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Abstract

:

Humic acid amendments in the remediation of soils contaminated with heavy metals have received widespread attention. However, the impacts and related mechanisms of mineral-based humate substances on the remediation of alkaline paddy soils with different levels of cadmium (Cd) contamination are still unclear. Pot trials with four mineral-based potassium humate (MBPH) doses (0, 0.25%, 0.5%, 1%, w/w) and three Cd rates (slightly, moderately, and highly, 1, 2, and 4 mg Cd kg−1) were conducted to evaluate the effects of MBPH on rice. Results showed that the application of MBPH effectively reduced brown rice Cd concentrations of all Cd rates by 46.82–65.04%, 44.02–59.21%, and 15.84–43.99%, such that Cd in brown rice fell within the safe edible standards in the highly contaminated soils with the 0.5% and 1% MBPH applications. The application of MBPH significantly alleviated Cd toxicity by increasing soil solution pH, dissolved organic carbon (DOC), and potassium (K) and decreasing free Cd and the bioavailability of rhizosphere soil Cd, as reflected by promoting rice plant growth, photosynthesis, Fv/Fm, and antioxidant enzymes activities. Additionally, high dose applications (0.5% and 1%) of MBPH significantly reduced the translocation factor of Cd from flag leaf to brown rice. Furthermore, the application of MBPH enhanced the accumulation of mineral elements (iron, manganese, copper, zinc, potassium) in brown rice. Stepwise regression analysis revealed that soil solution K at maturity stage and soil solution DOC at tillering and filling stages were the most important factors affecting Cd accumulation in brown rice under slightly, moderately, and highly Cd-contaminated soils, respectively. Therefore, MBPH application on slightly and moderately Cd-contaminated alkaline soils contributed to achieving rice grains rich with mineral elements but Cd free and Cd safe in highly Cd-contaminated soil.
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1. Introduction


Cadmium (Cd) is recognized as a priority contaminant due to its high biological toxicity [1]. Agricultural products and public health are threatened by Cd accumulation in farmland soil and biomagnification in the food chain [2]. If there is excessive accumulation, Cd toxicity can reduce the uptake of nutrients by crops, disrupt the normal physiology of plant metabolism, and cause destructive damage to most organ systems of the human body [3,4]. Rice (Oryza sativa L.) is a staple food for many people worldwide [5]. However, rice has been shown to serve as the source most associated with human Cd intake globally [6]. Moreover, the results of large-scale surveys in many countries, such as China [7], Korea [8], Japan [9], Tanzania [10], and Thailand [11], showed that Cd exceeded the standard in varying degrees in the rice grain samples investigated. Thus, it is imperative to develop efficient strategies for reducing Cd activity and migration in soil, reducing Cd accumulation in rice, and ensuring food safety.



In situ immobilization and stabilization of soil remediation with soil amendment is an economically and ecologically friendly technology for remediating soil contaminated with Cd [12,13]. To meet the needs of green development and safe circulation, it is necessary to seek non-polluting, low-impact, and biodegradable heavy-metal-contaminated soil amendments. Humic acid is a macromolecular compound abundant in oxygen-containing functional groups, created by the chemical and microbial degradation of dead biota in soil, water, and sediments [14,15]. As an important component of humus, humic acid is a cost-effective and safe treatment that is essential for immobilizing metal contaminants [16]. According to previous studies, humic acid could influence the form and availability of heavy metals by modifying soil properties. For example, Khan et al. [17] found that applying humic acid to acidic and neutral soils could effectively lower the bioavailability of soil Cd by the significant increase in pH, as well as the Cd content in Brassica rapa ssp. chinensis L. (pak choi). Additionally, soil microaggregates could have less exchangeable Cd due to humic acid [18]. With the participation of functional groups, humic acids could form Cd2+ humus complexes through complexation or precipitation, reducing the Cd activity, therefore, affecting plant Cd accumulation [19]. Rashid et al. [20] reported that humic acid in soil could promote the formation of Cd2+ humus complexes, improve the growth performance of Cd-tolerant wheat cultivars, and reduce Cd accumulation in wheat. In contrast, humic acid significantly increased Cd availability and Cd uptake by the sorghum in sandy soils [21]. Although some research has been performed on the effects of humic acid on Cd availability, the differences caused by the humic acid source, plant species, and soil properties are still controversial.



Weathered coal, lignite, and peat are high in humic acid, but their traditional utilization methods (fuel and energy production) have drawbacks such as inefficient utilization and high environmental costs [22,23,24]. Mineral humic acid salt is produced by an innovative alkaline extraction process [25], which realizes the clean development and high value-added utilization of weathered coal, lignite, and peat resources. The Standardization Technical Committee of the China Humic Acid Industry Association proposed that mineral-based potassium humate (MBPH) is a water-soluble potassium humate prepared by reacting with potassium oxide from weathered coal, lignite, and peat rich in humic acid (T/CHAIA 4-2018). Previous studies showed that the addition of potassium humate made from lignite increased the levels of Cu and Fe in the aerial part of Carpobrotus aequilaterus and significantly decreased the levels of aluminum and arsenic in rapeseed [26,27]. The application of 1% (w/w) unaged potassium humate (balanced for 7 days) made from woody peat significantly reduced rice grain Cd on highly Cd-contaminated soil [28]. It had been confirmed that humic acid derivatives from mineral sources have a stronger immobilization effect on Cd than humic acid derivatives from biological sources [29]. However, the effects of MBPH on soils with varying levels of Cd contamination, particularly alkaline paddy soils, remain unidentified.



