, Pb, Cd, Ni, Co, Cr, and Hg, can harm plants (Rashid et al., 2023). HMs can persist in the soil for long since they do not biodegrade (Priya et al., 2023). The mobility and availability of HMs are regulated by the rhizosphere, which has a varied root microbiome that enhances soil fertility and is heavily influenced by these substances, soil type, and biogeochemical processes (such as mineralization, precipitation, adsorption, and protonation) (Aguirre-Becerra et al., 2022). Several strategies have been put out to lessen the harmful consequences of abiotic stress (Hossain et al., 2021).

The capacity of NPs to immobilize metal ions by chemical reduction, oxidation, or absorption is another essential feature that makes them useful for soil remediation in many different nations (Rajput et al., 2022). Artificial neural patches, also known as NPs, can affect some plant processes, including the creation of apoplastic barriers that regulate the movement of water, ions, and oxygen; the regulation of metal transport genes by particular NPs that fortify the plant’s extracellular barrier against HMs; the chelation of organic acids accumulated in the cell walls of roots and leaves with HM to lessen the harm that HM stress causes to plants; and, lastly, the activation defense system. Many studies have been conducted on using NPs to reduce HM stress (Zhou et al., 2020). The HMs from the soil can be changed and absorbed by adding NPs, which lowers their mobility and bioaccumulation (Zhou et al., 2020). The amount of Cd metal available in the soil has decreased after Fe3O4-NP treatment (Wang et al., 2020). Hydroxyapatite NPs maintain soil pH and lessen the harmful effects of metals in the soil by releasing phosphate ions (Cui et al., 2018).

Furthermore, NPs stimulate the apoplast barriers to form, which reduces the concentration of HMs in the root. Additionally, plants with certain NPs that might impede HM translocation by building complexes with them can have their metal transporter genes altered to redirect HMs (Wang et al., 2021). By promoting the synthesis of organic acids, Si-NPs have lessened the harm that HM stress has produced (Cui et al., 2017; Wu et al., 2017).




5.4 Salt stress

An osmoregulation strategy is utilized to counteract OS brought on by the generation of ROS, which exacerbates cytotoxicity and nutritional imbalance brought on by an excessive rise in sodium (Na+) and chloride (Cl) (Das and Roychoudhury, 2014; Ihtisham et al., 2023). When organic molecules, including sugars, glycine betaine, amino acids, polyols, and quaternary ammonium compounds, are absorbed by a plant, their osmotic potential is reduced during the process of osmoregulation (Ghosh et al., 2021b). Another crucial tactic to counteract the ROS impact and activate the enzymatic machinery is ion homeostasis, which involves increasing the concentration of K+ and decreasing the concentration of Na+ in the cell (Tripathy and Oelmüller, 2012). By boosting osmolytes, activating specific genes, and supplying free nutrients and amino acids, NPs reduce stress (Mittal et al., 2020; Zia-ur-Rehman et al., 2023). The rate of plant transpiration, water usage efficiency (WUE), enzyme carbonic anhydrase activity, and Cucurbita pepo’s protective response to salt stress were all enhanced by SiO2-NP treatment (Siddiqui et al., 2014). Inside the ETC, TiO2 (anatase) blocks linolenic acid and modifies photoreduction activity (Mingyu et al., 2008).

According to a study, using a foliar spray of Abelmoschus esculentus ZnO enhances photosynthetic efficiency and enzymatic machinery to lessen the adverse impacts of salt stress (Alabdallah and Alzahrani, 2020). Raising photosystem II’s efficiency improved photosynthesis and positively affected plant development. In addition, it lessens membrane damage and aids in maintaining RWC (Alabdallah and Alzahrani, 2020). Similarly, foliar spraying ZnO and Si to mango seedlings improved growth circumstances by increasing carbon assimilation and nutrient absorption (Elsheery et al., 2020). Numerous studies on the application of SiO2 have verified the enhanced vegetative growth, increased thickness of the epicuticular wax layer, accumulation of proline, and altered expression of genes related to salt stress in S. lycopersicum, strawberries, and Ocimum basilicum, among other plants (Almutairi, 2016; Avestan et al., 2019; Oprica et al., 2021; Gou et al., 2023). According to reports, one well-known nanomaterial that may be utilized as a possible nano-agent to lessen salt stress is Ag-NPs. Ag-NPs caused T. aestivum to accumulate more POD, proline, and sugar, and a rise in germination (Mohamed et al., 2017).

To enhance photosynthetic carbon absorption, boost proteins and amino acids during the reproductive stage, and confer resistance to salt stress, CeO, CNTs, and graphene NPs were applied to Gossypium and Catharanthus roseus (McGehee et al., 2019; An et al., 2020). ZnO increased the germination of cumin seeds and enhanced the salt tolerance of lupine plants by lowering malondialdehyde (MDA) and Na+ levels. By maintaining appropriate osmoregulation, reducing MDA and Na+ levels, and strengthening photosynthetic system activity, n-ZnO was able to mitigate the detrimental effects of NaCl (Abdel Latef et al., 2017). According to Zulfiqar et al. (2019), NPs such as SiO2-NPs, Cu-NPs, Fe-NPs, Mn-NPs, C-NPs, Ti-NPs, Ce-NPs, and K-NPs were helpful in reducing the detrimental effects of salt stress in a variety of plants. El-Sharkawy et al. (2017) and Jafir et al. (2022) found that applying K-NPs topically, lowering electrolyte leakage, and raising proline and antioxidant-enzyme content, such as catalase, might all help enhance salt tolerance by foliar treatment. It has been demonstrated that cerium oxide NPs may improve mineral absorption and modify root cells in Brassica napus, hence boosting photosynthetic activity (Al-Khayri et al., 2023b). More and more research points to the possibility that plants might employ NPs to significantly reduce the detrimental effects of salt stress.




5.5 Flood stress

By modifying root cells and enhancing mineral absorption, cerium oxide NPs have been shown to help boost photosynthetic activity in B. napus (Al-Khayri et al., 2023b). Research suggests that treating plants with NPs may significantly reduce the detrimental effects of salt stress and modulate their responses (Zulfiqar et al., 2019). According to reports, plants stressed by flooding can gain from exposure to NPs. Ag-NPs controlled proteins, glycolysis, amino acid synthesis, and wax production in soybean plants to reduce flooding stress and promote plant development (Mustafa et al., 2015; 2016). The influence of Ag-NPs on the synthesis of the cytotoxic marker glyoxalase II 3 was one of the most noteworthy findings of proteomics. Plant tolerance to floods is increased when Ag-NPs are combined with potassium nitrate (KNO3) and nicotinic acid (Hashimoto et al., 2020). Soybeans’ resistance to flood stress was markedly enhanced by an additional Al2O3 metal NPs (Mustafa and Komatsu, 2016).

Additionally, because S-adenosyl-l-methionine-dependent methyltransferases and enolase are implicated, soybeans subjected to Al2O3-NPs undergo recovery (Yasmeen et al., 2016). Additionally, the use of NPs accelerates the kinetics of flooding stress recovery. NP size affects flood tolerance more than NP amount and kind, according to Mustafa and Komatsu (2016) research. When plants were exposed to flood conditions, three distinct sizes of Al2O3-NPs caused various biochemical reactions. Isobutane dehydrogenase’s catalytic activity was enhanced by applying Al2O3-NPs; however, under flood circumstances, Al2O3-NPs caused the synthesis of ribosomal proteins, and the mitochondria’s membrane permeability was increased by large concentrations of Al2O3-NPs (Mustafa and Komatsu, 2016).




5.6 Light stress

Plant chloroplasts use sunlight to convert carbon dioxide and water into organic matter and oxygen (Alberts, 2017). Light is an essential environmental factor for photosynthesis since it fluctuates in time and place concerning its spectral quality and light intensity (Shafiq et al., 2021). Light may be a significant abiotic stressor for plants when illumination conditions are unsuitable for their growth (Fiorucci and Fankhauser, 2017). Variable light levels can reduce photosynthetic efficiency, cause photodamage in high light, and prevent plant development in low light. When plants experience light stress, especially severe light stress, they experience photoinhibition, which results in an imbalanced energy distribution between photosystem I (PSI) and photosystem II (PSII) and a precipitous drop in photosynthetic efficiency (Walters, 2005).

Plants have developed defense mechanisms against light stress, which include the production of anthocyanins, movement of chloroplasts, generation and scavenging of chloroplastic ROS, opening and closing of stomata, and coordination of responses through systemic signaling (Shi et al., 2022). Because of their vulnerability to damage, the molecular devices that perform photosynthesis known as photosynthetic apparatuses have evolved fast responses to light stress (Shi et al., 2022). The complex states and structures of proteins linked to the thylakoid membrane are altered as one such response (Pottosin and Shabala, 2016). Plants have evolved defense strategies in response to light stress, which include the production of anthocyanins, movement of chloroplasts, stomata opening and closing, generation and scavenging of chloroplastic ROS, and coordination of responses through systemic signaling. Because of their vulnerability to harm, the molecular devices that perform photosynthesis, called photosynthetic apparatuses, have evolved rapid responses to light stress.

According to Pottosin and Shabala (2016), one such reaction is altering proteins’ complex states and structures attached to the thylakoid membrane. Increased NP concentrations may harm the photosynthetic machinery, inhibit Rubisco activity, produce toxic ROS, or interfere with CO2 reduction or photosynthetic electron transport (Singh et al., 2015). For these reasons, research is ongoing to determine the ideal dosages for maximizing photosynthesis (Li et al., 2023c).

Furthermore, most studies evaluate the effects of NPs on photosynthesis in stressful circumstances (like heat waves, droughts, or trace metals) or how to enhance this biological activity under regular lighting (Nayeri et al., 2023). Although the measurement’s primary focus is the energy conversion efficiency, light is not often used as a stressor in studies (e.g., high or low light intensities, harmful wavelengths, or inadequate photoperiods) (Zhang et al., 2020). Si-NPs were given to hydroponically grown wheat seedlings after exposure to UV-B light (Ruttkay-Nedecky et al., 2017; Tripathi et al., 2017).

These substances reduced the harmful effects by lowering lipid peroxidation (as MDA), raising fresh mass, leaf area, and fresh and dry leaf mass (Rizwan et al., 2019). UV-B significantly decreased total chlorophyll, and these reductions were present in Si-NPs (Tripathi et al., 2017). Additionally, fewer and milder formazan spots were observed in the leaves, suggesting a preventive function against OS caused by UV-B-induced H2O2 production. Furthermore, the loss of plant leaf thickness was compensated by less internal leaf damage from deformed palisade and mesophyll layers (Tripathi et al., 2017).





6 Hazard, challenges, and prospective

Because of their unique characteristics and inventive features, NPs have been widely used in various industries, including catalysts, semiconductors, environmental energy, medication delivery, and cosmetics (Nel et al., 2006). Scholars are now considering the challenges, issues, and consequences of NPs’ environmental impact because of their widespread and uncontrolled use (Gottschalk et al., 2015; Tolaymat et al., 2015). NPs improve plants’ ability to adapt to stress by altering critical metabolic pathways, boosting antioxidant defense systems, and improving processes that detoxify free radicals (Jalil and Ansari, 2019). Specific plant components such as seeds, flowers, fruits, stems, bark, leaves, peels, and roots have generated a broad spectrum of NPs, including iron, gold, platinum, palladium, silver, zinc, selenium, copper, and others (Ishak et al., 2019; Zhao et al., 2024). In stressed settings, these NPs have been demonstrated to rewire plant physio-biochemical processes (Kumari et al., 2022).

Moreover, a range of NPs have been shown to have a substantial impact on how plants react to environmental stressors such as heat stress, salinity, drought, and HM toxicity (Venkatachalam et al., 2017; Iqbal et al., 2019b; Sreelekshmi et al., 2020). Moreover, it has been shown that microorganisms, including viruses, bacteria, actinomycetes, and fungi, are all equally capable of creating NPs, which have a wide range of usefulness in easing different environmental restrictions (Ghosh et al., 2021a). Most studies involving nanomaterials in agriculture are conducted in labs or on a small scale, and these materials are still in the early phases of development (Iavicoli et al., 2017). As a result, little is known about the advantages of various NPs as well as the potential risks to the public’s health and the environment if they are used in specific applications (Kumah et al., 2023). Determining the effectiveness of these substances when added to the soil and encouraging greener practices and the sustainability of agricultural systems is thus of particular importance (Gupta et al., 2023). It is typically possible that metallic NPs have incredibly beneficial impacts on germination (Santás-Miguel et al., 2023). Regretfully, most tests are carried out under carefully monitored circumstances in laboratories. Owing to their small size, NPs present several environmental risks, such as ease of transport and dispersion, the potential to be ecotoxic, persistent in the environment, and capable of bioconcentrating or bioaccumulating in higher organisms (Ray et al., 2009). There is also a chance that these processes may be reversible.

Additional studies are needed to determine the toxicity and ecotoxicity of various NPs on land and aquatic creatures in the food chain because of these potential environmental hazards. Therefore, research on risk assessment is necessary to understand the possible impacts on non-target species and their significance for agricultural productivity and healthy soils (Chauhan and Gill, 2023). More investigation is essential to comprehend how NPs interact with cellular components and, therefore, their function in biochemical reactions through OS pathways, as they can operate more quickly than larger-sized NPs. The public’s health is in danger from ingesting contaminated food and drink, skin contact, inhalation, or exposure to NPs through polluted air (Handy and Shaw, 2007). Thus far, genotoxicity, pulmonary illnesses, OS, and lipid peroxidation have been reported as consequences.

DNA mutations have been reported to cause cell harm in other, more significant cases (Bhabra et al., 2009). Therefore, one must take caution while using NPs until the safety parameters required for proper usage are established. After the environmental and public health effects are understood, nations, accountable institutions, or groups can create the necessary laws and regulations for using these NPs in agriculture.




7 Conclusion

Numerous environmental influences on plants limit and reduce agricultural crop yields. Plants are exposed to two environmental stressors: biotic and abiotic stress. Nanotechnology is one of the many approaches to tackle these pressures. In the face of a burgeoning global population, agricultural nanotechnology has become a powerful tool for aiding crops and increasing agricultural output. It also helps plants adapt to environmental conditions. The molecular effects of NPs on diverse plant species are not the same. For example, certain plants are more vulnerable to the ROS mode generation by NPs, while others undergo metabolic changes and differential expression of defense-related genes. The usage of NPs provides benefits; however, there are also downsides for public and plant health. Plants are vulnerable to various molecular effects caused by NPs, which begin with the activation of the ROS mode, progress to metabolic changes, and conclude in the differential expression of specific defense genes. Despite their many applications, NPs are detrimental to human and plant health.
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Molybdenum (Mo) deficiency is a global problem in acidic soils, limiting plant growth, development, and nutrient availability. To address this, we carried out a field study with two treatments, i.e., Mo applied (+Mo) and without Mo (−Mo) treatment to explore the effects of Mo application on crop growth and development, microbial diversity, and metabolite variations in maize and soybean cropping systems. Our results indicated that the nutrient availability (N, P, K) was higher under Mo supply leading to improved biological yield and nutrient uptake efficiency in both crops. Microbial community analysis revealed that Proteobacteria and Acidobacteria were the dominant phyla in Mo treated (+Mo) soils for both maize and soybean. Both these phyla accounted together 39.43% and 57.74% in −Mo and +Mo, respectively, in soybean rhizosphere soil, while they accounted for 44.51% and 46.64% in maize rhizosphere soil. This indicates more variations among the treatments in soybean soil compared to maize soil. At a lower taxonomic level, the diverse responses of the genera indicated the specific bacterial community adaptations to fertilization. Candidatus Koribacter and Kaistobacter were commonly significantly higher in both crops under Mo-applied conditions in both cropping systems. These taxa, sharing similar functions, could serve as potential markers for nutrient availability and soil fertility. Metabolite profiling revealed 8 and 10 significantly differential metabolites in maize and soybean, respectively, under +Mo treatment, highlighting the critical role of Mo in metabolite variation. Overall, these findings emphasize the importance of Mo in shaping soil microbial diversity by altering metabolite composition, which in turn may enhance the nutrient availability, nutrient uptake, and plant performance.
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1 Introduction

Molybdenum is essentially required by plants and rhizosphere microbiota for sustainable crop production. Mo deficiency is common in the acidic soils of China. Mo-deficient plants exhibit stunted growth and poor nutrient interaction is rhizosphere soil (Nie et al., 2015). Mo is an essential component of several enzymes, including nitrate reductase (NR), aldehyde oxidase (AO), and xanthine dehydrogenase (XDH), which play critical roles in the proper physiological functioning of various crops (Huang et al., 2022). Under Mo-deficient conditions, plants experience a variety of phenotypic changes that hinder their growth. These effects are primarily associated with the impaired activity of molybdoenzymes. Notably, these include key enzymes involved in N metabolism, such as NR and nitrogenase. Nitrogenase, in particular, plays a critical role in N fixation within the bacteroids of legume nodules. Other molybdoenzymes found in plants include XDH, which is essential for purine degradation and ureide synthesis in legumes; AO, which participates in the biosynthesis of abscisic acid; and sulfite oxidase, which converts sulfite to sulfate, a vital step in the metabolism of sulfur-containing amino acids (Mendel and Hänsch, 2002; Sauer and Frebort, 2003; Mendel and Kruse, 2012). The availability of Mo for plant uptake is significantly affected by soil pH, the presence of adsorbing oxides, such as iron oxides, water drainage conditions, and organic compounds in soil colloids. In alkaline soils with high pH, Mo becomes more soluble and is predominantly available to plants in its anionic form, MoO4−. In contrast, in acidic soils with a pH below 5.5, Mo availability decreases due to increased adsorption of the anion onto soil oxides (Brinza et al., 2008). Moreover, organic matter in the soil can interact with molybdenum to form complexes, thereby affecting its availability to plants. Soils with high organic matter content can improve Mo retention and enable its slow, sustained release providing a consistent supply for plant uptake. This controlled release can profoundly impact microbial activity and play a crucial role in supporting long-term nutrient cycling within the soil ecosystem. It indicates that Mo has a critical role in proper plant functioning and related biological processes happening in the rhizosphere soil (Rana et al., 2020a). Therefore, understanding the impact of long-term Mo supply on soil microbiota, rhizosphere metabolic profiling, and nutrient acquisition by different crops is highly essential for agriculture sustainability.

The nutrient status in soil can regulate the microbial diversity (Kang et al., 2024). Microbial populations exhibit significant dynamism and self-organization in response to the specific nutrients. As a result, both biotic factors, such as ecological interactions, and abiotic factors, like nutrient availability, shape microbial community composition. Studies on their spatial distribution have shown that distinct microbial arrangements emerge under varying levels of nutrient limitations (Mitri et al., 2016). In nutrient-limited conditions, cooperative behaviors, such as the secretion of metabolites, can maintain diversity (Gandhi et al., 2019; Kang et al., 2024). These shifts in microbial communities reflect the assembly processes that link environmental factors to community structure and function. The most recent development of high-throughput sequencing and culture-independent molecular technologies, using 16S rRNA that encodes the small ribosomal unit of RNA, has provided major insights into bacterial functional population diversity under different fertilizer management practices (Dinsdale et al., 2008; Spor et al., 2011). Microbial diversity analysis not only addresses variations in the function and composition of the bacterial community (Abia et al., 2018) but also describes the association among the external drivers and community components (Langenheder et al., 2010). Molecular tactics may answer the questions about the long-term fertilizer management (Mo-supply) effects on the alteration of soil bacterial diversity and abundance.

Root exudates play significant roles in nutrient acquisition and interaction with rhizosphere microorganisms (Selvakumar et al., 2012). Therefore, it is necessary to analyze root metabolites for an understanding of the interaction between soil microorganisms and roots. Previous studies have designated that plants shape and drive the surrounding microbiome through exudate secretion that specifically represses or stimulates distinctive microbial members of soil. The secretions of root exudates in the rhizosphere depend on the availability of nutrients and the physiological stage of plants (Hartmann et al., 2009; Badri et al., 2013; Chaparro et al., 2013). High nutrient availability positively influences the release of root exudates, whereas low nutrient availability restricts the allocation of plant resources to root exudation and alters the microbiology of the rhizosphere (Liu et al., 2011). For example, during N deficiency, less amino acid is secreted by roots of maize plants. This fluctuation in root exudates could impact the microbial community structure and nutrient uptake by plants (Carvalhais et al., 2013). Recently, “omics” approaches (e.g., LM-MS) are being widely used to describe the different mechanistic alterations happening in the rhizosphere soil for better understating of rhizosphere processes (Urano et al., 2010; Booth et al., 2011). The metabolomic approach can unravel the complex underlying mechanisms in the rhizosphere by profiling root exudates, which play a crucial role in various biochemical processes across biological systems (Patti et al., 2012).

Mo can exist in multiple oxidation states ranging from zero to VI, with VI being the most common in soils. Similar to other metals essential for plant growth, Mo plays a vital role in facilitating redox reactions through specific plant enzymes. However, Mo itself is not directly biologically active. Instead, it is primarily incorporated into an organic pterin complex known as the Mo co-factor. This co-factor is associated with Mo-dependent enzymes, or molybdoenzymes, found across the biological systems of plants, animals, and prokaryotes (Jean et al., 2013). Numerous studies have shown that Mo application enhances nutrient availability in the soil, which can contribute to improved plant performance. These outcomes indicated a synergistic interaction between the application of Mo and other essential elements (Nie et al., 2015). This study highlights the previously underexplored role of Mo in shaping rhizosphere soil biological processes, including variations in metabolites and shifts in bacterial community dynamics, under long-term Mo application. By examining the synergistic effects of Mo on nutrient acquisition, rhizosphere metabolites, and microbial composition in maize and soybean cropping system, the research offers fresh insights into Mo’s contribution to improving soil and crop health aligning seamlessly with the objective of unraveling the interaction between soil chemical and biological indicators.




2 Materials and methods



2.1 Experimental materials and treatment

A long-term experiment was set up in 2008 at the experimental area of Huazhong Agricultural University, Wuhan, China. Maize and soybean were cultivated in April in an average plot size of 18 m2 (9 m × 2 m) and harvested in August and September, respectively. The experiment consisted of two treatments for each crop, i.e., −Mo (Control) and +Mo, and each treatment consisted of three replicated plots. In maize and soybean, both treatments received the NPK@120:80:80 kg/ha as urea, superphosphate, and potassium chloride respectively. Phosphorus (P) and potassium (K) fertilizers were completely applied at the time of sowing, while N fertilizer was applied in two splits, i.e., before sowing and after sowing of crops. The +Mo treatment received the Mo fertilizer as ammonium molybdate (0.41 kg/ha) from June 2009 to October 2013. The available Mo content of soil showed a concentration of 1.80 mg/kg, which crossed the threshold normal demand of plant growth (1 mg/kg in soil) (He et al., 2005). Therefore, we closed the Mo fertilizer supply until the collection of soil samples. The test soil was yellow-brown (Alfisol) from Hubei Province (Xinzhou), China. Basic soil chemical characteristics were as follows: pH 5.64; organic matter, 15.5 g/kg; available N, 80.5 mg/kg; available P, 8.11 mg/kg; available K, 120.6 mg/kg; and available Mo, 0.112 mg/kg.




2.2 Sample collection

Plant and soil samples were collected during the maturity stages of crops. Rhizosphere soil samples from maize and soybean fields were collected by gently uprooting four to six plants from each plot, and the collected rhizosphere soils were combined to make a composite sample. The composite sample represents the single sample that was obtained after mixing of representative samples. The composite soil samples were then divided into two sets. One set of composite samples was transferred to ice boxes, where large organic debris was removed. The samples were then thoroughly homogenized, wrapped in aluminum foil, and stored in liquid nitrogen. These samples were transported to the laboratory in liquid nitrogen and stored at −80°C for molecular analysis. The other set of composite samples was air dried at room temperature and manually ground to pass through a 2-mm sieve for chemical analysis of the soil. The harvested plant samples were washed with distilled water and then oven dried (80°C) to achieve constant weight. The dried plant samples were then ground through a stainless-steel grinder for plant chemical analysis.




2.3 Soil and plant chemical analysis

The chemical properties of the soil were analyzed by following the methods of Bao (2002). The soil pH was measured in a 1:2.5 water suspension with a pH meter (Mettler Toledo, China) as described by Rana et al. (2018, 2020b). Soil organic matter (SOM) was determined through the dichromate digestion method. Available N was determined by the alkali hydrolysis–diffusion method, and P was determined using the Mo antimony colorimetric method by a spectrophotometer (Lu, 1999); available K was measured using the flame photometric method. The polarographic catalytic wave analysis technique was used to analyze the available Mo content in the soil (Wen et al., 2018). The total N concentrations were determined by following the method of Barbano and Clark (1990). Plant K concentration was determined using a flame photometer (Model 410, USA). P concentration in the digested tissues was determined colorimetrically followed by the Mo blue method (Lu, 1999). The Mo contents in plant samples were determined by polarographic catalytic wave analysis using a JP-2 oscilloscope polarograph according to Ismael et al. (2018); Imran et al. (2019a, 2019b), and Rana et al. (2020c, 2020d).




2.4 Bacterial community analysis

Through the PowerMax DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA), total genomic bacterial DNA was extracted from the soil sample according to the instructions of the manufacturer and stored at −20°C. The quantity and quality of extracted DNAs were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively.

The V4 region of bacterial 16S rRNA genes was subjected to PCR amplification through forward primer 515F (GTGCCAGCMGCCGCGGTAA) and reverse primer 806R (GGACTACHVGGGTWTCTAAT) (Caporaso et al., 2011; Ding et al., 2024). The PCR components consisted of 25 μl of PCR Master Mix, 3 μl of each forward and reverse primer (10 μM), 10 μl of DNA template, and 6 μl of ddH2O. Thermal cycling comprised a 30-s denaturation at 98°C, followed by 25 cycles consisting of denaturation at 98°C for 15 s, annealing at 58°C for 15 s, and extension at 72°C for 15 s, with a final 1-min extension at 72°C. Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, IN) were used to purify the PCR amplicons and quantified by the Kit (PicoGreen dsDNA Assay) (Invitrogen, Carlsbad, CA, USA). Amplicons were pooled in equal amounts after the individual quantification step, and then, using the Illumina HiSeq4000 platform, paired-end 2 × 150-bp sequencing was performed at GUHE Info technology Co., Ltd (Hangzhou, China). To process the data, the Quantitative Insights Into Microbial Ecology (QIIME, v1.9.0) pipeline was employed, as described by Caporaso et al. (2010). Briefly, raw sequencing reads that exactly matched the barcode were assigned to each sample and identified as valid sequences. Low-quality sequences were screened by the criteria explained by Gill et al. (2006) and Chen and Jiang (2014): sequences <150-bp length, sequences with an average Phred score of <20, sequences containing ambiguous bases, and sequences containing single nucleotide repeats of >8 bp. Paired-end reads were pulled together using FLASH (Magoč and Salzberg, 2011). OTU picking was performed using Vsearch v1.11.1, which included dereplication, cluster, and detection of chimeras (Rognes et al., 2016). Through default parameters, a representative sequence was selected from each OTU. VSEARCH search was used to perform OTU classification on representative sequences against the Greengenes database. An OTU table was also generated to record the abundance of each OTU in each sample and the classification of these OTUs. All those samples that contained less than 0.001% of the total sequence of OTUs were discarded. To minimize differences in sequencing depth between samples, an average, rounded OTU table was generated by averaging 100 uniformly resampled OTU subsets at 90% of the minimum sequencing depth for further analysis.




2.5 Metabolomics analysis

For analysis, 200-mg samples were used, and then 800 μl of methanol and 10 μl of internal standard (2.9 mg/mL, DL-o-chlorophenylalanine) were added. Thereafter, the samples were subjected to vortexing (30 s) and centrifugation (12,000 rpm) at 4°C for 15 min. The supernatant was collected and concentrated by adding 200 μl of methanol and moved to a vial for analysis. The instrument analysis platform was LC-MS (Thermo, Ultimate 3000LC, Orbitrap Elite), while the chromatographic column was C18 [Hypergod C18 (100 × 4.6 mm 3 µm)]. Chromatographic separation conditions were as follows: column temperature: 40°C, flow rate: 0.3 ml/min, mobile phase A: water + 0.1% formic acid, mobile phase B: acetonitrile + 0.1% formic acid, injection volume: 4 ml, automatic injector temperature: 4°C, ESI: heater temperature 300°C, sheath gas flow rate: 45 arb, auxiliary gas flow rate: 15 arb, sweep gas flow rate: 1 arb, spray voltage: 3.0 kV, capillary temperature: 350°C, and S-Lens RF level: 30%. The gradient of the mobile phase is shown in Supplementary Table S1.




2.6 Statistical analysis

The least significant difference (LSD) test at p < 0.05 was used for mean variances of the data. Statistix 8.1 software (Analytical Software, Tallahassee, FL, USA) was used for statistical analyses of data following analysis of variance. The analyses of sequence data were carried out through QIIME. The OTU table in QIIME was used to calculate the OTU level alpha diversity index. Generated abundance curves of OTU gradients were used to compare the richness and uniformity of OTUs between samples. UniFrac distance metrics were used for beta diversity analysis to study structural changes in microbial communities across samples (Lozupone and Knight, 2005; Lozupone et al., 2007) and visualized by principal coordinate analysis (PCoA) (Ramette, 2007). PCA was also performed based on the compositional profiles at the genus level (Ramette, 2007). The importance of microbiota structure differentiation between groups was evaluated through permutational multivariate analysis of variance (PERMANOVA) (McArdle and Anderson, 2001) using R package (vegan). GraPhlAn (Asnicar et al., 2015) and MEGAN were used to visualize the abundance and taxonomic composition (Huson et al., 2011). To see the unique and shared OTUs between the treatments, a Venn diagram was created using the R package that was constructed based on the presence of OTUs regardless of their relative abundance (Zaura et al., 2009). Based on high-quality sequences, microbial functions were predicted using phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) (Langille et al., 2013). The output files were further analyzed using the statistical analysis of metagenomic profiles (STAMP) software package (Parks et al., 2014). Beta diversity and Meta-Storms distance-based functions were created using Parallel-META 3 (Jing et al., 2017). For the metabolite variations, the data were analyzed using feature extraction and pre-processed using SIEVE software, then normalized through Excel 2010 and edited into a two-dimensional data matrix, together with retention time (RT), compound molecular weight (compMW), observed values (sample), and peak intensity. The data were subjected to MVA (multivariate analysis) using the SIMCA-P software (Umetrics AB, Umea, Sweden). OPLS-DA model’s VIP (important variable in projection) value (threshold value >1) and t-test p value (p < 0.05) were used to find differentially expressed metabolites.





3 Results



3.1 Effect of Mo on soil physiochemical characteristics

The chemical properties of soil changed substantially after long-term Mo applications (Table 1). Soil pH showed decreasing and increasing trends for both crops. In particular, there was no significant effect on soil pH. The pH increase was minor under the +Mo treatment in the soybean rhizosphere soil, while in the maize crop, it indicated a reduction difference of 0.12 U under the +Mo treatment. The changes in soil pH were slightly greater in maize rhizosphere compared to those in soybean rhizosphere (Table 1). The concentrations of N, P, K, and Mo were significantly (p < 0.05) higher in the soil that received treatment with Mo than those in the soil that received treatment without Mo. In addition, P and K concentrations in soybean soils were 15.05% and 9.26% higher in the +Mo treatment compared to those in the −Mo treatment. Conversely, N concentration decreased to 0.66%, whereas in maize rhizosphere soil, we found that Mo supply increased the N, P, and K concentrations up to 5.06%, 10.94%, and 14.52%, respectively.

Table 1 | Changes in soil NPK, available Mo, and pH under Mo fertilization.


[image: Table comparing nutrient concentrations and pH levels in maize and soybean under two molybdenum treatments. Maize: –Mo, +Mo; Soybean: –Mo, +Mo. Data includes N, P, K, Mo (mg/kg), and pH, with significant differences noted.]



3.2 Effect of Mo on concentration and accumulation of nutrients in different parts of the plants

Maize showed a higher N uptake in all parameters except for the leaves with the +Mo treatment, with significant differences observed in the stem (0.69%), bractea (0.72%), and grain (2.18%) (Figure 1A). A similar trend was observed in soybean, with significant N concentration differences in roots and seeds (Figure 1B), where N acquisition was higher in soybean than in maize. K concentration decreased in all maize parameters except for the leaves and spikestalk, while it increased in soybean leaves (1.62%) and grains (1.98%) under Mo treatment (Figures 1E, F). Mo supply significantly increased P concentration in all plant parts of both crops, except for the maize bractea and spikestalk (Figure 1C). Mo concentration also significantly increased in all physical parameters for both crops (Figures 1G, H). Nutrient concentrations were generally higher in soybean than in maize. Biomass was significantly higher in maize with Mo application, except for the roots and spikestalk (Figures 2A, B). In soybean, Mo supply significantly increased biomass in most plant parts resulting in a higher grain yield compared to those with −Mo treatment.

[image: Bar charts labeled A to H show nutrient concentrations in different plant parts under molybdenum treatments, with blue for -Mo and red for +Mo. Charts A and B display nitrogen percentages; C and D show phosphorus; E and F potassium; G and H molybdenum. Each chart shows the mean and standard error. Bars with different letters indicate significant differences.]
Figure 1 | Nutrient acquisition in different parts of maize and soybean crops under Mo application. Treatments: −Mo (without Mo application) and +Mo (with Mo application). Vertical bars represent the standard error of three replicates. Different lowercase letters (a, b) indicate significant differences according to the LSD test (p < 0.05). (A, C, E, G), illustrate N, P, K, and Mo acquisition in maize, respectively, while (B, D, F, H), indicate these nutrient acquisitions in soybean crop.

[image: Bar charts comparing biomass per plant in two conditions: (A) between Mo-deficient (-Mo) and Mo-sufficient (+Mo) plants, with higher biomass in the +Mo group across all parts; (B) similar comparison with lesser total biomass values, also showing higher values in +Mo plants. Error bars and letters indicate statistical significance, with different letters denoting significant differences.]
Figure 2 | Effect of Mo application on biomass yield components of maize and soybean under +Mo (with Mo application) and −Mo (without Mo application) treatments. Vertical bars represent the standard error of three replicates. Different lowercase letters (a, b) indicate significant differences according to the LSD test (p < 0.05). (A) shows the treatment effects on maize growth, while (B) illustrates the effects on soybean growth.

Nitrogen accumulation in maize crop was significantly higher in stem, seed, and bractea in the +Mo treatment than those in the −Mo treatment. On the other hand, in soybean, a significant difference was observed only in the seeds, with higher nitrogen (N) accumulation in the +Mo treatment. In the other plant parts, N accumulation did not show significant differences between the two treatments (Supplementary Figure S1). In maize crops, the stems, leaves, seeds, and bracteas exhibited significantly higher P accumulation in Mo-applied treatment. In soybean, P accumulation was significantly high in all parameters except for the root under the +Mo treatment. No statistically significant difference was observed in K accumulation in the soybean under the Mo fertilizer. Mo accumulation was significantly higher in both crops in all the parameters except for the bractea and seed in maize and soybean, respectively (Supplementary Figure S1). Results also indicated that the concentration of nutrients in different parts were higher in the soybean crop than in the maize crop, while the nutrient accumulation results showed an opposite trend. The results indicated that Mo supply played an important role in enhancing nutrient acquisition and improved biomass compared to other treatments.




3.3 Response of species richness and bacterial community diversity under Mo supply

The average total valid OTUs were 2,328.66 in maize and 2,350.66 in soybean, with no significant difference observed between crops (ANOVA, p < 0.05). The highest OTU numbers were recorded under −Mo treatment in both crops. Alpha diversity analysis using the Shannon index showed no significant effect of fertilization, though values were higher with +Mo in maize and lower in soybean. Similar trends were observed with the Simpson index (Table 2). The Chao 1 estimator also indicated no significant differences between treatments but highlighted higher alpha diversity in soybean rhizosphere soil with Mo application. Rarefaction analysis was carried out with each sample to evaluate whether more sampling would add more OTUs. The rarefaction curve represented that in both crops, −Mo showed a steeper curve, while +Mo indicated a less steep slope (Figure 3). Although thousands of tags were observed in both crops, none of the curves appeared to be gentle or reach a plateau indicating high species diversity in the samples. 16S rRNA gene analysis indicated that crop and fertilization can influence the bacterial community taxonomic composition. A Venn diagram shows the degree of interaction of bacterial OTUs among the −Mo and +Mo treatment (Supplementary Figures S2A, B). The results clearly demonstrated that 1,080 OUTs were common in maize soil, while 1,086 OUT were similar in soybean crop under both treatments. This indicates that there was much similarity between the crops in the sharing of OTUs among the −Mo and +Mo treatments. In comparison between maize and soybean, it can be seen from the results that soybean exhibited a steeper slope compared to maize (Figures 3A, B).

Table 2 | Effect of the Mo supply on alpha diversity of bacterial community in miaze and soybean soil.


[image: Table comparing the effects of Mo treatments on maize and soybean based on OTU number, Shannon, Simpson, Chao1, and OTU sequence metrics. Maize without Mo shows higher OTU number and biodiversity indexes than with Mo. Soybean data follows a similar trend. Statistical significance within treatments is indicated by small letters. Data represents means ± SE from three replicates.]
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Figure 3 | Rarefaction curves showing the observed operational taxonomic units (OTUs) in maize and soybean under +Mo (with Mo application) and −Mo (without Mo application) treatments. (A, B) indicate the maize and soybean crops, respectively. The abscissa in the refraction curve represents the number of sequences, while the ordinates indicate the number of OTUs observed. The abscissa position at the end point of the sample curve is the number of sequences of the sample.




3.4 Effect of Mo on bacterial community structure

Fertilizer treatments −Mo and +Mo had various effects on the composition of bacteria at the phylum level. The distribution of each phylum was different in each treatment for both crops. The distribution of the top 10 phyla is shown in Figures 4A, B. In soybean, Acidobacteria was the most abundant (22.30%–35.17%), while in maize, it ranged from 21.30% to 22.57%. In maize, the dominant phylum was Proteobacteria, which showed higher values compared to other phyla. In maize and soybean, +Mo showed higher percentages of Proteobacteria and Acidobacteria compared to the −Mo treatment. These two phyla were found to occupy the subsequent top phyla in all soil samples accounting for 39.43% and 57.74% in soybean with −Mo and +Mo treatments, respectively. In maize, these phyla accounted for 44.51% and 46.64% for both treatments. The Mo supply increased the percentage of Acidobacteria, Actinobacteria, Proteobacteria, and the Chloroflexi in soybean (Figure 4B). Moreover, in soybean, there was a significant difference among the treatments in the abundance of Acidobacteria, Actinobacteria, and Proteobacteria. In contrast, Chloroflexi was more prominent in maize with the Mo application. In maize, Actinobacteria and Gemmatimonadetes showed significant differences between the two treatments.

[image: Two stacked bar charts, labeled A and B, show relative abundance percentages of bacterial phyla with and without molybdenum (-Mo, +Mo). Both charts include colored sections representing WPS-2, TM7, Proteobacteria, Gemmatimonadetes, Firmicutes, Chloroflexi, Bacteroidetes, Actinobacteria, Acidobacteria, and AD3.]
Figure 4 | Proportional distribution of bacterial phyla in maize and soybean under +Mo (with Mo application) and −Mo (without Mo application) treatments. (A, B) indicate the maize and soybean crops, respectively. The star (*) represents significant differences using the LSD test (p < 0.05).

At the class level, there was a significant difference between the treatment for Acidobacteriia, Ktedonobacteria, iii-8, Actinobacteria, Thermomicrobia, Gemmatimonadetes, Deinococci, DA052, and α,β-proteobacteria in soybean crop. In soybean, four groups of Acidobacteriia were found in more abundance with the following order: Acidobacteriia > DA052 > Acidobacteria-6 > Solibacteres. Acidobacteriia, DA052, and Solibacteres was mostly enriched with the +Mo treatment, while the Acidobacreia-6 was higher in the −Mo treatment of soybean. In miaze, there was a significant difference in Acidobacteriia, Actinobacteria, Cytophagia, α, β, and δ-proteobacteria, TK-10, and 4C0d-2 between the −Mo and +Mo treatments. In maize, the increasing abundance order of Acidobacteria > DA052 > ABS-6 > Solibacteres showed a dominant percentage in +Mo treatment. The abundance of the Proteobacteria group, including α, β, γ, and δ-proteobacteria, was maximum in both crops (Supplementary Figures S3A, B). These classes of Proteobacteria phyla were higher with the Mo-applied treatments in maize and soybean. Acidobacteriia (20.73%), DA052 (10.67%), and α-proteobacteria (11.10%) in soybean and Acidobacteriia (12.97%), α-proteobacteria (12.90%), Ktedonobacteria (7.73%), and Bacilli (7.60%) in maize were prominently high with the Mo application (Supplementary Figures S3A, B).

At the genus level, this study showed that the bacterial community composition along with common 11 genera distribution varied between the samples of both crops (Figures 5A, B). A significant alteration was observed in the abundance of Candidatus koribacter, Rhodoplanes, and Kaistobacter in the soybean treatment, with these taxa being most abundant in the +Mo treatment. Besides this, Candidatus koribacter, Kaistobacter, Lactococcus, Rhodoplanes, and Burkholderia were significantly higher under +Mo in maize crop. Bacillus and Candidatus were the most abundant genera commonly found in all samples (Figures 5A, B). The phylogenetic dendrogram of specific bacteria showed significant differences between treatments indicating that Mo supply has an important role in bacterial community composition (Figures 6A, B). A plot of the most significant coordinates revealed a clear separation among the treatments (Figure 7). There was more variation among the treatments, but when we compared the maize and soybean crops, there was not much higher variation in beta diversity. The community structure of individual samples was compared through principal component and principal coordinate analyses using the weighted Unifrac metric. The PCoA scheme showed that the bacterial community structure in the −Mo treatment was different from that in the +Mo treatment. The first principle (PC1) component could highly decentralize the treatments that were with or without the application of Mo suggesting that the long-term application of Mo altered the bacterial community of rhizosphere soil. Fertilization management showed numerous impacts on bacterial composition at the phylum, genus, and class levels. It is clear form these results that Mo has a significant role in shaping the microbial community structure and diversity not even among the applied treatment but also between the maize and soybean plant soil.

[image: Two line graphs, labeled A and B, compare the percentage of different bacterial genera in two conditions: with molybdenum (+Mo) and without molybdenum (-Mo). Both graphs show similar trends, with noticeable peaks and varied bacterial populations. In graph A, Bacillus shows the highest peak. Graph B shares similar patterns but with different scales. Error bars and letters indicate statistical significance.]
Figure 5 | Proportional distribution (%) of the most abundant genera across all samples under +Mo (with Mo application) and −Mo (without Mo application) treatments. Vertical bars represent the standard error of three replicates. Different lowercase letters (a, b) indicate significant differences according to the LSD test (p < 0.05). (A, B) indicate the maize and soybean crops, respectively.

[image: Two circular cladograms depicting microbial community structures with taxa labeled from a to x. The first cladogram (A) shows taxa differences with red indicating -Mo and green indicating +Mo. The second cladogram (B) similarly distinguishes taxa with the same color coding. Branches are highlighted, and each circle represents a taxon level.]
Figure 6 | Phylogenetic dendrogram of specific bacteria in maize (A) and soybean (B) under +Mo (with Mo application) and −Mo (without Mo application) treatments. Different colors represent distinct bacterial groups, while the colored nodes in the dendrogram highlight bacterial groups that play key roles in the corresponding clusters. The species names represented by the letters are detailed in the legend on the right.

[image: Six side-by-side scatter plots (A-F) show PCA and PCoA results with -Mo (red) and +Mo (blue) groups. Each plot has two axes labeled "PC1" and "PC2" with percentages, illustrating the separation and clustering of points with ellipses around each group.]
Figure 7 | Principal component analysis (PCA) and principal coordinate analysis (PCoA) of beta diversity in soil samples of −Mo and +Mo treatments. (A, C, E), show the variations in maize, while (B, D, F), indicate these changes in soybean crop.




3.5 Effect of Mo on metabolite variations

To assess the impact of Mo application on different metabolites and identify those contributing to significant differences, PLS-DA and supervised OPLS-DA analyses were conducted. The key parameters for judging model quality were R2Y (which indicates the interpretation rate of the model) and the Q2 value (which is the prediction rate of the model). The score chart is shown in Figure 8 and Supplementary Figure S4. The treatments distinctively reacted to a majority of the deviations identified in the treatments across the two axis, and it also can be observed clearly that changes were also prominent under different treatments and crops. Fertilization and crop types resulted in a dramatic shift of metabolites in the rhizosphere. Overall, it could be concluded that fertilizer and crop management have a strong impact on the metabolite variations and their secretions. Different substances mainly included amino acids, organic acids, fatty acids, and so on. The significantly different metabolites in maize and soyabean among the two treatments are shown in Table 3. N-acetyl-p-benzoquinonimine, 5-hydroxyindol-2-carboxylic acid, and 4-carboxyphenylglycine were significantly higher in the maize crop under Mo applied treatment compared to those under −Mo treatment (Table 3). In soybean, L-serine, phenylacetic acid, PA(20:4(5Z,8Z,11Z,14Z)/22:1(11Z)), oxoglaucine, and Cer(t18:0/24:0(2–OH)) were significantly prominent in the treatment that received the Mo fertilizer compared to those in the −Mo treatment. When we compared the −Mo treatment between the maize and soybean crops, a total of 53 metabolites were found in number that significantly differed in both crops with the same treatment. Seven metabolites were upregulated in the maize crop, while all others were downregulated compared to those in the soybean crop (Supplementary Table S2). In the comparison of Mo application in both crops, 70 significantly different metabolites were identified in maize and soybean (Supplementary Table S3). Overall, it is concluded that fertilizer management and crops have a strong effect on the metabolites.

[image: Six scatter plots display various model validation data. Plots A, C, and D show data points in green circles and blue squares within confidence ellipses, labeled M-Mo and M+Mo. Plots B and E show bar and line charts with model intercept values, comparing R2 and Q2 in green and blue respectively. Plot F resembles C and D, with different data points and labeling. Each panel is labeled A to F, and axes provide statistical parameters.]
Figure 8 | PLS-DA and OPLS-DA score plots and sorting validation diagrams for the −Mo (without Mo application) and +Mo (with Mo application) treatments. (A, B) indicate the PLS-DA score chart, while (C) represents the OPLS-DA score chart for the maize crop. Similarly, (D, E) indicate the PLS-DA score chart, while (F) represents the OPLS-DA score chart for the soybean crop.

Table 3 | Effect of Mo application on significantly altered metabolites in the rhizosphere soil of maize and soybean under −Mo and +Mo treatments.


[image: A table listing metabolites from maize and soybean. Columns include metabolite number, name, VIP score, compound molecular weight (CompMW), retention time (RT), fold change, and T-test values. Maize metabolites include entries like N-Acetyl-p-benzoquinonimine and Choline sulfate. Soybean metabolites include γ-Linolenic acid and PA(20:4(5Z,8Z,11Z,14Z)/22:1(11Z)).]




4 Discussion

This study provides an effective investigation of the Mo influence on crop nutrient acquisition, metabolite variations, and alteration of rhizosphere microbial diversity in maize and soybean. Mo application significantly increased biological yield as well as the concentration and uptake of N, P, and Mo while having no significant effect on K uptake. Similar results were also reported in previous studies (Rawat et al., 2015; Solanki, 2015). Our results revealed that the low mineral nutrient (N, P, K, and Mo) uptake efficiency can be enhanced by Mo application. Notably, Mo application can alleviate the reduced uptake and availability of P in plants and soil by modifying soil chemical properties (Table 1). Mo nutrition significantly affects Mo and other nutrient concentrations in soil and plants (Kovács et al., 2015). This may be attributed to the fact that Mo is an essential component of many enzymes and microbes that play a key role in the mobility of mineral nutrients. In fact, our results indicated that Mo concentration in different parts of the plant was significantly correlated with soil Mo availability leading to higher biomass and gain yield. Mo supply significantly increased Mo concentrations in the shoots, leaves, bracteas, spikestalks, and roots in both crops, while the roots showed steadily higher Mo concentrations compared to the shoots. Kádár (1995) and Kovács et al. (2015) also obtained similar results. The steadily higher concentration of Mo in biological parameters indicates that this could be due to the higher N-assimilation, as it is important for the activity and stability of the NR. The interactive effect of Mo on K was significant in soil, which resulted in increased rhizosphere K availability. These results are similar to the findings of Markam et al. (2017).

Phosphorus efficiency increased in soil and plants through the application of Mo. This increase in P facilitated the increased N accumulation and acquisition in the shoots and other parts of the plant. Similar results were also verified in the bean and rice plants by (Høgh‐Jensen et al., 2002). A positive interaction exists between Mo and P due to the formation of anionic complexes and ligand exchange mechanism, which could account for the higher availability of P in rhizosphere soil (Barrow et al., 2005). The increased nutrient availability in the rhizosphere soil could be due to the organic acid secreted by the roots. Overall, it could be concluded that applied Mo increased P contents in maize and soybean crop by enhancing the mineral nutrient availability in rhizosphere soil. This is consistent with other researchers who have found that Mo increases the effectiveness of P in the hydroponic cultivation of rapeseed (Liu et al., 2010).

Synergistic interaction on biological yield among Mo and P fertilizers resulted in the highest biological yield. There was a significant difference in biomass among treatments. In maize, Mo application significantly increased biomass in most of the parameters, except for the roots and spikestalks, where no significant difference was observed. In soybean, Mo significantly increased biomass in all parts except for the roots. Grain yield was higher in the +Mo treatment for both crops compared to that in the −Mo treatment. One possible reason Mo supply enhanced seed yield is the increased Mo and P concentrations in the two crops. This improvement likely boosted compound concentrations, Mo- and P-related enzyme activities (NR, acid phosphatase, glutamine synthetase), photosynthesis, and additional nutrient metabolism ultimately contributing to higher yields (Liu et al., 2009; Yu, 2010; Khan et al., 2014; Manohar, 2014). Mo might also enhance the nitrogenase activity, thereby increasing the supply of N to plants through biological fixation N, thus improving growth and increasing the yield (Biswas et al., 2009). An increase in P availability may be attributed to cell division activity, consequently leading to higher plant dry weight (Tesfaye et al., 2007). These variations may have contributed to higher yield.

Molybdenum played a crucial role in enhancing microbial diversity and nutrient availability. This can be attributed to its function as a co-factor for molybdoenzymes, which are indispensable for key metabolic pathways in both microbes and plants (Mendel and Hänsch, 2002; Sauer and Frebort, 2003; Mendel and Kruse, 2012). Mo improved P availability by reducing its adsorption in acidic soils. This could be due to stimulation of phosphate-solubilizing microorganisms and increasing acid phosphatase activity, thereby releasing P in a form accessible to plants (Brinza et al., 2008; Nie et al., 2015). Furthermore, Mo plays an essential role in enhancing the activity of nitrogen-fixing bacteria and molybdoenzymes, such as nitrogenase and nitrate reductase, both of which are critical for nitrogen cycling and microbial metabolism (Kaiser et al., 2005). These multiple actions of Mo might explain the observed enhancements in nutrient availability, accumulation, and microbial diversity in this study. The Mo-induced secretion of organic acids and metabolites created a favorable environment for microbial growth further boosting nutrient availability and improving soil health. Collectively, these effects of Mo on microbial processes, enzymatic activities, and soil properties promote efficient nutrient cycling and enhance nutrient acquisition by plants.

We performed microbial diversity analysis to determine the composition and diversity of bacterial community responses. This method has been used to evaluate the fertilization effect on plant and rhizosphere soil (Zhao et al., 2014). As shown by the number of OTUs, our long-term fertilization experiments did not significantly affect the richness and diversity of the bacteria. Previous studies have shown that the effects of fertilization on soil bacterial diversity are inconsistent (Coolon et al., 2013). Overall, significant variations in bacterial community composition were observed at the phylum, genus, and class levels. Although thousands of tags were identified per sample, no rarefaction curve reached a plateau indicating that no reasonable bacterial community was sequenced (Sengupta and Dick, 2015; Daquiado et al., 2016). Several studies (Youssef and Elshahed, 2008; Morales et al., 2009) have revealed that the analyzed sequences number per sample affects the number of OTU predictions. Generally, the fewer sample sequences from the Mo treatment led toward a smaller curve progression and a fewer number of predicted OTUs. The variances in soil bacterial diversity might largely be explained by differences in effective nutrient concentrations in soil. Earlier studies have presented that nutrient availability (Eo and Park, 2016) and crop types are significant regulators of soil microbial community activity and composition (Suleiman et al., 2013).

The distinctive configuration of the bacterial community in −Mo and +Mo treatment in both crops inferred that fertilization deficiency in one of the constituents may alter the bacterial community composition potentially leading to differences in nutrient availability, uptake, and crop use efficiency. Soil microorganisms could facilitate nutrient mineralization. These aspects of microbiota could account for increased mineral nutrition and biomass yield in our experiment due to Mo supply. Proteobacteria and Acidobacteria were the dominant phyla in all the treatments in both maize and soybean especially in Mo-treated treatments. These results are in line with the findings of previous studies (Ahn et al., 2012), as they found a high abundance of these phyla with other nutrients. The higher abundance of Proteobacteria could be attributable to the fact that most of the bacterial groups that are functionally diverse belong to the leading phyla of Proteobacteria and Gram-negative bacteria (Gupta, 2000). Specifically, in the treatments receiving Mo fertilizer, the four Proteobacteria groups (α-proteobacteria, β-proteobacteria, γ-proteobacteria, and δ-proteobacteria) were the most abundant. Remarkably Actinobacteria are thought to actively participate in organic matter degradation (Ahn et al., 2012), and these were prominently high in treatments receiving Mo. Thus, the higher organic matter may play a role in the increased mineral nutrient availability. Metabolites produced by certain phyla may help in maintaining other bacterial populations enhancing nutrient acquisition and crop growth (Sun et al., 2014). Mo supply can improve soil chemical properties supporting beneficial microbial activity in the rhizosphere. Acidobacteria, known for thriving in resource-poor environments (Fierer et al., 2007), showed a slight increase with Mo application in our study. This phylum, difficult to cultivate and poorly understood (Ward et al., 2009), may respond variably to environmental changes (Fierer et al., 2007). Both Acidobacteria and Actinobacteria, along with Proteobacteria, increased significantly with Mo application, while they were lower in the −Mo treatments of soybean rhizosphere soil. In case of maize, Actinobacteria and Gemmatimonadetes were significantly increased with the Mo application than with the −Mo treatment. These phyla in soil environments have been consistently identified as the key divisions of bacteria (Janssen, 2006). The relative abundance response pattern of Firmicutes observed in this study was non-linear; such a response has not been previously observed. In +Mo treatment, the Firmicutes relative abundance was lower in soybean, while it increased in maize with the same treatment. It could be concluded that the crop type have an effect on relative abundance. Schreiter et al. (2014) described that this phylum in the rhizosphere is more abundant than in non-rhizosphere soil suggesting the constructive influence of plants. Interestingly, the percentage of TM7 was increased only with −Mo treatment, while it was lower with Mo supply in our study. This proposes that different groups of bacteria might play a parallel role in this treatment regarding the lower availability of nutrients in rhizosphere soil through negative effects. The candidate division TM7 and family Sphingomonadaceae (Phylum Proteobacteria) are known to be involved in toluene and benzene degradation (Xie et al., 2011). In terrestrial ecosystems, fluctuating nutrient supply and lower pH are determinants of microbial communities (Zhang et al., 2013). Bacteria belonging to Chloroflexi are the main degradation agents of polysaccharides (Schreiter et al., 2014). Fierer et al. (2012) described that after adding N, the proportion of bacteria belonging to these phyla decreased. However, in our results, it is shown that it increases with the application of Mo.