Therefore, a pot experiment was performed to test the modulation of MBPH on Cd absorption and translocation in rice with varying rates of recombinant MBPH applied at different Cd contamination levels (slightly, moderately, and high-Cd contaminated) in an attempt to eliminate the above-mentioned research gaps. The objective of this study involves exploring the effects of MBPH amendments on the rice growth, bioavailability of soil Cd, and Cd accumulation in various organs of rice under three levels of Cd-contaminated alkaline soils. Moreover, the research aims to evaluate the effect of the amendment on the physicochemical properties of soil solutions, photosynthesis, and anti-oxidant enzymes. It also aims to estimate the important contributing factors on Cd accumulation in brown rice at each soil Cd contamination level.




2. Materials and Methods


2.1. Soil Sampling and Characterization of Mineral-Based Potassium Humate


Topsoil (0–20 cm) samples was collected from Yutai County, Jining City, Shandong Province, China, which is a typical alkaline paddy field in the Huang-Huai-Hai Plain of China. The collected soil samples were air-dried, ground, and passed through a 2 mm nylon sieve prior to further analysis. The basic physicochemical characteristics of soils were as follows: pH 7.90, electrical conductivity 7.59 mS cm−1, soil organic matter 34.61 g kg−1, total Cd concentration 0.32 mg kg−1, available K 251.68 mg kg−1, available phosphorus 62.17 mg kg−1, and alkali-hydrolyzable nitrogen 143.00 mg kg−1. The MBPH used in this study was purchased from Ningxia Xingyuan Biotechnology Co., LTD of China in the shape of a black solid particle with its humic acid ≥ 65%, solubility in water ≥ 98%, potassium (as K2O dry matter) ≥ 10%, pH 10.54 ± 0.015, electrical conductivity 2.76 ± 0.012 mS cm−1, and total Cd 0.05 ± 0.00067 mg kg−1. To determine the surface morphology and elemental composition, a field emission scanning electron microscope (SEM, FEI, Quanta 250 FEG, USA) with an energy-dispersive spectrometer was employed. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR, Thermo Fisher Scientific, Nicolet 6700, Waltham, MA, USA) was employed to examine functional groups of MBPH. The results of the SEM, EDS, and ATR-FTIR analyses of the MBPH were presented in Figure 1. The SEM results demonstrated that the surface of the MBPH had clear gaps and many aggregates with a porous structure (Figure 1A,B). MBPH consisted of large quantities of C and O (76.68%), small quantities of Na, Al, Si, Cl, and Ca (10.84% in total), and K accounted for 12.48% in the MBPH (Figure 1C). FTIR results showed that functional groups, including O-H, -COOH, C-O, and organic matter were enriched in MBPH (Figure 1D, Table S1).




2.2. Pot Experiments


2.2.1. Experimental Design


The pot experiment was carried out in a greenhouse located at the Qingdao Campus of Shandong University, China in 2021. There were twelve treatments, including three Cd rates (1, 2, and 4 mg kg−1, as CdSO4·8/3H2O) [30] and four MBPH application levels (0% (CK), 0.25%, 0.5%, and 1%, w/w). Three replicates were designed for each treatment, and a total of 36 pots were performed upon. According to the soil environmental quality standards (GB 15618-2018) and the single factor pollution index judgment, the Cd concentration of potted soil represents slightly (S-Cd), moderately (M-Cd), and highly (H-Cd) contaminated soil, respectively [31]. Then, each plastic pot (height of 36 cm, top diameter of 24 cm, bottom diameter of 21 cm) was filled with 6.0 kg of well air-dried soil. CH4N2O, (NH4)3PO4·3H2O, and K2SO4 were provided as the ground fertilizers at 72 mg N kg−1, 29.33 mg P2O5 kg−1, and 27 mg K2O kg−1 soil, respectively. Urea fertilizer (CH4N2O, 46 mg N kg−1 soil) was applied 15 days after the transplanting and tillering stage to supplement growth requirements. Meanwhile, MBPH was added, properly mixed, and submerged with water 2–3 cm above the soil surface for 30 days, based on the treatment [32]. Seven days after the rice seedlings were transplanted, rhizome soil moisture samplers (MOM, 19.21.21F, Rhizon, Wageningen, The Netherlands) were vertically inserted in the center of the pot to a depth of 10 cm below the soil surface.




2.2.2. Rice Cultivation


A conventional Japonica rice cultivar planted in Huang-Huai-Hai Plain, Zhongdao 1, which was identified as a high-Cd accumulation cultivar in our previous study [33], was selected. We used 30% hydrogen peroxide to sterilize the surface of the selected plump seeds for 15 min, followed by a distilled water wash and a 48-h soak in water at 25 °C. The soaked seeds were germinated in a dark incubator at 28 °C. The germinated seeds were buried 0.5 cm deep in the prepared nutritional soil. Three uniformly growing rice seedlings were transferred into each pot after 35 days of growth. The soil was kept inundated with water that was 2–3 cm deep throughout the growth phase (154 days). Rice was grown in an artificial greenhouse with a relative humidity ranging from 60 to 70%, temperatures between 25 and 30 °C on average, and controlled lighting with fluorescence lights following a 14 h/10 h light/dark cycles.





2.3. Collection and Analysis of Soil Solution


Rhizome soil solution samplers were used to collect about 20 mL of soil pore water at the tillering stage, filling stage, and maturity stage, respectively. The pH values were determined in the laboratory with a pH meter (PHS-2F, Shanghai INESA, Shanghai, China). A 0.45 μm polyethersulfone filter was used to filter soil solution samples. Dissolved organic carbon (DOC) was determined after removing inorganic carbon by acidifying (pH < 3) the appropriate sample with 1 M HCl [34]. DOC was measured by the dual-wavelength ultraviolet spectrophotometer method (L5S, Shanghai Yidian Analytical Instrument Co., Ltd., Shanghai, China). The relative content of DOC was calculated after measuring the soil solution’s absorbance at two wavelengths (270 nm and 350 nm) [35]. In addition, the total Cd and total potassium (K) were determined by a flame atomic absorption spectrophotometer (iCE 3500, Thermo Fisher Scientific, America) after an appropriate amount of concentrated nitric acid was added to approximately 5 mL of soil solution samples.




2.4. Measurement of SPAD Value, Photosynthetic Ability, and Chlorophyll Fluorescence Parameter


The photosynthetic rate and soil and plant analysis development (SPAD) values of the rice leaves were assessed at the tillering stage (the upper third leaf), filling stage (flag leaves), and maturity stage (flag leaves). The net photosynthetic rate (Pn, µmol mol−1), transpiration rate (Tr, µmol mol−1), substomatal CO2 concentration (Ci, mol m−2 s−1), and stomatal conductance (gs, mol m−2 s−1) were determined by a portable photosynthesis measurement system (Li-6800, Li-Cor, Lincoln, NE, USA) of the same leaves. In the leaf chamber, the following atmospheric conditions prevailed: the photon flow density through red and blue light was 100 μmol m−2 s−2, the CO2 concentration was 400 μmol mol−1, the leaf temperature was 25 °C, and the relative humidity was around 50%. Between 9:00 and 11:00 am, the aforementioned measurements were made. SPAD values were measured by a portable chlorophyll meter (SPAD-502 Plus, Japan). A fluorometer (PAM-2500, Walz, Efeltrich, Germany) was used to assess changes in a fundamental indicator of plant photosynthetic activity [36], namely, the maximum photochemical efficiency (Fv/Fm) of PS II. Since Fv/Fm is susceptible to environmental stress, it can reflect physiologic alterations in stressful situations [37]. To determine the antioxidant enzyme activity, measured leaves were collected at the tillering stage, first frozen utilizing liquid nitrogen, and then kept in the refrigerator at −80 °C.




2.5. Antioxidant Enzyme Assays


Rapid grinding of leaf samples in liquid nitrogen occurred, and the ground powder sample was weighed (0.25 g) and added to 9 mL of pre-cooled 0.1M phosphate buffer (pH 7.4). After mixing with a vortex mixer (MIULAB MIX-25P), centrifugation was performed at 3500 rpm at 4 °C for 10 min. To ascertain the level of enzyme activity, the supernatant was collected. Employing test kits, the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) were assessed (A001-3, A084-3-1, A007-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The absorbance of SOD, POD, and CAT were detected at 450 nm, 420 nm, and 405 nm, respectively, using an enzyme-labeled instrument (TECAN Infinite 200 PRO). Antioxidant enzyme activities were estimated following the instructions provided by the manufacturer of the kits.




2.6. Plant Harvest, Soil Sample Collection, and Measurement of Agronomic Traits


The plant height (PH), spike length (SL), and thousand kernel weight (TKW) of the rice were recorded at the maturity stage. Rice plant samples were separated into roots, stems, ordinary leaves, flag leaves, and grains. All samples were rinsed carefully with distilled water, deactivated at 105 °C for 15 min, and dried at 65 °C to a constant weight. The dry weights of roots (RDW), stems (SDW), ordinary leaves (OLDW), and flag leaves (FLDW) were measured. Hulling of rice grains using a hulling machine (TP-JLG-2018, Zhejiang Tuopu yunnong Technology Co., Ltd., Hangzhou, China) to obtain brown rice samples. All parts were ground for the subsequent determination. Soil adhering to the root surface was collected as a rhizosphere soil sample [38]. The rhizosphere soil was naturally dried, ground with ceramic mortar, and passed through a 2 mm nylon sieve to determine the soil’s available Cd.