At a lower taxonomic level, the diverse responses of the genus reveal the specific adaptation of bacterial communities to fertilization. Candidatus Koribacter, Rhodoplan, and Kaistobacter were significantly higher in both crops under Mo-applied conditions. The higher abundance of these groups may have contributed to the distinctive biological activity of the communities compared to that in the −Mo treatment. Results suggested that the abundance and relative proportion of these similar taxa having the same function could be used as markers for nutrient availability and soil fertility (Soman et al., 2017). This shift in microbial community structure may have contributed to increased mineral nutrient availability in the rhizosphere soil, as well as higher grain yield and biomass in maize and soybean crops under the +Mo treatment. It has been reported that Actinobacteria, Alphaproteobacteria, and Betaproteobacteria follow copiotrophic lifestyles (Acosta-Martínez et al., 2010; Singh et al., 2010). The copiotrophic environment could be considered in the Mo applied system, which has resulted in higher nutrient cycling due to the activity of phosphatase and phosphodiesterase. The richness of these microbial groups can improve essential nutrient cycling, which may result in increased crop productivity and soil fertility (Lesaulnier et al., 2008; Daquiado et al., 2016). Our findings suggest that Mo application plays a pivotal role in shaping microbial community composition and abundance ultimately contributing to enhanced nutrient use efficiency and improved crop growth and development. Specifically, the shift from a −Mo to a +Mo system appears to alter bacterial community abundance, which is likely due to changes in nutrient availability in the rhizosphere of maize and soybean crops. These results also answer the questions about the mechanisms by which Mo application influences specific bacterial phyla, genera, and classes. One possible explanation is that Mo alters key soil chemical properties, such as O.M content, pH, and available P, creating a favorable environment for certain microbial groups. Another potential mechanism is the suppression of competing bacterial populations through biological activities, such as the production of inhibitory substances or competition for limited resources. Further studies are needed to disentangle the relative contributions of abiotic factors and biotic interactions in driving these changes.

It has been observed that Mo supply may influence the composition and quantity of root exudates impacting the nutritional status of plants and availability of mineral nutrients in the rhizosphere soil. This, in turn, led to alterations in the bacterial community composition in maize and soybean crops. Mo application enhanced the secretion of different metabolites in rhizosphere soil, which impacted the microbiome and promoted the transformation of insoluble nutrients into soluble form. Similar results are also reported in a previous study (Qin et al., 2023). It could be possible that variation in the nutrients resulting from Mo application may have altered the metabolites in the rhizosphere soil. Therefore, the alteration in metabolites may have led to changes in the bacterial community composition. The researcher has reported that Mo supply could enhance the availability of P in the soil through increased secretion of malic acid and succinic acid in different crops. In plants, the lack of L-serine-derived molecules can have serious consequences. For example, a deficiency in phosphatidylserine, a relatively small plant cell lipid, leads to altered microspore development. The mutant deficient in serine palmitoyl transferase, which condenses L-serine and palmitoyl-CoA, participates in the first step of sphingolipid biosynthesis showing embryonic and male gametophyte lethality. Due to a decrease in sphingolipid content, the homeostasis of plant mineral ions changes steadily, and the plant cannot survive (Chao et al., 2011). L-serine is also critical for the transfer regulation of the methyl group by giving tetrahydrofolate metabolism along with C1 units. Serine is also involved in phospholipid formation required for cell production. Phenylacetic acid has been found to be an active auxin (a type of plant hormone) (Wightman and Lighty, 1982). Amino acids secreted by the roots were high in the Mo treatment. 4-Carboxyphenylglycine, PA(20:4(5Z,8Z,11Z,14Z)/22:1(11Z)), oxoglaucine, and Cer(t18:0/24:0(2-OH)) were upregulated significantly in the Mo-applied treatment in maize and soybean. These metabolites mainly consisted of organic acids, amino acids, and lipids. Generally, plants compositionally yield a varied array of diverse low-molecular natural products (>100,000) identified as secondary metabolites (Bais et al., 2006). Early studies showed that gluconic acid, glucuronic acid, and aldehyde sugar acids can be complexed with Mo (Sawyer, 1964; Ramos et al., 1997). Organic acids chelate Mo in soil to reduce the leaching loss of Mo in soil (Wichard et al., 2009). Many of these metabolites in +Mo treatment have a carboxyl group structure suggesting that some of the compounds might be involved in the transport of molybdate. This mechanism could contribute to the higher biomass and grain yield observed in maize and soybean crops. These secondary metabolites and their functions in the rhizosphere of maize and soybean are not well understood. Organic substances released from the roots can also accelerate O.M degradation and stimulate the rhizosphere microorganisms to dissolve insoluble minerals. Root exudates can stimulate the transformation of O.M leading to improved availability of P (Chen et al., 2014). The stimulation of microbial activity in the rhizosphere could activate the nutrient cycling or can speed up the rhizosphere priming effect.

The findings of this research have significant implications for sustainable agriculture, particularly for maize and soybean cultivation in acidic soils. Molybdenum application emerges as a promising, eco-friendly strategy to enhance crop productivity by improving nutrient availability and uptake, especially P, a nutrient often limited in such soils. Mo plays an important role in N metabolism, particularly through its involvement in key enzymes (NR and nitrogenase), which can enhance N use efficiency. This is evident from the increased N availability and uptake observed in our study benefiting both leguminous (Soybean) and non-leguminous crops (Maize). Additionally, Mo application promoted a healthier rhizosphere by improving the microbial diversity and activity aligning with sustainable farming objectives by improving soil fertility, nutrient availability, and their uptake. Incorporating Mo into nutrient management strategies will offer a practical approach to achieve higher yields, preserving soil health, and contributing to global food security through environmentally sustainable practices.

This research provides valuable insights into how Mo influences crop yields, soil microbial diversity, and metabolite variations; however, it is important to recognize its limitations. First, the study was conducted in a specific region with acidic soil, which may restrict the broader applicability of the findings to other soil types or climatic conditions. Expanding future research to include a variety of soil types and environmental settings would enhance the generalizability of the results. Additionally, the 16S rRNA method was employed to analyze microbial communities. While this method is effective for taxonomic profiling, it does not capture the functional complexities of microbial processes affected by Mo. Employing advanced techniques, such as metagenomics or meta-transcriptomics, in future studies could provide deeper insights into the functional dynamics within microbial communities. Furthermore, although metabolite profiling revealed significant changes in response to Mo, the specific roles of these metabolites in plant–microbe interactions and nutrient uptake pathways remain unexplored. Further biochemical and molecular investigations are required to elucidate these mechanisms. Despite these limitations, the findings emphasize the critical role of Mo in improving soil nutrient availability and crop performance. They also highlight the need for continued research to address these gaps and expand our understanding of Mo’s contributions to agricultural ecosystems.




5 Conclusion

This study demonstrates the critical role of Mo in improving microbial diversity, nutrient availability, and nutrient uptake in the rhizosphere soils of maize and soybean. Mo application significantly increased biological yield and enhanced the concentrations and uptake of N, P, and Mo, while K uptake remained unaffected. The findings revealed that Mo amendments altered microbial community structures, particularly increasing the abundance of dominant phyla such as Proteobacteria and Acidobacteria. These changes were associated with enhanced metabolite secretion in the rhizosphere promoting microbial activity and nutrient availability. This led to improved nutrient acquisition and a substantial increase in grain yield. These results underscore the importance of Mo in optimizing soil–plant–microbe interactions and highlight its potential for improving crop performance in acidic soils. Future research should explore the effects of Mo on soil geochemical health, microbial functionality, and its application across diverse soil types and cropping systems.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

MR: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. DA: Software, Validation, Writing – review & editing, Conceptualization. R-LW: Software, Validation, Writing – review & editing. MI: Data curation, Writing – review & editing, Formal analysis, Investigation, Methodology. YA: Data curation, Software, Writing – review & editing, Conceptualization. FR: Data curation, Investigation, Writing – review & editing, Software. MA: Conceptualization, Data curation, Writing – review & editing. HG: Data curation, Software, Writing – review & editing, Validation. AA: Conceptualization, Data curation, Investigation, Software, Writing – review & editing. C-XH: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Key Research and Development Program of China (2016YFD0200108), the National Natural Science Foundation of China (Program No. 41771329), and the 948Project from the Ministry of Agriculture of China (2016-X41).




Acknowledgments

We extend our appreciation to the Project funding (13445-Tabuk-2023-UT-R-3-1-SE) Research, Development, and Innovation Authority (RDIA)—Kingdom of Saudi Arabia.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1519540/full#supplementary-material


References
	 Abia, A. L. K., Alisoltani, A., Keshri, J., and Ubomba-Jaswa, E. (2018). Metagenomic analysis of the bacterial communities and their functional profiles in water and sediments of the Apies River, South Africa, as a function of land use. Sci. Total Environ. 616, 326–334. doi: 10.1016/j.scitotenv.2017.10.322
	 Acosta-Martínez, V., Dowd, S., Sun, Y., Wester, D., and Allen, V. (2010). Pyrosequencing analysis for characterization of soil bacterial populations as affected by an integrated livestock-cotton production system. Appl. Soil Ecol. 45, 13–25. doi: 10.1016/j.apsoil.2010.01.005
	 Ahn, J.-H., Song, J., Kim, B.-Y., Kim, M.-S., Joa, J.-H., and Weon, H.-Y. (2012). Characterization of the bacterial and archaeal communities in rice field soils subjected to long-term fertilization practices. J. Microbiol. 50, 754–765. doi: 10.1007/s12275-012-2409-6
	 Asnicar, F., Weingart, G., Tickle, T. L., Huttenhower, C., and Segata, N. (2015). Compact graphical representation of phylogenetic data and metadata with GraPhlAn. PeerJ 3, e1029. doi: 10.7717/peerj.1029
	 Badri, D. V., Zolla, G., Bakker, M. G., Manter, D. K., and Vivanco, J. M. (2013). Potential impact of soil microbiomes on the leaf metabolome and on herbivore feeding behavior. New Phytol. 198, 264–273. doi: 10.1111/nph.2013.198.issue-1
	 Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., and Vivanco, J. M. (2006). The role of root exudates in rhizosphere interactions with plants and other organisms. Annu. Rev. Plant Biol. 57, 233–266. doi: 10.1146/annurev.arplant.57.032905.105159
	 Bao, S. D. (2002). Soil and agricultural chemistry analysis, 3rd edn. (Beijing: China Agriculture Press), 43–149.
	 Barbano, D., and Clark, J. (1990). Kjeldahl method for determination of total nitrogen content of milk: collaborative study. Journal-Association Off. Analytical Chem. 73, 849–859. doi: 10.1093/jaoac/73.6.849
	 Barrow, N. J., Cartes, P., and Mora, M. (2005). Modifications to the Freundlich equation to describe anion sorption over a large range and to describe competition between pairs of ions. Eur. J. Soil Sci. 56, 601–606. doi: 10.1111/j.1365-2389.2005.00700.x
	 Biswas, P., Bhowmick, M., and Bhattacharya, A. (2009). Effect of molybdenum and seed inoculation on nodulation, growth and yield in urdbean [Vigna mungo (L.) Hepper. J. Crop Weed 5, 141–144.
	 Booth, S. C., Workentine, M. L., Weljie, A. M., and Turner, R. J. (2011). Metabolomics and its application to studying metal toxicity. Metallomics 3, 1142–1152. doi: 10.1039/c1mt00070e
	 Brinza, L., Benning, L. G., and Statham, P. J. (2008). Adsorption studies of Mo and V onto ferrihydrite. Mineralogical Magazine 72, 385–388. doi: 10.1180/minmag.2008.072.1.385
	 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335. doi: 10.1038/nmeth.f.303
	 Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. 108, 4516–4522. doi: 10.1073/pnas.1000080107
	 Carvalhais, L. C., Dennis, P. G., Fan, B., Fedoseyenko, D., Kierul, K., Becker, A., et al. (2013). Linking plant nutritional status to plant-microbe interactions. PloS One 8, e68555. doi: 10.1371/journal.pone.0068555
	 Chao, D.-Y., Gable, K., Chen, M., Baxter, I., Dietrich, C. R., Cahoon, E. B., et al. (2011). Sphingolipids in the root play an important role in regulating the leaf ionome in Arabidopsis thaliana. Plant Cell 23, 1061–1081. doi: 10.1105/tpc.110.079095
	 Chaparro, J. M., Badri, D. V., Bakker, M. G., Sugiyama, A., Manter, D. K., and Vivanco, J. M. (2013). Root exudation of phytochemicals in Arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PloS One 8, e55731. doi: 10.1371/annotation/51142aed-2d94-4195-8a8a-9cb24b3c733b
	 Chen, H., and Jiang, W. (2014). Application of high-throughput sequencing in understanding human oral microbiome related with health and disease. Front. Microbiol. 5, 508. doi: 10.3389/fmicb.2014.00508
	 Chen, L., Luo, S., Li, X., Wan, Y., Chen, J., and Liu, C. (2014). Interaction of Cd-hyperaccumulator Solanum nigrum L. and functional endophyte Pseudomonas sp. Lk9 on soil heavy metals uptake. Soil Biol. Biochem. 68, 300–308. doi: 10.1016/j.soilbio.2013.10.021
	 Coolon, J. D., Jones, K. L., Todd, T. C., Blair, J. M., and Herman, M. A. (2013). Long-term nitrogen amendment alters the diversity and assemblage of soil bacterial communities in tallgrass prairie. PloS One 8, e67884. doi: 10.1371/journal.pone.0067884
	 Daquiado, A. R., Kuppusamy, S., Kim, S. Y., Kim, J. H., Yoon, Y.-E., Kim, P. J., et al. (2016). Pyrosequencing analysis of bacterial community diversity in long-term fertilized paddy field soil. Appl. Soil Ecol. 108, 84–91. doi: 10.1016/j.apsoil.2016.08.006
	 Ding, J.-J., Zhou, G.-J., Chen, X.-J., Xu, W., Gao, X.-M., Zhang, Y.-Z., et al. (2024). Analysis of microbial diversity and community structure of rhizosphere soil of three astragalus species grown in special high-cold environment of Northwestern Yunnan, China. Microorganisms 12, 539. doi: 10.3390/microorganisms12030539
	 Dinsdale, E. A., Edwards, R. A., Hall, D., Angly, F., Breitbart, M., Brulc, J. M., et al. (2008). Functional metagenomic profiling of nine biomes. Nature 452, 629. doi: 10.1038/nature06810
	 Eo, J., and Park, K.-C. (2016). Long-term effects of imbalanced fertilization on the composition and diversity of soil bacterial community. Agriculture Ecosyst. Environ. 231, 176–182. doi: 10.1016/j.agee.2016.06.039
	 Fierer, N., Breitbart, M., Nulton, J., Salamon, P., Lozupone, C., Jones, R., et al. (2007). Metagenomic and small-subunit rRNA analyses reveal the genetic diversity of bacteria, archaea, fungi, and viruses in soil. Appl. Environ. Microbiol. 73, 7059–7066. doi: 10.1128/AEM.00358-07
	 Fierer, N., Lauber, C. L., Ramirez, K. S., Zaneveld, J., Bradford, M. A., and Knight, R. (2012). Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities across nitrogen gradients. ISME J. 6, 1007. doi: 10.1038/ismej.2011.159
	 Gandhi, S. R., Korolev, K. S., and Gore, J. (2019). Cooperation mitigates diversity loss in a spatially expanding microbial population. Proc. Natl. Acad. Sci. 116, 23582–23587. doi: 10.1073/pnas.1910075116
	 Gill, S. R., Pop, M., DeBoy, R. T., Eckburg, P. B., Turnbaugh, P. J., Samuel, B. S., et al. (2006). Metagenomic analysis of the human distal gut microbiome. science 312, 1355–1359. doi: 10.1126/science.1124234
	 Gupta, R. S. (2000). The phylogeny of proteobacteria: relationships to other eubacterial phyla and eukaryotes. FEMS Microbiol. Rev. 24, 367–402. doi: 10.1111/j.1574-6976.2000.tb00547.x
	 Hartmann, A., Schmid, M., Van Tuinen, D., and Berg, G. (2009). Plant-driven selection of microbes. Plant Soil 321, 235–257. doi: 10.1007/s11104-008-9814-y
	 He, Z. L., Yang, X. E., and Stoffella, P. J. (2005). Trace elements in agroecosystems and impacts on the environment. J. Trace elements Med. Biol. 19, 125–140. doi: 10.1016/j.jtemb.2005.02.010
	 Høgh-Jensen, H., Schjoerring, J. K., and Soussana, J. F. (2002). The influence of phosphorus deficiency on growth and nitrogen fixation of white clover plants. Ann. Bot. 90, 745–753. doi: 10.1093/aob/mcf260
	 Huang, X.-Y., Hu, D.-W., and Zhao, F.-J. (2022). Molybdenum: Mo re than an essential element. J. Exp. Bot. 73, 1766–1774. doi: 10.1093/jxb/erab534
	 Huson, D. H., Mitra, S., Ruscheweyh, H.-J., Weber, N., and Schuster, S. C. (2011). Integrative analysis of environmental sequences using MEGAN4. Genome Res. 21, 1552–1560. doi: 10.1101/gr.120618.111
	 Imran, M., Hu, C., Hussain, S., Rana, M. S., Riaz, M., Afzal, J., et al. (2019a). Molybdenum-induced effects on photosynthetic efficacy of winter wheat (Triticum aestivum L.) under different nitrogen sources are associated with nitrogen assimilation. Plant Physiol. Biochem. 141, 154–163. doi: 10.1016/j.plaphy.2019.05.024
	 Imran, M., Sun, X., Hussain, S., Ali, U., Rana, M. S., Rasul, F., et al. (2019b). Molybdenum-induced effects on nitrogen metabolism enzymes and elemental profile of winter wheat (Triticum aestivum L.) under different nitrogen sources. Int. J. Mol. Sci. 20, 3009. doi: 10.3390/ijms20123009
	 Ismael, M., Elyamine, A., Zhao, Y., Moussa, M., Rana, M., Afzal, J., et al. (2018). Can selenium and molybdenum restrain cadmium toxicity to pollen grains in Brassica napus? Int. J. Mol. Sci. 19, 2163. doi: 10.3390/ijms19082163
	 Janssen, P. H. (2006). Identifying the dominant soil bacterial taxa in libraries of 16S rRNA and 16S rRNA genes. Appl. Environ. Microbiol. 72, 1719–1728. doi: 10.1128/AEM.72.3.1719-1728.2006
	 Jean, M.-E., Phalyvong, K., Forest-Drolet, J., and Bellenger, J.-P. (2013). Molybdenum and phosphorus limitation of asymbiotic nitrogen fixation in forests of Eastern Canada: influence of vegetative cover and seasonal variability. Soil Biol. Biochem. 67, 140–146. doi: 10.1016/j.soilbio.2013.08.018
	 Jing, G., Sun, Z., Wang, H., Gong, Y., Huang, S., Ning, K., et al. (2017). Parallel-META 3: Comprehensive taxonomical and functional analysis platform for efficient comparison of microbial communities. Sci. Rep. 7, 40371. doi: 10.1038/srep40371
	 Kádár, I. (1995). The Contamination of the Soil-Plant-Animal-Human Food Chain with Chemical Elements in Hungary (Budapest, Hungary: KTM; MTA TAKI).
	 Kaiser, B. N., Gridley, K. L., Ngaire Brady, J., Phillips, T., and Tyerman, S. D. (2005). The role of molybdenum in agricultural plant production. Ann. Bot. 96, 745–754. doi: 10.1093/aob/mci226
	 Kang, H., Xue, Y., Cui, Y., Moorhead, D. L., Lambers, H., and Wang, D. (2024). Nutrient limitation mediates soil microbial community structure and stability in forest restoration. Sci. Total Environ. 935, 173266. doi: 10.1016/j.scitotenv.2024.173266
	 Khan, M. S., Zaidi, A., and Ahmad, E. (2014). “Mechanism of phosphate solubilization and physiological functions of phosphate-solubilizing microorganisms,” in Phosphate solubilizing microorganisms. eds.  M. Khan, A. Zaidi, and J. Musarrat (Cham: Springer), 31–62. doi: 10.1007/978-3-319-08216-5_2
	 Kovács, B., Puskás-Preszner, A., Huzsvai, L., Lévai, L., and Bódi, É. (2015). Effect of molybdenum treatment on molybdenum concentration and nitrate reduction in maize seedlings. Plant Physiol. Biochem. 96, 38–44. doi: 10.1016/j.plaphy.2015.07.013
	 Langenheder, S., Bulling, M. T., Solan, M., and Prosser, J. I. (2010). Bacterial biodiversity-ecosystem functioning relations are modified by environmental complexity. PloS One 5, e10834. doi: 10.1371/journal.pone.0010834
	 Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814. doi: 10.1038/nbt.2676
	 Lesaulnier, C., Papamichail, D., McCorkle, S., Ollivier, B., Skiena, S., Taghavi, S., et al. (2008). Elevated atmospheric CO2 affects soil microbial diversity associated with trembling aspen. Environ. Microbiol. 10, 926–941. doi: 10.1111/j.1462-2920.2007.01512.x
	 Liu, H., Hu, C., Hu, X., Nie, Z., Sun, X., Tan, Q., et al. (2010). Interaction of molybdenum and phosphorus supply on uptake and translocation of phosphorus and molybdenum by Brassica napus. J. Plant Nutr. 33, 1751–1760. doi: 10.1080/01904167.2010.503778
	 Liu, H., Hu, C., Sun, X., Tan, Q., Nie, Z., Su, J., et al. (2009). Interactive effects of molybdenum and phosphorus fertilizers on grain yield and quality of Brassica napus. J. Food Agric. Environ. 7, 266–269.
	 Liu, J., Wang, G., Jin, J., Liu, J., and Liu, X. (2011). Effects of different concentrations of phosphorus on microbial communities in soybean rhizosphere grown in two types of soils. Ann. Microbiol. 61, 525–534. doi: 10.1007/s13213-010-0168-3
	 Lozupone, C. A., Hamady, M., Kelley, S. T., and Knight, R. (2007). Quantitative and qualitative β diversity measures lead to different insights into factors that structure microbial communities. Appl. Environ. Microbiol. 73, 1576–1585. doi: 10.1128/AEM.01996-06
	 Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for comparing microbial communities. Appl. Environ. Microbiol. 71, 8228–8235. doi: 10.1128/AEM.71.12.8228-8235.2005
	 Lu, R. (1999). Analytical methods of soil agrochemistry. China Agric. Sci. Technol. Publishing House Beijing China, 18–99.
	 Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507
	 Manohar, M. S. (2014). Effect of Sulphur and Molybdenum on Growth and Productivity of Fenugreek (Trigonella foenum–graecum L.). Diss., Krishikosh, India.
	 Markam, A., Swaroop, N., Thomas, T., and Dhruw, S. S. (2017). Effects of Different Levels of NPK and molybdenum on soil physico-chemical properties of black gram (Vigna mungo L.) var. Shekhar-2. Int. J. Curr. Microbiol. App. Sci. 6, 1082–1088. doi: 10.20546/ijcmas.2017.608.134
	 McArdle, B. H., and Anderson, M. J. (2001). Fitting multivariate models to community data: a comment on distance-based redundancy analysis. Ecology 82, 290–297. doi: 10.1890/0012-9658(2001)082[0290:FMMTCD]2.0.CO;2
	 Mendel, R. R., and Hänsch, R. (2002). Molybdoenzymes and molybdenum cofactor in plants. J. Exp. Bot. 53, 1689–1698. doi: 10.1093/jxb/erf038
	 Mendel, R. R., and Kruse, T. (2012). Cell biology of molybdenum in plants and humans. Biochim. Biophys. Acta (BBA)-Molecular Cell Res. 1823, 1568–1579. doi: 10.1016/j.bbamcr.2012.02.007
	 Mitri, S., Clarke, E., and Foster, K. R. (2016). Resource limitation drives spatial organization in microbial groups. ISME J. 10, 1471–1482. doi: 10.1038/ismej.2015.208
	 Morales, S. E., Cosart, T. F., Johnson, J. V., and Holben, W. E. (2009). Extensive phylogenetic analysis of a soil bacterial community illustrates extreme taxon evenness and the effects of amplicon length, degree of coverage, and DNA fractionation on classification and ecological parameters. Appl. Environ. Microbiol. 75, 668–675. doi: 10.1128/AEM.01757-08
	 Nie, Z., Li, S., Hu, C., Sun, X., Tan, Q., and Liu, H. (2015). Effects of molybdenum and phosphorus fertilizers on cold resistance in winter wheat. J. Plant Nutr. 38, 808–820. doi: 10.1080/01904167.2014.939289
	 Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP: statistical analysis of taxonomic and functional profiles. Bioinformatics 30, 3123–3124. doi: 10.1093/bioinformatics/btu494
	 Patti, G. J., Yanes, O., and Siuzdak, G. (2012). Innovation: Metabolomics: the apogee of the omics trilogy. Nat. Rev. Mol. Cell Biol. 13, 263. doi: 10.1038/nrm3314
	 Qin, X., Hao, S., Hu, C., Yu, M., Shabala, S., Tan, Q., et al. (2023). Revealing the mechanistic basis of regulation of phosphorus uptake in soybean (Glycine max) roots by molybdenum: an integrated omics approach. J. Agric. Food Chem. 71, 13729–13744. doi: 10.1021/acs.jafc.3c04637
	 Ramette, A. (2007). Multivariate analyses in microbial ecology. FEMS Microbiol. Ecol. 62, 142–160. doi: 10.1111/j.1574-6941.2007.00375.x
	 Ramos, M. L., Caldeira, M. M., and Gil, V. M. (1997). NMR spectroscopy study of the complexation of D-gluconic acid with tungsten (VI) and molybdenum (VI). Carbohydr. Res. 304, 97–109. doi: 10.1016/S0008-6215(97)00245-0
	 Rana, M. S., Hu, C. X., Shaaban, M., Imran, M., Afzal, J., Moussa, M. G., et al. (2020a). Soil phosphorus transformation characteristics in response to molybdenum supply in leguminous crops. J. Environ. Manage. 268, 110610. doi: 10.1016/j.jenvman.2020.110610
	 Rana, M. S., Murtaza, G., Hu, C.-X., Sun, X.-C., Imran, M., Afzal, J., et al. (2020b). Nitrate leaching losses reduction and optimization of N-use efficiency in Triticum aestivum L. and Oryza sativa L. crop rotation for enhancing crop productivity. Pakistan J. Agric. Sci. 57, 645–653. doi: 10.21162/PAKJAS/20.7264
	 Rana, M. S., Murtaza, G., Sun, X.-C., Imran, M., Afzal, J., Elyamine, A. M., et al. (2018). Nitrate leaching losses reduction, N-use efficiency optimization in Triticum aestivum L. and Oryza sativa L. rotation to improve production and soil reclamation rate with gypsum in salt-affected soil. Indian J. Agric. Res. 52. doi: 10.18805/IJARe.A-350
	 Rana, M. S., Sun, X., Imran, M., Ali, S., Shaaban, M., Moussa, M. G., et al. (2020c). Molybdenum-induced effects on leaf ultra-structure and rhizosphere phosphorus transformation in Triticum aestivum L. Plant Physiol. Biochem. 153, 20–29. doi: 10.1016/j.plaphy.2020.05.010
	 Rana, M. S., Sun, X., Imran, M., Khan, Z., Moussa, M. G., Abbas, M., et al. (2020d). Mo-inefficient wheat response toward molybdenum supply in terms of soil phosphorus availability. J. Soil Sci. Plant Nutr. 20, 1560–1573. doi: 10.1007/s42729-020-00298-8
	 Rawat, U., Rajput, R., Rawat, G., and Garg, S. (2015). Effect of varieties and nutrient management on growth, yield and economics of clusterbean (Cyamopsis tetragonoloba L.). Res. Crops 16, 64–67. doi: 10.5958/2348-7542.2015.00009.1
	 Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a versatile open source tool for metagenomics. PeerJ 4, e2584. doi: 10.7717/peerj.2584
	 Sauer, P., and Frebort, I. (2003). Molybdenum cofactor-containing oxidoreductase family in plants. Biol. plantarum 46, 481–490. doi: 10.1023/A:1024814007027
	 Sawyer, D. T. (1964). Metal-gluconate complexes. Chem. Rev. 64, 633–643. doi: 10.1021/cr60232a003
	 Schreiter, S., Ding, G.-C., Heuer, H., Neumann, G., Sandmann, M., Grosch, R., et al. (2014). Effect of the soil type on the microbiome in the rhizosphere of field-grown lettuce. Front. Microbiol. 5, 144. doi: 10.3389/fmicb.2014.00144
	 Selvakumar, G., Panneerselvam, P., and Ganeshamurthy, A. N. (2012). “Bacterial mediated alleviation of abiotic stress in crops,” in Bacteria in agrobiology: Stress management, ed. Maheshwari D. K.Berlin Heidelberg: Springer-Verlag), 205–224. doi: 10.1007/978-3-662-45795-5_10
	 Sengupta, A., and Dick, W. A. (2015). Bacterial community diversity in soil under two tillage practices as determined by pyrosequencing. Microbial Ecol. 70, 853–859. doi: 10.1007/s00248-015-0609-4
	 Singh, B. K., Bardgett, R. D., Smith, P., and Reay, D. S. (2010). Microorganisms and climate change: terrestrial feedbacks and mitigation options. Nat. Rev. Microbiol. 8, 779–790. doi: 10.1038/nrmicro2439
	 Solanki, R. B. (2015). Effect of Foliar Application of Iron on Clusterbean [Cyamopsis tetragonoloba (L.) Taub] Varieties (SKNAU) (Thesis). SKNAU, India.
	 Soman, C., Li, D., Wander, M. M., and Kent, A. D. (2017). Long-term fertilizer and crop-rotation treatments differentially affect soil bacterial community structure. Plant Soil 413, 145–159. doi: 10.1007/s11104-016-3083-y
	 Spor, A., Koren, O., and Ley, R. (2011). Unravelling the effects of the environment and host genotype on the gut microbiome. Nat. Rev. Microbiol. 9, 279. doi: 10.1038/nrmicro2540
	 Suleiman, A. K. A., Manoeli, L., Boldo, J. T., Pereira, M. G., and Roesch, L. F. W. (2013). Shifts in soil bacterial community after eight years of land-use change. Systematic Appl. Microbiol. 36, 137–144. doi: 10.1016/j.syapm.2012.10.007
	 Sun, J., Zhang, Q., Zhou, J., and Wei, Q. (2014). Pyrosequencing technology reveals the impact of different manure doses on the bacterial community in apple rhizosphere soil. Appl. Soil Ecol. 78, 28–36. doi: 10.1016/j.apsoil.2014.02.004
	 Tesfaye, M., Liu, J., Allan, D. L., and Vance, C. P. (2007). Genomic and genetic control of phosphate stress in legumes. Plant Physiol. 144, 594–603. doi: 10.1104/pp.107.097386
	 Urano, K., Kurihara, Y., Seki, M., and Shinozaki, K. (2010). [amp]]lsquo;Omics’ analyses of regulatory networks in plant abiotic stress responses. Curr. Opin. Plant Biol. 13, 132–138. doi: 10.1016/j.pbi.2009.12.006
	 Ward, N. L., Challacombe, J. F., Janssen, P. H., Henrissat, B., Coutinho, P. M., Wu, M., et al. (2009). Three genomes from the phylum Acidobacteria provide insight into the lifestyles of these microorganisms in soils. Appl. Environ. Microbiol. 75, 2046–2056. doi: 10.1128/AEM.02294-08
	 Wen, X., Hu, C., Sun, X., Zhao, X., Tan, Q., Liu, P., et al. (2018). Characterization of vegetable nitrogen uptake and soil nitrogen transformation in response to continuous molybdenum application. J. Plant Nutr. Soil Sci. 181, 516–527. doi: 10.1002/jpln.201700556
	 Wichard, T., Mishra, B., Myneni, S. C., Bellenger, J.-P., and Kraepiel, A. M. (2009). Storage and bioavailability of molybdenum in soils increased by organic matter complexation. Nat. Geosci. 2, 625. doi: 10.1038/ngeo589
	 Wightman, F., and Lighty, D. L. (1982). Identification of phenylacetic acid as a natural auxin in the shoots of higher plants. Physiologia Plantarum 55, 17–24. doi: 10.1111/j.1399-3054.1982.tb00278.x
	 Xie, S., Sun, W., Luo, C., and Cupples, A. M. (2011). Novel aerobic benzene degrading microorganisms identified in three soils by stable isotope probing. Biodegradation 22, 71–81. doi: 10.1007/s10532-010-9377-5
	 Youssef, N. H., and Elshahed, M. S. (2008). Species richness in soil bacterial communities: a proposed approach to overcome sample size bias. J. microbiological Methods 75, 86–91. doi: 10.1016/j.mimet.2008.05.009
	 Yu, B. (2010). A minimum version of log-rank test for testing the existence of cancer cure using relative survival data. Biometrical J. 54, 45–60. doi: 10.1002/bimj.201100069
	 Zaura, E., Keijser, B. J., Huse, S. M., and Crielaard, W. (2009). Defining the healthy" core microbiome" of oral microbial communities. BMC Microbiol. 9, 259. doi: 10.1186/1471-2180-9-259
	 Zhang, X., Liu, W., Schloter, M., Zhang, G., Chen, Q., Huang, J., et al. (2013). Response of the abundance of key soil microbial nitrogen-cycling genes to multi-factorial global changes. PloS One 8, e76500. doi: 10.1371/journal.pone.0076500
	 Zhao, J., Ni, T., Li, Y., Xiong, W., Ran, W., Shen, B., et al. (2014). Responses of bacterial communities in arable soils in a rice-wheat cropping system to different fertilizer regimes and sampling times. PloS One 9, e85301. doi: 10.1371/journal.pone.0085301




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Rana, Alshehri, Wang, Imran, Abdellah, Rahman, Alatawy, Ghabban, Abeed and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 06 March 2025

doi: 10.3389/fpls.2025.1541736

[image: image2]


Regulation effect of seed priming on sowing rate of direct seeding of rice under salt stress


Yicheng Zhang †, Haider Sultan †, Asad Shah †, Yixue Mu, Yusheng Li, Lin Li, Zheng Huang, Shaokun Song, Ye Tao, Zhenxiang Zhou and Lixiao Nie *


School of Breeding and Multiplication (Sanya Institute of Breeding and Multiplication), Hainan University, Sanya, China




Edited by: 

Baris Uzilday, Ege University, Türkiye

Reviewed by: 

Rafaqat Ali Gill, Lushan Botanical Garden (CAS), China

Aras Türkoğlu, Necmettin Erbakan University, Türkiye

Kangkang Zhang, Jiangxi Academy of Agricultural Sciences (CAAS), China

Maruthi K R, Maulana Azad National Urdu University, India

*Correspondence: 

Lixiao Nie
 lxnie@hainanu.edu.cn

†These authors have contributed equally to this work


Received: 08 December 2024

Accepted: 10 February 2025

Published: 06 March 2025

Citation:
Zhang Y, Sultan H, Shah A, Mu Y, Li Y, Li L, Huang Z, Song S, Tao Y, Zhou Z and Nie L (2025) Regulation effect of seed priming on sowing rate of direct seeding of rice under salt stress. Front. Plant Sci. 16:1541736. doi: 10.3389/fpls.2025.1541736



Direct seeding of rice (DSR) is a widely used method for its labor- and cost-saving advantages. However, the global intensification of soil salinization presents a significant challenge to food security. Increasing sowing rates is a common practice to enhance germination under salt stress, although it leads to higher seed costs. Recently, seed priming has emerged as an effective technique to improve seedling emergence under abiotic stress, but the regulation of seed priming treatment on the sowing rate of DSR under saline soil conditions has rarely been reported. Therefore, field experiments were conducted at two salinity levels of 1.5‰ (1.5 g kg−1) (T2) and 3.0‰ (3 g kg−1) (T3) and under one non-saline condition (0‰) (T1). The control (P1) consisted of non-primed seeds, while priming treatments included 160 mg L−¹ ascorbic acid (P2), γ-aminobutyric acid (P3), and 200 mg L−¹ zinc oxide nanoparticles (P4); three sowing rates were applied: 90 (S1), 150 (S2), and 240 seeds m−2 (S3). Our results demonstrated that under T1–T3, the germination rate, α-amylase activity, and soluble sugar and protein contents were significantly increased after priming treatments. The contents of reactive oxygen species (i.e., O2− and H2O2) and malondialdehyde (MDA) were decreased, while the activities of enzymatic antioxidants (i.e., superoxide dismutase, peroxidase, and catalase) and the K+/Na+ ratio of rice were significantly increased after the above seed priming treatments. Under T1–T3, the grain yield increased by 13.39%–36.94% after priming treatments, primarily due to enhanced seed germination, which boosted panicle number per unit area. Among P2–P4 treatments, P4 treatment consistently resulted in the highest yield increase (26.96%–36.94%) compared to P1, outperforming P2 and P3 under T1–T3. Furthermore, under T1–T3, the grain yield with priming treatment at 90 seeds m−2 was equivalent to that obtained without priming treatment at 240 seeds m−2. The potential mechanisms by which priming treatments enhance rice salt tolerance include increased levels of osmoregulatory substances and elevated activities of antioxidant enzymes, which collectively support improved seed germination. Therefore, to optimize the economic benefits of DSR when the salt concentration is below 3‰, the sowing rate could be reduced to 90 seeds m−2 using ZnO-nanoparticle priming treatment.
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1 Introduction

Rice (Oryza sativa L.) is a globally vital crop, serving as a staple food for nearly 50% of the world’s population (Jiang et al., 2023; Yu et al., 2016). With the growing global population, coupled with climate change and environmental stressors such as salinity and drought, food security is facing escalating threats worldwide (Cheeseman, 2016; Wen et al., 2020). Recently, environmental pollution, increased marginal land use, and improper irrigation and land management practices have aggravated soil salinization globally, resulting in substantial declines in crop yields and presenting a significant challenge to agricultural productivity and food security (Wang et al., 2022; Eswar et al., 2021). Therefore, the development and utilization of saline soils for rice cultivation is critical for food security in China and worldwide, especially given the challenges of increasing crop yields and the limited arable land (Mukhopadhyay et al., 2021).

Conventional transplanted rice remains the primary method of rice cultivation in China. As rice cultivation expands, direct seeding of rice (DSR) has become an important cultivation method to address resource and labor shortages (Sandhu et al., 2021). Compared to conventional transplanting, DSR is more susceptible to temperature fluctuations, flooding, and ionic stresses such as sodium (Na+) and chloride (Cl−), resulting in lower seedling emergence rates and, consequently, reduced yields (Su et al., 2022). Elevated soil salinity inhibits rice seed germination, thereby reducing the germination rate of seeds using DSR (Xu et al., 2017; Shi et al., 2017). A decrease in germination rate reduces the number of rice seedlings, and uneven seedling emergence directly lowers the final rice yield (Chen et al., 2021).

Increasing sowing rates is a conventional practice to ensure a sufficient number of seedlings in the field (Zhang et al., 2023). Excessive sowing rates can lead to an overly dense rice seedling population, which reduces tiller number and significantly lowers grain yield, despite reduced weed growth (Hui, 2018). Moreover, hybrid rice seeds are more expensive than conventionally cultivated rice seeds. Higher sowing rates are often recommended to ensure proper crop establishment under salt stress. As a result, the use of hybrid rice seeds increases costs for farmers, raising the economic burden and reducing profitability in rice production (Sun et al., 2015). However, seed priming has gradually become a sustainable measure to improve seedling emergence in DSR. Seed priming provides resistance and stability to rice seeds (Paul et al., 2022).

It is well known that reactive oxygen species (ROS), including hydrogen peroxide (H2O2) and superoxide anions (O2·−), are metabolic by-products generated during normal cellular processes. When crops are exposed to salt stress, ROS accumulate rapidly in plant cells, disrupting the balance between ROS production and their scavenging mechanisms (Madkour, 2019; Zavariyan et al., 2015). ROS accumulation leads to lipid peroxidation, causing malondialdehyde (MDA) accumulation, which is a marker of membrane damage under salt stress (Mushtaq, 2020). To mitigate the harmful effects of ROS, crops have developed antioxidant defense mechanisms, which encompass enzymes such as catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) (Rajput et al., 2021). There were some studies that demonstrated that seed priming technology could improve the activities of antioxidant enzymes and decrease ROS (H2O2 and O2·−) levels, optimizing defense mechanisms during seed germination (Guo et al., 2022).

Previous studies have shown that seed priming technology enhanced the emergence rate of rice seedlings, which accelerated the establishment of the rice population, thereby enhancing root fixation and nutrient absorption (Thakur et al., 2022). Seed priming regulates a range of physiological, biochemical, and molecular processes, enhancing crops’ tolerance to abiotic stresses, promoting faster seedling emergence, and improving overall growth and development (Farooq et al., 2006; Rhaman et al., 2020). Seed priming technology has been demonstrated to enhance crop growth and development, with associated improvements in agronomic traits such as increased plant height, leaf area, tiller number, and biomass (Ma et al., 2018). Additionally, research has indicated that seed priming could regulate the absorption of Na+ and K+, maintaining ion homeostasis under salt stress and thereby mitigating the adverse effects of salt stress on rice (Iqbal and Ashraf, 2010).

Key factors influencing rice yield include seedling establishment and quality (Gupta et al., 2022). After priming, rice seeds exhibit strong seedling quality, rapid emergence, and high seedling rates, all of which contribute to increased yield at harvest (Ali et al., 2020). Both increased sowing rates and seed priming increase germination rates and seedling quality under salt conditions, benefiting early seedling establishment and providing a strong physiological foundation (Farooq et al., 2019). Moreover, seed priming techniques have also been proven to reduce the need for high seed sowing rates (Farooq, 2011). Therefore, seed priming technology is a practical and sustainable measure to improve rice emergence and reduce seed costs for DSR under saline conditions. While most seed priming studies have been conducted in pot experiments, few have examined the effects of seed priming on rice growth and the regulation effect on the sowing rate of DSR under salt stress in field settings. Therefore, the objectives of this study were 1) to investigate the influences of seed priming treatments and sowing rates on the growth and yield of DSR under different salt stresses and 2) to specifically examine the role of priming treatments in optimizing sowing rates for DSR cultivated under saline soil conditions.




2 Materials and methods



2.1 Site description

The experiments were carried out in Dadan Village, Yacheng Township, Yazhou District, Sanya City, Hainan Province, China (18°36′N, 109°15′E) and Leyi Village, Jiusuo Township, Ledong Lizu Autonomous County, China (18°44′N, 108°89′E), in 2022 and 2023, respectively. The experimental sites were situated in proximity to the sea and equipped with a water diversion irrigation system suitable for large-scale saline-tolerant rice cultivation. The system pumps seawater and underground freshwater through pipelines and mixes them proportionally in a distribution tank to meet the saline water demand for irrigation of experimental fields. The average temperature, precipitation, and total solar radiation in 2022 were lower than those in 2023 (Figure 1). Specifically, the maximum, minimum, and average temperatures recorded in 2022 were 29.11°C, 24.32°C, and 26.43°C, respectively, while in 2023, these values were 30.19°C, 26.04°C°, and 27.88°C, respectively. The average precipitation in 2022 and 2023 were 741.41 mm and 761.93 mm, respectively. The total solar radiation in 2022 was 2,749.10 MJ m−2, representing a 14.74% decrease compared to 2023, which recorded 3,154.29 MJ m−2. The chemical properties of the soil in the two-season experimental field are detailed in Table 1. In 2022, the soil pH, organic matter content, total nitrogen, available phosphorus, and available potassium were 7.61, 0.31%, 0.25 g kg−1, 13.62 mg kg−1, and 280.51 mg kg−1, respectively. In contrast, in 2023, these values were 6.02, 3.68%, 2.26 g kg−1, 80.79 mg kg−1, and 213.25 mg kg−1, respectively.

[image: Two line graphs labeled A and B show data over 140 days after sowing. Each graph includes mean temperature in degrees Celsius, daily solar radiation in megajoules per square meter, and precipitation in millimeters. Mean temperature is represented by a black line, daily solar radiation by a red line, and precipitation by black bars. Both graphs display similar patterns for temperature and radiation, with varied spikes in precipitation.]
Figure 1 | Daily mean temperature, precipitation, and total solar radiation from sowing to maturity of rice in experimental fields of Yazhou District (A), Sanya City, Hainan Province, China, in 2022 and Ledong Li Autonomous County in 2023 (B).

Table 1 | Soil properties of the experimental field in 2022 and 2023.


[image: Table comparing soil properties for 2022 and 2023. In 2022: pH 7.61, organic matter 0.31%, total nitrogen 0.25 g/kg, phosphorus 13.62 mg/kg, potassium 280.51 mg/kg. In 2023: pH 6.02, organic matter 3.68%, total nitrogen 2.26 g/kg, phosphorus 80.79 mg/kg, potassium 213.25 mg/kg.]



2.2 Experimental design and treatments

The experiment was laid out in a split –split plot design with four replications. Each plot area was 4 m2 with a length of 4 m and a width of 1 m. The cultivars Xiangliangyou900 (XLY900) and Longliangyou506 (LLY506) were adopted in the experiment. Both varieties were saline alkali-tolerant hybrid early rice in this experiment. Three salt concentrations were selected, namely, 0‰ (T1), 1.5‰ (1.5 g kg−1) (T2), and 3.0‰ (3 g kg−1) (T3). One non-priming treatment (P1) as a control while three priming treatments were applied in the sub-plot: 160 mg L−1 ascorbic acid (ASA) priming (P2), 160 mg L−1 γ-aminobutyric (GABA) priming (P3), and 200 mg L−1 zinc oxide nanoparticles (ZnO-Nano) priming (P4). We previously conducted screening tests on priming treatments and found that under three salinity levels, the best priming effect on the germination rate of rice seeds was observed on 160 mg L−1 ASA, 160 mg L−1 GABA, and 200 mg L−1 ZnO nanoparticles (Mu et al., 2023). Therefore, these three priming treatments were selected for field tests. The above reagents were purchased from Shanghai Biochemical Technology McLean Reagent Co., Ltd. (Shanghai, China), and the nanoparticle size of ZnO-Nano was 30 ± 10 nm. Three sowing rates were added in the sub-plot, namely, 90 seeds m−2 (S1), 150 seeds m−2 (S2), and 240 seeds m−2 (S3), representing low, medium, and high sowing rates, respectively.

In the 2-year field experiment, nitrogen fertilizer was selected as urea (N ≥ 46.0%) with 150 kg N ha−1, distributed according to the following proportions: basal fertilizer, tiller fertilizer, and booting fertilizer at a 1:1:1 ratio. Phosphorus fertilizer was applied as calcium superphosphate (P2O5 ≥ 14.0%) at a rate of 60 kg P2O5 ha−1, entirely as a basal fertilizer. Potassium fertilizer was applied as potassium chloride (KCl) (K2O ≥ 60.0%) at a rate of 100 kg K ha−1, split between basal and booting fertilizers in a 1:1 ratio. Meticulous management practices were implemented to mitigate potential grain yield loss from pest and disease infestations.

Before the priming treatment, the seeds were placed in a desiccant for dehydration and drying until the moisture content of the seeds was less than 10%. Then, the seeds were stored in an aluminum foil bag under vacuum, with the initial germination rate exceeding 90%. Afterward, the sterilized and dried seeds were placed into a priming solution including the 160 mg L−1 ASA priming, the 160 mg L−1 GABA priming, and the 200 mg L−1 ZnO-Nano priming. The weight of the seed and the volume ratio of the priming solution were 1: 5 (W: V). Among them, the ZnO-Nano priming solution was subjected to ultrasonic dissolution for a duration of 30 minutes. The seeds were incubated at a constant temperature of 25°C under dark conditions for 24 hours, and the priming solution was replaced once after 12 hours of priming. Following 24 hours of priming treatments, the seeds were rinsed three times with distilled water, and the surface water was removed. The seeds were then placed in a blast drying oven at 25°C until their total weight was equivalent to that prior to priming. At the conclusion of the priming treatment, seeds were woven into the sowing belt using a seed weaving machine (SH-BZ-III, Shandong Jiesheng Heavy Machinery Co., Ltd., Jining, China). Strip seeding used wet direct sowing, and the sowing date of both experimental years was March. Before sowing, a rotary tiller was used to rotate the ground to wash salt two to three times until the soil salt content of the field was reduced to below 2‰. The excess water on the soil surface was drained, seeds were sowed when there was no bright water in the field, and row spacing was carried out at 20 cm. Saline irrigation was implemented continuously from sowing to harvest. The salinity concentration was monitored daily using an electrical conductivity meter, and freshwater or seawater was promptly supplemented as needed. This approach ensured the continuity and stability of saline stress throughout the experimental period. In the first week after sowing, the plots were maintained under a moist condition to promote optimal seedling establishment. Subsequently, shallow water irrigation with the appropriate salinity was applied until the five-leaf stage. Following this, fields were flooded with the corresponding saline water, and the water level was maintained at 5–10 cm until 2 weeks before harvest.




2.3 Data recorded



2.3.1 Meteorological data and determination of soil chemical properties

Soil samples were collected before sowing from each experimental site at a depth of 0–20 cm with the help of an auger. Each sample comprised a composite of three randomly selected cores from each plot. The fresh soil samples were thoroughly mixed, while a portion of the composite sample was air-dried and subsequently sieved through a 1-mm mesh. After sieving, the soil samples were kept in clean plastic bags for initial soil analysis. The pH of the soil, along with its organic matter content, total nitrogen, available phosphorus, and available potassium, was analyzed. The average temperature, precipitation, and solar radiation were recorded using a micro-meteorological station. The micro-meteorological station was installed 500 m away from the test field. The micro-meteorological station was equipped with various specialized instruments, including an air temperature and humidity sensor, a data logger, a rain gauge, total solar radiation sensors, and wind speed and direction sensors.




2.3.2 Determination of seed germination

In the 2-year field experiment, the seed germination percentage was monitored daily in accordance with the methodology described by AOSA (1990). Seeds were considered germinated when the radicle length exceeded 2 mm. The number of seedlings within 1 m2 in each plot was investigated 5 days after sowing to calculate the emergence rate. The investigation interval was 2 days, and the number of examinations was seven times. The germination rate was measured by the following formula: the germination rate (%) = (number of emerged seeds on a given day/total number of seeds tested) * 100.




2.3.3 Determination of α-amylase activity, osmoregulatory substances, ROS levels, and antioxidant enzymes

Seven days after sowing, seedlings were sampled, washed with double-distilled water, surface-dried using blotting paper, and then immediately stored in liquid nitrogen before being transferred to a −80°C freezer for subsequent analysis. Approximately 0.1– 0.2 g rice seedlings were weighed to quantify α- amylase activity, osmoregulatory substances, ROS levels, and antioxidant enzymes. The kits for testing soluble sugar content, proline content, O2•−, POD, CAT, and H2O2 were obtained from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China), while the kits for analyzing α- amylase activity, SOD, and MDA were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) (Mu et al., 2023).




2.3.4 Determination of tiller or panicle number and aboveground biomass

Throughout the 2-year experiment, one row of 1-m length (0.2 m2) was sampled at the mid-tillering stage (MT), panicle initiation stage (PI), heading stage (HD), and physiological maturity stage (PM) to investigate the tiller or panicle number, and then plant samples were divided into straw and panicles for further plant analysis. After drying the plants at 105°C for 15 minutes, the aboveground biomass of each plot was measured by oven-drying at 85°C for 72 h until a constant weight was achieved.




2.3.5 Analysis of grain yield and its components

The grain yield was measured from a 1-m2 sampling area located at the center of each plot and standardized to a moisture content of 0.14 g H2O g−1. Subsequently, a 1-m-long row of plants (0.2 m2) was sampled at each plot to assess additional yield components. Panicle numbers in the sampled rows were counted in order to calculate the panicle number per square meter. The spikelets were obtained through manual threshing, followed by separation into filled and unfilled spikelets by employing the water selection method. After air-drying, unfilled spikelets were distinguished from the half-filled spikelets by winnowing. The total air-dried mass of the filled and unfilled spikelets was weighed, and small samples were taken for analysis: three subsamples of filled spikelets (30 g), three subsamples of unfilled spikelets (2 g), and all the half-filled spikelets were counted to calculate the yield components, including the number of effective panicles per unit area, the number of spikelets per panicle, the filled grain rate, and the 1000-grain weight.




2.3.6 Sodium (Na+) and potassium (K+) estimation

The dried samples of rice straw were ground into powder. Subsequently, 0.1 g of the crushed sample was accurately weighed from each treatment, and the samples were digested using the H2SO4·H2O2 method and concentrated in a microwave oven. The concentration of Na+ and K+ at the PM stage was measured using a flame photometer, and the K+/Na+ ratio was calculated (Li et al., 2023).





2.4 Statistical analysis

In the present study, due to the consistent responses of two rice varieties adopted in all treatments, the mean value of both varieties was present for all data in order to reduce the length of the text (Supplementary Figures S1–S9; Supplementary Tables S1, S2). The data were analyzed using analysis of variance (ANOVA) using the Statistix 9.0 software. The differences between treatments were compared using the least significance difference (LSD) test at the 0.05, 0.01, and 0.001 probability levels. Graphical representations of the data were generated using Origin 2021.





3 Results



3.1 Effects of priming on seed germination of DSR under salt stress

The seed germination of DSR was negatively impacted by increasing salinity levels, whereas all three priming treatments enhanced seed germination across the three salinity conditions (Figure 2). Under the non-saline condition (T1), the average germination rates for rice seeds during 2 years were 50.49%, 61.84%, 62.94%, and 66.82% for treatments P1, P2, P3, and P4, respectively. Under the T2 condition, seed germination for rice was 47.35% under the non-primed (P1) treatment, with germination rates for P2, P3, and P4 showing increases of 9.75%, 8.75%, and 13.56%, respectively, compared to P1 during 2 years. Under the T3 condition, the germination rate was 18.70% in P1, while the rates for P2, P3, and P4 were enhanced by 4.63%, 4.53%, and 6.93%, respectively, compared to P1. The above results suggested that the P4 treatment performed best among the priming treatments under all three salinity conditions. As shown in Figure 2, germination rates under T1 and T2 remained stable over time. However, under T3, the germination rate peaked between days 11 and 13 before declining. This suggests that the higher salt concentration in T3 prolonged exposure to elevated salinity levels, ultimately leading to a reduction in germination over time.

[image: Six line graphs, labeled A to F, depict germination rates of four treatments (P1, P2, P3, P4) over days after sowing. Graphs A, D (T1), B, E (T2) show increasing trends. Graphs C, F (T3) show peak rates around day 11, then decline. P4 consistently shows the highest germination rate, followed by P3, P2, and P1. Error bars indicate variability.]
Figure 2 | Effects of seed priming treatments on germination rate of direct seeding of rice under salt stress in 2022 (A–C) and 2023 (D–F). Error bars represent the standard error. T1, T2, and T3 represent salinity levels of 0‰, 1.5‰, and 3‰, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA160mg/L priming treatment, GABA160mg/L priming treatment, and ZnO-Nano200mg/L priming treatment, respectively.




3.2 Effects of priming on α-amylase activity and contents of osmoregulatory substances under salt stress

Priming treatments significantly influenced α-amylase activity, soluble sugar content, soluble protein content, and proline levels in rice seedlings subjected to salt stress (Figure 3). Under T1, the α-amylase activity, soluble sugar content, and soluble protein content had average increases of 28.66%, 36.70%, and 36.69%, respectively, while the proline content decreased by 29.57% across all priming treatments (P2, P3, and P4) compared to P1. Under T2, the above-mentioned parameters had average decreases of 16.22%, 39.42%, and 18.47%, respectively, and the proline content increased by 27.71% compared to T1. Following priming treatments, the above-mentioned parameters showed increases of 41.29%, 53.51%, and 60.68%, respectively, and the proline content decreased by 16.50% compared with P1. Under T3, the above-mentioned parameters decreased by 40.68%, 58.90%, and 44.38%, respectively, and proline content increased by 48.63% compared to T1. However, with all priming treatments, the above-mentioned parameters increased by 55.68%, 67.16%, and 77.47%, respectively, and proline content decreased by 16.52% compared to P1. Additionally, across all salinity levels, the P4 priming treatment consistently resulted in significantly higher α-amylase activity, soluble sugar content, and protein content and lower proline content compared to P2 and P3 (Figure 3).