2.7. Determination of Cd and Mineral Elements in Rice Organs


The plant sample was digested with HNO3-HClO4 (9:1 v/v) (GB 5009.15-2014) in an automatic digester (GD60S, APL, Beijing Pulitai Technology Instrument Co., Ltd, Beijing, China). The Cd concentration in the rice organs and the mineral elements contents (Iron (Fe), Manganese (Mn), Copper (Cu), Zinc (Zn), K) in the digested solution were determined by a flame atomic absorption spectrophotometer (iCE 3500, Thermo Fisher Scientific, Waltham, USA). Certified reference materials (GBW (E) 100378, and GBW10046) and blank specimens were included in the experimental procedure to ensure the reliability of the digestion method and the accuracy of the analysis. The determined results of all studied metals were within the certified range.




2.8. Soil Available Cd and ATR-FTIR Spectroscopic Analyses of Rhizosphere Soil


The soil availability of Cd (DTPA-Cd) was extracted with a DTPA solution (GB/T 23739-2009) and determined by a flame atomic absorption spectrophotometer (iCE 3500, Thermo Fisher Scientific, Waltham, MA, USA). The ATR-FTIR measurements of the rhizosphere soil were recorded using a Thermo Nicolet 6700 FTIR (Thermo Fisher Scientific, Nicolet 6700, Waltham, MA, USA) spectrometer outfitted with a mid-infrared liquid nitrogen-cooled MCT-A detector. The spectral range was 400–4000 cm−1 with a resolution of 4 cm−1 and 65 scans. The wavelength was standardized, and the baseline was adjusted by the OMNIC 8.2.0.387 software (Thermo Scientific, Waltham, MA, USA).




2.9. Data Analysis


Experimental data were arranged for statistical analysis employing Excel 2019 (Microsoft, Redmond, WA, USA) and SPSS Statistics 27 (IBM, Armonk, NY, USA). The Duncan test and Kruskal–Wallis test were utilized as parametric and non-parametric methods, respectively, to compare the disparity of indicators (growth characteristics, soil solution chemistry, photosynthetic and chlorophyll fluorescence characteristics, the enzyme activity of leaves, minerals in brown rice, Cd concentrations in various rice organs, translocation factors (TFs) between different rice organs, and soil DTPA-Cd among different categories with a significance level of p < 0.05. Correlations between brown rice Cd and the studied indicators were analyzed using the Spearman correlation tests in SPSS Statistics 27 (IBM, Armonk, NY, USA) and the R—4.2.2 software. Figures were drawn using Origin 2018, the R—4.2.2 software, and Adobe Illustrator CS6.



TFs were estimated by the following [39]:


    TF    root - stem    =  C stem  /  C root   










    TF    stem - ordinary   leaf    =   C    ordinary   leaf    /  C stem   










    TF    stem - flag   leaf    =   C    flag   leaf    /  C stem   










    TF    stem - brown   rice    =   C    brown   rice    /  C  stem    










    TF    ordinary   leaf - brown   rice    =   C   brown   rice   /  C   ordinary   leaf     










    TF    flag   leaf - brown   rice    =   C    brown   rice    /  C   flag   leaf     








where C (mg kg−1) is the Cd concentration in the root, stem, ordinary leaf, flag leaf, and brown rice.





3. Results


3.1. Growth Responses of Rice


The rice demonstrated various growth responses to MBPH under different Cd-contaminated levels. The eight agronomic traits of rice were exhibited in Table S2. For S-Cd soils, compared with no MBPH application (CK), application of MBPH (0.25%, 0.5%, and 1%) to the soil significantly increased the SL Cd by 9.03%, 7.26%, and 12.53%, respectively. The TKW significantly increased by 10.2% at 1% MBPH, respectively, whereas the SDW, ADMA, and RDW significantly increased by 22.9%, 25.0%, and 36.2%, respectively, at 0.5% MBPH. For M-Cd soils, application of 0.5 and 1.0% MBPH significantly enhanced the SDW by 24.4% and 27.1%, and the RDW increased by 26.7% and 27.7%, respectively, compared with the CK, while the SL, TKW, and FLDW presented no differences among different MBPH levels. In addition, applying 1% MBPH to the soil significantly increased the ADMA by 23.8% compared with the CK. For H-Cd soils, the SL significantly increased by 12.09% at 0.25% MBPH and by 10.31% at 0.5% MBPH. The SDW and ADMA significantly increased by 16.4% and 9.6%, respectively, with the addition of 0.5% MBPH, whereas the application of 1% MBPH enhanced the SDW by 24.8%, ADMA by 19.3%, and RDW by 22.7%, respectively, compared with the CK. However, there was no difference in the PH and OLDW of rice among S-Cd, M-Cd, and H-Cd soils regardless of MBPH levels (Table S2). At the same MBPH application level, rice growth was more promoted in the S-Cd and M-Cd soils (Table S2).




3.2. Effect on Soil Solution Chemistry


3.2.1. Change in Soil Solution pH


Different contaminated soils displayed different period features in the alterations to the soil solution pH (Figure S1A–C). When MBPH was not applied, the soil solution pH was kept at around 7.8–8.0 throughout the growth period of rice. For S-Cd soils, the treatments of 0.5% MBPH and 1% MBPH significantly increased the soil solution pH by 0.15 and 0.23 units, respectively, during the filling stage compared to CK (Figure S1A). For M-Cd soils, the pH with 0.25% MBPH and 0.5% MBPH was 0.36 and 0.33 units higher than the CK in the filling stage, respectively. At the maturity stage, the application of MBPH (0.5% and 1%) significantly increased the pH of the soil solution by 0.48 and 0.55 units, respectively, compared with the CK (Figure S1B). For H-Cd soils, the application of MBPH affected the soil solution pH in three typical growth stages of rice. At the tillering stage, supplementing the soil with 0.5%, MBPH significantly increased the soil solution pH by 0.15 units as compared to unamended soil (Figure S1C). Soil solution pH significantly increased with the increase in the MBPH addition at the filling and maturity stages.




3.2.2. Change in Soil Solution DOC


Soil solution DOC generally increased with the addition of MBPH (Figure S1D–F). The soil solution DOC of each treatment followed a pattern of increasing followed by decreasing with the growth of rice. In comparison to the tillering and maturity stages, the filling stage showed a higher DOC concentration. For S-Cd soils, compared with the CK, the addition of 0.5% and 1% MBPH significantly increased the soil solution DOC in all studied growth periods, and the addition of 0.25% MBPH significantly increased the DOC content in the soil solution at the filling stage (Figure S1D). For M-Cd soils, 0.5% and 1% MBPH applications also significantly increased the DOC at all stages, except for the 0.5% MBPH application at the maturity stage. Meanwhile, DOC was significantly reduced after applying the 0.25% MBPH treatment compared to the CK treatment at tillering stage (Figure S1E). For H-Cd soils, 0.5% and 1% MBPH applications significantly increased the DOC at tillering and all stages, respectively, compared with CK. However, the DOC concentration in the soil solution in the H-Cd soils was unaffected by the addition of 0.25% MBPH (Figure S1F).




3.2.3. Change in Soil Solution K and Cd


Regardless of soil Cd levels, soil solution K generally appeared to increase alongside MBHP levels at the three stages (Figure S1G–I). The highest levels of total K were observed in the soil solution during the filling stage, where they ranged from 16.52 to 58.52 (S-Cd), 13.64 to 45.22 (M-Cd), and 12.95 to 34.35 (H-Cd) mg L−1 for all treatments, respectively. The minimum value was reached at the maturity stage. For all three soil Cd levels, the highest soil solution K appeared at 1% MBHP during any stage of growth.



For S-Cd soils, soil solution Cd could not be detected throughout the entire rice growth cycle. Only within the tillering stage could soil solution Cd be detected for M-Cd and H-Cd soils (Figure 2). For M-Cd soils, application of MBPH (0.25%, 0.5%, and 1%) to the soil significantly decreased the soil solution Cd by 64.5%, 61.9%, and 86.5%, respectively, compared with the CK. For H-Cd soils, application of MBPH (0.25%, 0.5%, and 1%) significantly decreased the soil solution Cd by 16.6%, 51.0%, and 83.5%, respectively, compared with the CK, and significant differences were reached among MBPH levels. The impact of M-Cd soils on Cd reduction in soil solution was significantly superior to that of H-Cd soils at the same MBPH treatment dosage (Figure 2).





3.3. Photosynthetic Parameters, SPAD, and Chlorophyll Fluorescence of Rice Leaves


The photosynthetic parameters Pn, Tr, Ci, gs, and SPAD of the rice leaves at three growth stages under different concentrations of Cd are displayed in Table S3. For S-Cd soils, the application of 0.5% and 1% MBPH significantly increased the value of Pn by 23.4% and 18.7%, respectively, at the tillering stage. Except for the 0.25% MBPH at the tillering stage, the MBPH application increased the value of SPAD at all stages. For M-Cd soils, the application of MBPH, especially in the 0.25% MBPH treatment group, mainly increased the Pn, Tr, gs, and SPAD values at the filling stage and maturity stage. Under H-Cd soils, the addition of MBPH was effective in improving the photosynthetic characteristics of rice at the tillering and maturity stages. Comprehensively, the effect of the 0.25% application on MBPH was more prominent. It significantly increased the Pn by 44.5% and 256.5%, and the Tr by 45.3% and 528.8% at the tillering stage and maturity stage, respectively. In addition, it also significantly increased the Ci by 37.9% at maturity, gs by 74.3% at the tillering stage, and gs by 535.3% at the maturity stage, respectively. The SPAD values increased significantly at all stages after the treatment of MBPH, and the changing trend was the same at the tillering and maturity stages, i.e., the SPAD values gradually increased relative to CK with an increase in MBPH application. The application of the same dose of MBPH was more effective in increasing SPAD for each growth period in the S-Cd soils than in the M-Cd and H-Cd soils.



The chlorophyll fluorescence parameter Fv/Fm of rice leaves at three growth stages under different concentrations of Cd is shown in Table S3. Cd stress reduced the value of Fv/Fm in rice leaves. The effect of MBPH on the Fv/Fm value of rice leaves in the S-Cd and M-Cd soils was mainly reflected in the tillering stage and filling stage. The application of MBPH (0.25%, 0.5%, 1%) to S-Cd soils significantly increased the Fv/Fm by 3.93%, 5.68%, and 4.19% at tillering stage, while application of 1% MBPH increased the Fv/Fm by 4.83% at the filling stage. For M-Cd soils, the application of MBPH significantly increased Fv/Fm by 12.1–15.5% at tillering stage and 8.87–11.2% at the filling stage compared to CK. For H-Cd soils, the influence of MBPH on Fv/Fm value was mainly reflected in the filling and maturity stages, which were significantly increased by 8.10–12.6% and 42.7–63.0%, respectively. The influence of the same MBPH application dosage on the Fv/Fm of rice leaves growing on soils with different levels of Cd contamination was mainly observed at the filling stage, and the Fv/Fm possessed the greatest elevation in the M-Cd soils.