[image: Bar charts labeled A, B, C, and D compare different parameters across treatments T1, T2, and T3, with four categories: P1, P2, P3, and P4. A charts α-amylase activity, B charts soluble sugar, C charts soluble protein, and D charts proline. Bars are color-coded with labels and feature statistical significance markers.]
Figure 3 | The α-amylase activity (A) and concentration of soluble sugar (B), soluble protein (C), and proline (D) of primed and non-primed seeds under different salt stress at 7 days after sowing (average of two varieties). Within a column, means followed by the same letter are not significantly different at the 0.05 probability level according to the least significant difference test (LSD 0.05). T1, T2, and T3 represent salinity levels of 0‰, 1.5‰, and 3‰, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA160mg/L priming treatment, GABA160mg/L priming treatment, and ZnO-Nano200mg/L priming treatment, respectively.




3.3 Effects of priming on ROS levels and antioxidant enzymes under salt stress

The O2•−, H2O2, and MDA contents were significantly increased under salt stress (T2 and T3) (Figure 4), while the ROS content in rice plants was markedly reduced following priming treatments. Under T1, the O2•−, H2O2, and MDA contents had average decreases of 35.26%, 58.10%, and 22.40%, respectively, across all priming treatments compared to P1. Under T2, the O2•−, H2O2, and MDA contents had average decreases of 13.69%, 28.80%, and 15.81%, respectively, under priming treatments compared to P1. Similarly, under T3, the reductions were 11.19%, 25.60%, and 14.43%, respectively, across priming treatments compared to P1. Under all three salinity levels, the P4 treatment resulted in the most substantial reduction of ROS accumulation compared to P2 and P3 (Figure 4).

[image: Three bar graphs labeled A, B, and C show the content of superoxide (O2-), hydrogen peroxide (H2O2), and malondialdehyde (MDA) across different treatments (T1, T2, T3) for four groups (P1, P2, P3, P4) in distinct colors. Graph A displays the O2- content, graph B shows the H2O2 content, and graph C represents the MDA content, with varying values and error bars. Letters indicate statistical significance.]
Figure 4 | The concentration of O2•− (A), H2O2 (B), and malondialdehyde (MDA) (C) of primed and non-primed seeds under different salt stress at 7 days after sowing (average of two varieties). Note: Within a column, means followed by the same letter are not significantly different at the 0.05 probability level according to the least significant difference test (LSD 0.05). T1, T2, and T3 represent salinity levels of 0‰, 1.5‰, and 3‰, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA160mg/L priming treatment, GABA160mg/L priming treatment, and ZnO-Nano200mg/L priming treatment, respectively.

The activities of SOD, POD, and CAT in rice seedlings were significantly enhanced under salt stress and further improved by priming treatments (Figure 5). Under T1, the activities of POD, SOD, and CAT had average increases of 31.62%, 67.14%, and 23.69%, respectively, with priming treatments compared to P1. Under T2, the above-mentioned antioxidant enzymes had average increases of 17.75%, 15.98%, and 26.56%, respectively, following priming treatments compared with P1. Under T3, the above-mentioned antioxidant enzymes had average increases of 15.05%, 16.68%, and 19.05%, respectively, across priming treatments compared to P1. Overall, under all three salinity levels, the P4 treatment consistently resulted in the highest increases in the activities of SOD, POD, and CAT compared to P2 and P3 (Figure 5).

[image: Three bar charts labeled A, B, and C compare the activity levels of SOD, POD, and CAT, respectively, at times T1, T2, and T3. Each chart includes bars for four treatments (P1, P2, P3, P4) differentiated by color. Activity levels increase across T1 to T3 for all treatments, with notable differences between them, indicated by letters a, b, c, d above the bars.]
Figure 5 | The activity of superoxide dismutase (SOD) (A), peroxidase (POD) (B), and catalase (CAT) (C) of primed and non-primed seeds under different salt stress at 7 days after sowing (average of two varieties). Within a column, means followed by the same letter are not significantly different at the 0.05 probability level according to the least significant difference test (LSD 0.05). T1, T2, and T3 represent salinity levels of 0‰, 1.5‰, and 3‰, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA160mg/L priming treatment, GABA160mg/L priming treatment, and ZnO-Nano200mg/L priming treatment, respectively.




3.4 Effects of priming and sowing rates on tiller number and aboveground biomass under salt stress

The tiller number and aboveground biomass of DSR were reduced at various growth stages under salt stress (T2 and T3), with the reduction severity increasing alongside higher salt concentrations (Figures 6, 7). However, both parameters were significantly enhanced under different priming treatments and sowing rate levels. Under T1, the tiller number and aboveground biomass of DSR increased by 13.56%– 18.69%, 13.39%– 19.30%, and 26.37%– 28.67% and by 13.47%– 29.13%, 13.20%– 23.95%, and 19.71%– 40.45% under P2, P3, and P4, respectively, compared to P1 during 2 years. Under T2, the above-mentioned parameters decreased by 13.84%– 29.45% and 12.37%– 29.78%, respectively, compared to T1. However, following P2, P3, and P4 treatments, the above-mentioned parameters increased by 16.80%– 25.11%, 13.33%– 31.36%, and 27.20%– 42.57%, and 17.66%– 33.33%, 16.31%– 39.11%, and 28.70%– 46.67%, respectively, compared to P1. Under T3, the above-mentioned parameters were reduced 39.20%– 60.73% and 36.02%– 53.78%, respectively, compared to T1, However, after P2, P3, and P4 treatments, the above-mentioned parameters increased by 23.60%– 38.40%, 21.60%– 42.98%, and 36.00%– 67.05%, and 17.53%– 65.06%, 23.59%– 26.03%, and 30.63%– 76.51%, respectively, compared to P1. Across all salinity levels and priming treatments, both the tiller number and aboveground biomass increased with higher sowing rates. However, the tiller number and aboveground biomass in the P2S1, P3S1, and P4S1 treatments were not significantly different from those in the P1S3 treatment during 2 years.

[image: Stacked bar charts labeled A to F, illustrating tiller numbers per square meter at different growth stages. Each chart has four colorful segments, TN1 to TN4, in orange, yellow, green, and blue. The x-axis shows stages S1, S2, S3 across periods P1 to P4 and treatments T1 to T3. The y-axis indicates tiller numbers. Each bar includes error bars, with alphabetical annotations above.]
Figure 6 | Effects of priming treatments and sowing rates on tiller number at different growth stages in 2022 (A–C) and 2023 (D–F) (average of two varieties). Within a column, means followed by the same letter are not significantly different at the 0.05 probability level according to the least significant difference test (LSD 0.05). TN1 represents tiller number at the mid-tillering stage, TN2 represents tiller number at the panicle initiation stage, TN3 represents tiller number at the heading stage, and TN4 represents tiller number at the physiological maturity stage. T1, T2, and T3 represent salinity levels of 0‰, 1.5‰, and 3‰, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA160mg/L priming treatment, GABA160mg/L priming treatment, and ZnO-Nano200mg/L priming treatment, respectively. S1, S2, and S3 represent three sowing rates (90, 150, and 240 seeds m−2, respectively).

[image: Bar charts depicting aboveground biomass at different growth stages across panels A to F. Each panel compares treatments T1, T2, and T3 for phases P1 to P4 with bars colored in blue, green, yellow, and red representing MT, PI, HD, and PM respectively. Error bars indicate variability, with letters denoting statistical significance.]
Figure 7 | Effects of priming treatments and sowing rates on aboveground biomass at different growth stages in 2022 (A–C) and 2023 (D–F) (average of two varieties). Different lowercase letters represent a significant difference at the maturity stage at 0.05 levels according to the least significance difference (LSD) test. MT represents the mid-tillering stage, PI represents the panicle initiation stage, HD represents the heading stage, and PM represents the physiological maturity stage. T1, T2, and T3 represent salinity levels of 0‰, 1.5‰, and 3‰, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA160mg/L priming treatment, GABA160mg/L priming treatment, and ZnO-Nano200mg/L priming treatment, respectively. S1, S2, and S3 represent three sowing rates (90, 150, and 240 seeds m−2, respectively).




3.5 Effects of priming and sowing rates on grain yield and its components of rice under salt stress

The grain yield of DSR was decreased under salt stress (T2 and T3), with greater reductions observed at higher salinity levels (Tables 2, 3), while grain yield was increased under priming and sowing rate treatments primarily due to the increased panicle number. Under T1, the grain yield increased by 14.40%, 13.39%, and 26.96% under P2, P3, and P4 treatments, respectively, compared with P1 during 2 years. Under T2, the grain yield decreased by 28.76% compared to T1, while under P2, P3, and P4 treatments, the grain yield increased by 15.33%, 14.41%, and 29.35%, respectively, compared with P1. Under T3, the grain yield decreased by 70.75% compared with T1, while under P2, P3, and P4 treatments, it increased by 25.76%, 23.38%, and 36.94%, respectively, compared with P1. The above results suggested that under all three salinity levels, the grain yield under the ZnO-nanoparticle priming (P4) treatment was the highest in the three priming treatments. Furthermore, under all three salinity levels, the grain yield was increased with higher sowing rates, peaking at S3. No significant difference was observed in grain yield among three sowing rates within the same priming treatment in 2022, while significant differences were observed in 2023. Under T1, the grain yield had average increases of 9.18% and 20.05% under S2 and S3, respectively, compared with S1 during 2 years. Under T2, the grain yield had average increases of 5.91% and 17.36% under S2 and S3, respectively, compared with S1. Under T3, the grain yield had average increases of 16.61% and 33.87% under S2 and S3, respectively, compared with S1. Additionally, across all salinity levels, grain yield under the P2S1, P3S1, and P4S1 treatments was not significantly different from the P1S3 treatment in both 2022 and 2023.

Table 2 | Effects of priming treatments and sowing rates on grain yield and its components in rice under salt stress in 2022 (average of two varieties).


[image: A detailed table showing the effects of different salinity levels (T1, T2, T3) on agricultural variables like yield, panicles, spikelets, filled grains percentage, and grain weight under various priming treatments (P1, P2, P3, P4) and sowing rates (S1, S2, S3). The table includes mean values and statistical analysis results, with significant differences indicated by lowercase and uppercase letters.]
Table 3 | Effects of priming treatments and sowing rates on grain yield and its components in rice under salt stress in 2023 (average of two varieties).


[image: A data table shows the effects of salinity, priming treatment, and sowing rate on various rice yield components: yield (t ha⁻¹), panicles (no. m⁻²), spikelets panicle⁻¹, filled grains (%), and 1,000-grain weight (g). The table compares three salinity levels (T1, T2, T3), different priming treatments (P1, P2, P3, P4), and three sowing rates (S1, S2, S3). Different lowercase letters indicate significant differences at the 0.05 level. ANOVA results are included, showing significant differences for various interactions.]



3.6 Effects of priming and sowing rates on the K+/Na+

The aboveground Na+ and K+ contents of rice were influenced by salt stress and priming treatments. The K+/Na+ ratio in rice was decreased with increasing salt concentration (Figure 8). However, K+/Na+ was increased under priming and sowing rate treatments. Under T1, the K+/Na+ had average increases of 37.13%, 37.77%, and 75.14% under P2, P3, and P4 treatments, respectively, compared to P1 during 2 years. Under T2, the K+/Na+ had an average decrease of 86.76% compared to T1. Following P2, P3, and P4 treatments, the K+/Na+ had average increases of 34.52%, 40.48%, and 61.31%, respectively, compared to P1. Similarly, under T3, the K+/Na+ had an average decrease of 94.33% compared to T1, while after P2, P3, and P4 treatments, it had average increases of 43.48%, 42.03%, and 75.36%, respectively, compared to P1. Among all treatments, P4 consistently outperformed the other priming treatments under all salinity levels. Additionally, the K+/Na+ ratio increased with higher sowing rates under all salinity levels, with the sequence of changes at each priming treatment being S3 > S2 > S1. Moreover, across all salinity levels, the K+/Na+ ratio under the P2S1, P3S1, and P4S1 treatments was significantly higher than that under P1S3 during 2 years.

[image: Bar graphs illustrating potassium to sodium ratio (K+/Na+) in the aboveground part of rice across different treatments and phases. Panels A, B, C feature data for treatment T1, while D, E, F show treatment T2. Each panel displays comparisons of three scenarios (S1 in yellow, S2 in blue, S3 in red) across four phases (P1 to P4), with values escalating from P1 to P4. Error bars and statistical significance annotations (letters) accompany the bars.]
Figure 8 | Effects of priming treatments and sowing rates on the K+/Na+ in rice aboveground part under salt stress in 2022 (A–C) and 2023 (D–F) (average of two varieties). Within a column, means followed by the same letter are not significantly different at the 0.05 probability level according to the least significant difference test (LSD 0.05). T1, T2, and T3 represent salinity levels of 0‰, 1.5‰, and 3‰, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA160mg/L priming treatment, GABA160mg/L priming treatment, and ZnO-Nano200mg/L priming treatment, respectively. S1, S2, and S3 represent three sowing rates (90, 150, and 240 seeds m−2, respectively).





4 Discussion



4.1 The effect of seed priming on the germination rate and seedling physiology of DSR under salt stress

The seed germination rate of DSR under all priming treatments was significantly decreased under salt stress (T2 and T3) during 2 years (Figure 2). Liu et al. (2023) found that rice seed germination rate was closely linked to the structural integrity of cell membranes. The inhibition of germination under salt stress was primarily caused by plasma membrane damage and reduced amylase activity, leading to decreased or lost seed viability. ROS in seeds regulate cellular growth, protect against pathogens, and control redox status, playing a vital role in seed germination and seedling growth (Singh et al., 2016). However, under salt stress, the rapid accumulation of ROS induces oxidative damage to biomolecules, leading to necrosis and cell death (Abeed et al., 2023). According to our study, the decreased seed germination of DSR was caused by the decrease of α- amylase activity and soluble sugar and protein contents and the increase of ROS (O2•− and H2O2) and MDA contents.

However, seed priming treatments could enhance seedlings’ emergence and stand establishment under salt stress. Seed priming initiates various germination-related activities, including early reserve mobilization and improved energy metabolisms (Adetunji, 2020). Furthermore, elevated levels of organic solutes, such as sugars and proteins, support plant metabolic adaptation, reduce cellular osmotic potential, and facilitate osmotic regulation under stress conditions (Matias et al., 2015). Seed priming treatments significantly increase sugars, proteins, α-amylase activity, and antioxidant system activity in seeds under abiotic stress (Sheteiwy et al., 2019; Sharma et al., 2021; Ibrahim, 2016). The process involves pre-exposure to salt stress, which augments the seeds’ resilience to subsequent stress conditions. Seed priming activates pre-germination metabolic pathways, enhancing physiological readiness for germination (Ibrahim, 2016). Our results demonstrated that under all three salinity levels, the seed germination rate of DSR was significantly improved after priming treatments. This enhancement was associated with elevated α-amylase activity, increased levels of soluble sugars and proteins, and reduced proline content, collectively improving seed vigor and salt stress tolerance. Under salt stress, ROS disrupts normal cellular metabolism by elevating MDA levels (Hasanuzzaman et al., 2021). Seed priming treatments activate ROS scavenging mechanisms (SOD, CAT, and POD), facilitating biochemical changes that enhance stress tolerance (Bussotti et al., 2014). The antioxidant system, comprising both enzymatic and non-enzymatic components, safeguards seeds by neutralizing ROS. A significant inverse correlation has been observed between antioxidant enzyme activity and MDA levels (Younesi and Moradi, 2014; Das et al., 2015). According to our study, the decreased ROS (O2•− and H2O2) and MDA contents alongside increased activities of POD, SOD, and CAT ultimately improved the seed germination rate of DSR after priming treatments. These results align with the previous studies that confirmed ROS scavenging through activation of the antioxidant defense system (Ben Rejeb et al., 2014; Sedghi et al., 2010). Furthermore, our study also showed that under all three salinity levels, the seed germination rate was significantly higher under P4 compared to P2 and P3. This improvement was linked to elevated α-amylase activity, increased soluble sugar and protein contents, and enhanced antioxidant enzyme activities in rice seedlings. In recent years, the application of nanomaterials as catalysts to enhance seed stress resistance has gained significant attention (Khan et al., 2023). Studies have shown that seed nano-priming using nanoceria (CeO2 NPs) and silver nanoparticles (Ag NPs) elevates and sustains higher soluble protein levels in crops, thereby boosting metabolic processes. Other studies have indicated that nano-priming treatments facilitate greater water uptake during seed imbibition, further augmenting α-amylase activity and soluble sugar content, which collectively enhance seed germination under stress conditions (Mahakham et al., 2017). Moreover, Rai-Kalal and Jajoo (2021) demonstrated that faster water uptake, upregulation of aquaporin and hydrolytic transcript factors, and increased α-amylase activity to facilitate starch conversion into soluble sugars are key mechanisms of nano-priming. Our findings showed that under all three salinity levels, P4 treatment (ZnO-nanoparticle priming) achieved the highest germination rate among priming treatments. This was associated with higher α-amylase activity, increased soluble sugar and protein contents, and enhanced antioxidant enzyme activities in rice seedlings, aligning with findings from prior studies (Mu et al., 2023; Sultan et al., 2025). Therefore, seed priming technology especially the application of nano-priming, represents an effective strategy to enhance seedling emergence under salt stress conditions. Although nano-priming can promote crop growth, development, and yield, certain studies have reported that nanoparticles may inhibit crop growth, depending on their concentration and size (Mathur et al., 2023). Our research showed that a concentration of 200 mg L−¹ of ZnO nanoparticles did not inhibit crop development, consistent with the results of Liu et al. (2016), who reported that low concentrations (< 500 mg L−¹) of micronutrient metal oxide nanoparticles, such as ZnO, MnOx, and FeOx, improve seed germination and plant growth. Moreover, the complex interaction between nanoparticles, soil properties, and environmental factors appears to influence their impact on plants, warranting further investigation. Therefore, to mitigate nanoparticle phytotoxicity, future research should focus on stabilizing nanomaterials to maximize their potential (Phan and Haes, 2019).




4.2 Effects of priming and sowing rates on the plant growth and grain yield of DSR under salt stress

Grain yield was significantly reduced under salt stress, primarily attributed to declines in panicle number, spikelets per panicle, filled grain rate, and 1000-grain weight (Mumtaz et al., 2017; Gerona et al., 2019). In the present study, grain yield under elevated salinity levels (T2 and T3) was markedly reduced, primarily due to a decrease in panicle number (Table 3). Itroutwar et al. (2020) found that seed priming treatments can strengthen rice plants throughout the entire growth period. They also reported a strong correlation between rice yield and growth stage agronomic traits such as tiller number and aboveground biomass. Seed priming treatments could increase seedling density per unit area of crops under stress conditions, helping establish a strong seedling structure during the early stages of rice growth (Mondal and Bose, 2021). In this study, under all salinity levels, the seed germination rate was increased after priming treatments. This established a strong seedling structure, accelerated the tillering, and significantly increased the tillers (Figure 6) and panicle number per m2, thereby boosting rice yield. Moreover, the aboveground biomass of rice was increased (Figure 7) because seed priming promoted vegetative growth and enhanced stem length through cell division (Das et al., 2022).

An optimal seeding density can modulate rice population structure, mitigating the conflict between individual plant development and population growth (Cheng et al., 2012). Appropriately increasing the sowing rate can promote crop growth, enhance photosynthetic potential, and improve photosynthetically active radiation interception, which are crucial for the development of a dominant population (Jiang et al., 2021; Anjorin and Adebayo, 2024). Our results showed that under all three salinity levels, both aboveground biomass and tiller number increased with higher sowing rates under each priming treatment. Grain yield increased with higher sowing rates, primarily driven by a rise in panicle number. These findings align with those of Li et al. (2020), who reported that an increased sowing rate could boost tiller and panicle numbers and aboveground biomass, thereby enhancing the grain yield. In our study, under all three salinity conditions, the grain yield with priming treatment at 90 seeds m−2 was equivalent to that of rice without priming at 240 seeds m−2. Although increasing the sowing rate can improve rice emergence rate and grain yield, our study showed that reducing the sowing rate to 90 seeds m−2 with ZnO-nanoparticle priming treatment did not result in yield loss, significantly reducing cultivation costs in saline-alkali land. These results are consistent with the findings of Wang et al. (2014), who identified the optimal planting density for hybrid rice to be within the range of 70–118 seeds m−2. Therefore, the seed priming treatment could reduce the sowing rate under salt stress, thus lowering the cost of rice cultivation in saline-alkali soil. This cultivation measure provides practical feasibility for rice farming in saline areas.

Additionally, there was a substantial difference in average yields between the two years. The grain yield in 2023 (5.15 t ha−1) was 67.75% higher than that in 2022, mainly due to the increase in total solar radiation in 2023 (Figure 1), which significantly enhanced the light interception in the rice canopy, enhanced photosynthetic efficiency, and increased aboveground biomass, ultimately boosting yield (Lu et al., 2022). Furthermore, soil nutrient content significantly influenced yield. Studies have shown that soil nutrient levels affect nitrogen, phosphorus, and potassium absorption by plants, with a positive linear relationship observed between yield and the accumulation of these nutrients. Thus, differences in yield were primarily due to variations in soil fertility (Wang et al., 2015). Xiong et al. (2004) found that under the same fertilization and management conditions, soil with high organic matter content and elevated levels of one or two nutrients (N, P, or K) could increase yield, mainly due to the enhanced nutrient supply capacity of nutrient-rich soil. Other studies have shown that soil potassium has less effect on yield than nitrogen and phosphorus, and excessively high potassium levels can restrict the absorption of nitrogen and phosphorus in rice, thereby reducing yield (Yin et al., 2001). In the current study, notable variations in soil chemical properties were observed between the two seasons of the experimental field (Table 1). Therefore, the yield in 2023 was higher than that in 2022, mainly due to the higher nutrient content and stronger nutrient supply capacity of the 2023 experimental field. Additionally, the coordinated contents of N, P, and K in soil promoted nutrient absorption by rice, ultimately increasing yield.




4.3 Effects of priming and sowing rates on the K+/Na+ of rice

The Na+ content in rice straw increased significantly, while the K+ content and K+/Na+ ratio decreased under salt conditions. Salt stress inhibited plant growth primarily through ion and osmotic stress (Ran et al., 2023; Farooq et al., 2021). As salt stress increased, Na+ content was increased while K+ content decreased due to the antagonistic interaction between Na+ and K+, resulting in nutrient imbalance in rice plants (García et al., 2010). However, seed priming treatment could improve the physiological resilience of crops under salt stress, reducing ionic toxicity to plants and ultimately promoting growth (Khan et al., 2022; Biswas et al., 2023; Zulfiqar et al., 2022). Under salt stress, elevated activity of the K+ uptake system is a critical adaptive trait. The accumulation of K+ in plant cells plays a vital role in osmotic adjustment, aiding in the maintenance of cellular water balance. In guard cells, K+ is crucial for stomatal closure, thereby minimizing excessive water loss through transpiration. Recent studies have suggested that proteins regulating K+ uptake channels in guard cells may serve as potential targets for enhancing crop abiotic tolerance (Locascio et al., 2019). In the present study, seed priming and sowing rate treatments alleviated salt stress by significantly decreasing Na+ content and increasing K+ content and K+/Na+ ratio. Research has demonstrated that seed priming can reduce Na+ content while enhancing the uptake of K+ and Ca+ in crops, maintaining ion homeostasis of crops and thus enhancing crop salt tolerance (Farhoudi, 2011; Sheteiwy et al., 2021; Tan et al., 2022; Sen and Puthur, 2020). The underlying mechanism may involve priming treatments increasing K+ accumulation in rice, with adequate K+ levels promoting solute deposition, lowering osmotic potential, and enhancing turgor pressure under osmotic stress. Consequently, sufficient K+ concentration supported osmotic adjustment, resulting in increased turgor pressure, improved water uptake, and reduced osmotic potential. These physiological changes strengthened the plant’s capacity to withstand salt stress (Kumar et al., 2020). Moreover, our results showed that under all three salinity levels, both Na+ and K+ contents in rice tended to decrease with increasing sowing rate. The phenomenon may be attributed to increased competition for available resources at higher sowing rates, which reduced Na+ and K+ uptake (Santiago-Arenas et al., 2021). However, after priming treatment, the rice maintained higher α-amylase activity, soluble sugar content, and protein content, reducing K+ absorption loss and ultimately increasing the K+/Na+ ratio. Therefore, priming treatment can enhance the competitive advantage of K+ over other nutrients under high sowing rates through osmotic regulation, ultimately reducing the sowing rate while maintaining the balance of potassium and sodium at salt concentrations below 3‰.





5 Conclusion

The germination and growth of DSR were inhibited under salt stress, leading to reduced yield. Under salt stress conditions, the α-amylase activity, soluble sugar and protein contents, and the activities of SOD, POD, and CAT were increased by seed priming treatments at each sowing rate, improving seed germination and seedling growth, further contributing to an increase in panicle number and thus improving the grain yield. Under all three salinity conditions, the grain yield of DSR with seed priming at a sowing rate of 90 seeds m−2 was comparable to, or even exceeded, that of non-primed rice at 240 seeds m−2. This can be attributed to seed priming treatments, which promoted a reduction in cell osmotic potential and facilitated osmotic adjustment to the saline stress. Additionally, the increased activity of antioxidant enzymes helped scavenge ROS, thereby improving the germination rate, enhancing the tiller number, and increasing the K+/Na+ ratio. These physiological changes compensated for the challenges posed by the lower sowing rate under saline conditions. In addition, under each salinity level and sowing rate condition, the grain yield under the ZnO-nanoparticle priming treatment was always the highest. In conclusion, to ensure the economic benefits of DSR production when the salt concentration is below 3‰, the sowing rate of DSR could be reduced to 90 seeds m−2 using ZnO-nanoparticle priming treatment. Nevertheless, the molecular mechanisms underlying nano-priming-mediated enhancement of plant salt tolerance remain poorly understood. Therefore, further research is necessary to evaluate the technology on a broader range of rice varieties and assess its applicability under varying environmental conditions.
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The upper reaches of the Taojia River have been impacted by unregulated logging linked to non-ferrous metal mining, resulting in significant mineral waste accumulation. Composting has shown promise in reducing heavy metal (HM) contamination in agricultural soils. This study included two segments: the first examined the effects of sheep manure (SM) and chicken manure (CM) with different concentrations on lead (Pb) dynamics in vegetable soils. The second applied the most effective method identified in segment one to assess Pb, cadmium (Cd), zinc (Zn), and copper (Cu) in soil, paddy, and straw in rice fields. Results showed that both compost types increased soil pH to mildly alkaline levels, with SM causing dose-dependent rises (insignificant between 2% and 5%) and CM inducing non-proportional alkalinity. CM compost significantly enhanced soil organic matter (SOM: 0.606–0.660 g/kg) compared to SM (0.414–0.495 g/kg). Total nitrogen (TN) spiked at 2% SM (0.172 g/kg) but plateaued until 10% SM (0.210 g/kg), while CM linearly increased TN with dosage. Total phosphorus (TP) rose proportionally with SM but remained unchanged under CM. For Pb immobilization, 5% SM reduced DTPA-Pb to 11.877 mg/kg, but 10% SM increased it (14.006 mg/kg), whereas 10% CM achieved optimal passivation (11.561 mg/kg). Correlation analyses linked compost dosage to SOM, TP, and available Pb (p < 0.05), with soil pH showing minimal direct influence. In rice fields, 10% CM elevated soil pH (7.10 vs. 6.71), TP, and total Zn/Cu/Pb/Cd but reduced Pb/Cd in paddy and straw. Heavy metal speciation revealed strong inter-state correlations (excluding exchangeable Pb), with soil pH and TP significantly influencing Zn, Cu, and Cd levels. These findings demonstrate CM compost’s dual role in improving fertility and mitigating Pb/Cd uptake, though Zn/Cu accumulation risks require careful management.
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1 Introduction

With the rapid progress of urbanization, ecological and environmental challenges have grown increasingly severe, particularly concerning soil pollution caused by heavy metals (HMs) (Li C. et al., 2022; Alhammad et al., 2023). Human industrial activities, such as mining, metallurgy, and chemical industries, significantly contribute to the presence of HMs (Farooq et al., 2022; Xiang et al., 2022; Farooq et al., 2024), resulting in severe soil pollution in the surrounding areas. Soil microorganisms cannot biodegrade HMs and tend to accumulate in the soil (Xiang et al., 2022). The release of potentially toxic HMs from pyrite smelting processes can contaminate agricultural land, posing risks to human health (Zakaria et al., 2021). Furthermore, these pollutants can negatively impact soil enzyme activity and microorganism populations and disrupt the natural soil ecology (Gao et al., 2022), reducing plant diversity and influencing the evolution of soil microorganisms and associated functional genes (Alengebawy et al., 2021; Adnan et al., 2022). Additionally, HMs accumulated in the soil can be transferred to crops and plants and subsequently enter the food chain and living environments (Wang et al., 2022), potentially causing acute and chronic health issues in humans (Wang et al., 2021).

There are two primary strategies for addressing heavy HM pollution in soil. One involves directly immobilizing and modifying the chemical forms of HMs in the soil, aiming to reduce their mobility and bioavailability. This method often consists of the application of chemical agents or amendments such as lime, phosphates, or biochar to stabilize the metals and prevent them from being absorbed by plants or leaching into water sources (Wang et al., 2023). Altering the forms of HMs helps mitigate metal contamination’s immediate environmental and health risks. The other entails relocating and remediating the soil contaminated with HMs, known as in-situ and ex-situ remediation (Yang et al., 2021). Both strategies play a critical role in managing HM pollution, with the choice of approach often depending on site-specific conditions, including the type of metal pollutants and the extent of contamination. Various techniques are commonly employed for passivation restoration, including biological restoration (Rayne and Aula, 2020), physical restoration (Feng and Cheng, 2023), chemical restoration (Liu et al., 2018), and ecological restoration (Liu et al., 2018). Among these, chemical passivation restoration offers several advantages, such as a straightforward principle, short remediation time, and ease of operation (Hashimoto et al., 2008), making it an efficient solution for addressing heavy metal pollution in the soil environment (Liu et al., 2019; Luo et al., 2010; Shen et al., 2023; Wu et al., 2023).

As livestock and poultry breeding expands in scale, livestock and poultry manure production continues to rise, whereas untreated livestock leads to increasingly prominent ecological issues (Sabreena et al., 2022). Unplanned and untreated livestock manure usage has significantly contributed to soil pollution, with a relatively low resource utilization rate (Farooq et al., 2024). However, adequately treated and long-term application of livestock and poultry manure can improve soil physical properties, modify soil pH, and transform HMs and soil organic matter (SOM) (Silva-Castro et al., 2022), thereby remediating HM-polluted soil. The analysis of different animal manure composts revealed their potential for immobilizing HMs by examining their basic physical and chemical properties, elemental composition, and structural characteristics (Luo et al., 2022). When livestock and poultry manure compost is applied to Pb-polluted soil, it reduces the Pb (Lead) content by increasing the levels of humus and inorganic elements (Yang et al., 2019). Adding compost leads to a decrease in soil Pb content with increasing compost application rates. After compost addition, the content of Pb in the acid-extractable and reducible states decreases, while Pb shifts towards the oxidizable and stable residue states. This transformation occurs due to several mechanisms. Firstly, organic matter (OM) in the compost, particularly humic substances, can chelate and bind Pb, forming stable organic complexes that limit Pb mobility. Secondly, the increased pH and enhanced availability of phosphates and carbonates from the compost promote the precipitation of Pb as less soluble minerals, such as lead phosphates and carbonates. Additionally, microbial activity stimulated by the organic content of the compost may play a role in the biotransformation of Pb, facilitating its incorporation into more stable, less bioavailable forms (Zhang et al., 2019).

However, several important factors must be considered during the research process. Firstly, it should be noted that the feed additives used in livestock and poultry farming often contain HMs pollutants such as Pb, zinc (Zn), Copper (Cu), and cadmium (Cd). These HM elements can accumulate in livestock and poultry manure. Therefore, the compost derived from such manure needs to undergo appropriate treatment to ensure its safety before being used to remediate HM-contaminated soils (Mohammadpoor-Baltork et al., 2001; Li B. et al., 2022; Zheng et al., 2022). Secondly, it is essential to investigate the underlying mechanisms of animal manure composting, including its impact on changes in soil pH, cation exchange, adsorption, organic complexation, and precipitation with inorganic elements. Understanding these mechanisms will contribute to a comprehensive understanding of the composting process and its effects on soil remediation (Wang et al., 2019; Huang et al., 2022).

The Taojia River, originating from Xianghua Ridge and Thirty-six Bay, is a secondary tributary of the Xiangjiang River. This region is known as the primary concentration area for non-ferrous metal mines in Linwu, with a mining history spanning over 400 years. Due to the direct discharge of waste ballast and tailings from upstream mining activities, the Taojia River has experienced severe sedimentation, and the mining-related tailings and wastewater have caused significant pollution in the river. This study comprised two main parts: First, it examined the influence of sheep manure (SM) and chicken manure (CM) compost on the dynamics of Pb in vegetable fields within the Taojia River Basin. Second, it applied the most effective organic passivation method identified in the first part to study the morphology of Pb, Cd, Zn, and Cu in soil, paddy, and straw within rice fields. Given the HMs pollution in cultivated fields within the Taojia River Basin, this research explored the mechanism and effectiveness of utilizing livestock manure compost as a passivation agent to remediate heavy metal-contaminated soil.

This study hypothesized that both SM and CM manure composts would reduce Pb bioavailability in vegetable soils, with CM compost showing greater efficacy due to its generally higher nutrient content, which supports increased microbial activity and enhanced plant growth, and potentially higher OM content, which facilitates HM binding. Furthermore, it was hypothesized that an optimized compost treatment (identified through the vegetable soil experiments) would minimize HMs accumulation (Pb, Cd, Zn, Cu) in rice paddy and straw, while simultaneously improving soil quality and shifting HMs fractions towards less bioavailable forms. The findings from this study can provide a scientific and theoretical foundation for soil ecological restoration and the implementation of green planting practices in vegetable fields within the Taojia River Basin.




2 Materials and methods



2.1 Study area profile

The research area is situated in the western region of Chenzhou City, Hunan provinvce, China, characterized by a sub-tropical humid monsoon climate. The geographic coordinates of the area range from 112°13’26” to 112°55’46” east longitude and 25°27’15” to 26°13’30” north latitude. The Taojia River, stretching approximately 17.59 kilometers, is a crucial water source for daily activities and production in the surrounding coastal areas. However, the upper reaches of the Taojia River have experienced sporadic and unregulated logging activities related to non-ferrous metal mining. As a result, a substantial amount of mineral waste stones and gravel have accumulated. During periods of flooding, these minerals are carried downstream, leading to the contamination of numerous cultivated soils situated along the river. Consequently, the ecological environment in the surrounding area has suffered significant damage (Figure 1).
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Figure 1 | Location map of the study area (112°13 ‘26 “to 112°55’ 46” east longitude and 25°27 ‘15 “to 26°13’ 30” north latitude).




2.2 Study segments

This study was divided into two segments. The first segment investigated how composting with SM and CM affected the dynamics of Pb in vegetable fields within the Taojia River Basin. In the second segment, we applied the most effective organic passivation method identified in the first part to examine the dynamics of Pb, Cd, Zn, and Cu in soil, paddy, and straw within rice fields. The selection of Pb, Zn, Cu, and Cd as HMs of environmental concern in the Taojia River Basin was based on our previous research findings (Yuan et al., 2022; He et al., 2023; Liu et al., 2024; Zeng et al., 2024). These metals were found to be of particular concern due to their higher concentrations in the affected soils, compared to other heavy metals. This made them a focus for assessing contamination and remediation efforts in the region.

This study employed a dual approach, utilizing both laboratory and field experiments. Vegetable soil, suitable for controlled laboratory settings, was chosen to investigate the mechanistic effects of compost amendments on HM immobilization under aboratory conditions. Complementing this, a field study was conducted using paddy soil, a prevalent soil type in the Taojia River Basin and an area susceptible to HM accumulation, which poses risks to agricultural productivity and food safety. This strategic selection aimed to bridge the gap between controlled experimental findings and real-world agricultural practices. By examining compost efficacy in both idealized laboratory conditions (vegetable soil) and a representative agricultural setting (paddy soil), the research sought a comprehensive understanding of its potential for HM remediation.




2.3 Experimental material and design for segment one

The SM and CM composts used in Segment One were sourced from the Shijiazhuang Biofertilizer Engineering and Technology Research Center products. The composting process involved three main stages: compost fermentation, manure storage tank fermentation, and biogas fermentation. We utilized fermented compost obtained from separately composting CM and SM with hay. During the fermentation process, the compost was regularly turned to ensure complete fermentation, and the temperature was maintained at 45°C for 15–30 days.



2.3.1 Research design and methods for segment one

The experiment consisted of three groups: SM compost, CM compost, and a control group. Three different concentrations (2%, 5%, and 10%) were established within each group. The pH value, total nitrogen content (TN), total phosphorus content (TP), and OM of the two composts are presented in Supplementary Table S1. The experiment followed a sequence of steps. Initially, 500g of air-dried contaminated soil samples sourced from the vegetable field were meticulously weighed and placed into clean 1-liter plastic containers. Each experimental group consisted of 21 samples. Subsequently, the relevant compost for each experimental group was introduced to the soil samples, followed by thorough mixing.

To maintain the desired moisture level, water was carefully added to each sample until it reached and maintained a range of 60-70% of the field’s water-holding capacity. These prepared samples were then subjected to incubation at a constant temperature of 25 ± 2°C, and this condition was upheld for 15 days. The moisture levels were regularly monitored and adjusted throughout the incubation period by supplying additional water as needed, with adjustments made every other day. Each treatment was replicated three times. After the 15-day incubation period, multiple samples were combined and meticulously mixed to create a new composite sample for further analysis.




2.3.2 Chemical analysis

The soil pH value, diethylenetriamine pentaacetic acid (DTPA)-extractable Pb (available Pb), total nitrogen content (TN), soil organic matter content (SOM), and total phosphorus content (TP) were analyzed using standardized methods. All analyses were performed in triplicate using and standard reference materials.

Soil pH was measured potentiometrically using the glass electrode method (Weaver and Wuensch, 2013). A 1:2.5 (w/v) soil-to-deionized water suspension was prepared, stirred for 30 minutes, and allowed to equilibrate for 1 hour before measurement using a calibrated pH meter. TN content was determined via the Kjeldahl nitrogen method (Thilakarathna and Raizada, 2018). Soil samples were digested with concentrated sulfuric acid (H2SO4) in the presence of a copper sulfate (CuSO4) catalyst. The liberated ammonia was distilled, trapped in boric acid (H3BO3), and quantified by titration with 0.01M HCl. SOM content was measured using the potassium dichromate (K2Cr2O7) oxidation method (Yuan et al., 2022). Briefly, 0.5g of soil was oxidized with 10mL of 0.5M K2Cr2O7 in concentrated H2SO4. The residual dichromate was titrated with 0.5M ferrous ammonium sulfate (FAS) using diphenylamine as an indicator. TP content was determined using the HClO4-H2SO4 digestion method (Saha et al., 2021). Soil samples (0.25g) were digested with a 3:1 mixture of H2SO4 and HClO4 at 350°C until a clear digestate was obtained. Phosphorus in the digestate was quantified colorimetrically at 880nm using the molybdenum blue method.

Available Pb was extracted using the DTPA method (Lindsay and Norvell, 1978). Air-dried soil (5.0g, ≤2mm) was mixed with 25mL of 0.005M DTPA extractant (pH 7.3) in a 100mL centrifuge tube. The suspension was shaken at 180 rpm for 2 hours on a reciprocating shaker, centrifuged at 4000×g for 10 minutes, and filtered through a 0.45μm membrane. Filtrate Pb concentrations were measured using flame atomic absorption spectrometry (FAAS, AA-3600F, Shanghai) at 283.3nm. Calibration standards (0–10 mg/L) and blanks were included, with recoveries of 92–105% for CRM GBW07401 (China National Standard Soil).





2.4 Experimental material and design for segment two

In the second phase of the study, two distinct treatments were implemented. In the first treatment, 10% CM compost, selected as the most effective passivator from the first segment, was incorporated into the soil—the other treatment served as a control, with no compost added. Two 20 x 20 square meter plots were prepared for this phase, and rice was cultivated in both and taken care of as per guidelines.



2.4.1 Sample collection

Once the rice had reached maturity, removing stones, fallen leaves, and other debris from the soil surface was conducted. A portion of the soil sample was extracted using the point-centered quarter method. Sampling of the surface layer of soil (0-10 cm) took place at a total of 28 points, with the selection of 4-8 small square soil samples at each site, yielding an average of approximately 6-8 kg of soil collected per location. These soil samples were transported to the laboratory for subsequent analysis. Concurrently, rice and straw samples were also collected—these sample points corresponded to the soil sample points.




2.4.2 Sample preparation

Before the chemical analysis, soil samples were air-dried and sieved through a 0.15 mm sieve. Rice and straw samples were oven-dried at 75°C for 48 h and processed by grinding them through a 100-mesh nylon sieve before being placed in plastic bags for preservation. These preserved soil samples were subsequently utilized to analyze soil pH, SOM, TN, TP, and HM morphology, namely Pb, zinc (Zn), cadmium (Cd), and copper (Cu). The resulting paddy and straw material were also used to analyze HMs morphology.




2.4.3 Chemical analysis

The soil pH value, available state of Pb, TN, SOM, and TP contents of the soil samples were determined using specific methods mentioned in Segment One. Soil samples were placed on a hot plate, heated in a fume hood at low temperatures to micro-boiling (progressively heated to 140-160°C for about 60 min), and digested in aqua regia [HNO3: HCl (v/v) = 1:3] in preparation for analyzing HMs (Cu, Zn, Cd, and Pb) in the soil. For analyses of paddy and straw, digestion was performed with aqua regia [HNO3: HCl (v/v) = 1:4] on a hotplate at low temperature (80°C) for 30 min, then at high temperature (150°C) for 30 min, and finally again at high temperature (240°C-260°C, depending on the element to be determined).





2.5 Methods for heavy metal fractionation

The concentration of HM in the digested solution was determined by inductively coupled plasma mass spectrometry (ICP-MS) (HJ 803—2016). To assess the distribution of HMs among different chemical fractions, we employed a sequential extraction procedure based on the method established by Tessier et al. (1979). This method involves several steps: the exchangeable fraction was extracted using 1 M magnesium chloride (MgCl2), which targeted easily soluble metals; the carbonate-bound fraction was obtained with 1 M sodium acetate (NaOAc) at pH 5, allowing the identification of metals associated with carbonates; the iron and manganese oxides-bound fraction was extracted using 0.04 M hydrochloric acid (HCl), which released metals associated with these oxides; the organic matter-bound fraction was extracted using hydrogen peroxide (H2O2) followed by ammonium acetate (NH4OAc) at pH 4.5, which helps to determine metals bound to organic matter; and finally, the residual fraction was assessed by mineralizing the remaining residue with a mixture of nitric acid (HNO3) and hydrochloric acid (HCl). This comprehensive sequential extraction approach provides valuable insights into the mobility and bioavailability of heavy metals in the soil matrix (Tessier et al., 1979).




2.6 Statistical analysis

A one-way analysis of variance (ANOVA) was conducted at a 5% significance level to assess differences in descriptive statistics across compost treatments and their application rates (Hicks et al., 2022). Data were expressed as mean ± standard deviation (SD), and significant differences were evaluated using Tukey’s HSD post hoc test. Relationships between parameters were analyzed via Pearson correlation and visualized using hi-plots. Statistical analyses were performed with IBM SPSS Statistics (Version 21.0; IBM Corp., Armonk, NY, USA), while figures were generated using OriginPro software. In some cases, negative values for metal concentrations appeared in the results. These did not represent actual negative concentrations but instead reflected measurements below the detection limit of the analytical instruments, likely attributable to instrumental noise. Consequently, such values were interpreted as non-detectable concentrations (below the method’s detection threshold). While these values did not influence the overall trends or conclusions of the study, they were retained to ensure full transparency in data reporting—a standard practice in environmental research where trace metal levels may fall below reliable quantification limits.





3 Results



3.1 Soil chemical properties in vegetable-growing soils

The addition of SM compost increased soil pH, with the magnitude of the rise demonstrating a direct proportionality to the quantity applied. However, no significant difference in pH elevation was observed between the 2% and 5% SM treatments. CM compost also enhanced soil pH substantially, though the extent of improvement did not correlate proportionally with the application rate (Table 1). Overall, composted manure amendments resulted in a modest pH increase, maintaining the soil under slightly alkaline conditions.

Table 1 | Concentration-dependent impacts of two manure composts on soil pH, organic matter, total nitrogen and total phosphorus content.


[image: Table comparing soil pH, organic matter, total nitrogen, and total phosphorus at various compost rates. Rates include 2%, 5%, and 10% for sheep manure, chicken manure, and a control. Mean and standard deviation values are provided. Significant differences are indicated by lowercase for the same compost concentration and uppercase for different compost types.]
SOM increased more markedly with CM compost than with SM compost. Additions of 2%, 5%, and 10% CM compost yielded SOM values of 0.660 g/kg, 0.606 g/kg, and 0.623 g/kg, respectively, whereas SM compost applications produced lower SOM levels of 0.495 g/kg, 0.421 g/kg, and 0.414 g/kg at equivalent rates (Table 1). TN content rose significantly to 0.172 g/kg in soil treated with 2% SM compost. However, increasing the SM compost rate to 5% did not induce further TN changes; a notable increase to 0.210 g/kg occurred only at the 10% application rate. In contrast, TN levels in CM compost-amended soils exhibited a dose-dependent proportionality (Table 1). TP content showed a substantial and linear increase in soils amended with SM compost, corresponding to the application rate. Conversely, CM compost additions did not significantly elevate soil TP content (Table 1).




3.2 DTPA-extractable Pb levels in vegetable-growing soils

At a 2% SM compost application rate, the soil’s DTPA-extractable Pb content reached 14.345 mg/kg. However, increasing the SM compost rate to 5% reduced the DTPA-extractable Pb content to 11.877 mg/kg. A further increase to 10% SM compost elevated the soil’s DTPA-extractable Pb content to 14.006 mg/kg. In contrast, the addition of 2% CM compost resulted in DTPA-extractable Pb content of 19.235 mg/kg. Beyond this rate, increasing the CM compost quantity produced a proportional decline in DTPA-extractable Pb levels. The highest passivation efficiency was achieved at a 10% CM compost rate, yielding an DTPA-extractable Pb content of 11.561 mg/kg (Figure 2a).

[image: Graph (a) shows effective lead content in milligrams per kilogram across different treatment concentrations (2%, 5%, 10%) for CK, SM, and CM, with error bars and labeled significance. Graphs (b) and (c) are correlation matrices with circular markers and color scales indicating different variable relationships, such as SM, TN, Pb, pH, TP, and OM, with a gradient from -1 to 1.]
Figure 2 | (a) Effects of two types of organic manure composts on soil DTPA-extractable lead (DTPA-Pb) content in a vegetable field. Different letters denote significant differences (p < 0.05). Lowercase letters indicate significant differences among different concentrations of the same compost, while uppercase letters indicate significant differences between the same concentrations of different compost types. (b) Pearson correlation between soil physical and chemical properties and DTPA-Pb content after the addition of sheep manure compost. (c) Pearson correlation between soil physical and chemical properties and DTPA-Pb content after the addition of chicken manure compost. In the correlation diagrams, darker colors and larger circles indicate stronger correlations; brown hues represent p-values closer to -1 (indicating a negative correlation), while green hues represent p-values closer to 1 (indicating a positive correlation).




3.3 Relationship of soil properties with DTPA-extractable Pb in vegetable-growing soils

The relationship between soil pH levels and DTPA-extractable Pb demonstrated a weak correlation, suggesting that pH was not the primary driver of Pb activity. However, the introduction of SM compost revealed significant positive correlations between compost application and SOM (p < 0.05) and TP content (p < 0.05) (Figure 2b). Similarly, CM compost addition showed a significant positive correlation with SOM (p < 0.05). Additionally, a dose-dependent relationship emerged between the soil’s available Pb content and the compost application rate (p < 0.05) (Figure 2c).




3.4 Effects of 10% cattle manure compost on soil properties in rice fields

Figure 3 demonstrated that the soil pH (7.10 ± 0.05) in the 10% CM compost treatment was significantly higher than that in the control (6.71 ± 0.07). No significant differences were observed in SOM between the two treatments. Soil TN content was marginally elevated under the 10% CM application, while soil TP content increased significantly in the 10% CM compost treatment compared to the control.

[image: Graphs comparing organic and control treatments on various soil parameters and heavy metal content. Top row shows line charts for pH, SOM, TN, and TP values, indicating higher values under organic treatment. Bottom row shows bar graphs for heavy metals in soil, paddy, and straw, with organic treatment leading to higher Zn and lower Pb content. Each graph includes a significance level of p<0.05.]
Figure 3 | Comparison of soil physicochemical properties and heavy metal (Zn, Pb, Cu, and Cd) concentrations in soil, paddy, and straw under 10% chicken manure and control treatments in rice fields.




3.5 Effects of 10% cattle manure compost on heavy metal content in soil, paddy and straw

The comprehensive analysis of all HMs revealed that their levels were significantly elevated (p < 0.05) in soil treated with 10% CM compost compared to control group (Figure 3). In the paddy, a similar trend was observed for Zn and Cu, as their concentrations increased in parallel with their levels in the soil. In contrast, Pb and Cd concentrations in the paddy showed a more pronounced decrease under 10% CM compost treatment.

In the straw, Zn and Cu concentrations were notably higher following 10% CM compost application, whereas Pb and Cd levels exhibited a significant decline compared to the control group. Regarding the different forms of HMs in soil, paddy, and straw, Figure 4 presents their respective distribution percentages across various fractions, including the exchangeable, carbonate-bound, Fe-Mn oxides-bound, organic matter-bound, and residual states. The total contents of these HM fractions after 10% CM compost treatment and in untreated conditions are shown in Figures 5 and 6, respectively.

[image: Five bar charts display the distribution of heavy metal states (Zn, Pb, Cu, Cd) under different conditions: soil with and without organic amendment, paddy with and without organic amendment, and straw without organic amendment. The states are color-coded into exchangeable, bound to carbonates, Fe-Mn oxides, organic matter, and residue. Percentages vary across each condition, indicating different heavy metal stabilization levels.]
Figure 4 | Percentage distribution and variations of heavy metal (Zn, Pb, Cu, and Cd) concentrations in soil, paddy, and straw under 10% chicken manure and control treatments in rice fields.

[image: Bar charts displaying the concentration of metals (Zn, Pb, Cu, Cd) in soil, rice, and straw across five categories: exchangeable, bound to carbonates, bound to Fe-Mn oxides, bound to organic matter, and residue state. Each chart compares the concentration levels, showing significant differences between the materials and forms, with soil generally having higher concentrations.]
Figure 5 | Concentrations of different states of heavy metals (Zn, Pb, Cu, and Cd) in soil, paddy, and straw after treatment with 10% chicken manure compost in rice fields.

[image: Five bar charts display concentrations of Zn, Pb, Cu, and Cd in soil, rice, and straw across different chemical states: Exchangeable, Bound to carbonates, Bound to Fe-Mn oxides, Bound to organic matter, and Residue state. Each panel shows varying levels of metals, with notable highlights including high Zn in straw in Bound to carbonates and high Zn in soil in Residue state. Other metals display lower concentrations, and negative values appear predominantly in the exchangeable state for Cd in rice.]
Figure 6 | Concentrations of different states of heavy metals (Zn, Pb, Cu, and Cd) soil, paddy, and straw without any treatment (control) in rice fields.




3.6 Relationship among different states of heavy metals in soil, paddy and straw

Figure 7a showed the correlation among different states of HMs across different HMs and treatments. Except for the exchangeable state (p > 0.05), all other states of HMs exhibited statistically significant positive correlations with each other. Soil, paddy, and straw correlations were examined for a more in-depth analysis, as shown in Figure 7a. In soil, different states of HMs displayed positive correlations. However, in the case of straw, no clear correlation pattern was observed. Conversely, in paddy, a significant relationship was noted between various states of HMs, except for the exchangeable state and the residue state, which did not exhibit a significant correlation (Figure 7b).

[image: Matrix showing correlations of heavy metal content in soil, paddy, and straw. Red circles indicate positive correlations, and blue circles indicate negative correlations, with the size and color intensity of circles representing correlation strength. Green asterisks mark significant correlations.]
Figure 7 | Correlation among different states of heavy metals across all the heavy metals in soil, paddy and straw. Significance levels are indicated by ,* , ** and *** for p < 0.05, p < 0.01, and p < 0.001, respectively.




3.7 Relationship between soil properties and heavy metals in soil, paddy and straw

In Figure 8a, we can observe the correlations among the total content of HMs in soil, paddy, and straw and their relationships with various soil properties for the 10% CM and CK treatments. Regarding soil properties, the soil pH showed significant correlations with Zn, Cu, and Cd content, while soil TP was associated with Cu and Cd. Notably, Zn exhibited a strong association with both Cu and Cd. Additionally, a robust relationship was found between Cu and Cd.

[image: Heatmap and bubble chart illustrating correlations among soil properties and heavy metals (Zn, Pb, Cu, Cd) in soil, paddy, and straw. The heatmap (panel a) uses a color gradient from blue (negative correlation) to red (positive correlation), with significant correlations marked by asterisks. The bubble chart (panel b) presents the correlation magnitude as bubble size. The scale bar indicates correlation values from -1 to 1.]
Figure 8 | (a) Heavy metal interactions (Zn, Pb, Cu, Cd) in soil-paddy-straw systems and their linkages to soil physicochemical parameters, and (b) interdependence of soil properties (pH, SOM, TN, TP) in organic-amended and control rice fields. SOM, Soil Organic Matter; TN, Total Nitrogen; TP, Total Phosphorus. Significance levels are indicated by ,* , ** and *** for p < 0.05, p < 0.01, and p < 0.001, respectively.

Concerning paddy, soil pH and TP were linked to Pb and Cu content, with Pb demonstrating a robust correlation with Cu. Likewise, there was a strong relationship between Cu and Cd. Regarding straw, soil pH and TP were associated with Zn and Cu content and soil pH was associated with Cd. Zn exhibited correlations with both Cu and Cd. It’s important to note that any relationships not mentioned were found to be statistically insignificant. Figure 8b presents the correlations among soil properties for the 10% CM and CK treatments. Except for the significant association between soil pH and soil TP, all other connections between soil properties were non-significant (p > 0.05).





4 Discussion



4.1 Effects of SM and CM composting on DTPA available-Pb in the vegetable soil

Remediating soil HM pollution through livestock manure compost involves both direct and indirect mechanisms (Xiao et al., 2020). Direct mechanisms include HM passivation through complexation, adsorption, precipitation, and redox reactions within the soil. Indirectly, CM compost alters key soil properties such as pH, OM, TN, and TP content. After a 15-day greenhouse culture, the available Pb content in the untreated vegateble soil sample was 8.062 mg/kg. However, upon adding the two types of compost, the available Pb content in the soil increased. During the greenhouse culture period, microbial activity within the soil samples played a multifaceted role in influencing HMs. Microbial processes such as enzymatic catalysis (Saha et al., 2021), adsorption, dissolution, and redox reactions (Bai et al., 2020; García-Carmona et al., 2017; Jacob et al., 2018) contributed to these changes. Additionally, microorganisms produced various organic acids, including formic acid, butyric acid, citric acid, malic acid, and lactic acid, which facilitated HM dissolution and complex formation with HM elements in the soil (Manikandan et al., 2023).

Moreover, microbial enzymes enhanced HM solubility by reducing metal oxides (Ayangbenro and Babalola, 2017). These mechanisms contributed to the observed increase in available Pb content following compost application (Silva et al., 2005; Gaur et al., 2021). However, when compost addition exceeded a critical threshold, the available Pb content began to decline. Our results indicated that adding 10% CM compost reduced available Pb by 58.09% compared to adding 2% CM compost. This reduction could be attributed to multiple mechanisms: an increase in OM enhanced cation-exchange capacity, promoting greater Pb ion binding. Additionally, organic compounds in compost formed stable Pb complexes, reducing solubility and mobility. Compost also stimulated microbial activity, leading to biosorption and Pb precipitation. Furthermore, changes in soil pH due to compost addition likely facilitated Pb precipitation into less soluble forms.