3.4. Rice Leaves Antioxidant Enzyme Activities


The activities of the antioxidant enzymes SOD, POD, and CAT were measured in rice leaves at the tillering stage and shown in Figure S2. The enzyme activities of rice leaves at the tillering stage all demonstrated a decreasing trend with an increase in soil Cd level. Leaf SOD activity for the S-Cd soils was significantly enhanced by 8.17% with a 0.5% MBPH application (Figure S2A). MBPH application treatments significantly increased the activity of SOD by 18.5% (0.25% MBPH), 11.4% (0.5% MBPH), and 5.02% (1% MBPH) in the H-Cd soils (Figure S2A), respectively. The application of MBPH (0.25%, 0.5%, and 1%) significantly increased POD activity in rice leaves by 18.4%–24.7% under S-Cd soils, and the enhancement effect was consistent among the three application levels; similar rules were also reflected in the H-Cd soils (37.1–41.4%) (Figure S2B). For M-Cd soils, all three levels of MBPH significantly increased POD activity in leaves (Figure S2B). Leaf CAT activity was significantly enhanced with the 0.25% and 0.5% MBPH applications for S-Cd soils by 47.8% and 18.5%, respectively (Figure S2C). However, a high dose of MBPH (1%) aggravated the negative effect on CAT activity in rice leaves under S-Cd soils (Figure S2C). The application of MBPH (0.25%, 0.5%, and 1%) significantly increased CAT activity by 37.5–44.7% under M-Cd soils and by 89.5–162% under M-Cd soils in rice leaves, respectively (Figure S2C). It seems that applying MBPH, especially 0.5% MBPH, to H-Cd soils could stimulate CAT activity enhancement in rice leaves. There was no difference in the effect of applying a low dose of MBPH (0.25%) on the enzyme activity of rice leaves on soils with different levels of Cd contamination (Figure S2). The application of high doses of MBPH (0.5% and 1%) was more conducive to increasing the enzyme activity of rice leaves in the S-Cd and H-Cd soils (Figure S2).




3.5. Effects on Mineral Elements of Brown Rice


The ability of brown rice to accumulate mineral elements was significantly reduced by Cd, and the detrimental impact was more pronounced as soil Cd content increased (Figure 3). In general, the addition of MBPH increased the brown rice mineral elements (Figure 3). For S-Cd soils, brown rice Fe and Mn with the 0.25% MBPH treatment were significantly increased by 63.1% and 23.6% over the CK, respectively, while Mn concentration was significantly increased by 16.3% under the 0.5% MBPH treatment (Figure 3A,B). Compared with the CK, applying the amendment (0.25%, 0.5%, and 1%) significantly enhanced the concentrations of Zn by 32.4–62.2% and K by 9.85–19.3% in brown rice in the S-Cd soils (Figure 3D,E). The application of 0.5% and 1% MBPH significantly increased the brown rice Cu in the S-Cd soils by 19.6% and 25.7%, respectively (Figure 3C). For M-Cd soils, the application of MBPH (0.25%, 0.5%, and 1%) significantly increased the brown Fe and Zn rice by 21.5–47.2% and 32.1–42.1%, respectively (Figure 3A,D). Mn and Cu concentrations in the 1% MBPH treatment were significantly increased by 33.9% and 81.6% over the CK, respectively, while the K concentration was significantly increased by 13.0% and 26.9% under the 0.5% and 1% MBPH treatments, respectively (Figure 3B,C,E). For H-Cd soils, the 0.5% MBPH treatment significantly increased Fe and Mn concentrations by 25.6% and 22.7%, respectively, in comparison to the CK (Figure 3A,B). The concentration of Cu was significantly increased by 59.6% under the 1% MBPH treatment, while that of the Zn was significantly increased by 36.3–67.2% under the MBPH treatments (0.25%, 0.5%, and 1%) (Figure 3C,D). The application of 0.5% and 1% MBPH significantly increased the brown rice K in the H-Cd soils by 24.6% and 29.3%, respectively (Figure 3E). The application of low doses of MBPH (0.25%) had been sufficient to achieve enhanced accumulation of brown rice mineral elements, especially Fe, Zn, and K in the S-Cd and M-Cd soils (Figure 3). A high dose of MBPH (1%) did not show an advantage in improving mineral elements accumulating in brown rice in the H-Cd soils but was more favorable to improving mineral elements in brown rice in the M-Cd soils (Figure 3).




3.6. Cadmium Concentrations in Plant Parts and Transport Factors of Cd in Brown Rice


3.6.1. Cd Concentrations in Various Organs of the Plant


The effects of MBPH doses on Cd concentrations in different parts of the plant varied and were associated with soil Cd levels (Figure 4). For S-Cd soils, compared with the CK, application of MBPH (0.25%, 0.5%, and 1%) significantly decreased the roots Cd by 31.9–79.4% and by 36.8–62.1% in ordinary leaves, and 0.5% MBPH and 1% MBPH treatments significantly decreased the stems Cd by 34.2–51.5% and 22.1–53.9% in the flag leaves, respectively (Figure 4A–D). Brown rice Cd was significantly reduced by 46.8%, 56.5%, and 65.0% after the 0.25%, 0.5%, and 1% MBPH treatments, respectively, and significant differences were achieved among treatments (Figure 4E). For M-Cd soils, the Cd in the roots significantly decreased by 56.1% after the 1% MBPH treatment, and Cd in the stems significantly reduced by 36.4% and 45.4% after the 0.5% and 1% MBPH treatments, respectively (Figure 4A,B). The application of MBPH (0.25%, 0.5%, and 1%) significantly decreased the ordinary leaves Cd by 22.2–69.9% and by 27.4–62.9% in flag leaves over the CK (Figure 4C,D). Brown rice Cd significantly reduced by 44.0%, 56.5%, and 59.2% after the 0.25%, 0.5%, and 1% MBPH treatments, respectively, and there was no difference in the reduction effect between 0.5% and 1% MBPH (Figure 4E). For H-Cd soils, compared with the CK, application of MBPH (0.25%, 0.5%, and 1%) significantly decreased the Cd contents by 38.8–80.2% in the roots, 24.6–56.1% in the stems, 8.78–34.1% in the ordinary leaves and 6.36–30.8% in the flag leaves (Figure 4A–D). Brown rice Cd was significantly reduced by 15.8%, 37.7%, and 44.0% after the 0.25%, 0.5%, and 1% MBPH treatments, respectively (Figure 4E). The brown rice Cd upon 0.5% and 1% MBPH treatments were lower than the maximum value allowed in the national standard (0.2 mg kg−1, GB 2762–2017) and there was no difference in the reduction affect between 0.5% and 1% MBPH treatment (Figure 4E).




3.6.2. Transfer Factors of Cd between Different Organs


The impact of MBPH treatment on Cd varied significantly between the different rice organs (Table S4). For S-Cd soils, the addition of 0.5% and 1% MBPH significantly increased the TFroot-stem. Except for 1% MBPH for TFordinary leaf-brown rice, the application of MBPH significantly decreased the TFordinary leaf-brown rice and TFflag leaf-brown rice. Moreover, there was no difference between 0.25% and 0.5% MBPH treatments in reducing TFordinary leaf-brown rice and TFflag leaf-brown rice. For M-Cd soils, the application of MBPH (0.25%, 0.5%, and 1%) significantly decreased TFstem-brown rice over the CK. For H-Cd soils, compared with the CK, except for the effect of 0.25% MBPH treatment on TFroot-stem and TFstem-brown rice, the application of MBPH significantly increased the TFroot-stem, TFstem-ordinary leaf, and TFstem-flag leaf. TFordinary leaf-brown rice and TFflag leaf-brown rice were significantly reduced after the 0.5% and 1% MBPH treatments. The application of a low dose of MBPH (0.25%) was more beneficial in inhibiting the transfer of Cd to the upper organs of rice in the S-Cd soils (Table S4). The high doses of MBPH 0.5 and 1% were more conducive to inhibiting the transfer of Cd from stems to ordinary leaves, flag leaves, and brown rice in the M-Cd soils and from ordinary leaves and flag leaves to brown rice in the H-Cd soils, respectively (Table S4).





3.7. Effect on Soil Available Cd of the Rhizosphere Soil


As illustrated in Figure 5, the soil DTPA-Cd of rhizosphere soil at the maturity stage of the rice at all contaminated levels significantly decreased upon MBPH application. For S-Cd soils, soil DTPA-Cd was significantly reduced with MBPH (0.25%, 0.5%, 1%) addition by 28.4–46.9%, while there was no difference among MBPH levels for soil DTPA-Cd. Similarly, for M-Cd soils, the rhizosphere soil DTPA-Cd significantly decreased with MBPH (0.25%, 0.5%, 1%) addition by 9.42–48.4%, while the reduction effect of 0.5% and 1% treatment was better than that of 0.25%. For H-Cd soils, the rhizosphere soil DTPA-Cd significantly decreased with increasing MBPH levels compared with CK by 19.9–73.0%, while it reached a significant difference in soil DTPA-extractable Cd among MBPH levels. The low dose application of MBPH (0.25%) was significantly more effective in reducing the DTPA-Cd of the rhizosphere soil in the S-Cd soils than in the M-Cd and H-Cd soils (Figure 5). In the M-Cd and H-Cd soils, high doses of MBPH (0.5% and 1%) did not affect reducing DTPA-Cd in the rhizosphere soil (Figure 5).