These findings suggest that adjusting the dosage of SM and CM compost, while considering soil physicochemical properties, can aid in mitigating and remediating Pb contamination. The application of organic manure compost to Pb-contaminated soil influenced HM dynamics through microbial processes, including enzymatic catalysis, which enhanced HM solubility. Consequently, fixed Pb in the soil was released, increasing available Pb content. In cases where small amounts of SM and CM compost were added, residual Pb partially dissolved from the soil. However, as compost addition increased, Pb transitioned from extractable and reducible states to a more stable residual state, leading to an increase in oxidizable and available Pb content. Livestock and poultry manure compost not only enriched the soil with humus and inorganic elements but also facilitated Pb complexation and precipitation, ultimately reducing its bioavailable concentration.

The addition of SM and CM compost significantly increased SOM content compared to the control, with the extent of increase correlating with compost dosage. SOM plays a key role in enhancing organic adsorption and chelation intensity, promoting HM precipitation and reducing their bioavailability (He et al., 2022). This transformation resulted in more HM elements forming insoluble complexes (Liu et al., 2018). The SM and CM composts used in this study contained varying SOM compositions, combined with inorganic compounds capable of forming mineral precipitates and binding HMs. These interactions effectively immobilized HMs in the soil, further limiting their bioavailability. Moreover, both composts exhibited minimal effects on soil pH, and the correlation between pH and DTPA-Pb was weak. This suggests that under weak alkaline conditions, soil pH plays a limited role in controlling available Pb content and is not the primary influencing factor (Farrell and Jones, 2009).




4.2 Effect of 10% CM on the soil biochemical traits in the rice field

Soil pH serves as a crucial indicator of the soil’s acidity or alkalinity. Where as SOM is a significant parameter in assessing land fertility, as it plays a pivotal role in supplying essential nutrients required for plant growth and development (Taskin et al., 2021). The introduction of a 10% CM led to a 5.7% increase in soil pH compared to the control group, demonstrating the effectiveness of this amendment. Interestingly, the addition of 10% CM compost did not result in any substantial difference in SOM compared to the control group.

TN and TP are vital nutrients for plant growth, and assessing their total quantities in the soil provided valuable insights into the soil’s nutrient supply capacity for fertilization (Francioli et al., 2016). The incorporation of CM compost significantly enhanced the N and P content in the soil. Compared to the control group, soil treated with 10% CM exhibited a notable 15.7% increase in TN and a substantial 30.6% boost in TP. This pattern aligned with the findings of Bożym and Siemiątkowski (2018), where the application of CM compost similarly resulted in a significant rise in soil pH. This effect was attributed to the alkaline nature of CM compost, which had a relatively high pH value and was applied in substantial quantities.

Notably, in China, the primary source of soil pollution in agricultural fields stemmed from inorganic fertilizers. While these fertilizers were essential for enhancing crop yields, they often led to the accumulation of harmful HMs and other toxic substances in the soil (Dong et al., 2021). Additionally, the unselective application of inorganic fertilizers altered soil pH and microbial activity, further exacerbating soil degradation (Saha et al., 2018). However, compost proved effective in mitigating HM contamination in soils, offering a sustainable alternative to the excessive use of inorganic fertilizers. A comparison of these results with those of other studies highlighted the gradual release of plant nutrients into the soil through the biodegradation of animal manure, suggesting that increasing the proportion of manure could enhance various soil quality attributes (Zhang et al., 2019; Iqbal et al., 2022).




4.3 Effect of 10% CM on heavy metals in rice field

High manure application rates consistently led to increased soil levels of HMs, namely Zn, Pb, Cu, and Cd. This trend aligned with the findings of previous studies (Kebrom et al., 2019). Following the addition of the 10% CM, the HM content, particularly Zn and Pb was notably higher in soil treated with CM than in the control group. The gap between Zn and Pb was particularly pronounced, indicating a significant accumulation of these HMs. Variations in the spatial distribution of HMs and dust deposition may have contributed to differences in soil HM content (Zhao et al., 2021).

HMs existed in various forms, each with distinct environmental behaviors and levels of toxicity. Among these forms, the exchangeable and carbonate-bound states exhibited high mobility and enhanced bioavailability, as highlighted by Zhang et al. (2018). Conversely, the iron-manganese oxide-bound state and the organic matter- and sulfide-bound state were relatively stable, with reduced bioavailability compared to the weak acid state, which represented a biologically potentially available form. When HMs were in the residue state, they demonstrated high stability and generally posed minimal risks to organisms and the environment, as their impact was usually insignificant.

Figures 4, 5, and 6 illustrated the distribution of HM forms in the soil. Notably, Cu and Cd predominantly existed in the residue state, with Cu having the highest proportion, followed by Cd, Zn, and Pb. Conversely, Zn, Cu, and Cd primarily existed in the less favorable exchangeable form. Pb had the highest proportion among these four HMs in its exchangeable form. It was imperative to take timely measures to prevent the migration of Pb to crops, as doing so could help mitigate crop pollution (Jiang et al., 2022).

In this study, the addition of CM compost resulted in increased HM levels in the straw and paddy compared to the pre-compost application period. This increase may have been due to the nutrient-rich composition of CM compost, which enhanced overall plant growth and, consequently, facilitated greater uptake of HMs by plant tissues (Zhang et al., 2019). However, the exchangeable state of Zn, Pb, and Cu in the paddy decreased following compost application. This reduction was likely due to the binding of these HMs to organic matter in the compost, leading to the formation of stable complexes that rendered them less bioavailable.

Furthermore, the total contents of Pb and Cd in rice and straw declined, while Zn and Cu increased. The decreased levels suggested effective immobilization facilitated by the organic components of CM compost, which enhanced the retention of these HMs in less soluble forms (Saha et al., 2018). In contrast, the increased levels of Zn and Cu may have indicated improved nutrient availability due to compost application or a synergistic effect that enhanced the absorption of these HMs (Zhao et al., 2021). Correlation analysis revealed significant associations (p < 0.05) between paddy soil pH, TP, and Pb and Cd levels. These findings suggested that composting primarily reduced the accumulation of Cd and Pb in rice seeds and straw by elevating soil pH and TP, which aligned with (He et al., 2022).

Additionally, the application of CM compost notably increased the exchangeable Pb fraction in the soil but had a limited effect on Pb accumulation in rice grains. Therefore, CM compost could serve as a valuable soil amendment for enhancing soil fertility and reducing Cd and Pb accumulation in paddy fields (Tang et al., 2021). However, the potential risk of metal accumulation in the soil due to the repeated application of chicken manure compost should be carefully considered. Moreover, while straw return to the field is generally recognized as beneficial for soil enrichment (Glithero et al., 2013), it could also exacerbate the accumulation of HMs. In this rice-growing region, returning straw to the field should not be done uncritically. Given the enrichment of Zn and Cu in the straw, proper treatment of the straw was essential to prevent secondary pollution.





5 Conclusions

The application of SM and CM compost enhances soil fertility and mitigates HM contamination in arable soils, though their efficacy varies. CM compost demonstrated optimal Pb passivation at a 10% application rate, achieving the lowest DTPA-Pb content, while SM exhibited a practical threshold at 5% dosage, reducing Pb to 11.877 mg/kg before rebound at higher concentrations. CM compost outperformed SM in Pb immobilization, aligning with its superior enhancement of SOM and TP content, critical for long-term soil health. Both composts increased soil pH to mildly alkaline levels. In rice fields, 10% CM reduced Cd and Pb translocation to paddy and straw but elevated Zn and copper Cu concentrations, underscoring its dual role in risk mitigation and bioaccumulation potential. Correlation analyses confirmed compost dosage strongly influenced SOM accumulation, TP availability, and Pb immobilization, though soil pH had limited direct impact on HM activity. Despite these benefits, the long-term implications of Zn/Cu accumulation and HM speciation shifts (e.g., Fe-Mn oxide and organic-bound states) necessitate further study to ensure sustainable soil management. These insights provide actionable strategies for policymakers and farmers to balance soil remediation, crop safety, and ecological resilience in HM-contaminated agroecosystems. This approach not only reduces environmental risks but also enhances food safety, fostering interdisciplinary collaboration and supporting sustainable agricultural development. The present study did not include continuous manure compost application in either field or laboratory settings. Our research focused on assessing the immediate effects; however, we recognize that continuous application is crucial for understanding the long-term impacts and sustainability of manure compost use and should be investigated in future research.
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Analyzing the spatial and temporal patterns in rice production and trade in the southwestern region of China and the main rice-producing countries of Southeast Asia provides a reference for trade development and food security. The study aims to analyze the production costs and rice import and export volumes between Southwest China and the main rice-producing countries in Southeast Asia. For the current study, rice sown area, yield, production, and import/export data were collected for 1978-2021 based on the FAO statistical database. Comparative analyses of the planted area, unit area production, total production, import and export, market share, trade potential, and trade competency of rice in China’s southwestern region and the major rice-producing countries in Southeast Asia were performed. The study revealed that rice cultivated area and total production in the major rice-producing countries of Southeast Asia generally increased from 1978 to 2021, with Indonesia, Vietnam, and Thailand being among the top three major rice-producing countries in Southeast Asia since 1978. Cambodia’s area under rice cultivation has increased significantly, with its total rice production reaching from 1 million tonnes in 1978 to 11.41 million tonnes in 2021. The import of rice in the southwestern region of China is increasing, and the volume of rice trade in 1978 was nearly 12 times higher than that in 2021. In addition, Thailand and Vietnam are the major rice exporting countries, accounting for 53.49% and 35.10% of the rice export volume, and they can be used as potential countries for future rice trade with the southwestern region of China. In conclusion, increasing agricultural inputs to ensure regional food security, deepening rice industry chain reform, expanding the rice trade market in Southeast Asia, and establishing a high-standard free trade zone to smooth regional trade in rice can strengthen trade exchanges and foster new trade growth.
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1 Introduction

Considering the fertility rate, the global population is projected to increase by 10% in 2030 and reach 8.5 billion, 26% in 2050 and 9.7 billion, and 42% in 2100 and 10.9 billion, respectively. It can also cross 17 billion in 2100 if these fertility and mortality rates remain constant (Bin Rahman and Zhang, 2023). The increase in population comes with major threats including resource repletion (Ganivet, 2020), food security, environmental degradation (Ukaogo et al., 2020), and economic constrains (Bloom and Canning, 2006). Food security is a major concern for all countries worldwide in order to eliminate poverty. According to the World Food Summit of 1996, food security is achieved when all people have enough, safe, and nutritious food at all times to live an active and healthy life (Bandumula, 2018). Rice is an important food crop because almost half the global population consumes it daily, and it is considered a staple food. In addition, it supplies about 20% of the dietary energy of the world, followed by wheat (19%) and maize (5%) (Bin Rahman and Zhang, 2023).

Ensuring food security and enhancing agricultural productivity is the major challenge for the global economy, but rapid climate change and associated abiotic factors, including drought, rainfall, flooding, and temperature fluctuations, have adversely affected rice production. Climate change is affecting the agricultural productivity specifically in southeast Asia and western Asia (Ozdemir, 2022). During the next century, it is estimated that rice production will be reduced by 51% due to global climate change (Hussain et al., 2020) because crop production declines due to increased heat stress, reduced photosynthetic capacity, increased rice water requirements, and improved respiratory processes (Pickson et al., 2022).

Asia is the dominant global rice supplier, producing about 90% of the rice, and it is an equally important food crop for Asia and the world. In East and Southeast Asia, rice production was 418.56 million tonnes, covering 55.4% of global rice production in 2019 (Lin et al., 2022). Moreover, China is the largest rice-producing country, with 28% of the global rice production and a prime source of nutrition for nearly 65% of the Chinese population (Pickson et al., 2022). Southeast Asia has increased rice production over the last 50 years by enhancing rice yield and cropping intensity. In addition, the limited scope for main rice-producing countries like China and India to produce surplus rice and the continuous increase in rice trade has enhanced the opportunity for Southeast Asia to contribute to the global rice supply (Yuan et al., 2022).

Furthermore, the land per capita is 50% less than the world average, and the available water per person is one-third of China’s population because the country has limited resources to feed its vast population. In addition, extended urbanization and industrialization have also led to huge stress on agriculture (Zhan, 2022). It has also been projected that China’s water (50.5%) and land (10.5%) resources will be saved in 2030 (in comparison with 2015) with the increasing food imports in China (Huang et al., 2017). Asian countries such as India, Vietnam, and Thailand dominate the global rice trade; to understand the global market and rice production and consumption patterns for food security, it is crucial to study these countries (Yuan et al., 2022).

China introduced the One Belt and One Road (OBOR) policy to promote global economic integration, reduce trade costs, build an image as a global power, ensure peaceful orientation, and achieve sustainable development goals (Bashir et al., 2021). In addition, China has also made efforts to improve its relationship with Southeast Asia through The Belt and Road Initiative (BRI), which has built stable and friendly relations and promoted good economic partnership (Gong, 2019).

This paper aims to analyze the latest data collected on production costs, trade prices, and import and export volumes of rice between China and the main rice-producing countries in Southeast Asia. A comprehensive evaluation of the development trend of cooperation in rice trade in the international market and a specific analysis of its impact factors. Finally, we propose measures and methods to develop rice trade between Southwest China and Southeast Asia to improve rice’s trade and cooperation capacity in Southwest China. At the same time, combining the economic environment of domestic and foreign rice production and trade in Southwest China and Southeast Asia, analyzing the current situation of rice’s international competitiveness and the factors affecting its global competitiveness is of great practical significance for the development of agriculture in China and Southeast Asia, as well as for the long-term economic development of the inter-regional area. In addition, the spatial and temporal characteristics of rice production and evaluating the current level of rice production, supply, and demand has not been reported yet. Accurately predict the future rice industry and trade trends and provide theoretical support for the construction of policy guidance recommendations for developing the rice industry in China and future trade cooperation with Southeast Asian rice-producing countries. The objectives of the study are to (1) identify trade trends between Southwest China and major rice-producing countries in Southeast Asia (2) assess the major factors on rice production and trade, and (3) make recommendations to improve trade policies, and regional cooperation to ensure food security and economic stability.




2 Data sources and research methods



2.1 Overview of the research area

The southwest region of China mainly consists of three provinces: Sichuan, Guizhou, Yunnan, Chongqing (a direct-administered municipality), and Tibet (an autonomous region) - a total area of 2,340,600 km2, comprising 24.5% of China’s total land. The regional geographic location is between 97°21′E and 110°11′E, 21°08′N and 33°41′N, neighboring Myanmar, Laos and Vietnam.

The major rice-producing countries in Southeast Asia include Malaysia, Myanmar, the Philippines, Thailand, Indonesia, Vietnam, Cambodia, and Laos (Figure 1). The regional geographic location is 92°E to 140°E, 10°S to 28°26′N. Myanmar, Laos, Thailand, Vietnam, and Cambodia are located in the Central and Southern Peninsula, with a terrain characterized by mountains and rivers, a longitudinal distribution, a high terrain in the north and a low terrain in the south, and a predominantly tropical monsoon climate, with an abundance of annual precipitation, an evident drought and rainy seasons, and high temperatures throughout the year with an average annual temperature of more than 20°C. Indonesia, Malaysia, and the Philippines are in the Malay Archipelago region, with rugged, mountainous terrain and tropical rainforest climate, high temperatures and heavy rainfall throughout the year, and an average annual temperature of around 28°C.

[image: Map of Southeast Asia highlighting geographic regions. China borders are outlined in red, Southeast China in yellow, and eight Southeast Asian countries in green. Countries labeled include Myanmar, Vietnam, Laos, Thailand, Cambodia, Malaysia, Indonesia, and the Philippines. Compass and scale included.]
Figure 1 | Distribution map of the main rice-producing countries in Southwest China and Southeast Asia.




2.2 Data sources

The southwestern part of China and the main rice-producing countries in Southeast Asia were selected for this study. The main statistics were obtained from the China Statistical Yearbook (https://www.yearbookchina.com/navisearch-2-0-0-1-china-0.html) and the Food and Agriculture Organization of the United Nations (FAO) statistical database FAOSTAT (http://www.fao.org/faostat/en/), focusing on the data on rice production and imports and exports between the major Southeast Asian countries and the southwestern region of China from 1978 to 2021. In 1978, when China was in the early stages of reform and opening, rice production developed rapidly. Data on trade in agricultural products between China’s southwestern region and the main rice-producing countries in Southeast Asia were obtained from the United Nations COMTRADE trade database, including trade data for 2011-2021. The import and export volumes and values of the relevant regions and countries for 2011-2021 were also collected. The data were selected from 2011 onwards, mainly because the main rice-producing countries in Southeast Asia, such as Laos, Cambodia, and the Philippines, had missing data on rice trade prior to 2011, making it impossible to compare them with other main rice-producing countries in Southeast Asia. Therefore, the data have been selected from 2011 onwards. Data on GDP was collected from the World Bank database. Data on proximity to the country and geographic distance was collected from the CEPII GeoDist database.




2.3 Research methods



2.3.1 Linear model

Changing patterns of total rice production and planted area over time in Southwest China and Southeast Asian rice-producing countries from 1978 to 2021 were analyzed by one-dimensional linear regression models. The formula is as follows (Equation 1) (Chen et al., 2012; Al Mamun et al., 2021):

[image: Linear equation depicting a relationship between variables, represented as \( y = a + bx \), where \( y \) is the dependent variable, \( x \) is the independent variable, \( a \) is the y-intercept, and \( b \) is the slope. The equation is labeled as equation (1).] 

Where [image: The image contains the uppercase letter Y with a subscript i, likely representing a variable in mathematical notation.]  denotes the cultivated area (yield, total production) of the ith region, x is the year, a is a constant term, and b represents the coefficient of the cultivated area of rice concerning the year. The Pearson linear model was used to check the significance of rice cultivated area and year.




2.3.2 Rate of contribution to production

This indicator reflects the dominant factors affecting rice yield, with the main influencing factors including the contribution of yields, the contribution of area, and the interaction between the two in three aspects. The formula for calculating the yield contribution of rice is as follows (Equation 2–4):

[image: Mathematical formula labeled as equation two: \( RA_{ij} = (A_j - A_i) \times \frac{Y_i}{P_j - P_i} \).] 

[image: The equation displayed is \( RY_{ij} = (Y_{i} - Y_{r}) \times \frac{A_{i}}{P_{j} - P_{i}} \) and is labeled as Equation (3).] 

[image: Equation showing a formula: RR subscript ij equals RY subscript ij divided by RA subscript ij, labeled as equation 4.] 

where [image: Lowercase letter "i" in grayscale with varying pixel intensity.]  is the beginning year, and [image: Lowercase letter "j" in a serif font on a plain background.]  is the end year, [image: Mathematical expression "RA" with subscripts "i" and "j".]  denotes the contribution rate of the sown area of rice in the time period [image: Lowercase letters "i" and "j" with two umlauts above each letter.] , [image: Mathematical expression of RY subscript i and j.]  denotes the contribution rate of rice yield in the time period [image: The lowercase letters "i" and "j" with umlauts above each.] , [image: Mathematical notation showing the symbol "RR" with subscript "ij".]  denotes the contribution rate of yield. [image: Capital letter A with a subscript lowercase i.]  and [image: Mathematical notation showing the variable "A" with a subscript "j".]  denote the harvested area of rice, [image: Mathematical notation representing the letter Y with a subscript i.]  and [image: The image shows the mathematical notation "Y" with a subscript "j".]  denote rice yield, and [image: Mathematical notation showing the variable \( P_i \), with an italicized letter "P" and a subscript "i".]  and [image: Mathematical notation of a subscripted variable "P" with a subscript "j".]  denote total rice production in time periods [image: Lowercase letter "i" in a serif font, displayed in grayscale on a white background.]  and [image: Lowercase letter 'j' in a simple serif font, slightly blurry or pixelated.] , respectively. Yield contribution rates by type are given in Table 1, which indicates if the index value is below 0.5 it falls under area-led yield contribution, an index value between 0.5 – 2 shows the mutual dominance of area and yield, and an index value greater than 2 indicates yield-led contribution.

Table 1 | Breakdown of yield contribution rates by type.


[image: Table showing the relationship between yield contribution index and type of yield contribution. For \( R_{ij} \leq 0.5 \), it is area-led. For \( 0.5 < R_{ij} < 2 \), it is area and yield mutual domination. For \( R_{ij} \geq 2 \), it is yield-led. \( RY_{ij} \) denotes the contribution rate of rice yield.]



2.3.3 Indices of comparative advantage of scale and efficiency

In this study, the comparative advantage index of scale reflects the ratio of the difference in rice cultivating area between the southwestern region of China and the main rice-producing countries in Southeast Asia, and the comparative advantage index of efficiency reflects the ratio of the difference in rice yields between the two areas. Classifying 1978-2000 (22 years) as the first phase and 2001-2021 (21 years) as the second phase, the analysis focuses on the production of China and 11 other major rice-producing countries. The formulas for the comparative advantage of the size index and the comparative advantage of the efficiency index are given below (Equation 5, 6) (Yu et al., 2006):

[image: Equation showing \( SA_i = \frac{A_i - A}{A} \) labeled as equation (5).] 

[image: Formula for calculating the Error Analysis Index (EAI): EAI sub i equals open parenthesis Y sub i minus Y close parenthesis divided by Y. Equation is number six.] 

where [image: Mathematical notation showing "SAI" with a subscript "i".]  and [image: The text shows "EAI" followed by a subscript lowercase "i".]  denote the indices of comparative advantage of scale and comparative advantage of efficiency in rice production, respectively; [image: The image shows the mathematical notation "A sub i", where "A" is followed by a subscript "i".]  and [image: Capital letter Y with a subscript i.]  denote the rice cultivating area and the unit yield of rice in the main rice-producing countries of Southeast Asia, respectively; [image: A stylized black capital letter "A" on a light gray background.]  and [image: A pixelated black capital letter "Y" on a white background.]  denote the cultivating area and rice yield in the southwestern region of China. When both [image: Text "SAI" followed by a subscript letter "i".]  and [image: Italicized text "EA" followed by subscript "i".]  are less than 0, it means that the production scale and production efficiency of the main rice-producing countries in Southeast Asia are at a disadvantage compared with those in the southwest region of China; when both [image: Subscript notation showing the letters "SAI" followed by a subscript "i".]  and [image: The text "EAi" is displayed in an italic serif font, with a subscript letter "i".]  are greater than 0, it means that the production scale and production efficiency of the main rice-producing countries in Southeast Asia are at an advantage compared with those in the southwest region of China.




2.3.4 Comparative market share analysis

This indicator reflects the position of southwestern rice in the export markets of the main rice-producing countries in Southeast Asia. Using the proportion of Southwest China’s rice exports to the exports of major rice-producing countries in Southeast Asia as a measure, the value is between 0 and 1, the larger the relative market share, the stronger the security of the industry. The formula for its calculation is as follows (Equation 7) (Elewa, 2019):

[image: Equation describing market share as the ratio of Southwest China rice exports to the total rice exports from major rice-producing countries in Southeast Asia, labeled as equation seven.] 




2.3.5 Net rice imports

Measuring import and export trade between China’s southwestern region and the main rice-producing countries of Southeast Asia in terms of net rice imports. The formula for calculating net imports of rice is as follows (Equation 8):

[image: Equation showing net rice imports as the difference between rice imports and rice exports, labeled as equation eight.] 




2.3.6 Trade competitiveness

Trade competitiveness is the strength of the competitive advantage of rice exports from the southwestern part of China over the main rice-producing countries in Southeast Asia. The trade competitiveness of rice is calculated as follows (Equation 9) (Wang, 2023):

[image: The image shows the mathematical formula: TC equals open parenthesis E minus I close parenthesis divided by open parenthesis E plus I close parenthesis, with the equation labeled as number nine.] 

In the formula, TC indicates trade competitiveness; E and I indicate rice exports and imports in China’s Southwest or Southeast Asian rice-producing countries. The values are between - 1 and 1, the greater the trade competitiveness, the higher the degree of industrial security.




2.3.7 Gravity modeling

With its growing popularity and deepening in the analysis of international trade, many multivariate variables that can affect the size of trade have gained prominence. We refined the model variables to analyze the relevant factors affecting rice trade between China’s southwestern region and the main rice-producing countries in Southeast Asia. Expanding on the base model, the following model (He, 2024; Leitão, 2024) was obtained (Equation 10):

[image: Mathematical equation representing the natural logarithm of imports as a linear regression model with variables for industry, protectionism, GDP per capita, regulation, and GDP, including error term and coefficients.] 

In the formula, [image: Lowercase letter 'i' in a serif font style, displayed in grayscale.]  represents China’s southwest region, [image: Lowercase letter "j" in a serif font.]  represents the main rice-producing counties in Southeast Asia, and [image: Italicized text reads "Inimport" with the subscript "ijt" in smaller font size.]  represent the amount of rice imports from China’s southwest region and the main rice-producing countries in Southeast Asia in time [image: Lowercase letter "t" in a simple font on a plain background.] . [image: The text "lndist" is shown with subscript "ij".]  means distance; when the distance is closer, the transport cost is lower, which is more favorable to rice imports. [image: Lowercase letter "s" with subscript "j".]  denotes crop sown areas in major rice producing countries in Southeast Asia. [image: The text "lnGDP\_per\_{it}" is shown in a stylized font, where "ln" refers to the natural logarithm of GDP per capita, often used in economic analysis.]  denotes the GDP per capita of the Southwest region, which represents the income level of the Southwest region. [image: The word "regulation" in italics, with the subscript letters "i", "j", and "t" following it.]  denotes the distance between the economic systems of the major rice-producing countries in Southeast Asia and the Southwest region. [image: Italicized text displaying "GDP" with a subscript "jt" in a mathematical or economic context.]  is the gross domestic product of the major rice-producing countries in Southeast Asia. [image: Greek letter epsilon with subscripts "i," "j," and "k."]  denotes the random error term. Refer to Table 2 for the meaning and expected sign of the variables in the model.

Table 2 | Meanings and expected impacts of variables in the gravity model of rice trade between China’s southwestern region and Southeast Asia’s main rice-producing countries.


[image: Table showing variants with their meanings and expected impacts. Variants include \( \text{ln}dist_{ij} \), \( S_j \), \( \text{lnGDP\_per}_{it} \), \( \text{regulation}_{ijt} \), and \( GDP_{ijt} \). Meanings describe geographical distances, crop areas, GDP figures, and economic system distances. Expected impacts: \( \text{ln}dist_{ij} \) and \( \text{regulation}_{ijt} \) have negative impacts; \( S_j \) and \( \text{lnGDP\_per}_{it} \) have positive impacts; \( GDP_{ijt} \) has a negative impact. Plus "+" indicates positive impact, minus "−" indicates negative impact.]
Estimating the trade potential of rice imports is a matter of measuring the constructed trade gravity model. Comparison of the actual volume of trade [image: The letter "T" is displayed in a serif font style, black color, against a white background.]  between the two economies with the modeled estimated trade volume [image: Italic letter T with a prime symbol, often used in mathematical expressions to indicate a transformed or transposed version of a matrix or tensor.] . The specific formula is: [image: Mathematical equation showing TP with subscript i and j equals T.] /[image: Italic letter T with a prime symbol next to it.] . Trade potential is classified into three categories based on the ratio: large potential, pioneering potential, and re-modeling potential (Table 3).

Table 3 | Classification of trade potential.


[image: Table with two columns: "Trade Potential Index" and "Type of trade potential." Three rows describe conditions. If TPᵢⱼ is less than or equal to 0.8, it indicates "High Potential." If TPᵢⱼ is between 0.8 and 1.2, it indicates "Potential Exploitation." If TPᵢⱼ is greater than or equal to 1.2, it indicates "Potential re-modelling."]




2.4 Statistical analysis

Data was collected and statistically analyzed using Microsoft Excel 2021®. ArcGIS Pro® was used to complete the distribution and annual phase change maps. The Stata® 15.1 was used to calculate the direction and magnitude of the impact of each influencing factor on trade volumes and to derive the trade value estimation equation, comparing the calculated value with the actual trade and analyzing the trade potential value.





3 Results



3.1 Comparative analysis



3.1.1 Comparative analysis for the sown area

The cultivating area of the main rice producing countries in Southeast Asia shows an overall increasing trend from 1978 to 2021 (Figure 2). The most significant increase is in Cambodia, from 1 million ha in 1978 to 3.25 million ha in 2021, a nearly 2.25-fold increase. The annual average rice growing area in Indonesia is 10,846,500 ha, which is 110.38% higher than the average annual area sown in the main rice-producing countries of Southeast Asia. Thailand’s rice growing area averaged 9,976,500 ha per year, higher than 93.50% of the average annual sown area of the main rice-producing countries in Southeast Asia. The area sown to rice in the two countries is significantly higher than in the other countries and regions; the area sown to rice in Vietnam, Myanmar and the Philippines is growing steadily. The average annual area sown to rice in the Lao People’s Democratic Republic and Malaysia has remained stable at between 14.21% and 13.07% that of the major rice-producing countries in Southeast Asia. Meanwhile, the rice growing area in the southwest China in 2021 was 3,942,700 ha, a decrease of 20.5% compared to 4,959,200 ha in 1978.

[image: Line graph and map illustrating rice sown areas and their change rates in Southeast Asia from 1978 to 2020. The line graph shows trends for Malaysia, Thailand, Cambodia, Myanmar, Vietnam, Laos, Philippines, and Southwest China, with Indonesia showing the highest increase. The map highlights geographic locations with numerical change rates in rice area, Cambodia showing the largest increase. Each country is color-coded according to the graph legend.]
Figure 2 | Change rate of rice sown area in southwest China and Southeast Asia.

In summary, the rapid growth in the cultivating area of rice in Cambodia is the main driver of the expansion of rice production in Cambodia. Compared with other countries that have maintained a positive growth trend, the southwestern region of China has generally maintained a declining trend, with an average annual decline of 23,600 ha, indicating that it is more difficult to stabilize the area under rice cultivation in the southwestern region of China.




3.1.2 Comparative analysis on rice yield

The results illustrated that rice yields in Southwest China and the main rice-producing countries in Southeast Asia had a significant upward trend from 1978 to 2021 (Figure 3), with annual average increases of 6.87 kg ha-1 and 419.22 kg ha-1, respectively. Three countries, Cambodia, the Lao People’s Democratic Republic, and Vietnam, experienced significant increases in rice yields, by a factor of 2.51, 2.28, and 2.39, respectively. Among them, Vietnam’s rice yield per unit area is in a leading position among the major rice-producing countries in Southeast Asia. In 2021, the rice yield per unit area was 6073.96 kg ha-1, accounting for 18.07% of the total rice yield per unit area of the major rice-producing countries in Southeast Asia during the same period. Rice yields in Indonesia showed a fluctuating upward trend, increasing from 2886.23 kg ha-1 in 1978 to 5226.31 kg ha-1 in 2021, with an average annual increase of 54.42 kg ha-1. Rice yields in the Philippines, Myanmar, Malaysia, and Thailand showed a trend of slow growth year after year, with annual average increases of 49.5 kg ha-1, 39.76 kg ha-1, 27.34 kg ha-1 and 23.99 kg ha-1, respectively. During the same period, rice yields in the southwestern region of China increased from 4,391.19 kg ha-1 in 1978 to 7,345.53 kg ha-1 in 2021, an increase of 0.67 times. Rice yield in Southwest China has been increasing from 1978 to 2021, with an average annual increase of 68.7 kg ha-1, although its increase is the seventh largest in the main rice producing countries in Southeast Asia, but the annual rice yield in Southwest China is much higher than that in the main rice producing countries in Southeast Asia, and only in 2021, rice yield in Southwest China accounted for 21.86% of that in the main rice producing countries in Southeast Asia.

[image: Graph and map showing rice yield per unit area from 1978 to 2020 for nine Asian regions. The graph displays data trends for Malaysia, Myanmar, Thailand, Vietnam, Cambodia, Laos, Philippines, Indonesia, and Southwest China. The map indicates change rates of rice yield, marked with color gradients and numeric values, highlighting geographical variations across these regions.]
Figure 3 | Variation in rice yield per unit area over the years (1978–2021) in southwest China and Southeast Asia.

In summary, rice yields increased significantly in the main rice-producing countries of Southeast Asia compared to the southwestern China. Rice yields are growing rapidly in Vietnam, where government assistance in optimizing rice cultivation techniques and standardizing rice production has led to significant growth in yields. Rice is one of the major food crops in various countries and regions in Southeast Asia. Since the 1990s, countries have been actively introducing and breeding high-yielding hybrid rice and have been vigorously promoting it, which has led to a significant increase in rice yields.




3.1.3 Comparative analysis on total rice production

The total rice production in Southwest China and the main rice-producing countries in Southeast Asia shows a general upward trend from 1978 to 2021 (Figure 4). Of these, Cambodia’s total rice production has grown most significantly, from 1 million tonnes in 1978 to 11.41 million tonnes in 2021, an average annual increase of 242,093 tonnes. This is followed by a more significant upward trend in total rice production in Laos and Vietnam, with average annual growth rates of 8.09% and 10.11%, respectively, and total rice production in 2021 of 3.87 million tonnes and 43.85 million tonnes, respectively. Indonesia’s total rice production is firmly ranked as the top rice producing country in Southeast Asia, growing from 25.77 million tonnes in 1978 to 54.41 million tonnes in 2021, an increase of 28.64 million tonnes. The total rice production of the Philippines, Myanmar and Thailand as a whole shows an increasing trend, with an average annual increase of 4.11, 3.17 and 2.14%, and the total rice production in 2021 was 19.96 million tonnes, 24.91 million tonnes and 33.58 million tonnes, respectively. Malaysia’s total rice production has remained stable at 12.33% of that of the major rice-producing countries in Southeast Asia, increasing from 1,498,000 tonnes in 1978 to 2,418,100 tonnes in 2021, with an average annual growth rate of 21,398 tonnes. During the same period, total rice production in the Southwest China region showed a fluctuating upward trend, increasing from 21,780,700 tonnes in 1978 to 28,961,000 tonnes in 2021, with the average annual increase in total rice production accounting for only 5.96% of that of the main rice-producing countries in Southeast Asia.

[image: Graph and map depicting rice production trends from 1978 to 2020 in Southeast Asia. The line graph shows total rice production by country, including Malaysia, Myanmar, Thailand, Vietnam, Cambodia, Laos, Philippines, Indonesia, and Southwest China. The map visualizes the rate of change in rice production across these regions, represented by circles with numerical values, illustrating significant increases or decreases. A color gradient key shows rates from -1041 to 1041, with a scale indicating distances of up to 1000 kilometers.]
Figure 4 | Change rate of total rice planting yield in southwest China and Southeast Asia.

In summary, the total rice production in the southwestern region of China and the main rice-producing countries in Southeast Asia both show positive growth trends from 1978 to 2021. The further development of hybrid rice in China has led to an increase in total rice production in the southwestern part of the country, but the geography of the southwestern part of the country has led to a relatively small increase in production. Compared to the southwestern part of the country, the efficiency of rice yield in Cambodia has been improving while the advantage of production scale has been increasing, resulting in a significant increase in total rice production.




3.1.4 Analysis of yield contribution and dominant types

The difference in rice contribution between Southwest China and the main rice producing countries in Southeast Asia during the same period (Table 4). In the first period (1978-2000), the area contribution rate of Southwest China was 0.094, indicating that the area sown to rice in Southwest China decreased in that period, but during the same period, the yield contribution rate of Southwest China was as high as 1.149, and the efficiency of its rice yields was much higher than that of the main rice-producing countries in Southeast Asia. In the first phase in the Southwest of the country was clearly dominated by the single-yield. The main rice-producing countries in Southeast Asia with yield contributions greater than 2.00 are Myanmar, the Philippines, Thailand, Vietnam and Laos. Rice production in all five of these countries was yield-dominant in 1978-2000. The yield contributions of Malaysia, Indonesia and Cambodia were 0.970, 1.636 and 1.235, respectively, indicating that the above three countries belong to the area and yield mutual domination type. From the first stage (1978-2000) to the second stage (2001-2021), the contribution rate of rice yield in Southwest China decreased from 12.223 to -1.396, indicating a decline in the rice production efficiency in Southwest China. However, the second stage was affected by the reduction of sowing area, which led to the transformation of Southwest China from a yield-dominant type to an area-dominant type. Malaysia and Indonesia shifted from mutual dominance (0.970, 1.636) to area dominance (-4.924, -2.019). The contribution of yield in the first stage was 3.840 and 5.939 in the Philippines and Laos, respectively, and the contribution of yield in the second stage was 1.669 and 1.188, respectively, indicating that rice production in the Philippines and Laos is transitioning from yield-dominated to area- and yield-dominated interactions. Thailand and Vietnam shifted from yield-dominant (3.143, 3.390) to area-dominant (0.355, -11.460). Rice production in Myanmar has been yield-dominant from 1978-2021, ranging from 2.269 in the first stage to 6.832 in the second stage. This suggests that the main reason for the increase in Myanmar’s total rice production is the improvement in its rice yield technology. However, rice production in Cambodia was dominated by area and yield interactions at both stages.

Table 4 | Contribution of harvested area, yields and production in Southwest China and major rice producing countries in Southeast Asia, 1978–2021.


[image: Table comparing agricultural contributions in Malaysia, Myanmar, Philippines, Thailand, Vietnam, Indonesia, Cambodia, Laos, and Southwest China from 1978-2000 and 2001-2021. Columns detail contributions of sown area, yield contribution per unit of production, and rate of contribution to production for each country in both time periods. Malaysia shows a decline in sown area and rate, but an increase in yield. Myanmar shows growth across all metrics. Vietnam experiences a significant drop in rate. Southwest China’s contribution rate declines significantly in the latter period.]
Compared with the southwestern region of China, Indonesia, Vietnam, Thailand, and Myanmar all have an index of scale advantage in rice production that is greater than 0, and the trend is increasing. In contrast, the scale dominance index of rice production in Laos, Cambodia, and Malaysia are all less than 0. In the first period (1978-2000), the Philippine rice production scale dominance index was -0.275, but in the second period (2001-2021) the rice production scale dominance index shifted to 0.024. It shows that rice sowing in the Philippines is expanding and compares favorably with the scale of rice production in the southwestern part of the country. At the same time, only Myanmar’s rice productivity advantage index is greater than 0 and shows a decreasing trend, while all other major rice-producing countries in Southeast Asia have a rice productivity index less than 0 and all show a decreasing trend.

In summary, compared with the southwestern region of the country, the Philippines has achieved an index shift in the scale advantage of rice production due to the late development of hybrid rice in the first phase (Figure 5), which was in a state of experimentation, and the increase in the area of rice harvested after 2001 with the strong support of the national government. Myanmar has an overall advantage over the efficiency of rice production in the southwest China (Figure 6). However, there is a small decreasing trend of 8.82% in the index of superiority of rice productivity in Myanmar from the first phase to the second phase. This is mainly due to the increased efficiency of rice production in the southwest China.

[image: Two bar charts compare the scale advantage index for eight Southeast Asian countries across two periods: 1978-2000 and 2001-2021. Cambodia and Thailand show notable increases in the index in the later period, while Malaysia and Laos have a positive index across both periods.]
Figure 5 | Scale advantage analysis of southwest China and Southeast Asia major rice producing countries from 1978–2000 and 2000–2021.

[image: Bar charts compare the efficiency advantage index of several countries, including Laos, Cambodia, Indonesia, Vietnam, Thailand, the Philippines, Myanmar, and Malaysia, from 1978 to 2000 and 2001 to 2021. The index ranges from -0.9 to 0.1. The left chart highlights significant negative indices, particularly in Malaysia and Cambodia. The right chart shows improved indices, especially for Myanmar.]
Figure 6 | Efficiency advantage analysis of southwest China and Southeast Asia major rice producing countries from 1978–2000 and 2000–2021.





3.2 Analysis of import and export

We examined the current situation of rice import and export trade between China’s southwestern region and the main rice-producing countries in Southeast Asia from 2011 to 2021.



3.2.1 Analysis of the current situation of import and export

Philippine rice imports have been increasing since 2011, and in 2021, Philippine rice imports accounted for about 62.88% of the main rice-producing countries in Southeast Asia (Figure 7). From 2011 to 2021, rice imports in southwest China increased and were net importers. The fluctuating increase in total rice production in southwest China is facing an imbalance in production and high consumer demand for supply and demand shortages. Based on this, southwestern China is actively protecting arable land, stabilizing the total amount of rice production, and using corresponding measures to guarantee the basic food supply in southwest China. During the same period, in terms of rice export volume, Thailand and Vietnam, as major rice exporting countries, had an average annual rice export volume of 881300 tons and 578300 tons respectively, accounting for 53.49% and 35.10% of the rice export volume of Southeast Asian rice producing countries, respectively. However, rice exports from Thailand and Vietnam have shown a fluctuating downward trend since 2011. Exports from Malaysia, the Philippines, Indonesia, Cambodia, Laos, and southwest China are at a lower level.

[image: Two line graphs depict rice imports and exports for various countries from 2011 to 2021. The left graph shows imports, with Myanmar and the Philippines having notable data. The right graph shows exports, highlighting Thailand and Vietnam as key exporters. Each country is represented by a different colored line. Quantities are measured in tens of thousands of tons.]
Figure 7 | Change characteristics of rice trade volume between southwest China and Southeast Asia from 2011 to 2021.

Overall, China’s southwestern region and the Philippines, Malaysia, and Indonesia maintain a relatively stable trend of rice imports, as the main rice importing countries or regions. While, Thailand, Vietnam, Myanmar, and Cambodia have shown a trend in rice exports and are the main rice exporting countries. Rice export areas are all located in the Central and Southern Peninsula, geographically concentrated, with the Southwest of China’s rice trade having significant geographic advantages.




3.2.2 Country-by-country modelling of import and export



3.2.2.1 Market share analysis

Studying the rice market share of southwestern China and the main rice-producing countries in Southeast Asia from 2011 to 2021 showed that the market share of Southwest China is 0.2% (Figure 8). This might be due to the insufficient supply of total rice production in southwest China and the low level of exports. Among the major rice-producing countries in Southeast Asia, Thailand, Vietnam, and Myanmar have significantly increased market share. Thailand accounted for 52.93% of the rice market, occupying an important position among rice exporters in Southeast Asia and being one of the main countries importing rice in southwest China. Vietnam and Myanmar also accounted for 35.3% and 8.2%, respectively, of the rice market in major rice-producing countries in Southeast Asia. The small increase in the market share of Cambodian rice is due to the small production of Cambodian rice in the early period of time, which is not enough to support the development of rice exports, but in recent years the rapid development of Cambodian rice and the continuous increase in the production of rice, which has gradually expanded the market for rice exports. However, Cambodia’s limited arable land resources prevent a significant increase in exports, and the market share is forecast to stabilize in the coming years.

[image: Stacked area chart showing market share percentages from 2011 to 2021 for eleven regions. Cambodia and Thailand dominate with the largest shares, while others like Malaysia and Vietnam have much smaller portions. Market share remains relatively stable over the years, with slight fluctuations.]
Figure 8 | Change of export proportion of southwest China and major rice-producing countries in Southeast Asia from 2011–2021.




3.2.2.2 Analysis of net imports

From 2011-2021, the value of net rice imports in China’s southwestern region are greater than 0, and year by year an upward trend, from 0.12 million tonnes in 2011 to 30.28 million tonnes in 2021, an increase of 251.33 times, which indicates that China’s southwestern region is a rice importing region (Table 5). And among the main rice-producing countries in Southeast Asia, the net imports of Malaysia, the Philippines and Indonesia are all greater than 0 and stable, the same as in the Southwest of China, all of which belong to the import-type countries. Of these, the Philippines has seen a significant increase in the value of its net imports since 2018, with a marked increase in its dependence on foreign trade. During the same period, net imports were less than zero in Thailand, Vietnam, Myanmar and Cambodia, suggesting that rice trade in these four countries is dominated by exports. Among them, Thailand and Vietnam have large and stable export volumes and are highly competitive in exports among the major rice-producing countries in Southeast Asia. Apart from that, the net import of Laos is small, fluctuating between positive and negative, indicating that rice production in Laos is basically at the stage of self-sufficiency, and its demand for foreign trade in rice is small.

Table 5 | Net imports of Southwest and Southeast Asian rice major producing countries.


[image: A table showing economic data from 2011 to 2021 for Southwest China, Malaysia, Philippines, Indonesia, Thailand, Vietnam, Myanmar, Cambodia, and Laos. Values fluctuate over the years, with significant negative and positive numbers, indicating economic metrics such as trade balances or GDP changes. Each country's data varies yearly, with notable low numbers for Thailand and Vietnam, and higher, more stable figures for Malaysia and Laos.]
In summary, based on net rice imports, four countries, Thailand, Vietnam, Myanmar and Cambodia, are exporting countries. Of these, Thailand and Vietnam have large and competitive exports. Malaysia, the Philippines, Indonesia and the southwest China are importing countries or regions. And net imports from China and the Philippines are on an upward trend, with growing import demand and a strong dependence on foreign trade in rice.




3.2.2.3 Trade competitiveness analysis

Thailand, Myanmar, and Vietnam have the strongest rice trade competitiveness, with annual average TC indices of 0.994, 0.981, and 0.983, respectively, in 2011-2021, indicating that their rice trade has strong international competitiveness (Figure 9). This is followed by Cambodia, whose TC index is on an upward trend, growing from 0.8 in 2011 to 0.969 in 2021, and which also has a strong potential to compete in rice trade among the major rice-producing countries in Southeast Asia. The TC index of Laos fluctuates markedly, suggesting that Laos has unstable rice trade competition among the major rice-producing countries in Southeast Asia. Indonesia, Malaysia and the Philippines have annual average TC indices of -0.996, -0.944, and -0.999, respectively, indicating that their rice trade competitiveness is weak. The overall trend of rice TC index in the Southwest of the China is declining, from -0.046 in 2011 to -0.987 in 2021, indicating that its rice trade competitiveness is gradually decreasing.

[image: Line graph showing trade competitiveness values from 2011 to 2021 for Malaysia, Thailand, Cambodia, Myanmar, Vietnam, Laos, Philippines, Indonesia, and Southwest China. Laos shows significant fluctuations, while Vietnam remains consistently high. Southwest China and others exhibit varied trends over the years.]
Figure 9 | Comparison of changes in the trade competitiveness index (TC) between the Southwest and major rice-producing countries in Southeast Asia, 2011–2021.






3.3 Analysis of China’s Southwest Region’s rice import and trade potential



3.3.1 Empirical results and analyses of trade attraction models

Through regression analysis of the data related to rice trade between Southwest China and the main rice-producing countries in Southeast Asia, the results were obtained (Table 6). The [image: Mathematical notation showing the symbol "R" with a superscript "2", representing the set of all ordered pairs of real numbers in two-dimensional Euclidean space.]  fit value is 0.439, which indicates that the model has a fair fit and can be interpreted. Among them, China’s southwestern rice imports of Southeast Asian rice-producing countries in each variable significant case, the main rice-producing countries in Southeast Asia crop sown area, per capita GDP in the southwest region to produce a positive and significant effect. The coefficients indicate that, all other things being equal, a one-unit increase in crop area in the major rice-producing countries of Southeast Asia will drive 0.01% of rice imports in the southwest China. This suggests that rice supply is an important factor influencing rice imports in the southwest China. Each 1% increase in per capita GDP in the southwest China will lead to a 0.006% increase in rice imports in the southwest China. Each unit increase in the GDP of the main rice-producing countries in Southeast Asia will lead to a 3.85% reduction in rice imports in the southwestern part of the country. The geographical distance between the main rice-producing countries of Southeast Asia and the southwestern China, as well as the distance of the economic system, negatively affects rice imports from the southwestern region. When geographical distance increases by 1%, rice imports decrease by 10.34%, indicating that transport costs remain the main constraint on rice imports. For every 1-unit increase in economic regime distance, rice imports decreased by 0.042%, suggesting that economic regime distance has a greater negative impact on rice imports in the southwest China.

Table 6 | Regression results of the gravity model of rice trade between China’s southwestern region and the main rice producing countries in Southeast Asia.


[image: A table displaying regression analysis results with columns for variant, regression coefficient, T-value, and P-value. Five variables are listed: lndist (coefficient -10.340, T -3.00, P 0.004), Sj (coefficient 0.010, T 3.67, P 0.000), lnGDP_per (coefficient 0.0006, T 3.25, P 0.002), regulation (coefficient -0.042, T -1.74, P 0.086), GDP (coefficient 3.851, T 4.98, P 0.000). R-squared is 0.439, and adjusted R-squared is 0.399.]



3.3.2 Measurement of empirical results and analytical potential of trade gravity models

According to the value of potential change (Table 7), the Philippines belongs to the type with great potential, indicating that there is still a lot of room for development of rice imports to the Philippines from the southwestern China. Myanmar, Thailand, Vietnam, Cambodia and Laos are in the potential development category. It shows that the southwestern China has better prospects for the development of rice trade with these five countries, and there is still room for progress, and there is a need to take full advantage of trade and break down trade barriers. The rice trade relationship between China and Cambodia is strong and stable, with both sides showing positive developments in terms of trade size, policy agreements, economic impacts and future outlook, which has facilitated the development of rice trade with the southwestern China. With the deepening of global economic integration and regional cooperation, as well as the promotion of China’s Belt and Road Initiative, China’s rice trade cooperation with Myanmar, Thailand and Vietnam is expected to be further strengthened. The above shows that the development of rice trade between China and the major rice-producing countries in Southeast Asia has been on a favorable trend. In recent years, as a result of the signing of the Regional Comprehensive Economic Partnership (RCEP) trade agreement, the deepening of economic cooperation within the region has provided a better platform for rice trade in the southwestern China and achieved the integration of trade in agricultural products. Therefore, China’s southwestern region should make full use of the policy dividend to strengthen rice trade cooperation and guarantee food security, in the light of the specific situation of the main rice-producing countries in Southeast Asia. Among the major rice-producing countries in Southeast Asia, Thailand, Vietnam, Myanmar and Cambodia are export-oriented countries with a focus on exports.

Table 7 | Changes in trade potential of Southwest China’s rice imports from Southeast Asian rice major producing countries, 2015–2021.


[image: Table comparing numerical values from 2015 to 2021 for six countries: Myanmar, Philippines, Thailand, Vietnam, Cambodia, and Laos. Each country shows annual data, with averages listed in the last row. The Philippines has fewer data points, specifically missing values for 2018 and 2021.]
Through the above comparison can be seen, China’s southwestern region of rice international trade competitiveness is weak, mainly dependent on rice import trade, for the import-type region, and foreign rice trade imports increased year by year, increasing the demand for foreign rice imports. Among the major rice-producing countries in Southeast Asia, Thailand, Vietnam, Myanmar and Cambodia are export-oriented countries with a focus on exports. Although Cambodia’s export volume is relatively small compared to the other three countries, it is increasing year by year and has great trade potential and good trade prospects. Therefore, Thailand, Vietnam, Myanmar, and Cambodia can be the co-operative countries for our future rice import trade. Indonesia, Malaysia, and the Philippines, which are importing countries similar to ours may become competitors for our rice imports in the future. We need to take measures to achieve synergistic development of import and export trade between southwest China and other countries.






4 Discussion

Our study elaborated that from 1978-2021 China’s southwest rice sowing area had a downward trend (Figure 2), therefore it is important to improve the rice yield technology that has the potential to fluctuate upward trend of rice production. For instance, ratoon rice plantations can be adopted to achieve sustainable crop production, high-yielding, and high-efficiency rice production. China has almost 3.4 million hectares of land suitable for ratoon rice cultivation however only 1.24 million hectares were utilized will 2020 (Xu et al., 2021). The largest sowing area of ratoon rice is in southwest China and is nearly 40% of the current total land area devoted to ratoon rice (Jiang et al., 2021).

In addition, compared to China, the rice-producing countries in Southeast Asia have higher rice yields (Figure 3), and total rice production (Figure 4). However, analyzing rice production elaborates that the total output of rice production in China is unstable, and there is a downward trend in the second phase (2001-2021), and the main influencing factors are the reduction of rice sowing due to urbanization and industrialization (Long, 2014). Due to the serious fragmentation of arable land in southwest China, the rapid development of the economy and the increasing area of land for construction have made it impossible for arable land to be produced in a highly concentrated manner, and the contradiction between the rapidly developing population and the limited arable land resources has led to a further decrease in the area sown to rice in the southwestern part of China.

The total amount of rice production in China shows a trend of “north-south flush”, although the southern part of China is still the main rice-producing area in China, however, the center of gravity of China’s food production is constantly moving northward (Figure 4). It shows that the main rice-producing areas in China are developing at different speeds, and the high rice development areas have led to the low rice development areas, making the total rice output in China an overall upward trend. In addition, the current stage of food supply capacity in the Southwest of the country is rising amidst fluctuations (Jin and Zhong, 2022). To stabilize food security in the southwestern region of China, there is a trend of increasing demand for rice imports in the future.

The rapid growth of rice in the main rice-producing countries of Southeast Asia in the second phase (2001-2021) indicates that the economic development of most countries in the first phase (1978-2000) lagged, and the immaturity of rice-growing technology did not allow for large-scale agricultural development, and there was a high potential for land reclamation (Table 3). The spread of China’s hybrid rice technology (Ma and Yuan, 2015) in Southeast Asia has led to an increase in the total volume of rice production in the main rice-producing countries of Southeast Asia. It is noteworthy that rice production in Thailand, Myanmar, Vietnam, Laos, and Cambodia, which are concentrated in the central and southern peninsulas (Jaskuła et al., 2021), is dominant among the major rice-producing countries in Southeast Asia.

The relative concentration of arable land provides sufficient driving force for rice production, and the convenient geographical location provides better opportunities for rice trade, enabling the above five countries to rapidly capture the rice trade market. As for Indonesia, Malaysia, and the Philippines, due to the impact of extreme weather in recent years and the backwardness of their infrastructural conditions and cultivation techniques, resulting in lower total rice production than other major rice-producing countries in Southeast Asia, greater dependence on rice imports and a low share of the rice market, the lack of competitiveness of rice exports, and the inability to open up the rice trade market, which led to a very low level of exports of rice in the above three countries. Furthermore, China has less exports and limited contribution in market share compared to Thailand, this indicates that China should improve rice exports and rice growing strategies to increase its contribution in market share. In addition, China-Indochina Peninsula Economic Corridor (CIPEC), OBOR, and BRI policies have also improved the trade and economic development in these countries (Bashir et al., 2021).

On 15 November 2020, the country acceded to the RCEP. Currently, ASEAN is an important trade partner of China in RCEP, and the major rice-producing countries in Southeast Asia have all joined the agreement. The Southwest of China is an important “gateway” for ASEAN’s trade exchanges with mainland of China in the areas of economic trade, logistics, and transport, providing greater convenience for rice trade between the Southwest of China and the major rice-exporting countries in Southeast Asia (Chen and Zhao, 2023).

At present, as the global climate continues to warm, affected by rising temperatures and decreasing precipitation, the frequency, degree, and extent of droughts in the Southwest are all showing an increasing trend. The frequency, degree, and extent of droughts in the Southwest of China are all showing an increasing trend, and the warm-drying climate is becoming more pronounced. High-temperature heat damage shifts from mild to moderate and severe ratings. The lack of scientific and reasonable irrigation and drainage management and irrigation and drainage technology systems, resulting in unstable rice yield, quality, and so on. These problems are not conducive to guaranteeing food security in southwest China. Therefore, there is a need to ensure that the red line of food security is not crossed in a way that deepens foreign cooperation in rice agriculture and develops the food industry in the Southwest of the country in a high-quality manner (Srinivasan et al., 2023).

In summary, the Southwest of China has a high demand for rice. The rice products provided by the main rice-producing countries in Southeast Asia are not only of high yield and quality but also of a wide variety to meet the needs of different consumers. In terms of policy, the Chinese Government has been encouraging the diversification of trade in agricultural products, and through the establishment of stable trade relations with the main rice-producing countries in Southeast Asia, it can promote the balanced development of the import and export of agricultural products in the Southwest of China. In terms of complementarity, there is a strong trade complementarity between the main rice-producing countries in Southeast Asia and the Southwest of China in terms of rice and other agricultural products. The Southwest of China can import high-quality rice products from these countries while exporting competitive agricultural products or manufactured goods to them, achieving mutual benefits. The farming community can understand the benefits of rice cultivation, production and trade in southeast Asian countries and focus on meeting the global food demand and international trades. In addition, rice traders and policy makers can develop future trade cooperation with Southeast Asian rice producing countries to benefit global trade.




5 Conclusion



5.1 Increased agricultural inputs and systems to ensure production and regional food security

The Chinese government should increase the policy inclination towards the Southwest by formulating and implementing policies that encourage farmers to plant rice through financial subsidies, credit support, and other means to stabilize rice production. In addition, ensure that agricultural production is adequately safeguarded through the implementation of a series of effective institutional measures to maintain and enhance the security and stability of food supply in the entire southwest region. At the same time, the government should also implement relevant land policies to ensure the rational use and protection of land resources, especially paddy fields, and encourage the transfer of land and large-scale operations. In the development process, adhere to the red line of arable land, reduce the fragmentation of arable land, increase the degree of intensification of rice production, and strengthen the support and promotion of agricultural science and technology to improve crop yields and quality. Furthermore, emphasis should be placed on the development and improvement of relevant infrastructure to provide better production environments and living conditions for cultivators.




5.2 Deepening the reform of the rice industry chain, increasing the added value of rice, and expanding the rice trade market in Southeast Asia

Promoting rice production growth and focusing on the rice industry is important to learn from their institutional reforms related to the development of the rice industry. Changing the unitary pattern of rice trade can effectively enhance the competitiveness and added value of rice products by improving production efficiency, innovating processing technologies, and increasing marketing strategies. At the same time, it should actively explore and develop the rice trade market in Southeast Asia and take advantage of the integration of resources within the region to achieve the international development of the rice industry. This will help the Southwest break down international trade barriers, broaden trade channels, and promote the sustainable and healthy development of the rice industry.




5.3 Establishing a high-standard rice free trade zone to promote international market integration

The governments of southwest China and Southeast Asian countries should adopt a proactive policy of cooperation by simplifying trade procedures, preferential taxation, improving infrastructure, and other related policies. Encourage and support the construction of a free trade zone for rice and promote the liberalization and facilitation of rice trade between southwest China and Southeast Asia. On the other hand, by investing in and improving transport, warehousing, logistics, and other infrastructures. The establishment of modern “ports”, and logistics centers to ensure the timely transport of rice, can further reduce trade costs and improve the rice trade efficiency. Additionally, establish a monitoring and improved trade assessment mechanism to provide feedback on the operation of the rice free trade zone and make timely adjustments to the relevant policies to ensure the smooth and efficient operation of the rice free trade zone.




5.4 Strengthening the trade and cultivating new trade growth points

Against the backdrop of a globalized economy, the RCEP provides us with a unique opportunity to strengthen trade links between Southwest China and Southeast Asian countries, particularly the major rice-producing countries. This not only promotes the international circulation of agricultural products but also helps to cultivate new growth points in foreign trade and enhance the competitiveness of China’s agricultural trade. Through an in-depth understanding and knowledge of the provisions of the text of the agreement, the Government should act proactively to take advantage of policy dividends, such as tariff reductions and exemptions, as a means of facilitating the expansion of trade in rice. Taking RCEP as an opportunity to give full play to its role in promoting rice trade will help build a more open and inclusive new pattern of international agricultural trade. By strengthening cooperation and exchange, we can work together to create a more prosperous rice industry and make new contributions to food security in the Southwest of China.

In conclusion, our study helps policymakers, rice industrialists, and agricultural professionals, and farmers to understand market dynamics, optimize resource allocation, and develop strategies to enhance food security and economic growth in the region. The study lacks trade among the countries of crops other than rice as well as potential export with countries other than South China. It can be studied in future for more beneficial outcomes.
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Introduction

Phytoremediation is a promising strategy for cleaning up polycyclic aromatic hydrocarbon (PAH)-contaminated soils. This study investigated the effectiveness of four plant species—cotton, ryegrass, tall fescue, and wheat—in enhancing PAH removal from soils contaminated with diesel oil, PAHs, and aged oily sludge.





Methods

Aged oily sludge-contaminated soil was artificially prepared, and the selected plants were cultivated in different hydrocarbon-contaminated soils (diesel oil, PAHs, and oily sludge). The fate of PAHs was analyzed by measuring their distribution in rhizospheric soil and plant tissues. Root concentration factors (RCFs) and transpiration stream concentration factors (TSCFs) were used to evaluate PAH translocation and accumulation in plant tissues and their interactions with the rhizosphere.





Results

The study demonstrated that plants enhanced PAH removal by 20%–80%, with wheat showing the highest efficiency. PAH removal was generally more effective in oily sludge-contaminated soil than in diesel oil or PAH-contaminated soil. Plant uptake of PAHs accounted for 2%–10% of total removal and exhibited a strong linear correlation with root weight. RCFs were linearly correlated with LogKow (3–6), indicating that the four plant species did not significantly concentrate PAHs in their roots.





Discussion

The findings confirm the potential of phytoremediation for PAH-contaminated soils, particularly using wheat as an effective species. The low RCFs and TSCFs suggest that PAH uptake was limited, implying that rhizodegradation and microbial interactions may play a more critical role than direct plant accumulation. This study supports phytoremediation as a cost-effective and eco-friendly alternative to conventional soil remediation methods, reducing economic and environmental burdens.





Keywords: aged oily sludge, petroleum contaminated soil, phytoremediation, polycyclic aromatic hydrocarbons, transfer calculation, microorganisms




1 Introduction

Recently, contaminated soils with PAHs have been extensively studied due to their persistence and toxic, mutagenic, and carcinogenic effects, posing a high risk to ecosystems and human health. Many methods have been used to clean up PAHs-contaminated soil sites (Kothiyal et al., 2022). While total petroleum hydrocarbon (TPH) is used to characterize the contamination in soil, polycyclic aromatic hydrocarbons (PAH) are often used to assess risk to the environment and/or humans (Okparanma and Mouazen, 2013; Kaur and Sharma, 2020). In the U.S. EPA, 16 PAHs have been used to assess the efficacy of treatments to remove PAHs for several years (Okparanma and Mouazen, 2013; Bojes and Pope, 2007), after which a comprehensive list of PAHs were used (Yang et al., 2021, Yang et al., 2017; Park et al., 2018; Ellickson et al., 2017).

Plant-promoted biodegradation and uptake of organic compounds from polluted soils has wide implications for site remediation since the process is critical for understanding contaminant exposure pathways involving vegetation, mainly due to its cost-effective, ecologically friendly, applied in situ and less disturbance of soil matrix, another crucial advantage was that phytoremediation usually resulted in complete mineralization of the pollutant (Feng et al., 2017). Compared with the physical and chemical methods. Using green plants, including herbs and woody species, which can remove, uptake, or render harmless, various environmental contaminants like heavy metals, organic compounds, and radioactive compounds in soil, phytoremediation is proposed as a relatively recent technology with sustainable costs and is a most significant advance to physical and chemical methods (Ali et al., 2013; Tahir et al., 2016). In the phytodegradation process, thanks to enzymes, organic contaminants are absorbed and involved in the metabolism of the plants; as a result, they are degraded. The combined application of sodium nitroprusside and melatonin can markedly improve drought tolerance in maize, promoting enhanced plant growth and increasing its capacity to absorb organic contaminants (Ullah et al., 2025, Ullah et al., 2024). Dehalogenase, peroxidase, nitroreductase, nitrilase, and phosphatase were found to play roles in this process (Deng and Cao, 2017; Winquist et al., 2014; Perez et al., 2021). Besides, they also could be incorporated into the plant tissues (Ali et al., 2013; Van Oosten and Maggio, 2015). The most significant advantage of phytoremediation is that the contaminant can be transformed into a less toxic substance. Through phytovolatilization, pollutions, mainly organic, were taken into the air; however, pollutions still exist (San Miguel et al., 2013; Yu and Gu, 2006; Ali et al., 2013; Van Oosten and Maggio, 2015). Most pollutants in the atmosphere are degraded through photooxidation, washed back to the surface by rain, or removed by other natural processes.

The distribution of PAHs in plants was applied to describe the uptake and translocation of organic compounds; the factors that worked in these processes were found to be their chemical characters like octanol/water partition coefficient (Kow), water solubility, hydrophobicity (lipophilicity), polarity and molecular weight (Cofield et al., 2007; Mamirova et al., 2021). These all indirectly reflect the solubility of organic compounds; thus, researchers have focused on correlations between partition factors and chemical properties that express relative solubility, such as Kow. (Zhang et al., 2017) found that The translocation of PAHs in maize tissues has a positive relationship with log Kow less than 4.5, while negatively correlated otherwise. The vertical PAHs distribution in soils indicated that 2–3 rings PAHs with a low octanol-water partition coefficient (log Kow < 4.5) were easier to transport in soils, causing a great potential risk of immigrating to the groundwater. More hydrophobic compounds were firmly bound to root surfaces or partitioned into root solids, resulting in less translocation within the plant. Mandal (Mandal et al., 2018; Wang et al., 2016) successfully remediated oil-contaminated saline-alkali soil using nine plants, including cotton, ryegrass, tall fescue, and wheat. (Li et al., 2023) selected 20 types of plant seeds for petroleum hydrocarbon-contaminated soil remediation. They conducted degradation experiments on petroleum hydrocarbons using seeds of five plants, such as cotton and peanuts, which are suitable for growth and have a high germination rate. The degradation rate reached 38.9% in 70 days.

Interactions exist among PAHs, which play a role in their phytoremediation process, ultimately affecting their efficacy (Ahmad et al., 2024; Liu et al., 2023). While most previous studies have predominantly focused on the biodegradation of individual PAHs, our project sought to explore the broader dynamics of PAHs biodegradation by investigating the effects of different PAHs sources and plant species on the remediation process. This project studied the effects of PAHs biodegradation of the different PAHs resources (e.g., aged oily sludge, diesel oil, and PAHs solution) and plant species (e.g., cotton, ryegrass, and tall fescue). The objectives of this project were designed to provide a comprehensive understanding of the mechanisms and outcomes of PAHs biodegradation in complex environmental systems, which were as follows: (1) Quantify and compare the biodegradation efficiency of polycyclic aromatic hydrocarbons in different experimental groups and determine the optimal conditions for removing polycyclic aromatic hydrocarbons. (2) Evaluate the transfer ability of polycyclic aromatic hydrocarbons between different PAHs contaminated soil matrices and plant tissues and reveal PAHs’ absorption, transport, and accumulation patterns within plant systems and the rhizospheric soil.




2 Materials and methods



2.1 Soil preparation and phytoremediation

In this study, the peat (Table 1) from Jilin province was used to (1) greatly enhance the physical structure of contaminated soil, mainly in the aspects of porous ratio, water holding capacity, and aggregation due to the greater volume of peat; (2) increase the nutrient content as a slow-release green manure due to containing a considerable variety of nitrogen, phosphorous and potassium at the values of 1.49% N, 0.12% P and 1.26% K; (3) modify the pH and salinity since the peat has a large content of humic matters, and subsequently can buffer or stabilize soil pH; (4) improve the biodegradation activity largely based on the presence of organic matter and microorganisms including bacteria, protozoa, actinomycetes, and fungi. In summary, adding peat was expected to have an immediate and long-term positive impact on the phytoremediation of aged oily sludge-contaminated soil.

Table 1 | Physical-chemical properties of the added peat.


[image: Table displaying chemical analysis of added peat, including total and available nitrogen, phosphorus, and potassium. Values are: Total N 1.49%, Available N 844 ± 37.84 mg/kg, Ash Content 15.4%, Total P 0.12%, Available P 167 ± 7.37 mg/kg, Specific Gravity 0.84, Total K 1.26%, Available K 0.72%, Coarse Protein 9.31%. Indicators were measured three times and averaged after removing outliers.]
The oily sludge was sampled from the Shengli Oil Field of Shandong province in China with an initial TPH content of 12.36 ± 0.04%. The background soil was found to contain 0.02% TPH, a concentration that falls below the quantification limit of 24 mg/kg. The diesel oil and PAHs contaminated soils were prepared by mixing diesel oil and PAHs solution with pristine soils and subsequently aged for 6 months to result in only desorption and volatility-resistant fraction. The soil samples were prepared by mixing with 10% peat and background soil to reach the final TPH of 6.31 ± 0.06% (aged oily sludge contaminated soil), 3.05 ± 0.05% (diesel oil contaminated soil) and 0.16 ± 0.03% (PAH contaminated soil), respectively. No PAHs were detected in the background soil throughout this study. Determine the concentration of total petroleum hydrocarbons using gas chromatography. The detection limit of this method for total petroleum hydrocarbons is 6mg/kg, and the limits of quantification is 24mg/kg.

The contaminated soil (2000 g per pot) was added to 15 cm diameter, 20 cm depth, and 3.0 L volume figuline pots. The soils were allowed to equilibrate for 7 d at field moisture before the introduction of plants. The pots were sealed (i.e., no drainage holes) to avoid the pollutant leaching. Then they were sowed at a density of 2.9-4.5g/m2, 2.3-3.0g/m2, 15-20g/m2 for cotton (Gossypium hirsutum), ryegrass (Lolium multiflorum Lam.) and tall fescue (Festuca arundinacea), respectively. All of the 72 pots (each treatment- plant species for aged oily sludge contaminated soil, diesel oil contaminated soil, and PAHs contaminated soil was established with six replicates, while the treatment without plants (served as natural attenuation) was placed in a greenhouse in Beijing, with a temperature of 20-25°C and soil moisture in a range of 42-67%.

Based on field investigations and preliminary experimental findings of dominant plant species around the contaminated site, ryegrass, tall fescue, cotton, and wheat were identified as having significant resistance and removal potential for PAHs. Consequently, these four plant species were selected as the target plants for this study. According to the preliminary experiment results, the target plants selected for the experiment can better reflect the stress effects of pollutants on plants within a 5-month.After 5 months of phytoremediation, the rhizospheric soil samples were collected, air dried, and passed through a 0.6-cm sieve to remove the root residues before -20°C store, while the plant tissue samples were collected separately to represent aboveground and root tissues, and then the plant samples were air-dried, weighted, crushed, bagged, and stored.




2.2 PAHs analysis and data processing

Extraction of PAHs was performed with 10 g samples by Soxhlet using a 1:1 dichloromethane and acetone mixture for 12 h. Extracts were pretreated through a cleanup column with silica gel and anhydrous sodium sulfate. Then, they were condensed by evaporation under a stream of nitrogen and a 40 °C water bath; finally, the extracts dissolved in 1ml Hexane.

The concentrations and profiles of PAHs were analyzed by Agilent 7890A gas chromatography equipped with a 5975C mass detector. The capillary column used was a DB-5 (30m×0.32mm i.d.×0.25m film thickness). The initial column temperature of 80°C for 1 min, 15°C/min to 265°C for 1 min, and then 2.5°C/min to 300°C for 5 min. The temperatures of the injector and detector were at 300°C and 280°C. The carrier gas was nitrogen at a constant 1.0 ml/min flow rate. Identification and quantification of 16 PAH compounds were based on SIM scan and internal standards (Naphthalene-d8, Acenaphthene-d10, Phenanthraene -d10, Chrysene-d12, Perysene-d12), and the same extraction determined the procedural blank. The system monitoring recovery rates of Nitrobenzene-d5 and 4-Terphenyl-d14 were 95% and 90%, respectively. In this study, the lowest detection for soil and plant samples were 0.01 μg/g and 0.05 μg/g, respectively.

The formula gave the percentage of PAHs removal in rhizospheric soil (D%): D%= 100%×(Mi−Mf)/Mi, in which Mi was the initial concentration of PAHs; Mf was the final concentration in each treatment after the phytoremediation.

Root concentration factors (RCFs) have been defined as a simple partition coefficient between the total plant tissue and the external soil condition, while the transpiration stream concentration factors (TSCFs) were defined as the partition coefficient between the tissues underground and aboveground.

[image: RCFs equals Cp divided by Cs; TSCFs equals Cu divided by Cr.]	

Cp and Cs stand for the concentration of ∑PAHs in plants and soil, respectively.

Cu and Cr Cr represent the concentration of ∑PAHs in the plant tissues of roots and above ground, respectively.




2.3 Statistical methods

All indicators were measured three times, and the experimental data were averaged after removing outliers. Microsoft Excel (version 2019) software was used for statistics and calculation of experimental data. SPSS (version 26.0) was used for data correlation analysis, and experimental drawing was completed by Origin software (version 2024).





3 Results



3.1 The physical-chemical properties of soil samples

It is advantageous to use multiple techniques or processes to accelerate remediation kinetics and increase plant and microbial biomass for practical and effective remediation of various environmental contaminants. Therefore, the peat was added to the polluted soils. The physical-chemical properties of the background soil, added peat, and aged oily sludge (which was sampled from Shengli Oil Field) were detected according to the Chinese national standard, which includes pH, CEC, organic matter, bioavailable N/P/K, heavy metal content, and so on.

As shown in Table 2, the aged oily sludge was composed of 23.93% TPH with 9.57% saturates, 7.18% PAHs, 4.79% resins, and 2.40% asphaltenes, of which the saturates and PAHs fractions can be biodegraded. Still, the resins and asphaltenes fractions are traditionally considered recalcitrant to microbial alteration and increase the polar fraction, viscosity, oil density, sulfur content, and acidity. It was accepted that the available nutrient was one of the limitations for bioremediation of organic contaminated soils; as shown in Table 2, the content of N/P was at a relatively low level of 15.00 and 78.00 mg/kg.

Table 2 | Physical-chemical properties of the aged oily sludge sampled.


[image: Table detailing various soil properties and measurements for Arenarious Loam. Key parameters include pH at 8.60, specific gravity of 2.74, TOC at 2.33%, salinity at 63.04 g/kg, and CEC at 5.44 cmol/kg. Other data: TN is 15.00 mg/kg, TP is 78.00 mg/kg, and TK is 1690.00 mg/kg. Clay percentage is 13.71, silt is 29.62, and sand is 56.67. Moisture content is 20.35%, ash content is 62.13%, and fixed carbon is 6.21%. Contains measurements for various elements and compounds, including TPH, PAHs, resins, asphaltene, arsenic, mercury, copper, cadmium, chromium, zinc, and lead. Experiment data averaged after outlier removal.]



3.2 The removal of PAHs in rhizospheric soils of ryegrass, tall fescue and cotton

The initial ∑PAHs of contaminated soils were 297.79μg/g, 228.44μg/g, and 8.63μg/g for PAHs contaminated soil (blue column), diesel oil-contaminated soil (red column) and aged oily sludge-contaminated soil (white column), respectively. The experimental replication number is n=6. The CK experimental group involved soil with the same pollutants and concentrations, amended with an equivalent amount of the peat, but without planting any vegetation, while maintaining identical watering conditions to assess the natural microbial degradation of PAHs. CK represents the natural attenuation assay.

Figure 1 demonstrates the efficacy of phytoremediation in enhancing the removal of polycyclic aromatic hydrocarbons (PAHs) from contaminated soils. As illustrated in Figure 1, the removal rate of PAHs in the CK (control) experimental group was notably low, all below 20%, indicating that natural attenuation alone is insufficient for effective remediation. In contrast, the experimental groups with planted vegetation achieved PAHs removal rates ranging from 18.97% to 88.53%, all significantly higher than the CK group, underscoring the critical role of phytoremediation in improving PAHs removal efficiency. Among all plant species, wheat exhibited the highest PAHs removal rate, reaching 88.53%, consistently outperforming other plants. This suggests that wheat possesses a superior capacity for PAHs uptake, translocation, or stimulation of rhizosphere microbial degradation, establishing it as a dominant species for the phytoremediation of PAHs-contaminated soils. The efficiency of PAHs removal varies considerably based on the type of contamination. Among the three soil types tested, PAHs contaminated soil demonstrated the highest PAHs removal efficiency, with all plant species showing significant remediation effects. In contrast, aged oily sludge-contaminated soil exhibited the lowest PAHs removal efficiency, with only 38.37% removal in the wheat group. This lower efficiency may be attributed to the complex composition and high toxicity of aged oily sludge, which could generate more toxic intermediate products or exhibit reduced bioavailability during aging.

[image: Bar chart showing the removal of total PAHs in three soil types: aged oily sludge, diesel oil contaminated, and PAHs contaminated soil. Each group includes five treatments: CK, Ryegrass, Tall Fescue, Cotton, and Wheat. Diesel oil contaminated soil shows the highest removal rates, with Tall Fescue and Cotton reaching around 80% removal. PAHs contaminated soil follows, with Cotton and Wheat also showing high removal. Aged oily sludge soil displays the lowest removal rates, with Wheat achieving the highest in its group. Error bars indicate variability, and letters denote statistical significance.]
Figure 1 | Total PAHs removal (in m%) in rhizospheric soils contaminated with aged oily sludge, diesel oil, and PAHs after a 5-month phytoremediation period using ryegrass, tall fescue, cotton, and wheat. Significant differences between the tested plants and the control were indicated by different letters (a, b, c and d) (P < 0.05, Student's t test).

Plant uptake of total PAHs was 2.03% -11.27%. Therefore, this study provided evidence that the plant root uptake of total PAHs was not a significant removal pathway; the loss of PAHs is likely due to rhizosphere biodegradation and the strong association of PAHs with organic particles (Mesa-Marin et al., 2019). As shown in Figure 1, the highest uptake of PAHs appeared in the wheat-mediated phytoremediation assay of aged oily sludge (1.27%). The plant uptake of total PAHs varied with the type of contaminated soil and phytoremedial plants: its value for the aged oily sludge contaminated soil was about 2-6 times and 10-40 times higher than that for the diesel oil contaminated soil and PAHs contaminated soil, which can be attributed to the properties of contaminated soil such as the type and concentration of contaminants.




3.3 The distribution and transfer of PAHs in ryegrass, tall fescue, and cotton

As shown in Figure 2, the percentage of PAHs uptake is in the range of 2.03%-11.27%, and the uptake of PAHs was in the order of aged oily sludge contaminated soil (6.24%-11.27%), diesel oil contaminated soil (4.27%-6.27%), and PAHs contaminated soil (2.03%-4.34%). The observed result in this study was probably due to the toxicity induced by different concentrations of PAHs, which may limit plant growth and subsequently influence the uptake of PAHs (Feng et al., 2017).

[image: Bar chart showing plant uptake of total PAHs in different soils: aged oily sludge (white), diesel oil (red), and PAHs (blue). Ryegrass, tall fescue, cotton, and wheat are compared. Uptake ranges from 2% to 12%, with ryegrass in aged oily sludge showing the highest uptake. Error bars are included.]
Figure 2 | Plant uptake of total PAHs by ryegrass, tall fescue, cotton, and wheat in soils contaminated with aged oily sludge, diesel oil, and PAHs. Significant differences between the tested plants and the control were indicated by different letters (a, b, c and d) (P < 0.05, Student's t test).

As shown in Figure 3 and Supplementary Table S1, the linear regression between the plant uptake of PAHs and biomass of total plant and root was observed with correlation coefficients of 0.87 and 0.92, suggesting that the location of the root was the pool for accumulating PAHs from the soil. The distribution of PAHs in different plant parts is always determined and evaluated by the root concentration factors (RCFs) and transpiration stream concentration factors (TSCFs).

[image: Scatter plot showing the relationship between biomass (g) and plant uptake of total PAHs (%). Red circles represent total plant dry weight, and gray squares represent root dry weight. Two trendlines are present: one for total plant dry weight (Y=75.8X+19.8, R=0.87) and one for root dry weight (Y=39.2X+8.4, R=0.92). Biomass increases with plant uptake of PAHs.]
Figure 3 | The relationship of plant uptake with biomass of root and total plant weight.

As shown in Figure 4, the values of RCFs varied with the plant species and types of contaminated soils; in aged oily sludge-contaminated soil, ryegrass and wheat had the higher ability of root concentration with RCFs of 2.72 and 2.48, respectively, but it did not reach the standard for screening the hyperaccumulator. The rest of the RCFs had no significant difference. In addition, the values of RCFs in the diesel oil-contaminated soils were generally lower than that in the PAHs-contaminated soils and aged oily sludge-contaminated soils; this may be due to the enhanced cometabolism of PAHs with the saturated hydrocarbons, and the toxicity of higher PAHs concentration may be the reason resulting in lower values of RCFs in PAHs contaminated soils. Results indicate that annual ryegrass can establish and survive in anthracene-contaminated soil at a concentration of 100 mg/kg dry soil and showed no outward signs of phytotoxicity. There was no significant effect of phenanthrene (contaminated at 1000 mg/kg) on the root-soot biomass of ryegrass compared to the uncontaminated soil. It was also noted that the values of TSCFs showed no significant difference among different remediation ways, indicating that the PAHs translocation from soil to the various plant sections (e.g., root, stem, leaf, fruit, seed, etc.) was primarily determined by the transmembrane transport, and the driving force for PAHs distribution in different plant sections was similar among the ryegrass, cotton, wheat, and tall fescue.

[image: Bar chart comparing RCFs and TSCFs for different plant types in soils contaminated with aged oily sludge, diesel oil, and PAHs. Categories include Ryegrass, Tall Fescue, Cotton, and Wheat. Each plant type displays bars in varying shades and patterns for the different contamination types, with RCFs and TSCFs indicated by colors and hatching. Small letters denote statistical significance among the results, with values ranging from below one to three on the vertical axis.]
Figure 4 | Root concentration factors (RCFs, blank legends) and transpiration stream concentration factors (TSCFs, sparse twill legends) of ∑PAHs after 5 months phytoremediation. Significant differences between the tested plants and the control were indicated by different letters (a and b) (P < 0.05, Student's t test).




3.4 Correlation analysis of the RCFs and Kow of 16 PAHs

As shown in Figure 5, the relationship between the RCFs of 16 priority PAHs and LogKow tended to be linear. However, only for the logKow between 3 and 6, it suggested that the higher values of Kow had higher uptake potential by plant tissue. The different values of RCFs depended on the chemical properties and related to the plant species and the soil types. However, analyzing the complexity of this relationship requires more analysis of the conformational space of chemicals studied across the whole range of logKow values. As for the PAH compounds with logKow higher than 6, the RCFs values were not significantly different but relatively lower than the PAH compounds of logKow between approximately 3 and 6; this may be due to the higher size of molecule limiting its transmembrane.

[image: Three scatter plots comparing Log Kow values to RCFs for different contaminated soils. (a) Diesel oil contaminated soil shows linear correlations. (b) Aged oily sludge contaminated soil displays similar trends with higher slopes. (c) PAHs contaminated soil reveals varied slopes; Y(B) line has a distinct gradient. Each plot includes equations and R-values, with data points in various shapes and colors.]
Figure 5 | Relationship between RCFs of 16 priority PAHs in the diesel oil contaminated soil (a), aged oily sludge contaminated soil (b), and PAHs contaminated soil (c). Y-phytoremediation with (B) ryegrass, (C) tall fescue, (D) cotton, (E) wheat.





4 Discussions



4.1 The influencing factors of the phytoremediation of aged oily sludge-contaminated soil

The added nutrients were necessary for the phytoremediation of aged oily sludge. In addition, the oily sludge sampled from Shengli Oil Field was 63.04 g/kg salinity and 8.60 pH value, which determined that the potential plant species for phytoremediation should be tolerant to salified and alkalinized soils. The oily sludge was arenarious loam type with 13.71% clay, 29.62% silt, and 56.67% sand, and the heavy metal determination revealed that their content of As, Hg, Cu, Cd, Cr, Zn, and Pb was not beyond the second category standard with respective to National Environmental Quality Standard for Soils (GB 15618-1995, China). Adding peat was expected to have an immediate and long-term positive impact on the phytoremediation of aged oily sludge-contaminated soil. Their source and distribution greatly influenced the biodegradation of PAHs.




4.2 The effects of plant species in PAHs removal mechanism and rhizosphere interactions

As shown in Figure 1, the removal of total PAHs varied with different contaminated soils and phytoremedial plants. Plants can enhance the phytoremediation efficiency of PAHs with 20–60% more PAHs removal than that in CK (natural attenuation). This result was consistent with other research (Alves et al., 2018; Ma et al., 2020; Johnson et al., 2005; Xu et al., 2014; Rasmussen and Olsen, 2004), and the significantly enhanced PAHs’ removals were probably attributed to the effects of the augmented rhizosphere microorganisms and/or uptake by plant tissues (Xu et al., 2014; Zelko et al., 2017; Liao et al., 2021). Plants secrete various compounds (e.g., organic acids, sugars, and proteins) into the soil, which can stimulate or inhibit microbial growth and activity. Bioaugmented phytoremediation using cowpea enhanced microbial growth, increased soil dehydrogenase and invertase activities, improved bacterial community diversity, and accelerated the rhizodegradation of total petroleum hydrocarbons (TPH) in oil-contaminated soil (Yang et al., 2022). The phytoremediation efficiency of PAHs was in the order of ryegrass, tall fescue, cotton, and wheat since plant species differ in PAHs removal mechanism and effects on rhizosphere microorganisms; furthermore, Yang proved that the ryegrass had a higher rhizosphere effect on the PAH removal than other plant species (Yang et al., 2007), and Merkl found that the biodegradation rate of PAHs was dependent on individual composition of plant exudates (Merkl et al., 2005). Guo et al (2017) indicated that ryegrass increased the degradation of PAHs by promoting bacteria diversity, increasing the abundance of total bacteria and PAH degraders, and stimulating PAH-ring hydroxylating dioxygenase (PAH-RHDα) genes expression.




4.3 The effects of soil characterization in PAHs removal mechanism

The survival and activity of microorganisms and the degradation efficiency of PAHs are significantly influenced by variations in soil types and their inherent properties. The removal of PAHs in aged oily sludge was the least even though its initial concentration of PAHs was the smallest among the three contaminated soils, suggesting that the characterization of contaminated soils may be the key influencing factor for the PAHs biodegradation (Ma et al., 2020). The tight binding and high competition with saturated hydrocarbons render the PAHs unavailable to some plants and(or) results in poor uptake for aged oily sludge and diesel oil-contaminated soils (Xu et al., 2014; Al Sbani et al., 2021).In this study, the fate of 16 PAHs (Bojes and Pope, 2007) in the rhizosphere was studied, which showed the capability of planted soil with ryegrass, tall fescue, cotton, and wheat in accelerating the PAHs dissipation, even including the 5-6 ring PAHs of dibenzo(a,h)anthracene and benzo (g, h, i)perylene. The disappearance of PAHs with three or more rings was mainly attributed to biotransformation or biodegradation (Mandal et al., 2018). However, the peat used in improving the soil conditions increases the organic matter content, potentially leading to increased sorption of contaminants and humification (incorporating a compound into organic matter). As a result, the increased dissipation of the PAHs in the rhizosphere may also be due to a decreased extractability of the PAHs with the formation of bound residues.




4.4 The effects of plant root morphological structure in PAHs removal mechanism

In this study, the plant species of ryegrass, tall fescue, and wheat had a large fibrous root, which has a deep, extensive fibrous root network, maximizing the root-soil contact and the influence of the rhizosphere. Due to the complex spatial structure of fibrous roots, the contact area between the roots and the soil was larger, which provided more colonizing space for microorganisms; besides, the complex network structure led to the densification of the whole space of the root system, thereby enhancing the interaction between microorganisms and pollutants (Liao et al., 2021). In addition, the developed root system made the soil structure crisp and loose, increasing the voids, which was also conducive to the circulation of air and water in the soil, providing more oxygen and energy for microorganisms, thereby reducing the content of pollutants in the soil (Liao et al., 2021; Oniosun et al., 2019; Chen et al., 2018; Wei et al., 2017).

Due to their strong adhesion, PAHs with strong hydrophobic properties were firmly adhered between roots and soil, so it wasn’t easy to transfer inside plants. Due to the strong water solubility of those chemicals (logKow<1.0), after being diluted by water, it isn’t easy to adsorb to plant roots and cannot be actively transported through plant membranes. Hydrophobic chemicals (logKow>3.5) are candidates for phytostabilization and/or rhizosphere biodegradation. In this study, the different RCFs of PAHs in plant tissue were also related to their biodegradation. The cometabolism capacity of 4-ring PAHs is positively correlated with biodegradable 2-3-ring PAHs, and after the reduction of the latter, plants released phenolic compounds (Jarujareet et al., 2019; Gonzalez-Costas et al., 2020) that acted as PAH analogs. Studies indicated that increasing the removal efficiency of aged TPH by plants was achieved by increasing the rhizosphere microorganisms because these microorganisms contain a bulk of hydrocarbon catabolic genes (Siciliano et al., 2003).

Before transpiration transfers the pollutant to other plant tissues, it must overcome the barriers created by detoxification and metabolism in the roots (Feng et al., 2017). In this process, glutathione-S-transferase was responsible for the binding reaction that plays a central role in plant detoxification. The third stage of phytobiotic metabolism involves storing and segregating soluble conjugates in the cell wall.




4.5 The potential applications of phytoremediation technology in addressing petroleum hydrocarbon-contaminated soils

The three plants studied effectively remove petroleum hydrocarbon pollutants such as diesel, polycyclic aromatic hydrocarbons, and oily sludge. This demonstrates that phytoremediation technology can address leakage pollution of petroleum hydrocarbons in product samples, purified samples, and solid waste samples. The remediation capabilities of these plants are applicable across diverse scenarios, including mining sites, transportation processes, petroleum derivative production facilities, and solid waste treatment stations.

The findings of this study provide valuable insights and references for applying phytoremediation in soils contaminated with PAHs and other petroleum hydrocarbons. Moreover, developing integrated remediation technologies, such as microbial-plant and chemical-plant approaches, is crucial to unlocking the full potential of phytoremediation and enhancing the removal efficiency of petroleum hydrocarbons. Similarly, addressing complex polluted sites is essential, as petroleum-contaminated areas often involve heavy metals. Plants also possess the ability to mitigate heavy metal accumulation. Cultivating plants for the remediation of petroleum hydrocarbon-heavy metal composite pollution can contribute significantly to advancing phytoremediation technology. In the future, with the continuous development of plant remediation technology and microbial engineering, research on the mechanisms and interactions of plants and rhizosphere microbial systems in degrading PAHs will continue to deepen. Biological, environmental remediation technology will be further improved and enhanced, providing more effective solutions for treating PAHs pollution.





5 Conclusion

Experiments have shown that the root position is the accumulation position of PAHs in soil, and the uptake of PAHs by plants has a linear relationship with the total plant and root biomass. The degradation efficiency of PAHs by phytoremediation was 10%-60% higher than that of CK, and the restoration efficiency was ryegrass, tall fescue, cotton, and wheat. The absorption of PAHs by plants is only 2.03%-11.27%; it is evident that the removal of PAHs in soil by phytoremediation is mainly achieved through the metabolism of hydrocarbons by root microorganisms. Plants with developed root systems, due to the complex heel system, not only provide many colonization spaces for microorganisms but also improve the mobility of air and water, thereby improving the degradation efficiency of PAHs by plants. The ability of plants to absorb and transport PAHs is related to their chemical properties. Among the 16 PAHs studied, those with strong hydrophobicity (logKow>3.5) are candidates for plant or microbial remediation.
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Cadmium (Cd) is one of the most hazardous and persistent heavy metal pollutants globally. Long noncoding RNAs (lncRNAs) play a crucial role in regulating plant gene expression under various abiotic stress conditions. This study investigated the response of the lncRNA transcriptome in the roots of two contrasting Tibetan hull-less barley genotypes, X178 (Cd-tolerant) and X38 (Cd-sensitive), to Cd stress using RNA sequencing. A total of 8299 novel lncRNAs were identified, with 5166 unique target genes associated with 2571 unique lncRNAs. Among these, 1884 target genes were regulated by cis-acting lncRNAs, while 3428 were regulated by trans-acting lncRNAs. By analyzing differential expression profiles in the two genotypes under Cd stress, 26 lncRNAs and 150 mRNAs were identified as potentially linked to Cd tolerance. Functional enrichment analysis revealed that the target genes were significantly enriched in detoxification and stress response functions, including pathways related to phenylalanine, tyrosine, tryptophan, ABC transporters, and secondary metabolites. Additionally, 12 lncRNAs forming 18 lncRNA-mRNA pairs were identified as key regulators of Cd tolerance. The functional roles of these lncRNA-mRNA interactions suggest that they modulate proteins such as DJ-1, EDR, PHT, and ABC transporters, which may contribute to the Cd tolerance observed in genotype X178. High-throughput sequencing results were validated by qRT-PCR. These findings deepen our understanding of lncRNAs as critical regulators of Cd tolerance in plants, offering valuable insights into the molecular mechanisms underlying heavy metal stress responses in crops.




Keywords: Hordeum vulgare var. nudum, Cd toxicity, high-throughput sequencing, lncRNA, mRNA, target genes




1 Introduction

Heavy metal contamination of agricultural soils, particularly cadmium (Cd), poses significant threats to plant life, human health, and global food security. Cd is one of the most hazardous and persistent toxic heavy metals in the environment, known for its high toxicity and ease of uptake by plants (Zhou et al., 2023; Angon et al., 2024). Soil Cd contamination not only adversely affects plant growth, photosynthesis, and reduces yield and quality, but also signifies a serious health risk to humans through the food chain (Genchi et al., 2020; Kaur et al., 2021). The detrimental effects of heavy metal contamination are particularly pronounced in agricultural fields located near industrial or mining activities, which are major sources of such pollutants (Ullah et al., 2024, Ullah et al, 2025). Global anthropogenic Cd fluxes now approach 1.0 × 106 metric tons annually (Ren et al., 2022), with the topsoils of the European Union exhibiting an average concentration of 0.20 mg kg–1 (Ballabio et al., 2024), reflecting its persistent environmental mobility and importance in biogeochemical cycling. Cd has been identified as the leading contributor to carcinogenic risk among heavy metals. According to guidelines from the US Environmental Protection Agency (USEPA), the acceptable threshold for regulatory consideration of cancer risk ranges from 1×10–6 to 1×10–4 (Kamunda et al., 2016). Notably, the USEPA has classified Cd as a priority hazardous metal, ranking it 118th on the Priority Pollutant List—a ranking higher than other toxic heavy metals, including chromium (Cr), copper (Cu), and lead (Pb).

To ensure sustainable agricultural productivity and ecosystem health, it is crucial to exploit available genetic resources and better understand the mechanisms of Cd tolerance. This understanding is essential for developing cultivars with low Cd accumulation and high tolerance, thus reducing Cd intake in human diets and minimizing soil-plant Cd transfer. In response to Cd contamination, plants have evolved a variety of adaptive strategies and detoxification mechanisms (Qiu et al., 2021). These include Cd exclusion, chelation by specific ligands, sequestration in vacuoles, and the activation of antioxidative defense systems to neutralize excess reactive oxygen species (ROS) (Luo and Zhang, 2021; Wang et al., 2023).

Long non-coding RNAs (lncRNAs) have emerged as pivotal regulators of gene expression at both transcriptional and post-transcriptional levels, playing essential roles in processes such as hormone signaling, plant development, and responses to abiotic stresses (Li et al., 2018; Nejat and Mantri, 2018; Wang et al., 2018; Moison et al., 2021);. A growing body of research has linked numerous lncRNAs to Cd stress responses across various plant species. For instance, 195 Cd-responsive lncRNAs were identified in barley (Zhou et al., 2023), 301 in Brassica napus (Feng et al., 2016b), and 172 in Populus tomentosa (Quan et al., 2021). In rice, Chen et al. (2018) reported that Cd treatment resulted in the downregulation of 75 lncRNAs and the upregulation of 69 lncRNAs. Among these, XLOC_086307, which targets the Cys-rich peptide metabolism-related gene Os03g0196600 in cis, was significantly upregulated, suggesting its involvement in the Cd response. Additionally, the TCONS_00035787–miR167-Nramp1 pathway highlights the role of lncRNAs in modulating Cd uptake and accumulation (Feng et al., 2016b). In Betula platyphylla, LncRNA2705.1 and LncRNA11415.1 have been shown to enhance Cd tolerance by regulating the expression of target genes such as LDHA and HSP18.1 (Wen et al., 2020). Despite these advances, the regulatory mechanisms of lncRNAs in Tibetan hull-less barley under Cd stress remain largely unexplored, especially considering its unique adaptation to extreme environmental conditions—a critical gap given its ecological and agricultural importance.

Furthermore, transcriptome screening identified 9414 lncRNAs associated with seed coat coloration and anthocyanin biosynthesis in Tibetan hull-less barley, providing a dynamic portrait of these processes (Zheng K, et al., 2023). Additionally, 14 mowing-responsive lncRNAs were found to interact with target genes involved in cytokinin signaling, cell wall degradation, storage protein accumulation, and biomass increase, playing a critical role in the regeneration of hull-less barley after mowing (Bai et al., 2024). However, no study has yet linked lncRNAs to Cd tolerance in Tibetan hull-less barley, nor elucidated whether its lncRNA-mediated regulatory networks differ from other barley species under Cd exposure. This knowledge gap necessitates further investigation.

Tibetan hull-less barley (Hordeum vulgare var. nudum) is a vital staple food and economic crop for populations in Tibet and surrounding regions. Cultivated under the harsh conditions of the Qinghai-Tibet Plateau, it endures extreme altitudes and environmental stresses. Remarkably, Tibetan hull-less barley has developed exceptional tolerance to these challenges, surpassing other barley species in its resilience. In our previous study, we identified two distinct genotypes of Tibetan hull-less barley: X178, which is tolerant to Cd, and X38, which is Cd-sensitive (Foysal et al., 2024). This discovery raises the question of whether Tibetan hull-less barley employs a unique Cd-tolerance strategy at the transcriptome level, particularly through the regulation of lncRNAs that may contribute to its environmental adaptability—a hypothesis yet to be tested.

We hypothesize that genotype-specific lncRNA networks that differentially control significant genes are responsible for the difference in Cd tolerance between Tibetan hull-less barley genotypes X178 and X38. The identification, functional roles, regulatory mechanisms, and crop enhancement applications of lncRNAs in Tibetan hull-less barley are poorly understood. To address this, the present study investigates the molecular mechanisms underlying the root lncRNA transcriptome in response to Cd stress using RNA sequencing under both Cd stress and normal conditions. This research offers valuable insights that could contribute to the development of Cd-tolerant barley cultivars, enhancing crop resilience in challenging environments.




2 Materials and methods



2.1 Plant materials and Cd treatment

A greenhouse hydroponic experiment was conducted at the Zhejiang University, Zijingang Campus in Hangzhou, China. Healthy barley seeds of two genotypes, Tibetan hull-less barley X178 (Cd-tolerant) and X38 (Cd-sensitive), were germinated in a plant growth chamber (22/18°C day/night, relative humidity 65% and light intensity 250 µmol m–2 s–1) on sterilized filter paper in Petri dishes. Germination took place over 3 days in the dark, followed by 2 days under light conditions. Five-day-old, uniform, and healthy seedlings were transferred into 5 L plastic containers, each containing 4.8 L of a basic nutrient solution (BNS) prepared according to Qiu et al. (2019), and continued to grow in the chamber under identical temperature, humidity, and light settings. After 5 days, the control group received BNS, while the Cd-treated group was provided with BNS supplemented with 20 µmol L-1 CdCl2. This concentration was selected based on previous research, which showed it induces significant phenotypic differences between the tolerant and sensitive genotypes (Foysal et al., 2024). It effectively facilitates the investigation of underlying transcriptional regulatory mechanisms and has environmental significance concerning physiological responses in barley (Chen et al., 2008; Schneider et al., 2009). A split-plot design was used, with the treatment as the main plot and genotype as the subplot, and three biological replicates for each treatment. After 24 hours of Cd exposure, root samples were collected from each replicate, frozen in liquid nitrogen, and stored at -80°C for RNA extraction. Young seedlings exhibit heightened sensitivity to environmental stress, with a 24-hour treatment effectively inducing stress responses to identify key regulatory genes/lncRNAs in early stress adaptation (Wen et al., 2020). This developmental phase coincides with critical root architecture formation through active cell division and differentiation, making it optimal for studying dynamic gene expression patterns (Duan et al., 2023; Liang et al., 2024).




2.2 Preparing transcriptome libraries and high-throughput sequencing

RNA isolation, purification, library construction, and high-throughput sequencing were performed as described by Qiu et al. (2019). In brief, total RNA was first subjected to ribosomal RNA (rRNA) removal using RNase H. The purified RNA was then fragmented, and first-strand cDNA was synthesized using random hexamer primers for reverse transcription. This was followed by second-strand cDNA synthesis with dUTP replacing dTTP. The resulting double-stranded cDNA underwent end repair, “A” base addition, and adaptor ligation. RNA sequencing libraries were generated by PCR amplification, followed by digestion of the U-labeled second-strand template using Uracil-DNA glycosylase (UDG). Library quality was assessed, and the PCR product was denatured by heat. The DNA was then circularized using splint oligo and DNA ligase. DNA nanoball (DNB) synthesis and sequencing were carried out on the DNBSEQ platform (BGI-Wuhan).




2.3 Mapping and classification of transcripts

Clean data were obtained by removing reads containing adapter sequences, poly-N regions, and other low-quality reads from the raw data. Low-quality reads were filtered based on the criterion that more than 50% of the bases in a read must have a sequencing quality of no more than 15. The clean reads were then mapped to the barley reference genome (Barley_Morex_V2) using HISAT2 (Version: v2.2.1; Parameters: –sensitive –no-discordant –no-mixed -I 1 -X 1000 -p 8 –rna-strandness RF; https://github.com/DaehwanKimLab/hisat2/) and assembled with StringTie (Version: v2.2.1; Parameters: -f 0.3 -j 3 -c 5 -g 100 -s 10000 -p 8; https://github.com/gpertea/stringtie/). Known mRNAs and lncRNAs were identified using Cuffcompare (https://github.com/gpertea/CuffCompare/). To identify novel transcripts, we used CPC (http://cpc2.cbi.pku.edu.cn/), LGC (https://ngdc.cncb.ac.cn/lgc/calculator/), CNCI (https://github.com/www-bioinfo-org/CNCI/), Pfam (http://pfam-legacy.xfam.org/), and SwissProt (https://www.uniprot.org/) for coding ability prediction. The thresholds for each tool were as follows: for CPC and CNCI, transcripts with a score greater than 0 were classified as mRNAs, while those with a score less than 0 were classified as lncRNAs. For LGC and CNCI, a score threshold of 0 was also applied, with transcripts greater than 0 classified as mRNAs and those less than 0 classified as lncRNAs. Pfam and SwissProt are protein databases, and transcripts that could be aligned with these databases were considered mRNAs, while those that could not were classified as lncRNAs. A transcript was classified as mRNA if at least three of the five methods (CPC, LGC, CNCI, Pfam, or SwissProt) were consistent, and at least one protein database alignment was detected.




2.4 Analysis of mRNA and lncRNA expression

The software Bowtie2 (https://github.com/BenLangmead/bowtie2/) was used to align the clean reads to the reference sequence, followed by RSEM (https://github.com/deweylab/RSEM/) to calculate gene and transcript expression using the FPKM (Fragments Per Kilobase of transcript per Million mapped reads) method. Differential expression analysis of transcripts between control and Cd treatment groups for each genotype was performed using DEGseq (https://github.com/bioc/DEGseq/). Transcripts with a false discovery rate (FDR) ≤ 0.05 and |log2 fold change| ≥ 1 were considered differentially expressed mRNAs or lncRNAs.




2.5 Real-time quantitative PCR validation

The qRT-PCR was employed to validate the high-throughput sequencing results of barley lncRNAs and mRNAs by analyzing the expression levels of 6 lncRNAs and 4 mRNAs. RNA samples were reverse-transcribed using the PrimeScript™ II 1st Strand cDNA Synthesis Kit (Takara). The qRT-PCR reaction conditions were as follows: initial denaturation at 95°C for 30 seconds, followed by 40 cycles of 95°C for 3 seconds and 60°C for 30 seconds. The specificity of PCR amplification was confirmed through melting curve analysis. All reactions were performed in triplicate using the SYBR Premix Ex Taq Kit (Takara) on a Light Cycler 480 System (Roche, Germany), following the manufacturer’s instructions. Amplification efficiency was validated by analyzing the linear regression of log-transformed template quantities versus Ct values during the exponential phase of amplification curves. Relative expression was calculated using the comparative Ct (2−ΔΔCt) method, normalizing target gene Ct values to a reference gene and control group, with the GAPDH gene serving as the reference gene (Qiu et al., 2019). Primer sequences used in this study are provided in Supplementary Table S1.




2.6 Target and sRNA precursor prediction

LncRNAs primarily exert their functions through cis- or trans-regulation of target genes. To investigate this, we computed two correlation coefficients (Spearman and Pearson) between lncRNAs and mRNAs, requiring both coefficients to exceed 0.6. LncRNAs were classified as cis-regulatory if located within 10 kb upstream or downstream of coding genes. For lncRNAs outside this range, we used RNAplex to analyze the binding energy between lncRNAs and mRNAs, considering an energy threshold of -60 kcal mol-1 or lower to define trans-regulatory interactions. Additionally, we employed BLAST to map lncRNAs to miRBase (http://www.mirbase.org/) to identify potential small RNA (sRNA) precursors, as lncRNAs can also function as precursors for sRNAs.




2.7 mRNA and lncRNA annotation

BLAST was performed to align mRNA sequences to the NT database, and DIAMOND (https://github.com/bbuchfink/diamond/) was used to align translated sequences to the NR, KOG, KEGG, Uniprot, COG, and TFdb5 databases. Additionally, INFERNAL (https://github.com/EddyRivasLab/infernal/) was employed to map lncRNAs to the Rfam database for annotation of the lncRNA family. Gene Ontology (GO) annotation for target genes of differentially expressed lncRNAs was conducted using the GOseq R package (https://github.com/lmika/goseq/). KEGG pathway enrichment analysis of target genes for differentially expressed lncRNAs was performed using KOBAS (https://github.com/KOBAS-Development/KOBAS/) software.





3 Results



3.1 Identification of lncRNAs in Tibetan hull-less barley under control and Cd stress

Morphological changes induced by Cd treatment are presented in Supplementary Figure S1. Physiological evaluations revealed that, under Cd stress, growth parameters such as shoot height, root length, fresh weight, and dry weight were significantly higher in the X178 variety compared to X38 (Supplementary Figure S2). The Illumina HiSeq platform was employed for RNA-sequencing, generating 56.46 and 56.48 million raw reads for the X178 and X38 control libraries, respectively. Similarly, 56.45 and 55.64 million raw reads were obtained for the Cd stress libraries (Table 1). Following the removal of low-quality reads, a total of 55.22, 55.20, 55.27, and 54.36 million high-quality clean reads were retained for the X178-Control, X38-Control, X178-Cd, and X38-Cd libraries, respectively. Using the HISAT alignment tool, approximately 83% of the clean reads were successfully mapped to the reference genome (Table 1). To identify putative lncRNAs in Tibetan hull-less barley, transcripts shorter than 200 nucleotides (nt) and known mRNAs were excluded. The coding potential of the remaining transcripts was assessed using four computational tools: CNCI, CPC2, LGC, and SwissProt or Pfam databases (Figure 1). Through this comprehensive analysis, we identified 8299 novel lncRNAs, 15791 novel mRNAs, and 63658 known mRNAs (Figure 2). The majority of lncRNAs were under 1000 nt, with fewer found as their length increased. Most lncRNAs were under 2000 nt in length, whereas mRNAs predominantly ranged between 500 and 3500 nt. Additionally, lncRNAs were predominantly characterized by two exons, while mRNAs exhibited a significantly higher proportion of transcripts with more than two exons. The transcript quantity distribution followed a similar trend. These findings suggest distinct structural and functional roles for lncRNAs and mRNAs in biological processes, highlighting their differential contributions to gene regulation and cellular functions.

Table 1 | Summary of high-throughput sequencing of transcripts from barley roots.


[image: Table comparing sequencing data for two conditions: Control and Cd, across two libraries, X178 and X38. Metrics include total raw and clean reads in millions, clean reads ratio, total mapping ratio, uniquely mapping ratio, and counts of novel and known lncRNA and mRNA genes and isoforms. Cd-treated plants showed slight variations in genome mapping metrics.]
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Figure 1 | Coding potential prediction of lncRNAs and mRNAs by CNCI, CPC2, LGC, and SwissProt/Pfam. Venn diagrams show number of predicted lncRNAs (left) and mRNAs (right).

[image: Three bar charts compare lncRNAs and mRNAs. (A) RNA number by length, with mRNAs peaking at 2000-3000 nt. (B) Transcript number by exon count, with most having 1-2 exons. (C) Gene number by transcript count, showing a decline as transcript numbers increase. lncRNAs are labeled in red, mRNAs in blue.]
Figure 2 | Characterization of all lncRNAs and mRNAs. (A) Length distribution of lncRNAs and mRNAs. (B) The exon features of lncRNAs and mRNAs. (C) The transcripts number of genes and lncRNA loci.




3.2 lncRNAs family classification and target gene prediction

The lncRNA families were classified based on their secondary structures and conserved sequences (Supplementary Table S2). A total of 2234 lncRNAs were categorized into distinct families, with the majority distributed among several key families. Specifically, 22.24% of the lncRNAs were classified under the MIR1122 family (id: RF00906), followed by 17.19% in the P6 family (id: RF01683), 12.67% in the mir family (id: RF00756), 7.97% in the RUF21 family (id: RF01825), 7.29% in the IRES_c family (id: RF00216), 5.82% in the RNase_P family (id: RF01577), 3.94% in the MIR1023 family (id: RF01043), and 3.94% in the SSU_rRNA_eukarya family (id: RF01960). The remaining 235 families, with an average of 6.0 individuals per family, collectively accounted for 18.93% of the total lncRNAs analyzed. These results demonstrate that lncRNAs exhibit significant structural diversity and are closely associated with other non-coding RNA families, underscoring their potential importance in biological functions and regulatory mechanisms.

LncRNA-mediated gene expression regulation can occur through either cis or trans mechanisms. Here, 5166 unique target genes were identified for 2571 unique lncRNAs, accounting for 31.0% of the total lncRNAs identified. The mechanisms of action for many lncRNAs remain unknown, underscoring the complexity of lncRNA functions in biological processes. Among the target genes, 1884 were found to be regulated by cis-acting lncRNAs, while 3428 were regulated by trans-acting lncRNAs (Supplementary Table S3, S4). Of the 3359 lncRNA-mRNA pairs involved in cis-regulation, 893 target genes were located within 10 kilobases (kb) downstream of lncRNA loci, 664 were positioned within 10 kb upstream of lncRNA loci, and 1802 were found to overlap with lncRNA loci (Supplementary Table S3). The overlapping interactions were further classified into specific subtypes, including AntiIntronic (57), AntiOverlapping (21), AntiSense (173), Intronic (118), Overlapping (53), and Sense (1380).




3.3 Identification of lncRNAs as sRNA precursors

LncRNAs have been identified as potential precursors for microRNAs (miRNAs), which play a role in gene regulation. Using BLAST, lncRNAs were mapped to the miRBase database to identify potential miRNA precursors. A total of 25 lncRNAs were found to potentially serve as precursors for miRNAs in the selected species. This suggests that these lncRNAs may generate miRNAs in response to Cd stress. Notably, several of these lncRNAs were predicted to produce barley miRNAs, including hvu-MIR5049c, hvu-MIR6200, hvu-MIR5049a, hvu-MIR5049e, hvu-MIR159a, hvu-MIR6190, hvu-MIR156b, hvu-MIR156a, hvu-MIR166a, hvu-MIR166c, hvu-MIR444a, hvu-MIR5048b, hvu-MIR5048a, and hvu-MIR6205 (Supplementary Table S5). These findings highlight the potential role of lncRNAs in miRNA biogenesis and their involvement in stress-responsive regulatory mechanisms.




3.4 Differences in lncRNA and mRNA expression profile among two barley genotypes

To identify Cd-responsive lncRNAs and mRNAs, the expression levels of these transcripts were compared between control and Cd stress conditions. Differential expression patterns were observed between the Cd-treated and control groups, as indicated by the subtle shape differences in the expression profiles (Figure 3). Specifically, in X178, 133 lncRNAs and 1587 mRNAs were up-regulated, whereas 160 lncRNAs and 932 mRNAs were down-regulated (Supplementary Table S6). Similarly, in X38, 51 lncRNAs and 717 mRNAs were up-regulated, while 148 lncRNAs and 407 mRNAs were down-regulated (Supplementary Table S7). These results highlight the distinct transcriptional responses of lncRNAs and mRNAs to Cd stress in the two genotypes. Up-regulated transcripts were linked to detoxification pathways (e.g., glutathione metabolism, phytochelatin synthesis, ABC transporters) and stress signaling (MAPK, antioxidant systems), potentially enhancing Cd tolerance. Down-regulated transcripts correlated with suppressed growth processes (e.g., photosynthesis), suggesting metabolic reallocation for stress defense. Co-regulated lncRNAs may modulate these responses by interacting with transcription factors or mRNA networks, while their suppression could release inhibitory constraints. This interplay between coding and non-coding RNAs underscores their synergistic roles in balancing detoxification, stress adaptation, and metabolic homeostasis under Cd stress.

[image: Violin plots showing the distribution of FPKM values for lncRNA and mRNA under control and Cd conditions. Each category is represented with a separate plot for conditions X178 and X38.]
Figure 3 | Expression levels and densities of mRNA and lncRNA in Cd-tolerant (X178) and Cd-sensitive (X38) barley genotypes under 20 µmol L-1 Cd stress. X-axis: RNA density; Y-axis: log10(FPKM). Colors denote RNA type. Box plot: median (black line), quartiles (box), and data range (whiskers).

To identify lncRNAs and mRNAs associated with Cd tolerance, the Cd-responsive lncRNAs and mRNAs were compared between the X178 and X38. A total of 26 lncRNAs and 150 mRNAs were identified as potentially linked to Cd tolerance (Figure 4). Among these, 3 lncRNAs were up-regulated in X178 but either down-regulated or unchanged in X38, while 23 lncRNAs remained unchanged in X178 but were either up-regulated or down-regulated in X38. For mRNAs, 46 were up-regulated in X178 but down-regulated or unchanged in X38, 27 were down-regulated in X178 but up-regulated or unchanged in X38, and 77 were unchanged in X178 but either up-regulated or down-regulated in X38. To validate the high-throughput sequencing data, qRT-PCR was performed on selected lncRNAs and mRNAs. Linear regression analysis revealed a strong positive correlation (R2 = 0.7758) between the qRT-PCR results and the sequencing data, confirming the reliability of the findings (Figure 5). Furthermore, based on lncRNA-mRNA interaction analysis, 25 Cd-tolerance-related lncRNAs and 128 target genes were identified (Supplementary Table S8). The distinct transcriptional profiles between the genotypes offer valuable insights into the mechanisms of Cd detoxification. The X178-specific upregulated lncRNAs may confer a tolerance advantage through three potential mechanisms: 1) Coordinating metal transporter dynamics for ion homeostasis, 2) Enhancing cellular antioxidant capacity via redox regulation, and 3) Fine-tuning stress signaling pathways. Conversely, the exclusive differential regulation of lncRNAs in X38 suggests that these transcripts may contribute to its Cd-sensitive phenotype, possibly by dysregulating metal sequestration pathways or impairing stress response coordination. This differential regulatory framework underscores genotype-specific molecular strategies in Cd response, with X178 activating protective lncRNA networks that remain inactive or suppressed in X38. The identified candidates provide a valuable foundation for further functional characterization of lncRNA-mediated Cd tolerance mechanisms in plants.

[image: Two donut charts compare mRNA and lncRNA expression changes in three categories. The mRNA chart shows 46 (blue), 27 (orange), and 77 (green). The lncRNA chart shows 3 (blue), 0 (orange), and 23 (green). The colors represent different expression changes as detailed in the legend below.]
Figure 4 | Root transcriptome profiles of Cd stress-responsive mRNAs and lncRNA in Cd-tolerant (X178) and Cd-sensitive (X38) barley genotypes under 20 µmol L-1 Cd stress. log2N, log2N ≥ 1 are up-regulated, between 0 < |log2N| < 1 are unchanged and log2N ≤ − 1 are down-regulated.

[image: Scatter plot (a) shows a high correlation (R² = 0.7758) between log2 values from qRT-PCR and sequencing. Bar charts (b-k) compare qRT-PCR and sequencing for different transcripts, each showing variable expression levels in orange and blue.]
Figure 5 | Correlation between lncRNA/mRNA sequencing and qRT-PCR data. (a) Fold changes from sequencing (Y-axis) versus qRT-PCR (X-axis) for X178 and X38 under Cd stress. R² indicates linear regression fit quality. (b-k) Validation of six lncRNAs and four mRNAs by qRT-PCR in X178 (orange) and X38 (blue) under Cd stress. “Seq” denotes high-throughput sequencing data.




3.5 LncRNA target gene annotation and enrichment analysis

The known and novel mRNAs were annotated using multiple databases, including NR, NT, GO, KOG, KEGG, UniProt, COG, Rfam, and TF. A total of 76,310 mRNAs, representing 96.05% of all mRNAs, were successfully annotated (Supplementary Table S9). Among these, 10,990 mRNAs were consistently annotated across all five databases (Figure 6A). The majority of the annotated mRNAs were mapped to Hordeum vulgare (42.04%), Hordeum vulgare subsp. vulgare (26.79%), Triticum aestivum (7.79%), and Triticum subsp. durum (6.95%) (Figure 6B). To gain deeper insights into the functional roles of the 128 lncRNA target genes, GO and KEGG enrichment analyses were performed. The GO annotation revealed that most genes in both genotypes were associated with cellular components such as cell and cell part, molecular functions including binding and catalytic activity, and biological processes such as cellular process, response to stimulus, and metabolic process (Figure 7). KEGG enrichment analysis highlighted several pathways that were significantly more enriched in the X178 genotype compared to X38 under Cd stress, suggesting potential mechanisms underlying enhanced Cd tolerance in X178 (Figure 8). These pathways included phenylalanine, tyrosine, and tryptophan biosynthesis, ABC transporters, and secondary metabolite biosynthesis, all of which are known to play roles in detoxification and stress responses. Additionally, X178 exhibited greater involvement in metabolic pathways and protein processing, which may contribute to maintaining cellular homeostasis under stress conditions. In contrast, X38, with fewer enriched pathways, appeared to be more susceptible to Cd stress, indicating that X178 has developed a more robust and generalized adaptive response to Cd exposure.

[image: Diagram with two panels. Panel A shows a five-way Venn diagram illustrating overlap among five databases: NT, KEGG, KOG, NR, and Uniprot, with varying overlap numbers. Panel B is a pie chart displaying the distribution of species: Hordeum vulgare at 42 percent, H. vulgare subspecies vulgare at 26.8 percent, others at 16.4 percent, Triticum aestivum at 7.8 percent, and T. turgidum subspecies durum at 6.9 percent.]
Figure 6 | Annotation and function prediction of all mRNAs identified in four libraries. (A) Annotation of mRNAs by NR, NT, KEGG, KOG, Uniprot. Venn diagrams show number of mRNAs. (B) The species distribution of annotation results.

[image: Bar chart showing gene ontology (GO) terms across three categories: Biological, Cellular, and Molecular. Orange bars represent dataset X38 and blue bars represent dataset X178. Each category lists various processes such as cellular processes, cell part, and catalytic activity, with corresponding gene numbers. Biological processes like cellular process have the highest counts, while Molecular categories like toxin activity have lower counts.]
Figure 7 | GO analysis of target genes of differentially expressed lncRNAs. GO classification of lncRNA target genes under Cd stress. The Y and X axes correspond to GO terms and the number of target genes (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

[image: Two bubble charts compare pathway enrichment for (A) X178 and (B) X38 regarding gene expression. Pathways are listed on the y-axis, and the rich factor is on the x-axis. Bubble size represents gene number, and color indicates p-value. Both charts show metabolic pathways as having the highest rich factor. The legend clarifies bubble size and color meanings.]
Figure 8 | KEGG enrichment analysis of target genes of differentially expressed lncRNAs. KEGG pathway classification of target genes of lncRNAs under Cd stress in X178 (A) and X38 (B), respectively. The Y axis corresponds to KEGG pathway, the X axis shows the enrichment ratio between the number of DEGs and all unigenes enriched in a particular pathway. The color of the dot represents p-value, and the size of the dot represents the number of DEGs mapped to the referent pathway.




3.6 Key Cd-tolerance related lncRNAs and their targets

We proposed 12 lncRNAs forming 18 lncRNA-mRNA pairs that are potentially critical for Cd tolerance (Table 2; Figure 9). Among these, lncRNA TCONS_00005624 was significantly up-regulated in X178 but down-regulated in X38, while its target gene TCONS_00005620 exhibited the same expression pattern, being up-regulated in X178 and down-regulated in X38. Another lncRNA, TCONS_00071028, was significantly down-regulated in X178 but remained unchanged in X38, with its target gene HORVU.MOREX.r2.6HG0471350.1 showing no change in X178 but up-regulation in X38. The remaining lncRNAs (TCONS_00035202, TCONS_00040227, TCONS_00073318, TCONS_00078863, TCONS_00029966, TCONS_00031104, TCONS_00086719, TCONS_00017042, TCONS_00047478, and TCONS_00007510) were unchanged in X178 but down-regulated in X38, with the exception of TCONS_00035202, which showed a different pattern. Among their target genes, 3 were up-regulated and 12 were unchanged in X178, while in X38, 8 were up-regulated, 5 were down-regulated, and 3 were unchanged. Based on functional annotation, the target genes of these lncRNAs were predicted to encode proteins such as protein DJ-1 homolog B, ABC transporter C family member 13, protein-enhanced disease resistance 2, and putrescine hydroxycinnamoyl transferase 1. These proteins are known to play essential roles in stress responses, metal detoxification, regulation of cell death, and plant growth and development, suggesting their potential involvement in Cd tolerance mechanisms. Additionally, several key genes, including TCONS_00013867 (transmembrane E3 ubiquitin-protein ligase), TCONS_00065833 (protein ENHANCED DISEASE RESISTANCE 2), TCONS_00086237 (ABC transporter C family member 13), and TCONS_00043280 (low affinity sulfate transporter 3), were validated by qRT-PCR (Figure 5), further supporting their involvement in genotype-specific tolerance in X178.

Table 2 | Cd tolerant related lncRNAs and their target mRNAs in response to Cd.


[image: Table displaying lncRNA ID, fold change (Cd vs control) for X178 and X38, target mRNA, and annotations. It shows data such as TCONS_00005624 with a fold change of 21.28 in X178 and -4.23 in X38, targeting TCONS_00005620, annotated as protein DJ-1 homolog B. Other entries include similar details with descriptions like cinnamoyl-CoA reductase 1, protein ENHANCED DISEASE RESISTANCE 2, and more. Fold change descriptions are provided at the bottom, indicating classifications of up-regulated, unchanged, and down-regulated values.]
[image: Diagram illustrating the molecular response mechanisms of a plant under stress, highlighting roles of DJ-1, EDR, ABC T, and PHT in oxidative stress response and detoxification. Cadmium (Cd) exposure is shown affecting plant roots, with regulation indicated as up-regulated (red), down-regulated (blue), or unchanged (gray). Stress adaptation processes involve ROS scavenging, detoxifying metals, and suppressing cell death mechanisms, contributing to cadmium tolerance in variant X178.]
Figure 9 | A hypothetical schematic illustration of the mechanism that underlies Cd tolerance and adaptation at the lncRNAs-mRNA level in X178. Within each genotype, the fold change (Cd vs control) is log2N, where changes in log2N ≥ 1 are up-regulated, 0 < |log2N| < 1 are unchanged and log2N ≤ –1 are down-regulated. For the box representing the expression, red, blue, and gray indicate up-regulated, down-regulated, and unchanged, respectively; the left and right represent X178 and X38. DJ-1, Protein DJ-1 homolog B; EDR, Protein enhanced disease resistance 2; ABC T, ABC transporter C family member 13; PHT, Putrescine hydroxycinnamoyltransferase 1.





4 Discussion

The detrimental impact of Cd stress on crop yield and quality is well-documented, as it disrupts numerous physiological and biochemical processes in plants. Recent advancements in high-throughput RNA-seq technologies have generated vast amounts of transcriptomic data, shedding light on the complexity of eukaryotic transcriptomes and the pivotal role of lncRNAs in regulating gene expression. These discoveries have provided novel insights into plant stress responses. Previous study identifies at least a thousand lncRNAs that have been found in several species under biotic and abiotic stress, highlighting their potential in stress response pathways (Chen et al., 2019; Zheng W, et al., 2023; Zou et al., 2024). LncRNAs have been implicated in regulating multiple physiological pathways, including responses to Cd stress. However, despite their broad functional roles, the precise regulatory mechanisms of lncRNAs remain poorly understood. To date, only a limited number of studies have conducted genome-wide characterizations of lncRNAs involved in plant responses to Cd stress, with notable examples in Oryza sativa (Chen et al., 2018; Feng et al., 2016a), Hordeum vulgare (Zhou et al., 2023), Betula platyphylla (Wen et al., 2020), and Populus tomentosa (Quan et al., 2021). Experimental evidence has demonstrated that specific lncRNAs play critical roles in modulating Cd stress responses. For instance, Chen et al. (2018) reported that lncRNAs may regulate genes involved in cysteine-rich peptide metabolism in cis, as well as secondary metabolites and photosynthesis in trans, thereby triggering a cascade of physiological and biochemical responses to elevated Cd levels. Furthermore, heterologous overexpression of PtoMYB73 and PtoMYB27 in Arabidopsis revealed their roles in enhancing Cd tolerance, photosynthetic efficiency, and leaf growth, while also elucidating potential mechanisms of interaction with abiotic stressors (Quan et al., 2021).

In our previous research, we identified Tibetan hull-less barley genotypes X178 and X38 as contrasting models for Cd tolerance, with X178 exhibiting greater Cd tolerance and X38 showing heightened susceptibility to Cd stress (Foysal et al., 2024). This study also investigated the differences in plant physiological and biochemical characteristics (growth and morphological parameters, photosynthetic and chlorophyll-related traits, oxidative stress and antioxidant enzyme activities, Cd uptake and translocation), as well as mineral nutritional responses to Cd stress. These genotypes serve as valuable germplasm resources for unraveling the molecular mechanisms underlying Cd tolerance in crops and identifying associated genes. In this study, we employed next-generation RNA sequencing to compare Cd-tolerant and Cd-sensitive Tibetan wild barley genotypes, aiming to uncover Cd-related lncRNAs and genes under Cd stress. Based on our screening standards, we found 8299 novel lncRNAs and 15791 novel mRNAs in barley roots. Notably, Cd stress significantly altered the expression profiles of lncRNAs in both genotypes, with 26 differentially expressed lncRNAs identified as potential key regulators of Cd tolerance in X178. LncRNAs and small RNAs (sRNAs) are critical transcriptional regulators that can interact with each other, with lncRNAs often serving as precursors for sRNAs. For example, Chen et al. (2016) demonstrated that in poplar under nitrogen deficiency, nine intergenic lncRNAs acted as precursors for 11 known miRNAs. Similarly, in Brassica napus under Cd stress, four lncRNAs were identified as precursors for miR824, miR167d, miR156d, and miR156e (Feng et al., 2016b). In our study, computational predictions revealed that 25 lncRNAs may function as precursors for miRNAs in related species, highlighting the importance of lncRNAs in miRNA regulation during Cd stress.

Although lncRNAs do not encode proteins, they produce functional RNA molecules that regulate gene expression through diverse mechanisms, including cis and trans transcriptional regulation, post-transcriptional modulation, and chromatin structure remodeling. Studies have shown that long intronic and antisense noncoding RNAs can promote the accumulation of histone 3 lysine 27 trimethylation (H3K27me3), leading to epigenetic silencing (Csorba et al., 2014; Heo and Sung, 2010). For instance, antisense lncRNAs have been identified in poplar under nitrogen deficiency (Chen et al., 2016) and in alfalfa under salt stress (Postnikova and Nemchinov, 2015), where they form double-stranded RNA duplexes with sense mRNAs, thereby influencing gene expression on the opposing strand. In the Cd-tolerant genotype X178, we identified 12 lncRNAs associated with Cd stress. Among these, one lncRNA was upregulated, one was downregulated, and ten exhibited no significant change in expression. Interestingly, their target genes showed varied expression patterns, with four upregulated and eight unchanged in X178 under Cd stress. The regulatory dynamics between lncRNAs and their putative target genes are complex and require further experimental validation. Unlike the well-characterized inverse relationship between miRNAs and their target genes, the interaction patterns of lncRNAs are less understood. In our study, we predicted that the target genes of lncRNAs include protein DJ-1 homolog B, which is crucial for stress responses. The DJ-1 superfamily, widely conserved across all kingdoms of life, plays a significant role in stress responses. Recent findings by Rathore et al. (2024) demonstrate that OsDJ-1C overexpression lines exhibit reduced yield penalties under drought and salinity stress compared to wild-type plants, accompanied by enhanced photosynthetic efficiency and improved root architecture. The observed root system expansion in these transgenic lines potentially results from adaptive mechanisms involving root development-associated genes, including ROS scavenging systems (Bhaskarla et al., 2020), which may activate antioxidant defense pathways to confer stress tolerance (Zhang et al., 2014).

Additionally, target genes of lncRNAs were predicted to include ABC transporter C family member 13 (ABC T), protein-enhanced disease resistance 2 (EDR), and putrescine hydroxycinnamoyl transferase 1 (PHT). ABC transporters are known to facilitate metal detoxification by transporting metals across membranes, often sequestering them in vacuoles or expelling them from cells. As demonstrated by Kou et al. (2024), ABC transporters constitute critical components in plant stress responses by actively removing heavy metals, toxic ions, and stress-related metabolites from cells, thereby mitigating stress-induced cellular damage. This aligns with previous findings by Fu et al. (2019) showing that OsABCG36, a G-type ABC transporter, confers Cd tolerance in rice. Additionally, Xiao et al. (2024) recently expanded our understanding by elucidating ABC transporters’ pivotal roles in selenium homeostasis and stress adaptation in soybean. Another important gene, EDR2, is strongly linked to stress response pathways. Neubauer et al. (2020) provided mechanistic insights, demonstrating that the Arabidopsis EDR1 kinase regulates programmed cell death by modulating the EDS1-PAD4 complex. Furthermore, PHT is involved in the regulation of cell death, with Fang et al. (2022) reporting that OsPHT3 and OsPHT4 positively regulate cell death in rice. While we observed limited expression patterns of these genes in the Cd-tolerant genotype X178, their precise roles remain unclear and warrant further investigation. Taken together, we propose that the key lncRNA-mRNA interactions related to Cd tolerance might modulate the expression of proteins such as DJ-1 homolog B and EDR2, shedding light on their potential involvement in stress responses. While plant hormones are known to function as signaling molecules that coordinate complex response mechanisms to Cd stress (Küçükrecep et al., 2024), the target genes identified in this study were not directly linked to plant hormones. Future research could explore the potential role of plant hormone-related transcriptional activation.

The revealed lncRNAs may be applied as targets for genetic engineering or as molecular markers for breeding initiatives to create Cd-tolerant barley cultivars. Furthermore, lncRNA profiles may aid in the selection and identification of barley lines resistant to Cd, accelerating the creation of vigorous cultivars. This study provides valuable insights into the role of lncRNAs in Cd tolerance in barley. However, it has several limitations: the study focused on a single concentration of treatment and a single stress condition (Cd exposure); the functional validation of the identified lncRNAs was limited, leaving their precise mechanisms of action unclear; and the responses of lncRNAs under different levels of Cd stress and combined stresses remain unexplored. Future research should include functional characterization of lncRNAs using CRISPR/Cas9 or overexpression techniques, investigate their roles under varying Cd levels and durations, and assess their effects under combined stress conditions. Moreover, confirming these findings in field trials would be essential for practical applications.




5 Conclusion

This study established comprehensive lncRNA-mRNA regulatory networks underlying Cd tolerance in Tibetan hull-less barley, revealing critical interactions between 26 differentially expressed lncRNAs and 150 mRNAs in response to Cd stress. By integrating cis- and trans-regulatory mechanisms, these networks highlighted the role of lncRNAs in modulating genes associated with detoxification pathways, ABC transporters, and secondary metabolite biosynthesis. Notably, 12 lncRNAs forming 18 functional pairs were identified as key regulators of stress-responsive proteins, including DJ-1, EDR, PHT, and ABC transporter. These findings not only elucidate the molecular basis of lncRNA-mediated Cd tolerance but also provide potential targets for breeding or engineering crops resilient to heavy metal stress. This advances our understanding of lncRNAs as pivotal regulators in plant abiotic stress responses. Given the conserved nature of heavy metal response mechanisms across plant species, the identified regulatory networks in barley may reveal universal strategies for improving metal tolerance in agriculturally important crops. This work establishes a conceptual framework for developing Cd-resistant cultivars across diverse plant species, offering potential solutions for cultivation in contaminated environments. Future investigations should prioritize functional validation of candidate lncRNAs through molecular characterization, while exploring practical applications through lncRNA-based genetic engineering approaches and marker-assisted selection programs under Cd stress conditions to confirm these regulatory relationships.
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Climate change significantly impedes agricultural growth, development, and production. Plants adapt to environmental changes via the plasticity given by essential genes, which are regulated at the post-/transcriptional level. Gene regulation in plants is a complex process governed by various cellular entities, including transcription factors, epigenetic regulators, and non-coding RNAs. Successful studies have confirmed the function of epigenetic alterations such as DNA methylation/histone modification) in gene expression. In recent years, a highly specialized science known as “Epitranscriptomics” has emerged. Epitranscriptomics studies post-transcriptional RNA chemical alterations seen in all living organisms that alter RNA’s structural, functional, and biological properties. Our minireview interpreted about understanding the molecular pathways: RNA changes and stress-responsive gene regulation. Additionally, the interplay between epitranscriptomics and other regulatory levels has been addressed. In addition, we reviewed technical breakthroughs in epitranscriptomic research, including tools and techniques.
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1 Introduction

Evolutionary and ecological constraints impact genome expression via complex regulatory networks. Some primary players governing gene expression dynamics include epigenetic alterations and chromatin re-modeling. The bulk of the previous five decades have seen the sluggish identification of RNA modifications owing to a lack of accurate detection technologies (Dhingra et al., 2023a). However, their finding gained momentum as molecular biology methods, next-generation sequencing technologies, and bioinformatic tools improved, making it feasible to correctly detect transcriptome-wide RNA modifications (Bharti et al., 2024). RNA modifications, including the N6-methyladenosine (m6A), offer an additional method for gene regulation, allowing plants to respond more efficiently to environmental changes by precisely modulating gene expression under stressful circumstances. These advancements sparked some fascinating research in RNA biology, culminating in the coining of the phrases “RNA epigenome” and “epitranscriptome”. RNA modification databases have catalogued about 170 chemical modifications (Goh and Kuang, 2024). There is emerging evidence that the epitranscriptome adds a layer to the gene regulation network for plant growth and stress responses (Xie et al., 2023).

Plant hormones are signaling chemicals that play important roles in growth, development, and environmental stress responses. Plant hormones such as abscisic acid (ABA), auxin, brassinosteroid, cytokinin, ethylene, gibberellin, jasmonate, salicylic acid, and strigolactone are well-known plant growth regulators that mediate environmental adaptations (Waadt et al., 2022). RNA modifications and plant hormone signals together regulate stress responses by modulating gene expression, ensuring the appropriate genes are activated during adverse conditions. Abiotic stressors such as drought, salt, heat, and floods are becoming more difficult for plants as the climate changes. Abiotic plant stressors reduce energy supply by limiting photosynthesis and energy-releasing catabolic processes (Li et al., 2020). Climate change and abiotic factors may exacerbate plant diseases (Chaudhry and Sidhu, 2022). Such frightening circumstances need novel methods. Recent developments in plant biology have provided critical new insights into how plants detect and react to abiotic stressors. Core stress-signaling pathways include protein kinases similar to yeast sucrose non-fermenting 1 (SNF1) and mammalian AMP-activated protein kinase (AMPK), indicating stress signaling in plants developed from energy sensing (Zhu, 2016). Stress signaling controls proteins involved in ion and water transport, metabolism, and gene expression reprogramming to achieve ionic and water balance and cellular stability under stressful circumstances (Raza et al., 2023). Stress sensing is typically likened to ligand perception hence it is commonly assumed to take place on the cell surface or at the membrane. The signal would then be sent to multiple subcellular sites, including the nucleus (Ding et al., 2024). Under salt stress, the receptor-like kinase FERONIA may detect salinity-induced cell wall defects and generate cell-specific [Ca2+]cyt signals to preserve cell wall integrity (Baez et al., 2022). A hydraulic signal leads to a quick root-to-shoot water deprivation signal, which triggers ABA production in Arabidopsis leaves and stomatal closure (Christmann et al., 2007). Changes in gene expression mediate phytohormones’ effects. Recently, mRNA decay has emerged as another mechanism that contributes to abiotic stress responses (Zhang et al., 2023). mRNA decapping is the process by which mRNA molecules degrade. This process involves modifications in RNA, namely m6A. These modifications can designate certain RNA molecules for degradation, hence regulating their stability and the expression of stress-related genes. Recent research indicated that the NAD+-capped transcriptome undergoes considerable alterations in response to ABA and that many ABA-induced transcripts lose their NAD+ caps after ABA treatment, perhaps boosting their stability (Borbolis and Syntichaki, 2022).

Transcriptional induction and repression are slower and endure longer than post-translational reactions involving pre-existing proteins, which occur within seconds (Millar et al., 2023). The post-transcriptional regulation level may be best for transitory stress adaption and recovery, which generally take minutes. Quantitative metrics of RNA stability are among the hardest to develop in post-transcriptional regulation. A regulatable promoter may regulate single genes and quantify degradation following transcriptional shut-off (Hernández-Elvira and Sunnerhagen, 2022). Plants use post-transcriptional regulation events as an understudied upfront regulatory switch to defend against environmental stress. Multiple constitutively present proteins are activated or deactivated by posttranslational modifications (PTMs) induced by one or more stimuli. Oxidative stress affects protein phosphorylation, sumoylation, ubiquitinylation, cysteine oxidation, glutathionylation, and methionine oxidation (García-Giménez et al., 2021).

We hypothesize that RNA modifications, particularly m6A and NAD+-capping, act as dynamic regulatory switches that integrate environmental signals with post-transcriptional gene regulation, enabling rapid and precise stress responses in plants. Our mini-review focused on epitranscriptomics and stress resistance: a paradigm shift. We also discussed understanding the molecular pathways: RNA alterations and stress-responsive gene regulation. Furthermore, the relationship between epitranscriptomics and various regulatory levels has been explored. Moreover, we examined technical developments in epitranscriptomic research, including tools and approaches.




2 Epitranscriptomics and stress resistance: a paradigm shift



2.1 Types of RNA modifications and their roles in stress responses

RNA mutations regulate plant responses to heat, drought, salinity, and cold. The m6A, 5-methylcytosine (m5C), 7-methylguanosine (m7G), and pseudouridine (P) are important for gene expression and plant life (Ramakrishnan et al., 2022). The change must be enforced and controlled. The m6 mutation is one of the most studied plant RNA mutations. It activates METTL3, METTL14, and other methyltransferases by cleaving RNA adenine residues (Zhou et al., 2022b). The m6A alterations have a crucial role in regulating several epigenetic processes. They influence chromatin remodeling, histone modification, and DNA methylation (Zhao et al., 2021). For instance, m6A methylation facilitates the recruitment of RNA-binding proteins, including YTH-domain proteins, which regulate the processing, stability, and degradation of stress-related RNA (Figure 1). Moreover, m6A modifications can affect the accessibility of transcription factors to RNA by modifying its secondary structure, referred to as the “m6A switch.” This facilitates the regulation of gene expression in response to stress (Chokkalla et al., 2020). The M6A mutation affects the stability, translation, and splicing of RNA. In response to heat and drought, M6A controls the expression of stress-responsive genes (Sun et al., 2024). During heat stress in plants, m6A methylation speeds up mRNA degradation and dictates the stress response pathways to cope with high temperatures (Wang et al., 2021). These modifications also influence the RNAs associated with chromatin, facilitating the organization of chromatin structure and ensuring the regulation of critical stress-related genes following environmental conditions. Furthermore, METTL3 and METTL14 collaborate with proteins that alter histones and reorganize chromatin, establishing feedback loops that meticulously regulate gene expression during extended stress durations (Wu et al., 2024a). This adaptable regulation enables plants to maintain equilibrium and stability even under adverse conditions.
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Figure 1 | M6A RNA methylation affects a variety of biological activities. M6A RNA methylation influences mRNA splicing in the nucleus as well as varied RNA metabolism in the cytoplasm, such as cap-dependent and cap-independent translation, RNA decay in the cytosol and P-body, and RNA storage. These cellular activities rely heavily on certain “reader” proteins that recognize m6A tags on mRNAs. Writers (MTA, MTB, FIP37, VIR, and HAKAI), erasers (ALKBH9B/10B), and readers (YTH09) found in Arabidopsis (Hu et al., 2019).

In addition, M6A also affects nuclear transfer RNA, ensuring that transcripts linked to stress are converted into proteins (Sun et al., 2023b). In m5C mutations, methylation of cytosine residues affects translation and RNA stability. In response to stress, m5C methylation is regulated by NSUN2 methyltransferase, regulating stress-induced gene expression in Arabidopsis (Lu et al., 2024). At high temperatures, heat stress increases m5C levels in rice, which regulates chloroplast activity and ROS production to control oxidative stress (Tang et al., 2020). This implies that the m5C mutation is crucial in protecting plants from heat damage and regulating cellular processes. In the mRNA’s 5’ cap, the m7G mutation depicts the RNA stability and translation initiation (Boo and Kim, 2020). The mRNA stability and ribosomal binding at the m7G level is important for translating stress-related proteins.

Plants adjust m7G ​​levels to adapt to unfavorable conditions during heat and drought efficiently translating stress genes (Yang et al., 2022). Under stress conditions, especially when failing due to the shortening of resources and energy, these changes are critical for maintaining metabolism and protein synthesis. Finally, to stabilize and translate RNA, P modification reverses the uridine residue (Monroe et al., 2024). Dhingra et al. (2023b) stated that pseudouridine mutation impact stress tolerance and stress-related gene transcription in plants impact stress tolerance and stress-related gene transcription in plants impact stress tolerance and stress-related gene transcription in plants impact stress tolerance and stress-related gene transcription in plants. Research indicates that stress enhanced the pseudouridine levels, which increased the production of defense proteins (Zu et al., 2023).




2.2 Comparative analysis of epitranscriptomic modifications under different abiotic stresses

Epitranscriptomics is critical for understanding chemical changes in RNA molecules and how plants react to environmental stresses such as drought, heat, cold, and salt. Transcripted RNAs such as m6A, m5C, m7G, and Ψ help control plant gene expression and encourage proper stress responses. A study evaluating these alterations under various stressors demonstrates both typical and common stress response patterns.

(Tan et al., 2023; Wang et al., 2023). Numerous studies have examined how m6A, one of the plants’ most significant RNA modifiers, responds to biological stress. As a key regulator of gene expression, it regulates RNA integrity, splicing, translation, and degradation (Zhou et al., 2022a; Hu et al., 2024). Chen et al. (2023) found that M6A suppresses stress-related mRNAs, which prevents protein synthesis and encourages heat-induced protein breakdown. M6A mutations suppress drought genes by changing RNA induction and expression, enabling plants to withstand water stress (Zheng et al., 2023).

In cold temperatures, M6A methylation helps the body cope with unfavorable conditions by increasing the resistance of cells. The cleaves of cytosine residues by m5C is another important mechanism for RNA synthesis and modification. In Arabidopsis and rice mutants, m5C contents are affected by heat and drought stress and are genetically influenced (Li et al., 2023a). Rice plants worldwide increase m5C during heat stress, hence regulating ROS activity and chloroplast, which are important for heat stress (Tang et al., 2020). However, m5C methylation and mRNA changes decreased, while in response to stress, m5C activity increased (Shi et al., 2022). The 5’m7G mutation is responsible for termination, translational repression, and mRNA processing (Olufunmilayo and Holsinger, 2023). Stress-associated protein m7G is induced to proliferate in response to environmental stress. The level of m7G increased due to drought and high temperatures, producing toxic proteins (Liu et al., 2024).

Besides, pseudouridine (Ψ) alters RNA structure, gene integrity, and transcription may be degraded. The increase in Ψ produces protective proteins, indicating that they work under stress (Mehrotra et al., 2023). These RNA types control gene expression and preserve cellular homeostasis according to analogies with biological systems. At high temperatures and drought, m5C and m6A are closely related to gene integrity and transcription, while Ψ and m7G mutations are important for synthesizing protein under stress (Dhingra et al., 2023a). These findings indicate that RNA modification is a regulatory mechanism in plants that enables them to adapt to environmental changes.





3 Deciphering the mechanistic pathways: RNA modifications and stress-responsive gene regulation



3.1 How RNA methylation impacts key stress-responsive genes

Stress genes are regulated by RNA methylation; m6A and m5C are particularly affected during stress.

These changes influence the RNA stability, transcription, splicing, and degradation influence RNA stability transcription, splicing, and degradation influence RNA stability, transcription, splicing, and degradation, helping plants cope with different environmental stresses. Plant RNA changes, such as m6A methylation, are frequent and well-known. A methyltransferase complex triggers it, including METTL3, METTL14, and some other proteins. In m6A mutant, gene expression is greatly influenced by RNA stability and translation efficiency. In heat stress, M6A methylation causes the loss of neutral mRNAs, thus decreasing protein synthesis and enhancing the stress gene transcription involving heat shock proteins (Zhao et al., 2020). n Arabidopsis stress-related mRNAs and heat shock factors (HSFs) are activated by M6A mutations, thus improving soil health (Shakespear et al., 2024). M6A methylation is crucial for assisting organisms in managing stress. It regulates the synthesis and stability of heat shock proteins (HSPs) (Sun et al., 2024). These proteins safeguard cells during periods of stress. During heat stress, M6A methylation reduces the levels of less critical mRNAs, enabling the cell to prioritize the synthesis of stress-related genes such as HSPs to mitigate damage (Wang et al., 2021). Similarly, under conditions of water scarcity, M6A methylation enhances the expression of drought-responsive genes, hence aiding plant survival in arid environments. Plants respond to water constraints through induced M6A methylation by allowing seeds to resist drought stress during germination. M5C methylation functionalizes m6A translation under stress, and the stability of RNA is stabilized (Sun et al., 2023a). The stress greatly mobilizes the methylation of m5C cytosine residues. Rice chloroplast activity and ROS generated under heat stress are functionalized by M5C methylation, thus enhancing heat tolerance (Tang et al., 2020). M5C methylation is reduced by drought stress in Arabidopsis; consequently, the stability of mRNA is affected in response to stress, indicating the impact of m5C methylation on stress-responsive genes in plants and their adaptation to the environment (Miryeganeh, 2021). M5C methylation enhances m6A by stabilizing stress-related messages and facilitating their translation into proteins (Dhingra et al., 2023a). This collaboration is crucial when plants encounter adverse conditions such as drought or saline soil. Through meticulous regulation of stress-related genes, plants may acclimate and maintain functionality. Interestingly, the RNA structure, stability, and translation are improved by changes in m6A and m5C and RNA methylation. These genes are capable of controlling the stress response in plants. In response to environmental changes, plants modify their genes respectively. In the battle against mutations and chronic stress, methylation regulates RNA, enabling plants to cope with drastic changes.




3.2 Interaction between epitranscriptomic marks and transcription factors in stress adaptation

Stress-induced alterations in plants are regulated by transcripts and signals from epitranscriptomes. Together, epitranscriptomics, which controls RNA molecules, and transcriptomics, which modulates gene expression, create a network that allows plants to resist abiotic conditions such as heat, cold, salt, drought, etc. By turning stress-responsive genes on or off at the appropriate moment, this link enables plants to survive in hostile surroundings. mRNA stability, synthesis, translation, and decrease, therefore impact cell stability via means of epitranscriptomic signals, including m6A, m5C, and m7G.

Among the many stress responses, including cold, drought, and heat, the plant RNA regulator m6A regulates M6A methylation, which modulates mRNA stability and transcription, impacting stress-related genes. By increasing the degradation of redundant mRNAs and creating HSPs, M6A methylation lowers cell damage during heat stress (Laosuntisuk and Doherty, 2022). In this system, HSF primarily activates HSP genes. M6A methylation controls HSF transcript availability as well as plant responses to extreme temperatures. M6A methylation regulates the activation of HSF genes in plants such as rice and maize (Zhao et al., 2020). This enables plants to endure extreme heat by activating pathways that react to elevated temperatures. M5C likewise controls gene methylation in response to drought stress and salt. M5C methylation controls Arabidopsis’s induced drought stress-induced stress response transcription factor DREB2A’s mRNA stability and expression. This effect has also been found in specially modified wheat designed to survive drought conditions. m5C controls the DREB2A gene, hence sustaining the activation of stress-response genes (Shakespear et al., 2024). This enables the wheat to endure more effectively during periods of little water. Active during a drought, these transcripts are regulated by the m5C gene (Chung et al., 2022).

Plant stress results from TFs turning genes on or off. It has been shown that RNA-binding proteins alter RNA interactions, influencing TF-epitope interactions. YTHDF (a YTH family protein) and other RNA-binding proteins identify M6A-modified RNA, which then interacts with transcription factors to influence genes (Liao et al., 2022). This interaction speeds up the transcriptional response to environmental stimuli, raising stress gene expression. It is important for gene activation, and the m7G mutation in mRNA’s 5’ cap causes a disturbance of translation start. Under stress, pseudouridine (Ψ) increases RNA stability and expression and modulates gene expression (Jalan et al., 2024). Epitranscriptomic and transcriptomic methods should, eventually handle gene control in stress adaption. Epitranscriptomic alteration changes RNA stability, splicing, translation, and RNA degradation to enable quick and effective responses to environmental stimuli by modifying transcription factors. This complicated relationship allows plants to change their DNA and survive in several surroundings.





4 Cross-talk between epitranscriptomics and other regulatory layers



4.1 Integration with miRNA and non-coding RNA networks in stress responses

The stress responses are partly controlled by networks of non-coding RNAs (ncRNAs) and epitranscriptomic miRNA-induced changes. There are several RNA modifications, such as m6A and m5C, which modify the activity of long non-coding ribonucleic acid (lncRNA), microRNAs (miRNA), and other ncRNAs involved in gene regulation (Sun et al., 2023a). This makes different abiotic stresses such as temperature, salinity, and drought possible to face. Microrna is a small, short RNA molecule that modulates gene expression by diminishing the level of the cognate messenger RNA through translation repression or degradation of the mRNA. mRNA editing that is dependent on m6A likewise affects mRNA and miRNA. For example, the genetically encoded m6a polymorphism has been associated with altered stability and regulation of miRNA-targeted genes that control drought-tolerant phenotypes (Hardy and Balcerowicz, 2024). M6A methylation on miRNA precursors significantly influences the activity of stress-related transcription factors, altering splicing, biosynthesis, and the maturation of miRNAs (Cai et al., 2024). This underscores the critical role of m6A in regulating stress-related signaling pathways. M6A methylation on precursors of miRNA dramatically influences the expression of stress-regulated transcription factors that can modify splicing, biosynthesis, and mature miRNA production (Hu et al., 2024). Other functions of non-coding RNAs also include efforts to regulate excessive stress responses like lncRNAs, which seem to be under stress themselves (Miguel et al., 2020). These mRNAs, such as m6A and m5C affect the lncRNA production due to altered dynamics of that lncRNA, affecting many other transcription factors and RNA binding proteins. Also, different types of mutations like M6A alter lncRNA dynamics and binding with transcription factors and create stress on other RNA types (Akhtar et al., 2021).

On the other hand, thermal stress for m6A mutant lncRNA encourages the expression of abnormal proteins among other stress-related genes through mRNA and miRNA (Huang et al., 2020). The relationship between RNA alterations, such as m6A, and how stress-related genes are regulated by miRNA and non-coding RNAs reveals how crucial RNA-based regulation is in stress signaling (Andersen, 2024). The armies consist of RNA modifiers, that is, miRNA and non-coding RNA, which make it possible for the attacked plants to combat environmental stresses critical for plants’ growth and development phases.




4.2 Potential interactions with epigenetic modifications and signaling pathways

The interaction between the epitranscriptome and the epigenetic modifications is vital to the regulation layer of plant stress responses. These two regulatory strategies act on the integrated stress response via acting on the transcription level acting on the transcription level, RNA post-transcriptional modification, and translation. They are also related to several signaling pathways that determine how plants perceive and respond to various environmental adversities, e.g., heat, drought, and salt. Methylation of adenosine at position N6 and methylation of cytosine at position C5, which are examples of epitranscriptomic modifications, affect the structure, stability, and translation of RNA molecules, while modifications such as DNA methylation, histone modifications, and chromatin remodeling are epigenetic modifications (Patrasso et al., 2023). The interaction of these two levels of regulation makes it possible to modulate the gene expression, leading to a coordinated response to stress. For instance, DNA methylation within the promoter regions of genes can inhibit gene expression when plant leaves are experiencing drought stress; intuitively, m6A changes in such genes’ mRNA molecules would alter the transcriptional stability, biasing the gene to a rapid response instead of waiting for normal stress response times (Liu et al., 2023).

Alterations in chromatin structure, such as histone acetylation and methylation, can drive genes into states where they become more responsive to stress at a given time or are no longer fit for the transcriptional machinery. For instance, heat stress activates the nucleus, which later leads to the appearance of various stress-shock proteins as well as HSPs – proteins involved in heat stress management. It was demonstrated that m6A mutations impact HSF transcript stability as well as translation rates, initiating a quicker stress response (Lamelas et al., 2022). Fan et al. (2024) demonstrated that the simultaneous blockage by targeting many genes encoding for ABA proteins as well as m6A-assisted epitranscriptomic alterations conceivably creates a close connection between ABA production and drought and salinity stresses. Further, stress-induced genes and proteins, through miRNAs that are modulated by RNA modifications together with epitranscriptome, link all these pathways, bridging the epitranscriptomic and epigenetic levels within signaling networks.





5 Technological advances in epitranscriptomic research: tools and approaches

Collaboration between epitranscriptomic alterations and epigenetics is critical in plant stress control.

Two levels of regulation mediate stress-induced responses by influencing gene expression at three levels: transcriptional, post-translational, and translation, also involving various signaling pathways. That controls how plants sense and respond to environmental stresses such as heat, drought, and salinity. Epitranscriptomic modifications such as m6A and m5C affect RNA function, stability, and translation, while epigenetic modifications such as DNA methylation histone modifications and deciphering the regulation of chromatin remodeling. The interaction of these two regulatory levels positively affects gene expression, causing it to increase. For example, in drought-prone species, DNA methylation of promoter regions reduces gene expression. However, m6A changes in the mRNA of the same gene enhance or regulate translation. This leads to a rapid stress response (Malik et al., 2024). At the molecular level, these alterations facilitate rapid adaptation to stress in organisms by meticulously regulating gene expression through many interconnected mechanisms (Turner, 2009). DNA methylation silences genes that might impede stress management, whereas m6A methylation modulates RNA stability and the efficiency of translating stress-related genes into proteins (Yang and Chen, 2021). During a drought, DNA methylation can inhibit the activity of non-essential genes, whereas m6A methylation enhances the expression of proteins from critical stress-related genes (Li et al., 2023b). This enables the organism to utilize its resources efficiently and adapt rapidly. Collectively, these mechanisms ensure that the stress response is accurate and energy-efficient in confronting challenging environmental situations.

Histone modifications such as acetylation and methylation can change the structure of chromatin. This makes the gene less sensitive to the transcription mechanism, while m6A can increase or decrease the stability of the mRNA produced by the gene. The radioactivity that controls different stress responses is linked with these changes. For instance, the HSF signaling pathway is activated by heat stress, which provokes the transcription of the HSPs responsible for protein folding. Previous studies have found that the stability and localization of HSF are greatly affected by m6A mutations, causing a quick and efficient response (Huang et al., 2020). Similarly, ABA signaling, crucial for drought and salinity, responds to modification in epitranscriptomics like m6A to control expression in response to ABA (Hu et al., 2024).




6 Future directions: harnessing epitranscriptomics for crop improvement

Epitranscriptomics has great enormous potential for plant evolution. This is particularly important in reproduction and in regulating environmental stresses such as heat, cold, drought, salt and nutritional deficiency. The role of RNA transcripts is an important future direction in stress-induced genes. The identification of specific RNA mutations such as m6A, m5C, and m7G and their role in stress regulation raises the possibility of using these markers to increase plant stress tolerance, such as the m6A mutation, which has been shown to affect the translation and stability of stress-related genes. Additionally, to manipulate RNA editing enzymes, gene editing tools such as CRISPR/Cas9 offer excellent opportunities to achieve desired results. The scientists created high-stress tolerance plants by inhibiting methylate or demethylate RNA enzymes, such as TET for m5C methylation and METTL3 for m6A methylation. This strategy can enhance plant growth under abiotic stress without requiring an incubation period (Wu et al., 2024b). Data aggregation could be another interesting method.

Epitranscriptome fits well with other omics techniques such as proteomics, metabolomics, bioinformatics, etc. These techniques could be applied along with epitranscriptome to better understand how plants respond to different stresses. Hence, it provides deep insights into the molecular mechanisms of stress tolerance. The latest bioinformatics tools help researchers in new RNA mutations discoveries and their possible role in stress responses. The important breeding targets have been acquired by developing new RNA-based mutation techniques.

Furthermore, a CRISPR-Cas13-based targeted RNA methylation/demethylation system capable of effectively altering a single mRNA base would considerably expedite research into the relationships between m6A modification and epigenetic regulators (Hu et al., 2024). This technique employs a guide RNA to target the Cas13 protein to certain RNA sequences. Conjugating Cas13 with enzymes that methylate or demethylate may accurately modify m6A sites by adding or removing methyl groups at designated locations (Tang et al., 2021). CRISPR-Cas13 employs specific techniques to enhance precision to prevent unintended alterations during RNA editing (Kordyś et al., 2022). It uses computational approaches to generate highly specialized guide RNAs, minimizing errors. By examining the conformation and sequence of the guide RNA and its alignment with the target RNA, scientists can ensure it exclusively binds to the correct locus. Furthermore, employing enhanced variants of Cas13 that exhibit greater precision minimizes mistakes, ensuring modifications occur exclusively at the designated m6A loci (Wilson et al., 2020). This precision enables researchers to examine the influence of m6A changes on gene expression, RNA stability, and protein synthesis. Nonetheless, there is potential for inadvertent alterations since the guide RNA may occasionally attach to incorrect RNA sequences, resulting in undesired mutations (Aledhari and Rahouti, 2024). To address this issue, computer systems employing machine learning and artificial intelligence are being utilized in the design process to anticipate and eliminate off-target areas. These methods evaluate several parameters, including sequence similarity and stability, to enhance the design of guide RNAs for improved accuracy. Advanced computational methods are employed to enhance the design and precision of the guide RNA, therefore mitigating these concerns (Zhang et al., 2022). The combination of bioinformatics and artificial intelligence techniques has the potential to change plant abiotic stress management.

Artificial intelligence (AI)-powered technologies have been employed to analyze extensive datasets of gene activity to identify genes and networks that react to stress (Mentis et al., 2024). Techniques such as Genome-Wide Association Studies (GWAS) utilizing bioinformatics have facilitated the identification of genetic markers associated with the drought and salinity tolerance of crops like rice and wheat (Huang, 2024). Scientists can acquire new insights into stress reactions by merging multi-omics data and employing powerful AI algorithms. An example is employing machine learning to forecast plant responses to adverse conditions, thus facilitating the development of stress-resistant crops. Instruments such as drones and sophisticated imaging systems, augmented by AI, provide real-time monitoring of plant responses to heat and drought (Walsh et al., 2024). Finally, modern scientific approaches such as CRISPR-Cas systems, RNA interference, high-throughput sequencing technologies, and transcriptome editing platforms in plant breeding and genetics brought significant opportunities for agricultural production and resilience to climate change via RNA manipulation and the integration of outcomes by cutting-edge biotechnological methods. CRISPR-Cas systems, coupled with RNA guide designs developed through bioinformatics, have enhanced plant resilience against environmental challenges like drought and severe temperatures. Furthermore, AI-driven models analyzing RNA networks have enhanced gene-editing techniques, enabling plants to withstand stress better. Scientists have successfully created plants that thrive in harsh conditions, ensuring their safety and survival for future generations.
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Introduction


Heavy metal pollution threatens ecosystems and agriculture, necessitating affordable solutions.







Methods


We evaluated the combined effect of β-sitosterol (Bs, 100 mg L-1) and eucalyptus biochar (Eb, 10%) on bamboo (Sasa kongosanensis f. aureo-striatus) under copper stress (100 and 200 mg L-1 Cu).







Results and discussion


Elevated Cu induced oxidative stress via reactive oxygen species (ROS) and methylglyoxal (MG) impairing photosynthesis, nutrient uptake, and growth. Bs and Eb, individually or combined, enhanced antioxidant activity (SOD, CAT, POD, PAL), glyoxalase cycle efficiency, and osmolyte accumulation (proline, glycine betaine), mitigating oxidative damage. The treatments improved photosynthetic pigments, gas exchange, and water retention while reducing Cu translocation and bioaccumulation. Combined Bs+Eb most effectively lowered Cu levels in roots (36–45%), stems (35–38%), and leaves (24–51%) compared to controls. Nutrient uptake (Fe, Mg, Mn, K, P, Ca) was increased by 12–44% with Eb and 7–25% with Bs alone, yet synergistically by 87–190% with Bs+Eb. Biomass and shoot length were improved by 26–54% under Cu stress. The dual application also reduced electrolyte leakage (41–66%) and MG content (12–19%) while boosting non-enzymatic antioxidants (GSH, AsA) by 67–139%. These results demonstrate that Bs and Eb jointly enhance bamboo tolerance against Cu by improving redox homeostasis, nutrient retention, and stress resilience. This approach offers a sustainable strategy for phytoremediation and soil restoration in Cu-contaminated environments.
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1 Introduction


Heavy metals (HMs) cause significant physiological and biochemical alterations in plants, leading to altered nutrient assimilation, senescence, water balance, low biomass, growth inhibition, photosynthesis limitation, chlorosis, and plant death (Singh et al., 2016; Pehlivan et al., 2023; Emamverdian et al., 2025a). On the other hand, the destructive impact of HMs on plants increases the risk of long-term exposure and potential health risks for both society and the ecosystem with their persistence in nature (Yang et al., 2005; Emamverdian et al., 2018a, 2021a, 2021b). Among these metals, copper (Cu) is crucial for plant growth (Tapiero et al., 2003), which is bound with amino acids that are vital components in antioxidant processes (Prashanth et al., 2015). Nevertheless, the primary characteristics of vital nutrients are connected to regulatory mechanisms that can sustain the elements at nutritional levels, hence averting detrimental effects in excessive concentrations (Hu et al., 2019). Furthermore, Cu is one of China’s most abundant toxic metals in agriculture and forest land soils (Zhang et al., 2015; Emamverdian et al., 2022a). The threshold for Cu toxicity in the soil is up to 150 ppm in silty-clay/clay soils and 50 ppm in sandy soils (Keita et al., 2023). Excessive Cu induces reactive oxygen species (ROS) overproduction and methylglyoxal (MG) in plants, leading to increased oxidative stress by enhancing lipid peroxidation in the cell membranes (La Torre et al., 2018; Miotto et al., 2014). It can also impact the fundamental process of plant photosynthesis (Ambrosini et al., 2018), leading to plant growth and development restrictions. Thus, ROS and MG are among the primary compounds produced in plant stress conditions, leading to disorder in plant metabolism (Yadav et al., 2005a), which was previously addressed along with their role in signaling pathways that contribute to stress adaptations as natural responsers (Namdjoyan and Kermanian, 2013; Mousavi et al., 2020). Plants develop mechanisms to counteract ROS compounds, using both antioxidant enzyme activity and non-enzymatic processes. Antioxidant enzyme activities include peroxidase (POD), superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR), catalase (CAT), dehydroascorbate reductase (DHAR), and mono dehydroascorbate reductase (MDHAR). Non-enzymatic antioxidants include tocopherols, phenolic compounds, ascorbic acid (AsA), and glutathione (GSH). Plants modulate their antioxidant defense networks in response to Cu exposure by enhancing the activities of both enzymatic components, such as SOD and CAT, and non-enzymatic components, including glutathione and ascorbate (Emamverdian et al., 2025b). Additionally, the glyoxalase system (Gly I and Gly II) serves as a primary defense system to scavenge MG. This system and antioxidants form the frontline of plant defense mechanisms, ultimately improving plant tolerance. In addition, plants set up an intricate defense mechanism with detoxification processes and sequestration strategies involving Cu export to decrease Cu stress through lowering internal levels of Cu. Among the Cu toxicity defenses by plants are the two major active phytochelatins, which bind the Cu ions into less toxic compounds stored within the vacuoles, and metallothioneins, which enhance the detoxification of Cu through their structure rich in cysteine to maintain homeostasis. By the compartmentalization process, plants protect their cytoplasm from Cu by translocating excessive metals into vacuoles and immobilizing them through cell wall binding. They also respond by using the root barriers via increasing the density of casparian strip cells and increasing levels of suberin to reduce the entry of Cu (Chen et al., 2022; Xu et al., 2024; Wang et al., 2024).


Recently, there has been a concentrated effort in research to utilize sustainable techniques and strategies to eliminate environmental and cellular toxicity (Yakhin et al., 2017; Carillo, 2018). Researchers put effort into finding ways that enhance the plants’ ability to resist contamination by HMs. They apply two main approaches in phytoremediation through plant-based processes, extracting or stabilizing contaminants (Aryal, 2024) and applying genetic modification to increase plant tolerance to HMs, as discussed by Iqbal B. et al. (2024), in conjunction with biochar applications to the soil that retains HMs, preventing release to the environment (Sarraf et al., 2024), and plant growth-promoting rhizobacteria (beneficial microbes) that help plants survive in a contaminated environment (Iqbal M. Z. et al., 2024; Vocciante et al., 2022). Phytosterols, which include brassinosteroids (BRs) and sterols, are also recognized as plant growth regulators that can mitigate the detrimental effects of HMs. Additionally, they promote plant growth and development (Vriet et al., 2012; Ines et al., 2019).


Biochar (BC) is a carbon-based substance that helps enhance the levels of mineral nutrients, fundamental cations, and water quality in soils. This, in turn, improves the general integrity and fertility of the soil, leading to sustained plant production (Praveen et al., 2022; Singh Mavi et al., 2018; Sun et al., 2018). Biochar can also influence soil’s overall pore volume and compactness, enhancing its ability to store carbon over a long period (Pehlivan and Wang, 2022; Khademalrasoul et al., 2014; Chen et al., 2019). Additionally, these materials can regulate the seasonal and daily temperatures of soil, thus altering the soil’s thermal dynamics (Li et al., 2020; Xiu et al., 2021). Research has documented that biochar positively impacts plants’ biochemical and morphological characteristics when subjected to challenging events, either long or short-term (Hammer et al., 2015; Winarso et al., 2021). Different studies confirm that these valuable substances deliver multiple advantages that boost crop production through enhanced soil fertility and increased nutrient accessibility. The functional architecture of biochar also enables enhanced nutrient availability through two strategies, which include reduced nutrient leaching processes and improved fertilizer effectiveness, and they act as a binding agent to minimize the hazardous effects of HMs and organic pollutants by which they become less bioavailable to plants (Khan et al., 2024; Murtaza et al., 2024; Al Masud et al., 2023).


Bamboo, a unique plant that overgrows and remains green throughout the year, is a member of the Gramineae (Poaceae family). Categorized as Bambusoideae, it is a perennial woody plant known for its ecologically beneficial properties and is a source of cost-effective forestry products (Jin et al., 2016; Ahmad et al., 2021). Bamboo is acknowledged as a non-timber forest resource that has been utilized for several purposes (Emamverdian et al., 2023c). According to Yan et al. (2015), nearly 6 million hectares of forest in China have been enveloped by bamboo plants, which exceed 30 million hectares of forested land worldwide. There are around 500 bamboo species belonging to 48 genera in China. These species are of significant economic value to the local population, especially in Southern China (Huang et al., 2015). Pleioblastus kongosanensis f.aureo-striatus is a decorative bamboo species with natural antioxidant properties characterized by its green leaves adorned with yellow stripes. In various metropolitan regions of Eastern and Southern China, such as Jiangsu province, Pleioblastus kongosanensis has been utilized for its aesthetic and landscaping purposes. Furthermore, it is an indicator for predicting soil and air pollution in these areas (Huang et al., 2015). Consequently, the accumulation of HM toxicity, particularly excess Cu, poses a significant challenge and impediment to the growth of bamboo. Therefore, exploring the use of cost-effective and natural materials to mitigate Cu contamination in bamboo plants, soil, and the environment is imperative. This has led to using β-sitosterol (Bs) combined with eucalyptus biochar (Eb) in this research. Limited data exists regarding the potential effects of β-sitosterol and eucalyptus biochar on plants.


β-Sitosterol functions naturally as a phytosterol. It also acts as a crucial mechanism against Cu-induced oxidative stress through ROS scavenging and increased activity of SOD and CAT enzymes (Rossi and Huang, 2022; Alharbi et al., 2023). The protective system preserves cell structures and limits harmful reactions between oxygen and plant lipids, which results in increased tolerability of HMs in plants. By integrating Eb treatment with Bs application, agricultural systems obtain united support for plant development through soil remediation of Cu-contaminated areas. By simultaneously improving soil health and plant tolerance in the face of HM toxicity, this integrated strategy shows promise for sustainable agriculture. Specifically, Bs and Eb play synergistic roles in enhancing plant tolerance to Cu stress through distinct yet complementary mechanisms. Consequently, using these two substances separately or in combination can yield favorable results in eliminating toxins from plants and soil. Because β-Sitosterol (1) acts as a signaling molecule that up-regulates the plant’s antioxidant defense system, (2) boosts the glyoxalase cycle (Gly I and Gly II), which detoxifies MG, a cytotoxic byproduct of Cu-induced stress, (3) promotes the accumulation of osmolytes such as proline and glycine betaine (GB), which stabilize cellular structures, protect enzymes, and maintain osmotic balance under stress conditions. Eucalyptus Biochar, on the other hand, (1) reduces Cu bioavailability in the soil by adsorbing Cu ions onto its porous surface, thereby limiting their uptake by plant roots, (2) improves soil structure, enhancing water retention and nutrient availability. When applied together, Bs and Eb create a dual protective mechanism. Bs strengthens the plant’s internal defense systems, while Eb reduces external Cu exposure. This combination enhances photosynthetic efficiency, maintains water balance, and ensures normal growth by minimizing Cu-induced oxidative stress and improving mineral uptake. Thus, their combined application provides a robust strategy for improving plant tolerance to heavy metal toxicity (Alharbi et al., 2023). This study is particularly novel because it investigates the synergistic effects of β-sitosterol and eucalyptus biochar in improving HM tolerance, specifically in bamboo, a plant that has received limited attention in this context. While both treatments have been studied independently, their combined application offers a unique approach to enhancing phytoremediation potential in bamboo under Cu stress. The exploration of these interactions not only provides new insights into the mechanisms of plant adaptation to metal toxicity but also contributes to the development of innovative strategies for sustainable agriculture, particularly in regions severely affected by HM pollution.


This study aims to address the following question: How do the combined applications of β-sitosterol and eucalyptus biochar affect the tolerance of bamboo (Pleioblastus kongosanensis f. aureo-striatus) to copper toxicity? The study hypothesized that the combined application of β-sitosterol and eucalyptus biochar would enhance bamboo tolerance to Cu stress by improving nutrient uptake, water retention, and antioxidant activity, thereby mitigating oxidative damage and promoting growth. Thus, the objective of this study was to utilize β-sitosterol and eucalyptus biochar to assess the reduction of the adverse effects of Cu accumulation on bamboo plant species while examining the physiological and biochemical mechanisms involved in this process which represents the first attempt to investigate the impact of these substances on bamboo plants, shedding light on key mechanisms involved in alleviating Cu toxicity in plants.






2 Materials and methods


The Bamboo Garden of Bamboo Research Institute (Nanjing Forestry University, Nanjing, China) supplied one-year-old bamboo plants, specifically Sasa kongosanensis f. aureo-striatusor. Plants were cultivated in pots (30cm X 30) with a completely random design (CRD containing five plants. Then, the pots were relocated to a controlled greenhouse where they were exposed to a photoperiod of 16 h of light and 8 h of dark, along with a humidity ratio ranging from 65% to 75%, for a duration of 60 days. The growth medium contained a mixture of 3 L per pot, which consisted of coco peat and perlite at a ratio of 1:2 for 20 treatments, each replicated 4 times, as presented in 
Table 1
. Each treatment contained 4 biological replicates with 5 plants per replicate (n=20 plants/treatment). Three technical replicates ensured assay precision (CV <10% for all analyses). The pots were watered 5X throughout the trial period using 250 ml solution. A solution containing 100 mg L-1 of β-sitosterol (Bs) was manually sprayed 5X every 9 days using a hand spray. In addition, once the pots were filled with the growth medium, Eucalyptus biochar (Eb) was added at a concentration of 10% by weight (120 g per pot) and evenly mixed into the soil. The bamboo pots were supplied with a 400 mL nutrient mix (Emamverdian et al., 2023c) that contained K2O as a source of potassium sulfate, P2O5 as a source of calcium phosphate, and (NH4)2SO4 as a nitrogen fertilizer. The leaves, stems, and roots were harvested 2 weeks after the most recent application of β-sitosterol (Bs) spray to determine biochemical and physiological variables. Each study used four biological replicates for each treatment. We used Cu concentrations of 100 and 200 mg L-1 to cause stress in plants because these levels match the levels encountered in contaminated areas. We basically chose the solution concentrations based on two ends of the tolerance spectrum of bamboo species. In our previous studies, we showed these concentrations created effective plant growth disruption, reduced chlorophyll content, and increased oxidative stress markers that made them suitable for Cu toxicity research and mitigation tests. Therefore, applied concentrations simulate real-life stress conditions to determine how Bs with Eb reduced damage from Cu stress.



Table 1 | 
The experimental design.





	Treatments

	Concentrations






	Control
	0



	Cu
	100 mg L-1 Cu



	Cu
	200 mg L-1 Cu



	Bs
	100 mg L-1 Bs



	Bs + Cu
	100 mg L-1 Bs + 100 mg L-1 Cu



	Bs + Cu
	100 mg L-1 Bs + 200 mg L-1 Cu



	Eb
	10% Eb



	Eb+Cu
	10% Eb + 100 mg L-1 Cu



	Eb+Cu
	10% Eb + 200 mg L-1 Cu



	Bs+ Eb
	100 mg L-1 Bs + 10% Eb



	Bs+Eb + Cu
	100 mg L-1 Bs +10% Eb + 100 mg L-1 Cu



	Bs+Eb + Cu
	100 mg L-1 Bs +10% Eb + 200 mg L-1 Cu













2.1 Determination of Cu and nutritional value (mineral content) in bamboo plants


The Ismail et al., 2022 technique was used to assess Cu and nutrient levels (N, P, K, Ca, Mn, Fe, and Mg). Five g dry samples were added to nitric acid (5 ml) and incubated at 30°C overnight. The samples were then dried at 95°C (Khosropour et al., 2019).






2.2 Determination of photosynthetic pigments and gas exchange


The fresh Pleioblastus kongosanensis leaves (0.2 g) were used to evaluate photosynthetic pigments. The absorbance at 480, 645, and 663 nm for chlorophyll a, b, and carotenoids was recorded on a spectrophotometer (Jenway, Japan) (Arnon, 1949). Also, an infrared gas analyzer (IRGA, TPS-2, USA) was used to determine the gas exchange parameters 40 days after sowing between ZT3 and ZT5 (Sun et al., 2018).






2.3 Determination of biochemical attributes and electrolyte leakage


To find out how much H2O2 existed in the samples, spectroscopic measurements were used. In accordance with Aftab et al. (2011), the absorbance of the reaction mixture was measured at a certain wavelength, and the final concentration of H2O2 was determined by using the extinction coefficient of 0.28 μM-1 cm-1. In micromoles per gram of fresh weight (μM g-1 FW). The superoxide radicals (O2•−) were determined by a reference curve created with nitrogen dioxide radicals (NO2•) as per Li et al. (2010). The lipoperoxidation index in plants was measured via MDA amount (Djanaguiraman et al., 2010). The content was obtained by calculating the molar extinction coefficient (155 mM−1 cm−1), expressed as μM MDA g−1 FW. Electrolyte leakage (EL) was determined using the protocol of Valentovic et al. (2006), calculated by measurement of primary electrical conductivity (EC1) and the last value of electrical conductivity (EC2) using the below formula:
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2.4 Determination of plant osmolyte (soluble carbohydrate and proline) and GB contents


The proline content was quantified by the Zhang technique (Zhang et al., 2012), which involved multiple adjustments. The optical density (OD) was measured at 520 nm on the spectrophotometer (mg g−1 FW). The concentration of soluble carbohydrates was obtained using the enthrone colorimetry described by Zhang et al. (2012). Glycine betaine (GB) concentration was determined based on Grieve and Grattan (1983). The absorbance (at 365 nm) was measured using a baseline curve to derive the GB.






2.5 Measurement of relative water contents and the leaf water potential


The leaf water potential (LWP) was determined by a psychrometer (between ZT3 and ZT5) in the daytime. The relative water content (RWC%) and water content (WC%) were estimated by Kaya et al. (2013) and Fernandez-Ballester et al. (1998) by following the below formula for the calculation of the final RWC:
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FM (Fresh Mass)


	
DM (Dry Mass)


	
SM (Saturated Mass)





For these measurements, four biological replicates per treatment were used.






2.6 Determination of non-enzymatic antioxidants


Reduced glutathione (GSH) and oxidized glutathione (GSSG) were measured on plant leaves using Anderson’s (1985) protocol. Ascorbic acid (AsA) was measured using 2 mL of 5% TCA on 0.2 g of fresh leaves according to the methods adopted by Jagota and Dani (1982), where the AsA content was determined by 760 nm absorbance readings.






2.7 Determination of antioxidant enzyme activities and glyoxalase cycle efficiency


The superoxide dismutase (SOD - EC1.15.1.1) was assessed by Senthilkumar et al. (2021). This involved the photo-reduction rate calculations of nitroblue tetrazolium (NBT) to determine the final OD by recording 560 nm readings. The activity of peroxidase (POD - EC.1.11.1.6) was measured using the procedures described by Zhang et al. (2012). The molar extinction coefficient was employed at a value of 26.6 mM−1 cm−1, and the OD was determined at 436 nm. The Catalase activity (CAT-1.11.1.7) was read at 240 nm as the rate of H2O2 degradation (mg−1 protein) (Aebi, 1984) using 39.4 mM−1 cm−1 coefficient (1 unit = 1 mM of H2O2 reduction min−1). The PAL activity represented as U mg−1 of protein was estimated using the procedures described by Berner et al. (2006). The Glyoxalase (Gly I) activity at 240 nm for a duration of 1 min. was detected by Hasanuzzaman et al., 2011. The Gly II activity was calculated using the approach established by Principato et al. (1987). The protein extract was analyzed at 412 nm for a minute. The Methylglyoxal (MG) data was gathered by following the procedures outlined by Yadav et al. (2005b). The absorbance of the derived MG was measured by monitoring the range of 200–500 nm for 17 cycles, with a 1-min. intervals between each cycle.






2.8 Determination of plant biomass and plant growth


The shoot lengths were measured, and the shoots and roots of plants were washed and cleaned at the end of the experiments. The samples were placed in a vacuum-drying oven (DZF-6090) to remove the surface water, which was kept at 120°C for 30 min. and maintained at 76°C for 48 h. The dried samples (root and shoots) and shoot lengths were taken.






2.9 Translocation factor, bioaccumulation factor, and tolerance index


To assess the potential of bamboo plants for phytoremediation and phytoextraction efficiency under Cu treatment, translocation factor (TF), bioaccumulation factor (BAF), and tolerance index (TI) were calculated using the following formulas (Souri and Karimi, 2017):
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2.10 Statistics


This study utilized a completely randomized design (CRD) with four 4 independent biological replicates (n=5 plants each). Data were analyzed using R 4.3.1 (lme4 package) via two-way factorial ANOVA with Tukey’s HSD post-hoc tests (α=0.05). Effect sizes were reported as partial η² for significant terms. The data were also analyzed using Analysis of Variance (ANOVA). Mean differences were demonstrated, and Duncan’s post hoc test was used at a significance level of p < 0.05. Normality was confirmed using Shapiro-Wilk (W >0.92, p>0.10) and Anderson-Darling (A² <0.35, p>0.08) tests, with homogeneity of variance verified via Levene’s test (F(19,60)=1.12, p=0.35). Outliers (>3 SDs from the mean) were retained after verifying they represented biological variation (QQ plots showed no systematic deviations).







3 Results





3.1 Copper content in bamboo plant organs (leaves, shoots, and root)


Cu levels in various sections of bamboo plants indicated that the combination of β-sitosterol (Bs) and eucalyptus biochar (Eb) led to a significant decrease in the available Cu amount. The combination of Bs+Eb+100 mg L-1 Cu reduced Cu levels by 51%, 35%, and 24% compared to the control treatment. Further, the combination of Bs + Eb reduced 200 mg L-1 Cu by 45%, 38%, and 36% compared to the controls. The effect of Eb on Cu reduction was more significant than that of Bs alone. Ultimately, both Eb and Bs effectively decreased Cu levels compared to respective controls (
Figure 1
).


[image: Bar charts labeled A, B, and C display copper concentrations in milligrams per kilogram across different treatments: Control, Bs, Eb, and Bs+Eb. Each chart shows three bars for copper levels at concentrations of 0, 100, and 200 milligrams per liter, represented in light gray, gray, and black, respectively. The charts indicate varying concentrations across treatments, with labels from a to g denoting statistical significance.]
Figure 1 | 
The impact of β-sitosterol and eucalyptus biochar on bamboo (Pleioblastus kongosanensis L.) Cu content in leaves (A), stem (B), and roots (C) under 100 and 200 mg L-1 copper in four replications. Control 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05).








3.2 Mineral content and nutritional value in plants


The presence of Cu reduces plant nutrient availability. However, integrating Bs and Eb substantially improved the mineral content in bamboo species. We found a significant difference between each of the treatments in terms of elevating nutrient value (p<0.001) (
Figure 2
). The treatments, including the combination of Bs+Eb, Eb alone, and Bs alone, exhibited the most substantial enhancement in mineral content. Specifically, there was a 35% rise in Fe, 44% in Mg, 25% in Mn, 12% in K, 20% in P, and 23% in Ca. Similarly, there was a 27% increase in Fe, a 32% increase in Mg, a 19% increase in Mn, a 9% increase in K, a 15% increase in P, and an 18% increase in Ca with the Eb treatment. Lastly, the Bs treatment resulted in an 18% increase in Fe, a 25% increase in Mg, a 12% increase in Mn, a 7% increase in K, a 10% increase in P, and a 10% increase in Ca. Nevertheless, adding Bs and Eb, both individually and in combination, considerably improved the nutritional value of plants under Cu concentrations of 100 and 200 mg L-1. The most significant increase was observed in the presence of Bs+Eb at concentrations of 100 and 200 mg L-1, with a 178% rise in Bs +Eb, a 157% rise in Fe, a 120% rise in Mg, a 190% rise in Mn, an 87% rise in K, a 90% rise in P, and a 99% rise in Ca, compared to respective controls. The exposure of 100 and 200 mg L-1 Cu results in a 51% reduction in plant nutritional value, a 64% reduction in Fe, a 48% reduction in Mg, a 68% reduction in Mn, a 58% reduction in K, a 72% reduction in P, and a 52% reduction in Ca.


[image: Box plots illustrate the effects of various treatments on the percentages of six nutrients: iron (A), magnesium (B), manganese (C), potassium (D), phosphorus (E), and calcium (F). Each plot compares control and treatment groups, showing variability and significant differences denoted by letters above each box. Treatments include various combinations of elements like Cu and B, with measurements in milligrams per liter.]
Figure 2 | 
The impact of β-sitosterol and eucalyptus biochar on bamboo’s (Pleioblastus kongosanensis L.) mineral content and nutritional value. Iron (A), magnesium (B), manganese (C), potassium (D), phosphorous (E), and calcium (F) in bamboo species under 100 and 200 mg L-1 copper in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05). The black dots show the outliers.








3.3 The biochemical assessments and electrolyte leakage (H2O2, O2, MDA, EL)


Considering electrolyte leakage and biochemical assessment, a significant disparity was observed between the treatments and the control groups (p<0.001). Based on 
Figure 3
, adding both Bs+Eb, individually or in combination, decreased H2O2, O2
-., MDA, and EL levels without Cu exposure. However, the treatments with Bs+Eb show the most significant decrease in oxidative stress and cell injury. Conversely, adding Bs and Eb drastically lowered biochemical integrity and electrolytes in plants exposed to 100 and 200 mg L-1 Cu. The treatments Bs+Eb+100 mg L-1 Cu and Bs+Eb+200 mg L-1 Cu exhibited the most substantial drops in H2O2, O2
-., MDA, and EL, with an overall reduction of 41%. Specifically, there was a reduction of 41% in H2O2, 50% in O2
-., 39% in MDA, and 66% in EL compared to the control groups. Similarly, the treatments Bs+Eb+200 mg L-1 Cu showed a 44% reduction in O2
-., 29% in MDA, and 57% in EL. The single form of Eb worked more effectively in decreasing oxidative stress induced by Cu than Bs.


[image: Four box plots (A, B, C, D) compare different treatments measured in milligrams per liter on hydrogen peroxide (A), superoxide radical (B), malondialdehyde (C), and electrolyte leakage (D). Each plot shows varying levels, with treatments labeled on the x-axis. Data points are marked with letters indicating statistical differences. Plots indicate fluctuations in response to treatment concentrations.]
Figure 3 | 
The impact of β-sitosterol and eucalyptus biochar on biochemical assessments and electrolyte leakage of bamboo (Pleioblastus kongosanensis L.). H2O2 (A), O2 (B), MDA (C), and EL (D) in bamboo species under 100 and 200 mg L-1 copper in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05). The black dots show the outliers.








3.4 Plant osmolyte (soluble carbohydrate and proline) and glycine betaine (GB) content


A combination of Bs and Eb had a beneficial effect on enhancing the levels of plant osmolytes, specifically proline and GB, in both Cu-treated and non-treated plants. The data shows a substantial variation in the soluble carbohydrates, proline, and GB content levels when Bs and Eb were included in the treatments (p > 0.001). In plants not affected by Cu toxicity, the most prominent upgrades were observed using the combination of Bs+Eb, Eb, and Bs. These resulted in a 37%, 23%, and 19% increase in soluble carbohydrates, a 12%, 10%, and 7% increase in proline, and a 31%, 20%, and 14% increase in GB content. On the other hand, the most substantial increases in plants exposed to Cu were observed when plants were treated with Bs+EB under 100 and 200 mg L-1 Cu concentrations. These treatments resulted in an 82% and 63% increase in soluble carbohydrates, a 52% and 80% increase in proline content, and an 82% and 72% increase in GB content compared to the controls (
Figure 4
).


[image: Three box plots depict the effects of various treatments on solute content. Plot A shows soluble carbohydrates, with the highest levels in "Be+Ech+Cu100". Plot B depicts proline, where "Cu100" and other combinations also show higher values. Plot C illustrates glycine betaine, highlighting "Be+Ech+Cu100" as having high levels. Treatments on the x-axis include control and different combinations of Cu and Be+Ech. Measurements, indicated on the y-axes, vary between soluble carbohydrates, proline, and glycine betaine, showing statistical differences marked by letters. Plots demonstrate treatment impact on solute levels.]
Figure 4 | 
The impact of β-sitosterol and eucalyptus biochar on bamboo (Pleioblastus kongosanensis L.) osmolyte and glycine betaine (GB) content. Soluble carbohydrate content (A), proline content (B), and GB content (C) in bamboo species under 100 and 200 mg L-1 copper in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05). The black dots show the outliers.








3.5 Antioxidant enzyme activity


The data on antioxidants revealed a significant difference in SOD, POD, CAT, and PAL activity between the treatments (P<0.001). Both the single and combined forms of Bs and Eb significantly elevated overall antioxidant activity. Including Bs and Eb resulted in a higher level among all antioxidant enzymes, irrespective of Cu levels. The most dramatic boost in antioxidant enzyme activity was observed when bringing together Bs and Eb with 100 and 200 mg L-1 Cu. This resulted in a 39% and 43% rise in SOD activity, a 34% and 36% rise in POD activity, a 42% and 43% rise in CAT activity, and a 178% and 222% rise in PAL activity compared to respective controls. In addition, the results revealed that the individual forms of Bs+100 mg L-1, Bs+200 mg L-1, Eb+100 mg L-1, and Eb+200 mg L-1 contributed to higher levels of antioxidant enzyme activity. We found a 21% increment in SOD, a 15% in POD, a 19% in CAT, and a 76% in PAL activity for Bs+100 mg L-1 Cu. As for Bs+200 mg L-1 Cu, there was an 18% increase in SOD, 16% in POD, 17% in CAT, and 159% in PAL activity. Similarly, Eb+100 mg L-1 showed a 24% increase in SOD, a 19% increase in POD, a 23% increase in CAT, and a 106% increase in PAL. Lastly, Eb+200 mg L-1 Cu treatment exhibited a 26% increase in SOD, a 21% increase in POD, a 24% increase in CAT, and a 211% increase in PAL activity in comparison with their control treatments (
Figure 5
).


[image: Four box plot charts labeled A, B, C, and D display enzyme activity under different treatments. Chart A shows superoxide dismutase (SOD) activity, chart B shows peroxidase (POD) activity, chart C shows catalase (CAT) activity, and chart D shows phenylalanine ammonia-lyase (PAL) activity. Plots compare control, copper treatments (Cu100, Cu200), barium treatments (Ba), and combinations with an elicitor (Bs+Cu/Ba). Activity levels are indicated with labeled statistical groups in letters above each box for comparison.]
Figure 5 | 
The impact of β-sitosterol and eucalyptus biochar on antioxidant enzyme activities of bamboo (Pleioblastus kongosanensis L.). Superoxide dismutase (A), peroxidase (B), catalase (C), and phenylalanine ammonia-lyase (D) in bamboo species under 100 and 200 mg L-1 copper in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05). The black dots show the outliers.








3.6 Glyoxalase cycle activity and methylglyoxal content


The results demonstrated that whereas glyoxalase enzymes (Gly I and Gly II) were dramatically reduced by 100 mg L-1 and 200 mg L-1 Cu, Gly I and Gly II were increased in bamboo plants with and without Cu exposure (p<0.001) upon the addition of 80 mg L-1 Bs and 80 mg L-1 Eb, both singularly and in combination. Compared to controls, the combination of Bs+Eb+100 mg L-1 Cu and Bs+Eb+200 mg L-1 Cu resulted in the highest increase in Gly I and Gly II, with increases in Gly I of 51% and 47% and Gly II of 139% and 190%. Furthermore, adding Bs and Eb dramatically decreased the levels of MG in Cu-exposed bamboo (P <0.001). This highlights the possible function of the glyoxalase enzyme system in plants’ core defensive mechanism. Furthermore, the presence of both Bs and Eb, either individually or together, resulted in a reduction in MG content. Specifically, combining Bs with 100mg L-1 Cu resulted in a 12% reduction in MG content. Similarly, combining Bs with 200mg L-1 Cu led to a 12% drop. On the other hand, combining Eb with 100mg L-1 Cu resulted in a 19% decrease, while combining Eb with 200mg L-1 Cu led to a 14% decrease (
Figure 6
).


[image: Three box plots labeled A, B, and C, show the effects of different treatments on biological activity. Each plot compares treatments like Control, Cu100, and Cu200. Plot A measures Gly I activity, Plot B measures Gly II activity, and Plot C measures Methylglyoxal content. Treatments significantly affect enzyme activities and content, with variations indicated by different letters. Treatments include combinations like Be and Etol with Cu.]
Figure 6 | 
The impact of β-sitosterol and eucalyptus biochar on glyoxalase cycle activity and bamboo’s methylglyoxal (MG) content (Pleioblastus kongosanensis L.). Gly I (A), Gly II (B), and MG content (C) in bamboo species under 100 and 200 mg L-1 copper in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05). The black dots show the outliers.








3.7 Non-enzymatic antioxidants (reduced glutathione, oxidized glutathione, and ascorbic acid)


The data demonstrated an integral disparity in non-enzymatic antioxidant activity across the treatments, as shown by reduced glutathione (GSH) levels, oxidized glutathione (GSSG), and ascorbic acid (AsA) (P<0.001). Bs and Eb increased non-enzymatic antioxidant activities with and without Cu concentrations. Both Bs and Eb, either alone or in combination, enhanced non-enzymatic activities in normal plants (without Cu), resulting in higher levels of GSH, GSSG, and AsA. The combination of Bs + Eb +100 mg L-1 Cu and Bs + Eb +200 mg L-1 Cu led to the most substantial increases, with a 72% and 67% rise in GSH, 51% and 86% increase in GSSG, and 105% and 139% increase in AsA in bamboo plants compared to their control treatments. Additionally, the addition of Bs (Bs+100 and Bs+200) and Eb (Eb+100 mg L-1 and Eb+200 mg L-1) individually also raised non-enzymatic antioxidants by 28%, 21%, 39%, and 29% for GSH; 20%, 61%, 32%, and 77% for GSSG; and 46%, 47%, 58%, and 64% for AsA compared to the controls, respectively (
Figure 7
).


[image: Three box plots labeled A, B, and C illustrate the levels of glutathione, oxidized glutathione (GSSG), and ascorbic acid in various treatments (mg L⁻¹). Each plot shows variation with distinct notations for statistical differences among treatments. The y-axes represent different units: glutathione in micromoles per gram fresh weight, oxidized glutathione in nanomoles per gram fresh weight, and ascorbic acid in milligrams per gram fresh weight. The x-axes list treatment conditions, including control and various combinations indicating copper (Cu), beryllium (Be), and ethylenediaminetetraacetic acid (EDTA) presence.]
Figure 7 | 
The impact of β-sitosterol and eucalyptus biochar on non-enzymatic activities of bamboo (Pleioblastus kongosanensis L.). Reduced glutathione (A), oxidized glutathione (B), and ascorbic acid (C) in bamboo species under 100 and 200 mg L-1 copper in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05). The black dots show the outliers.








3.8 Plant water indexes: relative water content, water content, and the leaf water potential


Copper (100 and 200 mg L-1) reduced relative water content (RWC) (20% and 24%), water content (13%, 17%), and the leaf water potential (32% and 39%) in compared with control groups (0 mg L-1 Cu) (p<0.001) as expected. However, Bs and Eb, in both single and combo forms, increased water content indexes significantly (p<0.001), which showed that adding Bs and Eb positively impacts increasing plant water content under Cu stress. The greatest increase in plant water content was in the group where Bs and Eb were applied together, which was highlighted by a 30% and 26% increase in RWC, 18% and 18% in water content, and a 54% and 58% increase in leaf water potential revealing Bs and Eb might have a strong ability to increase plant water indexes (
Figure 8
).


[image: Boxplots presenting three graphs labeled A, B, and C, showing the effects of various treatments on plant water status. Graph A illustrates relative water content (RWC) percentages, Graph B shows water content percentages, and Graph C displays leaf water potential percentages. Each boxplot corresponds to different treatments, with letters denoting statistical significance. Data points are shown with green boxes and black whiskers, with outlier dots present.]
Figure 8 | 
The impact of β-sitosterol and eucalyptus biochar on bamboo (Pleioblastus kongosanensis L.) plant water content. Relative water content (A), water content (B), and leaf water potential (C) in bamboo species under 100 and 200 mg L-1 copper in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among treatments (Duncan, p < 0.05). The black dots show the outliers.








3.9 Impact of β-sitosterol and eucalyptus biochar on chlorophyll pigments, carotenoid levels, and gas exchange parameters in bamboo plants under Cu levels


The results showed a significant difference (P<0.001) in the chlorophyll pigments and carotenoid levels in bamboo plants with and without Cu exposure. Both Bs and Eb, whether used alone or in combination, led to a significant increase in Chl a, Chl b, total chlorophyll, and carotenoid contents. The greatest increase in photosynthetic pigments was observed in the groups treated with Bs+Eb+100 mg L-1 and Bs+Eb + 200 mg L-1, showing a 74% and 88% increase in Chl a, a 46% and 68% increase in Chl b, a 54% and 77% increase in total chlorophyll, and an 82% and 154% increase in carotenoids compared to the controls, respectively (
Table 2
). Similarly, gas exchange indexes, including photosynthetic rate, stomatal conductance, and transpiration rate, also showed significant differences (P<0.001) across treatments with and without Cu exposure. The combination of Bs+Eb under 100 mg L-1 and 200 mg L-1 Cu resulted in the highest increase in gas exchange indexes, with a 74% and 81% rise in photosynthesis rate, an 83% and 103% rise in stomatal conductance, and a 39% and 40% rise in transpiration rate compared to their respective controls (
Figure 9
). These findings suggest that both Bs and Eb, when used individually, have the potential to significantly increase photosynthetic pigments and gas exchange parameters in bamboo plants under different Cu concentrations (100 and 200 mg/L-1).



Table 2 | 
The effect of β-sitosterol and eucalyptus biochar on chlorophyll pigments (Chlorophyll-a, Chlorophyll-b, Total Chlorophyll, and Carotenoid) in bamboo plants under Cu toxicity.





	Treatment

	Chlorophyll-a (mg g-1 F.w.)

	Chlorophyll-b (mg g-1 F.w.)

	Chlorophyll a+b (mg g-1 F.w.)

	Caratenoids (mg g-1 F.w.)






	control
	6.03± 0.13cd

	7.23 ± 0.14bc

	13.26 ± 0.32c

	2.88 ± 0.01cd




	100 mg L-1 Cu
	3.76 ± 0.13h

	5.21 ± 0.14g

	9.22 ± 0.32h

	1.67 ± 0.01i




	200 mg L-1 Cu
	3.12 ± 0.13i

	4.16 ± 0.14h

	7.28 ± 0.32i

	1.09 ± 0.01j




	100 mg L-1 Bs
	6.98± 0.13ab

	7.89 ± 0.14a

	14.87 ± 0.32ab

	2.23 ± 0.01fg




	100 mg L-1 Bs + 100 mg L-1 Cu
	5.03± 0.13ef

	6.43 ± 0.14de

	11.46 ± 0.32ef

	2.31 ± 0.01f




	100 mg L-1 Bs + 200 mg L-1 Cu
	4.23 ± 0.13gh

	5.77 ± 0.14f

	10 ± 0.32gh

	1.98 ± 0.01h




	10% Eb
	7.12± 0.13a

	8.05 ± 0.14a

	15.17.± 0.32a

	3.45± 0.01b




	10% Eb + 100 mg L-1 Cu
	5.32± 0.13e

	6.76 ± 0.14cd

	12.08 ± 0.32de

	2.55 ± 0.01e




	10% Eb + 200 mg L-1 Cu
	4.67 ± 0.13fg

	6.12 ± 0.14ef

	10.79 ± 0.32fg

	2.11 ± 0.01gh




	100 mg L-1 Bs + 10% Eb
	7.21± 0.13a

	8.21 ± 0.14a

	15.42 ± 0.32a

	3.65 ± 0.01a




	100 mg L-1 Bs +10% Eb + 100 mg L-1 Cu
	6.55± 0.13bc

	7.65 ± 0.14ab

	14.2 ± 0.32b

	3.04 ± 0.01c




	100 mg L-1 Bs +10% Eb + 200 mg L-1 Cu
	5.88± 0.13d

	7.01 ± 0.14c

	12.89 ± 0.32cd

	2.77 ± 0.01d








The data indicated the mean ± standard error of four repetitions. The treatments included different levels of β-sitosterol and eucalyptus biochar individually or in combination under four concentrations of Cu. The lowercase letters (a, b, c, d, etc.) display significant differences among treatments analyzed by Duncan’s test (p< 0.05).




[image: Box and whisker plots showing the effects of various treatments on photosynthetic rate, stomatal conductance, and transpiration rate. Panel A depicts different treatments’ impact on photosynthetic rate in micromoles per square meter per second. Panel B illustrates stomatal conductance in moles per square meter per second. Panel C presents transpiration rate in millimoles per square meter per second. Treatments are listed below each plot. Green boxes represent interquartile ranges, lines are medians, and whiskers indicate variability. Letters denote statistical significance.]
Figure 9 | 
The impact of β-sitosterol and eucalyptus biochar on bamboo (Pleioblastus kongosanensis L.) gas exchange parameters. Photosynthetic rate (A), stomatal conductance (B), and transpiration rate (C) in bamboo species under 100 and 200 mg L-1 Cu in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05). The black dots show the outliers.








3.10 Plant biomass and plant growth


The data indicated an apparent disparity in plant biomass and plant growth indexes across the treatments (P<0.001) (
Figure 10
). Bamboo plants exposed to doses of Cu of 100 mg L-1 and 200 mg L-1 experienced significant reductions in shoot dry weight (19% and 29% reduction), root dry weight (28% and 34% reduction), and shoot length (28% and 37% reductions). The combined administration of Bs and Eb, either individually (Bs+100 mg L-1 Cu), (Bs+200 mg L-1 Cu), (Eb+100 mg L-1 Cu), (Eb+200 mg L-1 Cu), or in combination (Bs+Eb+100 mg L-1 Cu), (Bs+Eb+200 mg L-1 Cu), resulted in significant modifications in plant biomass and plant growth indices. These benefits were observed as a 15%, 20%, 17%, 26%, 26%, and 40% raise in shoot dry weight, a 24%, 17%, 31%, 26%, 43%, and 48% rise in root dry weight, and a 12%, 21%, 18%, 24%, 49%, and 54% rise in shoot length, respectively. Conversely, as estimated, the treatments lacking different Cu concentrations exhibited a growing tendency in plants’ shoot and root dry weight and shoot length when Bs and Eb were added, individually or in combination (
Figure 10
) (
Table 3
).


[image: Box plots comparing plant growth metrics under different treatment conditions. Chart A shows shoot dry weight, Chart B shows root dry weight, and Chart C depicts shoot length. Treatments are labeled along the x-axis with measurements in milligrams per liter. Each box plot shows median values and variance, with statistical significance indicated by different letters above the plots.]
Figure 10 | 
The impact of β-sitosterol and eucalyptus biochar on bamboo (Pleioblastus kongosanensis L.) plant biomass and plant growth indexes. Shoot dry weight (A), root dry weight (B), and shoot length (C) in bamboo species under 100 and 200 mg L-1 copper in four replications. Control, 0 mg L-1 Cu, Bs (β-sitosterol, 100 mg L-1), Eb (eucalyptus biochar, %10). The lowercase letters (a, b, c, etc.) demonstrated significant differences among the treatments (Duncan, p < 0.05). The black dots show the outliers.






Table 3 | 
The effect of β-sitosterol and eucalyptus biochar alone and in combination with different Cu levels on bamboo plants Pleioblastus kongosanensis L. SHDB and RDB, relative to control.





	Treatments

	SHDB (%)

	RDB (%)

	SHL(cm)






	100 mg L-1 Cu
	19% ↓
	28% ↓
	28% ↓



	200 mg L-1 Cu
	29% ↓
	34% ↓
	37% ↓



	100 mg L-1 Bs
	3% ↑
	4% ↑
	14% ↑



	100 mg L-1 Bs + 100 mg L-1 Cu
	7% ↓
	10% ↓
	19% ↓



	100 mg L-1 Bs + 200 mg L-1 Cu
	14% ↓
	22% ↓
	23% ↓



	10% Eb
	14% ↑
	7% ↑
	22% ↑



	10% Eb + 100 mg L-1 Cu
	4% ↓
	5% ↓
	15% ↓



	10% Eb + 200 mg L-1 Cu
	10% ↓
	16% ↓
	21% ↓



	100 mg L-1 Bs + 10% Eb
	22% ↑
	10% ↑
	29% ↑



	100 mg L-1 Bs +10% Eb + 100 mg L-1 Cu
	2% ↑
	3% ↑
	7% ↑



	100 mg L-1 Bs +10% Eb + 200 mg L-1 Cu
	1% ↓
	2% ↓
	3% ↓







↓ indicates decrease and ↑ indicates increase.








3.11 Translocation factor, bioaccumulation factor, and tolerance index


The analysis of data obtained by calculating the bioaccumulation factor (BAF) of bamboo plant organs (roots and shoots) revealed a significant difference in BAF among treatments under different Cu doses with the addition of Bs and EB (P<0.001). The treatments combining Bs + Eb with 100 mg L-1 Cu and 200 mg L-1 Cu exhibited the most substantial reduction in BAF, with a 51% and 45% decrease in shoots and a 33% and 38% reduction in roots, respectively, compared to their controls. Additionally, Bs and Eb in individual forms (Bs+100 mg L-1 Cu), (Bs+200 mg L-1 Cu), (Eb+100 mg L-1 Cu), and (Eb+200 mg L-1 Cu) also significantly reduced BAF in bamboo shoots and roots by 19%, 17%, 29%, and 22% in shoots, and 18%, 18%, 23%, and 24% in roots compared to respective controls.


The translocation factor (TF) exhibited a difference among treatments in the leaves (P<0.001), with Bs and Eb in both individual and combination forms resulting in reduced TF. The most substantial reduction was observed in the group of Bs+Eb under 100 mg L-1 Cu and 200 mgL-1 Cu, which showed a 27% and 10% drop in TF compared to their controls.


The shoot and root tolerance index (TI) also displayed significant differences across treatments (p<0.001). Incorporating Bs and Eb, either individually or in combination, significantly increased TI in both the shoots and roots. Notably, the combination of Bs+Eb demonstrated the highest TI under 100 mg L-1 Cu and 200 mg L-1 Cu, with a 26% and 40% increase in bamboo shoots and a 42% and 48% increase in bamboo roots compared with control treatments (
Table 4
).



Table 4 | 
Changes in the bioaccumulation factor (BAF), and tolerance index (TI) of shoot and roots upon β-sitosterol and eucalyptus biochar in individual or in combination form under 100, 150, and 200 mg L-1 Cu.





	Treatments

	TF (leaf)

	BAF(leaf)

	BAF(root)

	TI (root)

	TI (shoot)






	control
	0
	0
	0
	1.00 ± 0.03abc

	1.00 ± 0.03abcd




	100 mg L-1 Cu
	0.412 ± 0.002ab

	0.19 ± 3.03a

	0.463 ± 0.001a

	0.72 ± 0.03ef

	0.824 ± 0.03cd




	200 mg L-1 Cu
	0.42 ± 0.002ab

	0.111 ± 3.03d

	0.263 ± 0.001e

	0.66 ± 0.03f

	0.718± 0.03d




	100 mg L-1 Bs
	0
	0
	0
	1.049 ± 0.03abc

	1.04 ± 0.03abc




	100 mg L-1 Bs + 100 mg L-1 Cu
	0.407 ± 0.002ab

	0.154 ± 3.03b

	0.378 ± 0.001b

	0.89± 0.03bcde

	0.95± 0.03abcd




	100 mg L-1 Bs + 200 mg L-1 Cu
	0.423 ± 0.002ab

	0.19 ± 3.03a

	0.215 ± 0.001f

	0.77 ± 0.03def

	0.87 ± 0.03bcd




	10% Eb
	0
	0
	0
	1.076 ± 0.01ab
	1.16 ± 0.03ab




	10% Eb + 100 mg L-1 Cu
	0.384 ± 0.002c

	0.135 ± 3.03c

	0.354 ± 0.001c

	0.94 ± 0.03abcd

	0.97 ± 0.03abcd




	10% Eb + 200 mg L-1 Cu
	0.43 ± 0.002a

	0.09 ± 3.03e

	0.199 ± 0.001g

	0.88± 0.03cde

	0.915± 0.03bcd




	100 mg L-1 Bs + 10% Eb
	0
	0
	0
	1.106 ± 0.01a

	1.24± 0.03a




	100 mg L-1 Bs +10% Eb + 100 mg L-1 Cu
	0.301 ± 0.002d

	0.093 ± 3.03e

	0.310 ± 0.001d

	1.02 ± 0.03abc

	1.039 ± 0.03abcd




	100 mg L-1 Bs +10% Eb + 200 mg L-1 Cu
	0.379 ± 0.002c

	0.06 ± 3.03f

	0.161 ± 0.001h

	0.98 ± 0.03abc

	1.01 ± 0.03abcd








The data display the mean ± standard error of four replicates. Lowercase letters show differences among groups (Duncan p < 0.001).









4 Discussion


While previous studies have primarily focused on the general trend of using forms of biochar compounds as single external additives, this study contributes to the field by combining β-sitosterol (Bs) and eucalyptus biochar (Eb). In this context, we discussed the impact of this combination in terms of application area, theoretical contribution, or possible ecological implications.


In our experiments, the rise in Cu stress remarkably triggered the accumulation of ROS compounds, including hydrogen peroxide (H2O2) and superoxide (O2•−), as well as led to damage to plant membranes with higher rates of lipoperoxidation (MDA) and EL in bamboo. Many studies on different plant species under Cu toxicity, such as Artemisia annua (Zehra et al., 2020) and Arabidopsis (Pető et al., 2013; Wang et al., 2022; Maksymiec et al., 2007) reported corroborating results. The data showed that while the concentrations of Cu reduce antioxidant (SOD, CAT, POD, and PAL) activity and non-antioxidants (GSH, GSSG, and AsA) in bamboo, integrating Bs in single and combined forms with Eb (10%) increased antioxidant and non-antioxidant indexes of plants. This might be related to improved redox status by β-sitosterol via activation of the antioxidant signal pathway (Xie et al., 2022). Because β-sitosterol, as a modest antioxidant in lipid media, can ideally reduce oxidative stress (Xie et al., 2022). This increasing antioxidant activity and non-antioxidant content by biochar addition were reported in several works (Sharma et al., 2012; Emamverdian and Ding, 2017b; Mansoor et al., 2022; Emamverdian et al., 2024; Alharbi et al., 2023; Mishra et al., 2019; Shahzad et al., 2021). In parallel studies, Kosolsaksakul et al. (2018); Alharbi et al. (2023), and Zheng et al. (2017) have all reported the protective role of biochar and Bs against oxidative stress caused by HMs.


The process of stimulating the glyoxalase cycle (Gly I and Gly II), which is a significant stress marker, includes two steps: conversion of MG to SLG via GSH in the presence of Gly I and then production of D-lactic acid from SLG by Gly II action (Hasanuzzaman et al., 2018). Applying Bs and Eb remarkably reduced MG content in the study with more glyoxalase (Gly I and Gly II) activity. The impact of biochar on increasing glyoxalase enzymes and the reduction of MG were also reported by Hasanuzzaman et al. (2021), which is in line with our data. In addition, Bs and Eb have significantly reduced H2O2, MDA, and EL content in thymus plants (Alharbi et al., 2023). This has also been reported in other studies (Huang et al., 2021; Elkeilsh et al., 2019), which can be shown as evidence overlapping our results in this study.


Furthermore, the results show that Bs and Eb significantly increase GB, proline, and soluble carbohydrates levels under Cu concentrations, which leads to bamboo plant osmoregulation, improves membrane stability, increases photosynthetic capacity, and reduces plant stress under Cu toxicity, which corroborates the results obtained by Alharbi et al. (2023) on Thymus vulgaris. Indeed, as a major compatible substance, GB plays a positive role in enhancing photosynthetic pigment intactness under stress (Emamverdian et al., 2022b) and is a protection barrier against photosynthetic components, such as O2-producing photosystem II and Rubisco (Altaf et al., 2020; Xu et al., 2018) here. Proline, on the other hand, might have functioned as a fixer for protein complexes in bamboo cells under Cu stress, a process that requires proteins to undergo conformational changes. Soluble carbohydrates might have been improved by stressed bamboo cells in providing energy and a carbon skeleton for sustaining cell development and organic molecule synthesis, which might have played an essential role in membrane turgidity and membrane stability in bamboo plants (Kishor et al., 2005; Arnao and Hernandez-Ruiz, 2019).


It was also reported that Bs influence pathways, including glutamic acid converting to 5-oxo proline and proline instead of going to alanine and pyruvate accumulation, preserving water plant content in stress conditions (Li et al., 2019). Our results show that working with Bs and Eb in single and combo forms remarkably increased bamboo relative water content and the leaf water potential, positively impacting plant photosynthetic efficiency. Specific structures of biochar, such as porous features, can preserve the plant water capacity and increase photosynthetic activity in plants under HM stress (Naeem et al., 2020; Sofy et al., 2021; Retamal-Salgado et al., 2017). Furthermore, data showed that adding Bs and Eb to bamboo plants under Cu doses increased nutrient content and reduced Cu uptake in bamboo roots, stems, and shoots. Here, Bs and Eb together might also have improved soil characteristics by promoting the uptake and absorbance of micronutrients and macronutrients such as Mg, Ca, P, K, Mn, and Fe (Retamal-Salgado et al., 2017), which converts soil structure into a high-quality agricultural fertilizer source and increase the nutrient status of targeted soil environment (Ge et al., 2019). Because nutrients are essential for plants that can reduce HM uptake, translocation, aggregation, and metal bioavailability, and they trap HMs by adsorbing on the substrate surface, chelating, or binding, as reported in maize by combined biochar and thiourea application in Cd-contaminated soil (Haider et al., 2021). On the other hand, some biochar types are also enriched and activated with cations, like K+, Mg+2, and Ca+2, for better adsorption capacity. These cation ions might have been present in plant tissue cell walls as amorphous buffers, potentially decreasing the absorption of Cu in bamboo species (Younis et al., 2016). In our study, Cu concentrations in plant organs such as root, stem, and shoot were reduced by using combined Bs and Eb, which limited Cu bioaccumulation and Cu translocation from soil to plants. The application of Eb possibly reduced Cu absorbance from the soil with the help of increasing soil pH through physical sorption, complication, precipitation, ion exchange, membrane filtration, and electrostatic interaction mechanisms, which in turn help reduce Cu availability in organs (Ali et al., 2013; Sfaxi-Bousbih et al., 2010). These changes were recently reported in Cd-stressed maize by Ahmad et al. (2018) and Haider et al. (2022).


The gene-level approaches showed that biochars can suppress the transcript expression of genes related to Cd transport and uptake and the movement of Cd to shoots through the apoplast, which limits Cd’s toxicity in plants (Abbas et al., 2017). In our study, while bamboo plants under Cu toxicity significantly reduced photosynthetic pigments and gas exchange parameters, applying Bs and Eb in both single and combined forms increased photosynthesis under 100 and 200 mg L-1 Cu concentrations. Combining sitosterol supplementation and biochar increased photosynthetic properties by improving enzymes taking place in the photosynthesis process was also reported previously (Maghsoudi et al., 2015). It was reported that the increase in photosynthesis rate in plants with the addition of Bs and Eb could be related to the reduction of hydroxyl radicals’ content, as indicated by previous studies on maize and rice (Abideen et al., 2020; Shahzad et al., 2021). However, this phenomenon should be supported by molecular studies showing gene expression data in relation to bamboo Cu-stress response/tolerance.


The bamboo plant growth obtained in this work under Cu stress might also have been improved by maintaining cell expansion and proliferation through maintaining water potential (Alharby and Fahad, 2020). In this context, Eb amendments in the soil putatively increased plant growth and production by boosting the soil’s physicochemical properties, such as pH, nutrient capacity, enzymatic activities, and water-holding capacity (Hassan et al., 2020). Maintaining water content capacity in the plant is an essential factor in increasing plant photosynthesis and biomass, as also reported by Zhou et al. (2017) and Abdelshafy Mohamad et al. (2020). The application of Bs was indeed reported to increase growth and biomass via improvement in the antioxidant system, such as the stimulation of the expression level of SOD and dehydrin genes in wheat (Triticum aestivum) (Elkeilsh et al., 2019). The findings of our study indicate that the presence of Cu in bamboo leads to a decrease in biomass. However, the introduction of Bs and Eb, either individually or in combination, resulted in an increase in both root and shoot dry weight, as well as shoot lengths. This could be due to the simultaneous power of Bs and Eb additives in increasing plant water content and antioxidant capacity, leading to increased photosynthesis, growth, and biomass.


The soil transformation resulting from biochar application enabled better photosynthetic function along with increased water content, which probably resulted from reduced toxic Cu ion availability and better stress alleviation (Hasnain et al., 2023; Yadav et al., 2023). In addition, the enhancement of beneficial microbial communities through biochar could promote nutrient cycling and the production of plant growth-promoting compounds (Hasnain et al., 2023; Yadav et al., 2023). This might explain the increased antioxidant capacity and activity of the glyoxalase cycle observed in the present work since microbial interaction often acts as a prime factor that modulates plant stress response. Moreover, the porous structure of biochar provides beneficial microorganisms with a habitable environment and thus supports plant health against unfavorable stress conditions (Bolan et al., 2023). Considering such indirect effects, our results are in agreement with the general view about the role of biochar in enhancing plant tolerance to HM stress, with a boosting effect of Bs as a plus. These findings are based on controlled lab conditions; therefore, field trials are needed to validate practical efficacy. While Bs+Eb improved Cu tolerance, molecular mechanisms require further investigation. Long-term soil Cu dynamics and plant-microbe interactions under Bs+Eb treatment also remain to be studied.






5 Conclusions


This study demonstrates that the combined application of β-sitosterol (Bs) and eucalyptus biochar (Eb) significantly enhances bamboo tolerance to copper (Cu) stress by improving redox homeostasis, nutrient uptake, and photosynthetic efficiency. The treatments reduced Cu accumulation in plant tissues while boosting antioxidant defenses, osmoregulation, and growth. These findings highlight the potential of Bs+Eb as a sustainable strategy for phytoremediation in Cu-contaminated soils. However, field validation and mechanistic studies are needed to assess long-term efficacy and scalability. Adsorption technologies and high-surface-area biochars have become crucial and cost-effective ways to mitigate metal pollution. In accordance with that, we examined bamboo responses to Cu toxicity at physiological and morphological levels under β-sitosterol (Bs), a cholesterol-like phytosterol, and the eucalyptus biochar (Eb) effect. According to our data, sustainable agriculture should include Bs and Eb treatments to restore heavy metal (HM)-contaminated soil bases. Because β-sitosterol and Eb, alone or in combination, significantly increased plant tolerance to Cu-induced stress by neutralizing ROS (oxidative stress), activating antioxidant and non-antioxidant defense systems, increasing glyoxalase enzymes activity, and improving osmoregulation thanks to higher proline and glycine betaine levels. Both compounds increased photosynthetic efficiency, gas exchange, and nutrient intake while reducing Cu transport and accumulation in plant structures. Their synergistic efficiency improved plant growth, biomass production, and water retention, reducing Cu toxicity. These results highlight the ability of Bs and Eb treatments to improve bamboo plant tolerance exposed to Cu stress, suggesting their practical use in sustainable farming and rehabilitating polluted environments. However, additional evaluation of Eb-Bs-induced indirect impact on the study results would be necessary. For example, Bs mediated with Eb treatment may initiate the expression of genes responsible for biomolecule synthesis components, such as PCs and MTs associated with Cu detoxification. Although much has been addressed, the detailed molecular mechanisms of how Eb, in conjunction with Bs treatment, modulates the plant molecular responses opposing stress while up-regulating genes involved in Cu detoxification and activation of stress signal transduction pathways have not been well addressed. Such a study investigating how the gene expression of antioxidant enzymes like SOD and CAT, metal transporters like HMAs, and stress-responsive transcription factors like SPL7 are affected by Eb+Bs would improve the understanding of stress tolerance mechanisms. Therefore, further research into these complex interactions will help explain the mechanisms by which Eb+Bs exert their impact on plant molecular physiology response in detail. Indeed, plant species’ scalability in polluted locations requires more study. Field operational trials must test multiple plant species for treatment, deploy remediation methods, and examine economic, social, and climatic issues to enhance this technology. While these findings demonstrate effective Cu stress mitigation in bamboo, the observed mechanisms, particularly the Bs-Eb synergy, warrant investigation in other agriculturally important species to assess broader applicability. Furthermore, while our results are specific to bamboo physiology, the observed redox regulation and nutrient management strategies may also provide a template for developing analogous approaches in other metal-stressed crops, subject to further testing. This research’s practical solution to HM contamination and food safety and eco-balance lays the groundwork for environmental restoration and sustainable agricultural methods. Addressing these areas further would broaden the approach’s role in soil health, crop production, and food security.
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Introduction


Cadmium (Cd) pollution leads to the decrease of the yield and active ingredient content of medicinal plants, and the accumulation of Cd in these plants present potential safety risks for medicinal applications. Exploring effective measures for the safe cultivation of medicinal plants, particularly those with strong capacity for Cd accumulation, is crucial to ensure the safety and quality of medicinal materials.







Methods


In this study, E. breviscapus, a medicinal plant with a relatively greater capacity for Cd accumulation, was selected for a pot experiment. The experiment was conducted using soil artificially contaminated with 100 mg kg−1 of Cd to evaluate the effects of different application rates of chicken manure (0, 10, 30, and 60 g kg−1, designated as CM0, CM10, CM30, and CM60, respectively). The optimal application amount of chicken manure (CM) was determined, and the underlying mechanisms of CM improving the yield and active ingredient contents of E. breviscapus was explored from the physiological response of plants and the forms and content of Cd in soil.







Results


The results showed that compared with the CM0, the soil Cd content decreased by 7.0% under CM30 and by 12.3% under CM60. The plant yield increased by 32% in the CM60, while scutellarin content increased by 2.28, 1.92, and 2.72-fold in CM10, CM30, and CM60, respectively. Among all treatments, CM60 demonstrated the most pronounced effect in reducing shoot Cd levels and enhancing both plant yield and scutellarin content. Structural equation modeling (SEM) analysis revealed that the increase of plant yield was primarily attributed to Pn, whereas the enhancement in scutellarin content was associated with shoot Cd concentration and CAT activity in plants.







Conclusions


In summary, this study demonstrates a feasible and environmentally sustainable approach to the safe cultivation of medicinal plants, with the dual benefits of maintaining yield and enhancing active ingredients content.
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1 Introduction


Cadmium (Cd) poisoning can lead to various human diseases, including renal dysfunction, osteoporosis, multiple types of cancer, and Itai-Itai disease (Román-Ochoa et al., 2023). In particular, when it is absorbed by plants from the soil and then moves through the food chain, this process has received considerable attention (El-Naggar et al., 2020). With exceedance ratios of 38.8%, the 60 medicinal plants’ Cd concentrations were higher above the limits of the “Green Trade Standards of Importing & Exporting Medicinal Plants & Preparations” (Wang et al., 2019). Cadmium pollution leads to the decline of medicinal material output by enhancing antioxidant stress and inhibiting photosynthesis and the nutrient absorption of plants (Wu et al., 2023). Moreover, after Cd enters the medicinal parts of plants, it will increase the risk of being absorbed by the human body and bring about drug safety problems. In addition, strong stress and absorption of Cd into plants may lead to the disorder of secondary metabolites, and such metabolites are critical sources of active ingredients with therapeutic effects in medicinal materials. However, there is relatively limited research on the controls of Cd pollution on medicinal plants.



Erigeron breviscapus (Vant.) Hand-Mazz, a traditional Chinese herb, has a therapeutic impact on cerebrovascular and cardiovascular disorders, including ischemic stroke and coronary heart disease (Chen et al., 2022). The therapeutic properties are primarily attributed to flavonoids, such as scutellarin, which is extracted from the shoot of the plant following harvest (Edo et al., 2025). However, previous studies have demonstrated that the over-standard rates of Cd in E. breviscapus (limiting value: 0.3 mg kg-¹) and in the soil (soil limit value: 0.3 mg kg-¹) are as high as 37.0% and 83.3%, respectively. E. breviscapus stands out as one of the most common Cd-enriched plants, with an enrichment coefficient of 0.5 (Lu et al., 2018). Because of its widespread use in medicine, ensuring the safety of E. breviscapus cultivated in Cd-contaminated environments is vital. Consequently, mitigating the risk of Cd pollution involves not only reducing the bioavailability of Cd in the soil but also minimizing the absorption and translocation of Cd from the roots to the shoot of the plant. This strategy is essential for improving both the quality (defined by an increased content of active ingredients and a reduced Cd content) and yield of E. breviscapus, thereby ensuring its efficacy and safety for medicinal applications.


Organic amendments such as manure are increasingly employed as remediation strategies for heavy metal-contaminated soils (Bashir et al., 2021). Among various types of organic amendments, livestock dung is widely used as an organic fertilizer to improve soil health and increase agricultural yields. Studies have shown that replacing mineral fertilizers with organic manure can boost crop yields by 8.5–14.2 Mg ha−1 (Chen et al., 2014). Meanwhile, research has demonstrated that organic amendment application can promote the immobilization of Cd in soil, thereby reducing its bioavailability (Yang et al., 2022). A previous study found that the use of chicken manure (CM) significantly reduced soil Cd concentrations compared to control treatments without CM application (Yi et al., 2022). The mechanisms underlying this effect include dissolution, precipitation, and adsorption, through which CM influences the migration and transformation of heavy metals in soil (Zhen et al., 2020). Additionally, the organic matter in CM can bind with metals by adsorption or forming stable organo-metal complexes, thereby reducing their mobility and bioavailability in soil (Halim et al., 2015). While CM has shown promise in improving soil conditions, its impact on the growth performance of medicinal plants and its potential to reduce Cd accumulation remain largely unexplored.


To fill these research gaps, a pot experiment with four application rates of CM on Cd-contaminated soil was conducted to investigate (1) whether the application of CM could improve the yield and active ingredient content and reduce the Cd content in E. breviscapus, and (2) how CM application alleviates the stress damage caused by Cd to E. breviscapus. Based on previous research, we hypothesize that the appropriate application of CM can significantly improve the growth performance of E. breviscapus in Cd-contaminated soil and reduce the stress damage caused by Cd by strengthening the antioxidant defense system of plants and reducing the availability of Cd in soil. Therefore, this study assessed the impact of CM on the growth and Cd stress resistance of E. breviscapus by measuring key physiological indicators such as chlorophyll content, antioxidant enzyme activities, mineral element content, and biomass accumulation. Additionally, soil Cd availability and speciation were monitored to elucidate how CM affects the behavior of Cd in the soil–plant system.






2 Materials and methods





2.1 Experimental materials and design


The pot trials were conducted from May to August 2019 in the Experimental Field of Yunnan Agricultural University in Kunming, Yunnan Province of China (25°13′ N, 102°74′ E). The soil was collected from a 0- to 20-cm soil layer in the experimental field then air-dried under shade and sieved using a 5-mm mesh (original soil). Considering that the concentration of Cd in lead-zinc mining areas in southern China can reach up to 0.26–885.0 mg kg-¹, with an arithmetic mean of 114.8 mg kg-¹ (Zhang et al., 2023), cultivating conventional crops in such highly Cd-contaminated soils poses significant risks. However, E. breviscapus, as a medicinal plant with Cd accumulation capacity, shows certain adaptability to high Cd-contaminated soil. Growing E. breviscapus in such high Cd-contaminated soil may provide a feasible strategy for land utilization, helping to avoid the wastage of potentially usable land resources. Therefore, the Cd spiking level should reflect real-world contamination levels while also considering the growth characteristics and tolerance of E. breviscapus. Based on this rationale, the original soil was spiked with Cd at a rate of 100 mg kg-¹ using CdCl2·2.5 H2O, and then allowed to stabilize for 1 month before being used in the pot experiment (stabilized soil). The physical and chemical properties of the original soil were as follows: pH value, 6.26; organic matter, 16.37 g kg−1; total nitrogen (N), 1.67 g kg−1; total phosphorus (P), 1.12 g kg−1; total potassium (K), 10.31 g kg−1; alkaline hydrolysis N, 132.48 mg kg−1; available P, 15.36 mg kg−1; available K, 81.86 mg kg−1; and total Cd, 2.41 mg kg−1.


The CM was purchased from the Fengrun agricultural supermarket with a Cd content of 0.127 mg kg−1. Each plastic pot was 22 cm in diameter and 15 cm in height. There were five treatments in these pot trials: CK was filled with 2.5 kg of non-Cd-contaminated soil and no CM addition; CM0 was filled with 2.5 kg of stabilized soil and no CM addition; CM10 was filled with 2.5 kg of stabilized soil and 10 g kg−1 CM; CM30 was filled with 2.5 kg of stabilized soil and 30 g kg−1 CM; and CM60 was filled with 2.5 kg of stabilized soil and 60 g kg−1 CM. The lower dose (e.g., 10 g kg-¹) was primarily used to assess whether CM could still effectively improve soil properties and support plant growth even at low application levels. In contrast, the higher doses (e.g., 30 and 60 g kg-¹) were selected to explore whether increasing the input of CM would result in a dose-dependent effect on the growth of E. breviscapus in Cd-contaminated soil. Furthermore, the choice of these concentrations also referred to the results of our preliminary experiments, ensuring that they could significantly influence soil Cd availability while promoting healthy plant growth without causing excessive nutrient accumulation or other adverse effects.


In order to reduce the experimental deviation, this experiment adopted a completely random design and set up five replicates. A total of 25 potted plants were used. All potted plants were randomly arranged in the greenhouse, and the greenhouse temperature was controlled at 20 ± 5°C to ensure the consistency of environmental conditions among treatments. Specifically, five repeated potted plants for each treatment were evenly distributed throughout the greenhouse to avoid systematic errors caused by position differences. Through this random arrangement, the deviation that may be caused by environmental factors (such as lighting and ventilation) is minimized.


A variety of E. breviscapus was the high-quality “Longjin No. 1”, which was provided by Xuanwei Longjin Biotechnology Co., Ltd. (Xuanwei, Yunnan, China). There were 30 seedlings in each pot and the density is consistent with that observed under field cultivation conditions. At the time of seedling transplantation, nitrogen (0.36 g pot-¹ as urea), potassium oxide (0.32 g pot-¹ as potassium sulfate), and phosphorus pentoxide (0.9 g pot-¹ as calcium superphosphate) were added to the soil to supply nutrients for seedling growth (Jia et al., 2023).


Soil and complete E. breviscapus plant samples were taken on days 30, 60, and 90. The plant samples were cleaned with deionized water and then divided into two parts: (i) one part was used immediately as fresh samples to determine antioxidant enzyme activity, malondialdehyde (MDA) content, and total chlorophyll content; (ii) another part was oven-dried to constant weight and used as dry samples to determine the content of active ingredients, Cd, and mineral elements. The surface (0–15 cm) soil was collected, naturally air-dried, and sieved (0.15 mm) as soil samples to determine Cd content, available Cd content, and Cd forms in soil.






2.2 Measurement of E. breviscapus agronomic characters


Agronomic traits including plant height, leaf width, and leaf length were measured in situ using a meterstick on days 30, 60, and 90 after transplanting. The yield of E. breviscapus (i.e., shoot dry weight) was measured on day 90. During harvest (day 90), 10 representative E. breviscapus plants per treatment were randomly selected, carefully uprooted, and rinsed thoroughly with deionized water to remove surface contaminants. The plants were then separated into roots and shoot components, and fresh weights were recorded immediately. Subsequently, these plant samples were oven-dried at 105°C for 30 min and then dried at 75°C until constant weight was achieved. Dry weights of shoots and roots were recorded as yield and root dry weight, respectively.






2.3 Measurement of antioxidants of E. breviscapus



Fresh leaf tissues (0.5 g) were homogenized in 5 mL of buffer and centrifuged at 12,000 × g for 20 min at 4°C. The supernatant was used to determine the activities of peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD) using the corresponding assay kits (Suzhou Gerui Biotechnology Co., Ltd.). MDA content was spectrophotometrically determined following the method applied by Heath and Packer (2022).






2.4 Measurement of chlorophyll and photosynthesis


Chlorophyll content was quantified using the ethanol extraction method described by Zhou et al. (2019). Briefly, fresh leaves (0.2 g) were immersed in 10 mL of 95% ethanol in darkness until complete decolorization. Chlorophyll concentration was calculated from absorbance readings at 665 and 649 nm. Net photosynthetic rate (Pn), intercellular CO2 concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr) were measured on fully expanded leaves at 10:00–11:00 a.m. on day 60 using a LI-6400 portable photosynthetic apparatus (LI-COR, Inc., Lincoln, NE, USA) under ambient conditions.






2.5 Measurement of foliar mineral elements of E. breviscapus



The total concentration (g kg−1) of Ca, Mg, Zn, Cu, and Fe in leaf tissues was determined after nitric acid digestion using a graphite furnace atomic absorption spectrometer (GFAAS; Zeenit 65, Analytikjena AG, Jena, Germany).


For nitrogen (N), phosphorus (P), and potassium (K) determination, the dried plant material was first digested using a mixture of concentrated sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) and the clear digest was ready for further analysis. Foliar N content was estimated by the Kjeldahl method (Kjeldahl, 1883). Total phosphorus content was quantified using the molybdenum blue colorimetric method with ultraviolet–visible spectrophotometry (UV-Vis, Shimadzu UV-2600, Japan) and potassium concentration was determined using flame photometry (FP, Sherwood Scientific 410C, UK) (Lu, 2000).






2.6 Measurements of the active ingredient content of E. breviscapus



Active ingredients such as scutellarin, chlorogenic acid, 1,5-di-O-caffeoyl quinic acid, 3,4-di-O-caffeoyl quinic acid, 4,5-di-O-caffeoyl quinic acid, apigenin, and baicalin of E. breviscapus leaves were determined by Chinese Pharmacopoeia (National Pharmacopoeia Commission, 2015).






2.7 Measurement of Cd content in soil and E. breviscapus



Plant Cd content was determined by the HNO3-H2O2 digestion method (Chen et al., 2018). Approximately 0.5 g of finely ground, oven-dried plant samples were digested with concentrated nitric acid (HNO3) and hydrogen peroxide (H2O2). The Cd content of soil samples was determined by HCl-HNO3-HCl4 (Li and Thornton, 1993). Approximately 0.5 g of soil samples was treated with concentrated hydrochloric acid (HCl), nitric acid (HNO3), and perchloric acid (HClO4). Both plant and soil extracts were analyzed for Cd concentration using the GFAAS (Zeenit 65, Analytikjena AG, Jena, Germany).


Bioconcentration factor (BCF) and translocation factor (TF) of Cd in different plant partitioning was estimated with the following formula (Hamid et al., 2020):
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2.8 Measurement of available Cd and Cd fractions in soil


The soil available Cd was extracted by the DTPA-TEA-CaCl2 solution (0.005 mol L−1 DTPA, 0.01 mol L−1 CaCl2, and 0.1 mol L−1 TEA, pH 7.3) and analyzed using the GFAAS (Zeenit 65, Analytikjena AG, Jena, Germany) (Lindsay and Norvell, 1978). Soil Cd fractions (exchangeable fraction, reducible fraction, oxidizable fraction, and residual fraction) were extracted using Tessier extraction methods (Tessier et al., 1979). Each fraction was obtained through a series of selective chemical extractions, and the Cd concentration in each was determined by the GFAAS.






2.9 Statistical analyses


Shapiro–Wilk normality tests were used to check the normality of the datasets. The differences in soil Cd content, yield, scutellarin, physiological responses, and chemical composition among all treatments were evaluated with one-way analysis of variance (ANOVA). Prior to ANOVA, homogeneity of variance was tested using Levene’s test. For variables that showed significant differences in ANOVA, Duncan’s multiple range test was conducted as a post-hoc analysis to determine which specific treatment means differed significantly (p < 0.05). Before conducting structural equation modeling (SEM), multicollinearity among variables was assessed using the variance inflation factor (VIF). All variables had VIF values below 10, indicating no serious multicollinearity issues. SEM was built using the Amos 24.0 software package (Small Waters Corporation, Chicago, USA). The adequacy of the models was assessed via chi-square (χ2) tests (0 < χ2/df ≤ 2), the goodness of fit index (GFI; GFI > 0.9), and the root mean square error of approximation (RMSEA; 0 ≤ RMSEA ≤ 0.05). Principal component analysis (PCA) was employed to evaluate the relationships of shoot Cd content and shoot dry weight with chemical composition under five treatments. The Mantel test was completed in R (version 4.2.1) using the “linket” package, and we performed a one-way ANOVA and the Duncan test to determine significant differences between treatments (p < 0.05). Origin 2021 was used to draw graphics.







3 Results





3.1 Cd content, yield, and active ingredient content in E. breviscapus



Compared with CK, the Cd content of shoots and roots in E. breviscapus increased under CM0 (
Figure 1a
). The shoot Cd content is 10.48 mg kg−1 and the root Cd content is 12.65 mg kg−1 in CM0. The shoot Cd content in CM10, CM30, and CM60 was 8.57, 9.07, and 6.55 mg kg−1 and the root Cd content in CM10, CM30, and CM60 was 11.0, 10.51, and 9.67 mg kg−1, respectively. Compared with CM0, the shoot Cd content in plant decreased by 18.2%–37.5% and the root Cd content decreased by 13.0%–23.5% in CM10, CM30, and CM60. Compared with CK, plant yield considerably decreased by 57.9% with CM0 (
Figure 1b
). Compared with CM0, there were no significant variations in plant yields between CM10 and CM30, but the yield in CM60 increased by 32.4%. No significant differences were observed in plant yields between CM60 and CK. The active ingredient content decreased in CM0 as compared to CK, except for the contents of 1,5-di-O-Caffeoyl quinic acid, apigenin, and baicalin (
Figure 1c
). The active ingredient content (except apigenin content) of the plant increased under CM10, CM30, and CM60. The scutellarin content of the plant increased by a factor of 2.28, 1.92, and 2.72 in CM10, CM30, and CM60, respectively, compared with CM0. CM60 maintained a lower Cd content in shoots and roots and a higher yield and scutellarin content of plant than CM10 and CM30.


[image: Three bar charts comparing different data about plants. Chart a shows cadmium content in plant shoots and roots across five treatments (CK, CM0, CM10, CM30, CM60) with CM60 showing the highest shoot content. Chart b illustrates plant yield, with the highest yield seen in CK and CM60. Chart c compares contents of active ingredients like Scutellarin and Apigenin among treatments, with varying trends for each ingredient. Different letters above bars indicate statistically significant differences.]
Figure 1 | 
Cd content (a), yield (b), and contents of active ingredients (c) in E breviscapus under different CM application. CK, no Cd and no CM addition; CM0, 0.01% Cd and 0 g kg−1 CM; CM10, 10 g kg−1 CM application based on Cd addition; CM30, 30 g kg−1 CM application based on Cd addition; CM60, 60 g kg−1 CM application based on Cd addition. Different lowercase letters above the error bars indicate significant differences among treatments as revealed by Duncan tests (p < 0.05).








3.2 Photosynthetic characteristics and antioxidant enzyme activities of E. breviscapus



CAT activity and POD activity of E. breviscapus reached the highest values on day 60 under CK, CM10, CM30, and CM60, compared with days 30 and 90 (
Figures 2a, b
). On day 90, CAT activities of plant increased by 8.1%–11.6% and POD activities increased by 8.7%–15.5% under CM10, CM30, and CM60, as compared to CM0. The SOD activity of plants on day 90 was higher than that of plants on days 30 and 60 (
Figure 2c
). When compared with CM0, the MDA content remarkably decreased by 40.0%, 25.6%, and 26.7% in CM10, CM30, and CM60 on day 30, respectively (
Figure 2d
). Compared with CK, total chlorophyll content, Pn, Tr, Gs, and Ci were notably decreased in CM0 on days 30, 60, and 90 (
Figures 2e, f
; 
Supplementary Figures 1A, A2
). Relative to CM0, total chlorophyll content increased by 76.4%–89.6%, Pn content increased by 12.5%–20.2%, and Tr content increased by 35.0%–78.0% in CM10, CM30, and CM60.


[image: Bar graphs display enzyme activities and contents in plants over 30, 60, and 90 days. Panels (a) to (c) show CAT, POD, and SOD activities, respectively. Panel (d) presents MDA content, (e) shows total chlorophyll content, and (f) illustrates Pn values. Each set includes CK, CM0, CM10, CM30, and CM60 treatments with significant differences indicated by letters.]
Figure 2 | 
CAT activity (a), POD activity (b), SOD activity (c), MDA content (d), and total chlorophyll content (e) on days 30, 60, and 90, and Pn on day 60 (f) of E. breviscapus. Pn, photosynthetic rate. CK, no Cd and no CM addition; CM0, 0.01% Cd and 0 g kg−1 CM; CM10, 10 g kg−1 CM application based on Cd addition; CM30, 30 g kg−1 CM application based on Cd addition; CM60, 60 g kg−1 CM application based on Cd addition. Different lowercase letters above the error bars indicate significant differences among treatments as revealed by Duncan tests (p < 0.05).








3.3 Mineral element content and plant traits of E. breviscapus



A decrease in the concentrations of Fe²+, Cu²+, P, and N was observed under Cd addition (CM0), whereas the concentrations of Mg²+, Ca²+, and K in the shoots of E. breviscapus increased, compared with the control (CK) (
Figure 3
). Compared with CK, Cd addition (CM0) led to a decrease in the contents of Fe2+, Cu2+, P, and N, while the contents of Mg2+, Ca2+, and K in the shoot of E. breviscapus increased (
Figure 3
). Among CM10, CM30, and CM60, CM30 demonstrated a relative advantage in terms of the increase in mineral element content in plant shoots. The content of K in plant shoots increased by 26.1% under CM60 compared with CM0. The fresh weight in shoots and roots, the dry weight in roots, and the plant height of E. breviscapus remarkably decreased in CM0 compared with CK, but those in CM10, CM30, and CM60 remarkably increased as compared to CM0 (
Supplementary Table A1
). Additionally, the maximum measured values of the fresh weight of shoots and roots, and plant height were found in CM60.


[image: Bar charts showing the content of mineral elements in plant shoots. Panels (a) to (h) represent Fe²⁺, Mg²⁺, Cu²⁺, Zn²⁺, Ca²⁺, P, N, and K respectively. Each chart compares CK, CM0, CM10, CM30, and CM60 treatments. Different letters indicate statistically significant differences.]
Figure 3 | 
Contents of mineral elements in shoots of E. breviscapus. CK, no Cd and no CM addition; CM0, 0.01% Cd and 0 g kg−1 CM; CM10, 10 g kg−1 CM application based on Cd addition; CM30, 30 g kg−1 CM application based on Cd addition; CM60, 60 g kg−1 CM application based on Cd addition. Different lowercase letters above the error bars indicate significant differences among treatments as revealed by Duncan tests (p < 0.05).








3.4 Content of Cd, available Cd, and Cd fractions in soil


In comparison to CM0, the soil Cd content on day 90 when the E. breviscapus were harvested was decreased by 7.0% and 12.3% in CM30 and CM60, respectively (
Figure 4a
). Compared with CM0, the exchangeable Cd content decreased by 26.9%, 27.1%, and 20.1% and the residual Cd content increased by 18.9%, 22.6%, and 18.3% in CM10, CM30, and CM60, respectively (
Figures 4b, c
). Reducible Cd content decreased by 27.8% and 30.0% in CM10 and CM30 relative to CM0. The available Cd content in soil decreased by 8.4% and 15.3% in CM30 and CM60, respectively (
Figure 4d
). There were no significant variations in Equation 1 between CM0, CM10, CM30, and CM60 (
Figure 4e
). However, the Equation 2 in CM60 significantly decreased compared with that in CM0, CM10, and CM30 (
Figure 4f
).


[image: Six bar graphs labeled a to f, showing cadmium content and forms in soil under varying treatments CK, CM0, CM10, CM30, and CM60. Graph a displays total cadmium content; b shows different cadmium forms F1 to F4; c presents cadmium fractions by type; d indicates available cadmium; e depicts bioconcentration factor (BCF); f illustrates translocation factor (TF). Each graph shows variations with different labeled bars from a to d, indicating statistical grouping.]
Figure 4 | 
Soil Cd content (a), content of different Cd forms (b), Cd fractions (c), available Cd content in soil (d), BCF (e), and TF (f) of E. breviscapus. F1, exchangeable Cd; F2, reducible Cd; F3, oxidizable Cd; F4, residual Cd. BCF, bioconcentration factor; TF, translocation factor. CK, no Cd and no CM addition; CM0, 0.01% Cd and 0 g kg−1 CM; CM10, 10 g kg−1 CM application based on Cd addition; CM30, 30 g kg−1 CM application based on Cd addition; CM60, 60 g kg−1 CM application based on Cd addition. Different lowercase letters above the error bars indicate significant differences among treatments as revealed by Duncan tests (p < 0.05).








3.5 Link between soil Cd content, yield, and scutellarin of E. breviscapus



The results of PCA indicated that PC1 and PC2 explained 82.5% of the overall variability in the data, implying that different applications of CM induced a significant influence (
Figure 5a
). The soil Cd content (S. Cd) was positively correlated with the available Cd content (A. Cd) and the exchangeable Cd content (F1) in soil, yield was positively correlated with N and Pn of E. breviscapus, and scutellarin (Scu) was positively correlated with chlorophyll (Chl). SEM suggested that Pn, CAT, and available Cd exhibited direct positive impacts on yield, scutellarin content, and soil Cd content, respectively (
Figure 6
). The Mantel test showed that scutellarin had a positive correlation with chlorophyll, Fe, and Tr (
Figure 5b
). The Cd content of shoots (Sh. Cd) was negatively correlated with yield and scutellarin, but positively correlated with soil Cd content.


[image: Panel a shows a PCA biplot with variables like CAT, Fe, and Yield contributing to dimensions one and two, with a color gradient indicating contribution levels. Panel b presents a heatmap and network diagram with variables such as A.Cd, Mg, and N, showing Mantel and Spearman correlations.]
Figure 5 | 
PCA (a) of physiological and biochemical parameters in soil and plants under CM addition. Correlations between soil Cd content, yield, and scutellarin content of E. breviscapus with physiological and biochemical parameters (b). Colors indicate correlation types. Line width corresponds to the partial Mantel’s r statistic. Physiological and biochemical parameters are also shown with a color gradient denoting Pearson’s correlation coefficient. The variables included the following: Scu, scutellarin content of shoot; Sh. Cd, content of Cd in shoot of plant; (a) Cd, available Cd content in soil; Chl, chlorophyll content in plant, Pn, photosynthetic rate of plant; Tr, transpiration rate of plant; F1, exchangeable Cd content in soil.




[image: Path diagram showing relationships among variables: Pn, Yield, Scutellarin, Mg, Sh-Cd, Soil-Cd, A-Cd, F1, and CAT. Arrows indicate directions and strengths of relationships, with coefficients and significance indicated by asterisks. Arrows are color-coded: orange for positive correlations, green for negative. Model fit indices provided: chi-square = 10.217, P = 0.806, GFI = 0.876, RMSEA = 0.000.]
Figure 6 | 
Structural equation modeling (SEM) showing the direct and indirect effects of soil Cd content, yield, and scutellarin in E. breviscapus. Orange arrows represent positive relationship, and green arrows represent negative relationship. The number next to the arrows are standardized path coefficients. The width of the arrow line indicates the strength of the relationship. The dashed arrows represent nonsignificant (p > 0.1) relationships. ***p < 0.001; **p < 0.01; *p < 0.05. A-Cd, available Cd content in soil; Sh-Cd, shoot Cd content in plant; F1, exchangeable Cd content in soil; Scu, the scutellarin content in plant; Pn, photosynthetic rate of plant; CAT, catalase activity of plant; Mg, Mg2+ content of plant leaves.









4 Discussion





4.1 Yield of E. breviscapus was increased under sufficient CM application


Compared with CM0, no significant differences were observed in the yield of CM10 and CM30, but the yield in CM60 was increased by 32.0%. However, when compared with CK, CM60 showed no significant influence on the yield, which indicated that the yield of E. breviscapus in high-concentration Cd-contaminated soil can be improved by sufficient CM (
Figure 1b
). A previous study showed that livestock manure can reduce soil nutrient loss, improve soil fertility, and promote plant biomass, thus increasing crop yield (Li et al., 2021). Cd is classified as non-essential for plant metabolic reactions and causes a significant reduction in plant development and yield, even at the least amount (Zia-ur-Rehman et al., 2023). In this study, Cd content in plant shoots and roots decreased under CM10, CM30, and CM60 compared with CM0 (
Figure 1a
). The reduction of Cd content in plants may alleviate the direct damage caused by Cd to plants and promote the increase in plant yield. Additionally, a significant negative correlation was observed between yield and shoot Cd content in E. breviscapus (
Figure 5a
).


Chlorophyll was shown to spontaneously form a complex with cadmium (Cd-Chl), which is incorporated at the central position of the chlorophyll molecule porphyrin ring, where it replaces Mg. The drop in nonradiative energy transfer will occur between molecules in the system in which Cd-substituted chlorophyll will appear, which will cause a significant decrease in photosynthesis effectiveness (Grajek et al., 2020). In this study, total chlorophyll content and Pn were increased in CM10, CM30, and CM60 compared with CM0 (
Figures 2e, f
). The decrease of the Cd content in plants may decrease the Cd-Chl complex, resulting in the increase of total chlorophyll content and Pn. Additionally, Pn showed a positive correlation with yield; thus, the increase in Pn may improve plant yield (
Figure 6
).






4.2 Addition of CM promoted the increase of scutellarin content in E. breviscapus



Under Cd stress conditions, plants can accumulate secondary metabolites to prevent oxidative damage caused by Cd (Okem et al., 2015). However, in this work, the content of most secondary metabolites of E. breviscapus was notably decreased, caused by the high concentration of Cd (
Figure 1c
). Hence, Cd with a high concentration will reduce the accumulation of secondary metabolites in plants. A previous study found that the Cd concentration in grain is mainly related to the bioavailability of Cd in soil rather than the total Cd content and the potential toxicity of heavy metals is related to their bioavailability and chemical speciation (Kim et al., 2016). In this study, SEM showed that exchangeable Cd content positively correlated with shoot Cd content in plants (
Figure 6
). Synchronously, compared with CM0, the content of lower-bioavailability residual Cd increased 18.3%–22.6% and the higher-bioavailability exchangeable Cd decreased 20.1%–27.1%; the available Cd content in soil decreased 7.0%–15.3% in CM10, CM30, and CM30 (
Figures 4b, d
) (Huang et al., 2016). This study indicated that the application of CM could promote the transformation from exchangeable Cd to residual Cd, thereby reducing the content of Cd in plants. At this time, Cd concentration in plants may promote the production of plant secondary metabolites. Therefore, the reduction of Cd content in shoots also promoted the production of scutellarin, thus improving the quality of E. breviscapus, and SEM also illustrated that shoot Cd content has a negative correlation with scutellarin (
Figure 6
).


One of the earliest effects of plant cells being exposed to toxic concentrations of heavy metals is the production of reactive oxygen species (ROS), i.e., superoxide (O•− 2) and hydroxyl radicals (•OH), as well as non-radicals, such as hydrogen peroxide (H2O2) and singlet oxygen (1O2) (Berni et al., 2019). Plants evolved enzymatic machinery to protect against the toxic effect of ROS and maintain their cellular redox homeostasis (Petrov et al., 2015). The mechanism relies on enzymes such as SOD, POD, and CAT. This study showed that the activities of POD, SOD, and CAT were enhanced and MDA content was remarkably decreased in CM10, CM30, and CM60, when compared with CM0 (
Figure 2
). PCA and Mantel analysis showed a positive correlation between CAT and shoot Cd content (
Figure 5
). Additionally, CAT positively correlated with scutellarin content (
Figure 6
). These findings revealed that the application of CM could increase the antioxidant enzymes’ activities, thereby alleviating the stress of Cd on plants and augmenting scutellarin content in E. breviscapus.






4.3 Application of CM reduced the Cd content in E. breviscapus



Compared to CM0, the application of CM reduced Cd concentrations in both the shoots and roots of E. breviscapus, by 18.2%–37.5% and 3.0%–23.5%, respectively. Although the BCF (Equation 1) has no significant differences between CM0, CM10, CM30, and CM60, the total Cd content in the soil was reduced by 8.4% and 15.3% under CM30 and CM60 treatments, respectively, leading to a corresponding reduction in root Cd uptake. Furthermore, when CM was applied at the highest rate (60 g kg-¹, CM60), the TF (Equation 2) was significantly decreased, indicating a reduced capacity of Cd to migrate from roots to shoots in E. breviscapus. According to relevant research, the application of CM in hemp effectively reduces the accumulation of Cd in the plant (Sangsoda et al., 2025). Consequently, shoot Cd concentration in the CM60 treatment was significantly lower than that in CM10 and CM30. In addition, changes in Cd speciation in the soil may also influence Cd uptake by E. breviscapus. The application of CM could alter Cd fractions in the soil, reducing its bioavailability and thus further alleviating Cd toxicity to the plant. Available Cd content in soil decreased by 8.4% and 15.3% in CM30 and CM60, respectively (
Figure 4d
). Soil pH is closely related to the solubility of heavy metals. CM can significantly increase the pH value of the soil. The enhancement of pH increases the number of negative charges on the surface of soil substrates and organic matter, thereby enhancing their binding capacity for cations, which could reduce the bioavailability of Cd (Yu et al., 2024). The addition of CM reduced the acid-extractable Cd content, increased the residual Cd content, and decreased the total Cd content in the soil (
Figure 4
). The increase in stable Cd content in this study indicates that CM significantly passivates Cd, reducing its toxicity. These findings are consistent with those of previous studies (Rehman et al., 2023). The organic matter in CM can immobilize metals by adsorption or forming stable organo-metal complexes, thereby reducing their mobility and bioavailability in soil (Halim et al., 2015).


Based on our previous investigations, the utilization of CM exhibited superiority in enhancing crop yield and the accumulation of active compounds compared to biochar, lime, and hydroxyapatite (Jia et al., 2024; Liu et al., 2024; Zhang et al., 2023). This advantage is especially pronounced when considering factors such as availability and cost-effectiveness. Therefore, CM can serve as an ideal passivating agent to effectively alleviate Cd-induced stress in E. breviscapus, while simultaneously enhancing both its biomass yield and scutellarin content.


Overall, the application of CM not only significantly enhances the biomass and active ingredient content of E. breviscapus, but also effectively reduces Cd accumulation in the plant, indicating its promising potential in mitigating heavy metal stress and ensuring both the yield and quality of medicinal plants under Cd contamination. CM60 proved to be better in decreasing soil Cd content, promoting the yield and quality of E. breviscapus. In addition, we still need to pay attention to the amount of livestock manure added. Only a small amount of heavy metals in feeds can be absorbed and utilized by livestock, and most of them are discharged through manure (Chen et al., 2022). Therefore, excessive application of livestock and poultry manure could lead to heavy metal pollution of agricultural soils (Liu et al., 2020). Future research should be based on long-term field experiments, and such research should be carried out in different soil environments to determine a better application concentration.







5 Conclusion


The optimum dose of CM was 60 mg kg−1, which reduced the shoot Cd content and increased the yield and quality of E. breviscapus. Furthermore, CM application increased antioxidant enzyme activities, photosynthesis, and chlorophyll content, and reduced the available Cd content in soil. The physiological response of E. breviscapus and the change in soil Cd forms alleviated the stress of high Cd concentration on plants and improved the yield and active ingredient content of E. breviscapus. Summing up, this study strongly demonstrated that adequate application of CM could relieve the damage caused by Cd to plants and promote the quality of E. breviscapus.
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Sheep manure Chicken manure Control

Mean SD Mean SD Mean SD

Soil pH
2% 7.461 B 0.032 7.516 <4 0.005 7247 0.063
5% 7.532 bB 0.045 7.753 4 0.066 - -
10% 7.651 *B 0.036 7.703 P4 0.045 = =

Soil organic matter (g/kg)

2% 0.495 *B 0.006 0.660 ** 0.012 0.297¢ | 0.003

5% 0.420 °® 0.002 0.606 ** 0.011 = =
10% 0.413 ¢ 0.005 0.626 °* 0.011 - -

Soil total nitrogen (g/kg)

2% 0.171 %8 0.015 0.180 <A 0.007 0.148 € | 0.001
5% 0.173 °® 0.001 0.187 ®* 0.010 = -

10% 0.210 *® 0.009 0.215** 0.009 - -

Soil total phosphorus (g/kg)

2% 1.407 <A 0.166 1325 0.109 1.175€ | 0.006
5% 1.738 A 0.082 1358 8 0.109 - -
10% 2,105 ** 0.112 1.508 *B 0.068 - -

Lowercase letters denote significant differences among various concentrations of the same
compost, while uppercase letters indicate significant differences between the same
concentrations of different compost types.
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Treatment Basic Max Tillers Plant height Effective Tillering rate® Panicle rate®
seedlings  seedlings panicles
(million/ (million/ (million/ha) (cm) (million/ (%) (%)
ha) ha) ha)

CK 340+377bc | 1420 +4.82d 2125 + 25.16cd 13493 +446b | 1680 + 1431bc 32013 + 33.58b 7932 + 476ab
I 360 £300abc | 1775+693 | 2365 £ 15.3%bc 14407 £1032 | 2100 11722 395.41 £ 47.36ab 89.01 £ 7.20ab
T2 325+229 | 1850 % 1136¢ 2585 + 15.61a 14523 1972 | 2255+ 1361a 470.09 + 31992 87.28 343 ab
T3 4201500 | 2050 £ 7.55b 2620 £ 11.262 13927 £7.70ab | 227.5 +9.04a 388.94 + 35.49ab 86.89 + 3.69ab
T4 3154687 | 1785+ 835 2445 £ 1670ab 14163 £ 460ab | 2115 + 1283 480.54 + 95,392 86.88 + 9.350b
TS 365+ L73abc | 210.5 + 826b 250.5 + 22.70ab 14467 £031a | 2045 + 15022 47687 + 5.361 8241 £ 12.9%b
Té 395+£229b | 2285+ 087 2455 + 11.06ab 14500 + 3842 | 2185 % 15102 479.77 £ 3343 8927 £ 947
7 3304300 | 1070 +624e | 2200 + 1054bed 11427 388 | 180.0 % 20.18b 22626 + 37.25¢ 8173 £ 6.85 ab
T8 3254377 | 850+ 1604 1945 + 1590d 11233 £742 | 1590 & 541bc 16601 + 68.19¢ 8205 £ 6.27 ab
9 310£312 | 765+ 9.00f 2030 + 1426d 10727 £5.09 | 1510 £ 17.90¢ 15022 + 52.34c 7434 £ 6.06b

“Tillering rate (%) = (Max seedlings - Basic seedlings)/Basic seedlings x 100%.
"Panicle rate (%) = Effective panicles/Tillers x 100%. Data are presented as mean + standard error. The same lowercase letters mean no significant difference, while different lowercase letters

mean a significant

rence (ANOVA, LSD, p < 0.05).
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Filled grains Total grains Filled-grain percentage Panicle length 1000-grain weight Total yield

(%) (cm) ()] (t/ha)
CK 136.87 + 8.35b 154.07 £ 13.60b 88.98 + 2.60a 25.07 + 0.30ab 27.75 + 0.40ab 6.29 + 0.10b
ki | 130.28 + 12.56b 156.25 + 7.80b 8332 + 6.01a 25.17 + 1.85ab 27.73 £ 0.82ab 6.95 + 0.05ab
T2 161.99  15.31ab 181.17 + 12.62ab 89.33 + 3.4% 2527 + 1.11ab 2837 £ 0.37a 7.34 £ 051a
T3 177.21 £ 19.70a 197.10 + 25.30a 90.06 + 1.92a 26.16 + 0.45ab 2842 £ 0.04a 7.58 + 0.16a
T4 [ 132,60 + 25.05b [ 148.27 £ 29.54b 89.57 + 1.07a 24.78 + 0.39b 27.25 + 0.93b 7.02 + 0.07a
TS I 145.56 + 23.77b 1 168.37 + 26.84ab | 8643 + 2.80a 2533 + 1.35ab 27.81 + 0.23ab 6.92 £ 0.13ab
T6 183.80 + 13.26a 201.45 £ 14.15a 9124 + 1.76a 27.03 + 0.66a 28.05 + 0.49ab 7.31 + 0.06a
T7 64.40 + 11.05¢ 92.88 + 7.73¢ 69.12 + 8.03b 20.89 + 1.70¢ 25.26 + 0.09¢ 220 +0.78¢
T8 5876 + 22.21c 9547 + 25.55¢ 60.96 + 9.96b 19.80 + 1.81¢ 2532 + 0.47c 1.77 + 0.65cd
G 53.65 + 10.90¢ 83.48 + 2.89¢ 64.03 + 10.73b 20.44 + 0.29¢ 25.49 + 0.68¢ 1.44 £ 0.39d

Data are presented as the mean + standard error. The same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD,
p < 0.05).
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Treatment Bioconcentration factor Translocation factors

BCFeoil-root TFroot-shoot TFshoot-rice
CK 819 + 132 0.0845 + 0.0022b 0.2345 + 0.0239% 0.6442 + 021322
T1 695 + 1.88abc 0.1046 + 0.0252b 01332 £ 0.0213bc 05391 + 0.2456a
T2 754 + 0.48ab [ 0.0985 + 0.0017b 0.0671 £ 0.0117¢ 03642 + 0.13322
T3 7.24 + 0.74abe 0.1043 + 0.0024b 0.1170 + 0.0579bc 05199 + 0.2852a
T4 558 + 0.66c | 0.1959 + 00449 | 01228 + 0.0184bc 0.6023 + 0.15382
T 6.20 £ 0.76bc 0.2043 £ 00140 00992 + 0.0179bc 0.6248 + 0.0344a
T6 7.15  0.79abe | 0.1989 + 0.0466a 00789 + 0.0355bc 05616 + 030052
17 558 + 0.22c 0.1613  0.0431a 0.1094 £ 0.0257bc 0.6005 + 0.12252
T8 6.76 + 0.58abc I 0.1039 + 0.0230b 0.0955 + 0.0323bc [ 07217 + 0.6909a
T9 746 + 0.59%b 0.0874 + 0.0279b 0.1369 + 0.0637b 05255 + 0.1276a

Data are presented as the mean + standard error. The same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD,
p < 0.05).
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Biochar A* Biochar B® Biochar C© R? P
pH 104 82 80 61 85
TOC (%) 73.0 800 780 425 750 588
IN (gkg) 1352 1433 1381 3166 158.86 3542
TP (g/kg) 58.25 63.56 5646 2088 12564 1021
TK (g/kg) 1152 1267 1089 1458 11043 12755
TCd (ug/kg) 604 501 599 15.00 685 125
TPb (ug/kg) 128 96 136 ND* ND ND
TAs (ug/kg) 2 23 36 ND ND ND
TCr (ug/kg) 500 368 566 ND ND ND

“Biochar A: maize straw biochar.
"Biochar B: bamboo biochar.

“Biochar C: coconut shell-activated carbon.

“R: rape organic fertilizer.
: calcium magnesium phosphate fertilizer.

fulvic acid.

BT vk Avoraikiand. |
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Arenarious
Loam

Moisture (m%)

2035

TPH (m%)

2393
As (mg/kg)

8.81 + 0.95

Specific TOC Salinity CEC TN NP
Gravity (VA] (9/kg) (cmol/kg) (mg/kg) (mg/kg)
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Fold change (Cd Fold change (Cd

LncRNA ID vs control) Target mRNA vs control) Annotation
X178 X38 X178 X38

TCONS_00005624 21.28 -4.23 TCONS_00005620 1.08 -0.48 Protein DJ-1 homolog B
TCONS_00071028 -1.08 -0.64 HORVU.MOREX.r2.6HG0471350.1 0.93 1.18 Cinnamoyl-CoA reductase 1
TCONS_00035202 0.96 1.20 TCONS_00013867 1.13 0.71 Transmembrane E3 ubiquitin-protein ligase
TCONS_00040227 -0.78 -127 TCONS_00065833 -0.54 -1.20 Protein ENHANCED DISEASE RESISTANCE 2
TCONS_00073318 -0.94 -123 HORVU.MOREX.r2.7HG0544860.1 -0.89 -1.15 HNHc domain-containing protein
TCONS_00078863 -0.91 -1.22 TCONS_00086237 1.03 0.76 ABC transporter C family member 13
TCONS_00029966 -0.97 -1.40 HORVU.MOREX.r2.1HG0013370.1 0.98 1.69 Peroxidase 2
TCONS_00029966 -0.97 -1.40 HORVU.MOREX.r2.4HG0320560.1 0.80 142 Probable glucuronosyltransferase 0s03g0287800
TCONS_00029966 -0.97 -1.40 HORVU.MOREX.r2.4HG0340350.1 0.67 135 2-oxoglutarate-dependent dioxygenase 11
TCONS_00029966 -0.97 -1.40 HORVU.MOREX.r2.5HG0364740.1 0.60 1.37 Uncharacterized protein
TCONS_00029966 -0.97 -1.40 TCONS_00024166 048 L12 Polygalacturonase QRT3
TCONS_00029966 -0.97 -1.40 TCONS_00043280 0.88 1.04 Low affinity sulfate transporter 3
TCONS_00031104 -0.63 -1.16 HORVU.MOREX.r2.7HG0620250.1 -0.77 -1.02 Putrescine hydroxycinnamoyltransferase 1
TCONS_00086719 -0.77 -1.05 TCONS_00016866 0.78 148 Galacturonokinase;
TCONS_00017042 | -0.75 -1.16 HORVU.MOREX.r2.7HG0605000.1 093 1.52 Luminal-binding protein 3
TCONS_00047478 -0.92 -1.08 HORVU.MOREX.r2.2HG0112600.1 -091 -1.06 Mixed-linked glucan synthase 4
TCONS_00007510 -0.61 -1.49 TCONS_00022788 -0.57 -1.19 Alpha-glucan phosphorylase 1
TCONS_00007510 -0.61 -1.49 TCONS_00075108 1.01 0.99 I Oligopeptide transporter 7

Fold change (Cd vs control) is log,N, log:N 1.0 are up-regulated, between 0 < [log:N| < 1.0 are unchanged and log;N < — 1.0 are down-regulated.
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Control
Library
X178

Total raw reads (Millions) 56.46 56.48 56.45 55.64
Total clean reads (Millions) 55.22 55.20 55.27 54.36
Total clean reads ratio (%) 97.79 97.73 V 97.90 V 97.71
Total Mapping Ratio (%) 86.08 77.27 86.26 81.34
Uniquely mapping ratio (%) 7744 70.64 78.82 74.68
Novel IncRNA gene 2149 2140 2145 2097
Novel IncRNA isoforms 6957 6944 6948 6804
Novel mRNA gene 158 161 162 157

Novel mRNA isoforms 14050 13976 14071 13963
Known mRNA gene 31809 31870 31696 31622
Known mRNA isoforms 28415 28739 28356 28376

Control and Cd, the plants were treated with basic nutrient solution (BNS) and BNS + 20
pmol L' Cd, respectively.
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Salinity Priming Sowing rate  Yield (t ha™¥) Panicles Spikelets Filled 1000-grain
treatment (no. m™3) panicle™® grains (%) weight (g)
T1 Pl S1 3.49f 155f 125a 63.33a 2237d
S2 3.84def 193cde 121a 59.75a 23.01c
S3 4.3labcde 211bed 134a 64.67a 23.23bc
P2 S1 3.74def 187def 134a 61.67a 23.55abc
S2 4.16bcdef 195bcde 140a 60.33a 23.46abc
S3 4.82ab 229ab 136a 65.33a 23.58ab
P3 S1 3.69ef 173ef 152a 61.75a 23.41abc
S2 4.10cdef 203bcde 136a 64.00a 23.82a
S3 4.61abc 226abc 154a 66.33a 23.75ab
P4 S1 4.23abcde 172ef 139 62.75a 23.43abc
S2 4.36abcd 216abed 132a 59.50a 23.50abc
S3 4.85a 249a 136a 63.67a 23.25bc
Mean 4.18A 200A 137A 62.61A 23.37A
T2 Pl S1 3.00d 133f ‘ 122a 58.44a 2131c
S2 3.00d 167bcdef 111a 57.36a 21.58abc
S3 3.47bed 175abcde 116a 59.70a 21.69abc
P2 S1 3.36cd 156def 1352 63.77a 22.25ab
S2 3.57bed 190abc 136a 57.76a 21.81labc
S3 3.95abc 207a 113a 62.57a 21.99abc
P3 S1 3.44bcd 159cdef 145a 62.87a 21.68abc
s2 3.76abc 178abcde 129a 61.67a 22.09abc
S3 4.05ab 199ab 122a 59.31a 22.38a
P4 S1 3.93abc 151ef 136a 60.77a 21.49bc
S2 4.21a 186abcd 140a 59.50a 22.00abe
S3 4.28a 207a 112a 59.68a 21.30c
Mean 3.68B 1768 127A 60.31B 21.80B
13 P1 S1 0.81f 95e 7lc 43.68¢ 18.47d
S2 1.12ef 109de 89abc 52.13ab 18.61cd
S3 1.28bcde 125bcd 90abc 50.64abc 19.69abed
P2 S1 1.18de 128bcd 99abc 45.95bc 19.94ab
S2 1.51abed 131bc 100abe 57.45a 19.17bed
S3 1.52abc 137bc 87bc 54.98a 20.02ab
P3 S1 1.22cde 120cd 111ab 50.67abc 20.73a
S2 1.43bcde 137abc 96abc 55.52a 20.34ab
S3 1.44bcde 144ab 90abe 56.43a 20.25ab
P4 S1 1.28bcde 129bcd 89abc 43.10¢ 19.75abc
S2 1.55ab 140abc 103abc 58.23a 19.29bed
S3 1.84a 158a 121a 53.70ab 20.68a
Mean 1.36C 129€ ‘ 95B 51192C 7 19.77C
ANOVA T . rx wox ex ox
P - rx . N rx
s . nx i N i
i ns ns ns ns ns
T*S ns ns ns kicid ns
P*s ns ns ns ns ns
B¥PAS ns ns ns ns ns

Different lowercase letters represent a significant difference at the maturity stage at 0.05 level according to the least significance difference (LSD) test. ***represents the significant difference at the
0.001 level according to the LSD test, **represents the significant difference at the 0.01 level according to the LSD test, *represents the significant difference at the 0.05 level according to the LSD
test, and ns represents no significant difference. T1, T2, and T3 represent salinity levels of 0%, 1.5%o, and 3%o, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA;e0mg/1.
priming treatment, GABA 59mg1. priming treatment, and ZnO-Nanoagomg. priming treatment, respectively. S1, $2, and S3 represent three sowing rates (90, 150, and 240 seeds m respectively).
The bold values and text represent the mean values of yield and its components under T1, T2, and T3 treatments. Different upper-case letters represent significant different at 0.05 probability level

according to LSD.
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Salinity Priming Sowing rate  Yield (t ha™)) Panicles Spikelets Filled 1000-grain
treatment (no. m™3) panicle™ grains (%) weight (g)
T1 Pl s1 6.19g 178 170g 81.10d 24.24g
s2 7.07¢ 196f 180fg 81.25d 24.50g
3 7.59 213¢ 185¢f 83.30¢ 24.55fg
P2 s 7.71e 218¢ 176fg 83.98¢ 24.80¢f
s2 8.03d 242d 186ef 85.33b 24.85¢f
3 8.72¢ 275b 193de 85.66b 25.45bcd
P3 s 7.54¢ 216e 193de 85.27b 25.08de
s2 8.19d 220e 212b 85.24b 2521bcde
3 8.62¢ 260c 217ab 86.96a 25.65b
P4 s1 8.27d 232d 200cd 87.82a 25.11cde
s2 9.27b 276b 210bc 87.38a 25.54bc
3 10.26a 308a 227a 87.74a 26252
Mean 8.13A 236A 196A 85.09A 25.11A
T2 P1 sl 4.06g 111g 158g 81.36cd 19.58h
s2 4631 134f 168defg 78.07¢ 2007g
S3 4.72f 155de 171cdef 78.30e 20.18fg
P2 sl 4671 153¢ 166¢fg 81.35¢d 20.16g
s2 5.04de 169d 167efg 83.39ab 2053F
3 5.80b 208b 179bed 83.28abc 2101e
P3 s 4.66f 153¢ 165fg 81.03d 21.63d
s2 4.82¢f 185¢ 173cdef 82.00bcd 21.79cd
3 5.48¢ 203b 180bc 82.11bcd 22.12bc
P4 sl 5.09d 183¢ 176cde 81.78bcd 21.97cd
s2 5.69bc 205b 187ab 84.57a 2233b
3 6.40a 256a 196a 85.052 22952
Mean 5.09B 1778 174B 81.86B 21.20B
T3 Pl s1 1.55h 49h 968 77.46de 16.33g
s2 191g 79g 115¢f 72.76g 17.03¢f
3 2.17ef 97f 120def 73.24fg 17.10ef
P2 s 2.12¢f 98f 104fg 76.28¢ 16.89f
S2 2.26de 121de 126cde 75.22efg 17.19ef
s3 2.56bc 145b 142abe 76.08¢f 18.01bc
P3 s 2.10ef 90fg 11def 79.47cd 16.79fg
s2 2.12¢f 128cd 135bed 82.62ab 17.36de
3 2.62b 151b 146ab 82.37ab 18.22b
P4 s 2.06fg 113e 119ef 80.58bc 17.72¢d
s2 2.40cd 139bc 143abe 84.11a 18.13bc
3 3.00a 168a 153a 83.35ab 1941a
Mean 2.24C 115C [ 126C 78.63C 17.51C
ANOVA T
P
s 56
T*p
Trg - - a6 -
Prs -
Teprs * - - -

Different lowercase letters represent a significant difference at the maturity stage at 0.05 level according to the least significance difference (LSD) test. ***represents the significant difference at the
0.001 level according to the LSD test, **represents the significant difference at the 0.01 level according to the LSD test, *represents the significant difference at the 0.05 level according to the LSD
test, and ns represents no significant difference. T1, T2, and T3 represent salinity levels of 0%, 1.5%o, and 3%o, respectively. P1, P2, P3, and P4 represent no-priming treatment, ASA;e0mg/1.
priming treatment, GABA 59mg1. priming treatment, and ZnO-Nanoagomg. priming treatment, respectively. S1, $2, and S3 represent three sowing rates (90, 150, and 240 seeds m respectively).
The bold values and text represent the mean values of yield and its components under T1, T2, and T3 treatments. Different upper-case letters represent significant different at 0.05 probability level

according to LSD.
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Tiller number m™ at different growth stages
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Aboveground biomass

at different growth stages (t ha'l)
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Contents of mineral elements in shoot of plant (g kg™)
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Property

Measurement method

Typical agricultural applications

Example
nanomaterials

References

Electrical

Optical

Magnetic

Mechanical

Thermal

Electrical conductivity and
impedance spectroscopy.

UV-visible and
fluorescence spectroscopy.

Magnetic susceptibility and
hysteresis loop.

Nanoindentation and atomic
force microscopy.

Differential scanning calorimetry
and thermal
conductivity measurements.

Improving soil conductivity and using
electrochemical sensors to monitor moisture
and nutrients.

Light-activated pesticide delivery and
photothermal treatment for pathogen control.

Soil remediation and targeted use of
agricultural pesticides.

Improving plant cell wall strength, resilience to
physical stress, and seed germination.

Heat stress reduction, temperature modulation in
plants, and improved thermal stability
of fertilizers.

Carbon nanotubes with
graphene oxide.

Gold nanoparticles (Au-NPs)
and quantum dots.

Iron oxide (Fe;0,) and
magnetite NPs.

The NPs made of silica (SiO,)
and chitosan.

Titanium dioxide (TiO,) with
copper nanoparticles
(Cu-NPs).

(Kashyap and Kumar,
20215 Siddiqui and
Aslam, 2023)

(Cabral and Baptista, 2014;
Li et al., 2024)

(Zhou et al., 2016; Le Wee
etal, 2022)

(Husen and Jawaid, 2020;
Nour, 2024)

(To et al., 2020; Chettri
et al., 2024)

Note: The electrical property of nanoparticles is about how well they can let electricity pass through or block it. The optical property of nanoparticles involves their interaction with light, such as
absorption, scattering, and fluorescence, enabling applications like light-activated pesticide delivery and pathogen control. The magnetic property of nanoparticles enables manipulation via
‘magnetic fields for soil remediation and pesticide targeting. The mechanical property of nanoparticles enhances strength, elasticity, and resilience in plant tissues and seed. The thermal property
of nanoparticles regulates.
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Contaminations
PCu PCd CuCd PCuCd

Weight increase 1 0.49 0.70 1.00 0.39
V I 0.54 0.91 1.01 0.97
I 0.76 1.00 | 1.03 0.95
v 0.94 0.93 | 092 0.96

Height increase I 0.47 A - -
| I 0.38 0.84 1.23 0.88
I 0.71 1.05 1.10 1.00
v 0.83 0.94 0.93 0.96

Chl-a 1 — - 0.79 _
I 0.18 1.49 0.88 0.92
11 0.45 0.61 0.84 0.76
v 0.53 0.55 0.96 0.96

‘Height increase and Chl-a under contaminated level I were not significantly different from the
controls and, therefore, some inhibitions (I}, I, I3 or OI) appeared to be negative, making Eq.
(1) and Eq. (2) not applicable.
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e Photoactive NPs have been used
to build functional
biologicalinorganic hybrid
systems for improving light
absorption.
e UV-B and SiNPs reduced the toxic
effects by increasing fresh mass,
leaf area, leaf fresh and dry mass,
and decreasing lipid peroxidation
(as MDA)

¢ Enhancing the
photophosphorylation, oxygen
evolution, and splitting of water

CP43 protein antioxidant
enzymes activity, decreasing lipid
peroxidation.
¢ Chitosan and TiO2 NPs have been
extensively studied for their efficiency

e SiNPs can improve plants
photosynthetic ability under chilling
and drought stresses.

¢ NPs can influence the formation
of apoplastic barriers, which
control the flow of water, ions,
and oxygen; metal transport
genes can be regulated by
specific NPs, enhancing the
plant's extracellular barrier to
intercept HM.
¢ NPs reducing HM
bioaccumulation and mobility.
e NPs mitigate stress by activating
specific genes, accumulating
osmolytes, and providing free
nutrients and amino acids.
e NPs such as silver can help plants
cope with flooding stress.

Light stress

Pest stress

K

7,

o
"

4----l

Heavy metals,
Flood and salt
stresses

i\‘—\

\

4

{

Nematode;
stress

SRR 2

I:I Abiotic stresses

Biotic stresses

Metal-based NPs (for example,
Ag, Cu, and Ti) are the most
widely used to resist insects.
Nonmetal-based NPs (for
example, Si and Ca).

Complex polymers (for example,
chitosan and plant extract).

ZnO-NPs derived from Citrus
medica peel have been shown
to be effective against Bacillus
subtilis, Streptomyces
sannanesis, Pseudomonas
aeruginosa, Aspergillus niger,
and Candida albicans .

TiO2 -NPs inhibited sugar beet
infection.

Al-AgNPs, have a high latent
capacity to control rice bacterial
leaf blight.

AuNPs had the largest inhibition
zone compared to other NPs.

MgO-NPs had antifungal activity
against Phomopsis vexans.

e Au- and Ag-NPs outperform

harmful nematicide in terms
of nematicidal activity.

¢ SiC-NPs, on the other hand,

had a significant impact on
first-stage C. elegans larval
growth.

e ZnO-NPs and TiO2 have

antimicrobial properties
against the nematode
Meloidogyne incognita.
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Tested groups

Contaminated levels

1l

Control - CK
Single Pyrene P50 P400 P750
contamination
Cu Cul00 Cu500 Cu800 Cul000
Cd Cd20 Cds0 Cd100
Joint contamination Pyrene + Cu P5Cul00 P50Cu500 P400Cu800 P750Cu1000
Pyrene + Cd P5Cd1 P50Cd20 P400Cd50 P750Cd100
Cu + Cd Cul00Cd1 Cu500Cd20 Cu800Cd50 Cul000Cd100
Pyrene + Cu P5Cul00Cd1 P50Cu500Cd20 P400Cu800Cd50 P750Cul000Cd100
+Cd

! P represents pyrene, and the following number means the contaminated concentration at mg/kg soil.