3.8. FTIR Spectra Analysis of the Rhizosphere Soil


To investigate the effects of MBPH on the major chemical function of the rhizosphere soil, FTIR spectrometry was performed (Figure 6). More information on the peaks was presented in Table S1. The results demonstrated that the application of MBPH on soils with different levels of Cd contamination did not affect the types of functional groups in the soil; however, it changed the intensity of some peaks. The infrared spectrum at the 3619 cm−1 and 1639 cm−1 peaks were the absorption peaks of the -OH in clay and C=O stretching vibration of the aromatic series. The peaks were observed at 1434 cm−1, 980 cm−1, 872 cm−1, and 778 cm−1, reflecting the stretching vibration of -COOH in carboxylate, C-O in cellulose, CO32− and CO32− or C-H, respectively. The peak values at 694 cm−1 and 514 cm−1 corresponded to C-H groups in the aromatic series and Si-O bending vibration. No significant changes were found in the FTIR spectra of the rhizosphere soil under the S-Cd soils in the presence of MBPH (Figure 6A). A higher transmittance of -OH, -COOH, C-O, and CO32− groups was observed under the action of MBPH in the M-Cd and H-Cd soils, and this alteration was more pronounced under M-Cd soils. In particular, the peaks at 1434 (-COOH) and 981 (C-O) cm−1 shifted to 1444 and 1000 cm−1, respectively, under the M-Cd soils.




3.9. Stepwise Regression Analysis


Many factors can influence the accumulation of Cd in brown rice. The present study investigated the key factors affecting the accumulation of brown rice Cd under different levels of Cd contamination by considering a total of 43 indicators, including soil solution chemistry, minerals in brown rice, photosynthetic and chlorophyll fluorescence characteristics, the enzyme activity of leaves, and soil DTPA-Cd. Quantities of 19, 19, 27, and 26 indicators were significantly positively or negatively correlated with brown rice Cd under the S-Cd, M-Cd, H-Cd soils and all data, respectively (Tables S5–S8). Based on the preferred associations between selected indicators and brown rice Cd, suitable multivariate equations can be established to quantify the contribution of specific parameters to brown rice Cd. The logarithm of the Cd content in brown rice was used as the dependent variable, and the logarithm of corresponding selected indicators was used as an independent variable to build a multiple linear regression model. The results of stepwise multiple linear regression analyses were presented in Table 1. All of the p values were less than 0.001, and the coefficients of determination (R2adj) of the models were greater than 0.9; this indicated that each equation was well adapted to comprehend and clarify the influence of parameters on brown rice Cd under specific contamination conditions (Table 1, (1)–(3)). The weight of the absolute value of the coefficient was used to evaluate the contribution rate of the parameter, and the results showed that the MK (56.90%) for S-Cd soils, the TDOC (93.37%) for M-Cd soils, and the FDOC (69.9%) for H-Cd soils could be identified as the factor with the highest contribution affecting brown rice Cd, respectively. All the data were integrated into the model (4). To examine the correlation between the logarithm of measured values and predicted values calculated from equations for brown rice Cd, scatter plots were developed (Figure S3). The results showed that most predicted values were consistent with the measured brown rice Cd, indicating that the respective models based on specific parameters accurately predict the brown rice Cd.





4. Discussion


4.1. Effects of Soil Solution Chemistry Characteristics on Brown Rice Cd


Cd in soil solutions and the DTPA-Cd can be used to assess soil Cd biological activity [40]. The Cd in the soil solution (Figure 2) and the DTPA-Cd (Figure 5) were significantly reduced by the MBPH treatments. The pH significantly affects the soil Cd phytoavailability. The application of MBPH significantly increased the soil solution pH in different growth periods (Figure S1A–C), and the key factor contributing to the increase in soil solution pH was the alkaline characteristic of MBPH [41]. Soil solution pH was negatively correlated with DTPA-Cd, regardless of the growth period or Cd level, and reached significant levels at the filling or maturity stage (Tables S5–S8). Similar findings were reported by Huang et al. [42]. With increasing soil pH, there were more OH- ions and negatively charged ions on the soil’s surface, which encouraged Cd adsorption and Cd precipitation formation [12], decreasing the soil solution Cd (Figure 2).



The bioavailability of heavy metals in the soil system can also be impacted by DOC. MBPH application generally increased the soil solution DOC during the growth stages studied in rice (Figure S1D–F). The release of polysaccharide and peptide fractions in MBPH forms macromolecular DOC [43], which is perhaps the main reason for the elevated soil solution DOC. In addition, it was shown that an increase in soil pH leads to a deprotonation process of weakly acidic functional groups in DOC molecules, which will increase the surface charge density and hydrophilicity of soil DOC molecules, thus, promoting the dissolution of soil DOC [44]. The DOC in soil solutions positively or significantly positively correlated with pH (Tables S5–S8), which was also confirmed in the study by Song et al. [45]. The macromolecular DOC is easily absorbed by the soil, which indicates the formation of new adsorption sites in the soil and changes the charged soil properties, thus, improving the soil’s ability to absorb heavy metals [46,47]. In this study, DOC demonstrated a negative or significantly negative correlation with soil DTPA-Cd and brown rice Cd at either soil Cd level (Tables S5–S8). This suggested that the elevation of DOC brought on by the application of MBPH reduced the availability of soil Cd and the accumulation of brown rice Cd. MBPH application increased the concentration of soil solution DOC (Figure S1D–F), and DOC was the main factor affecting Cd uptake in brown rice in the M-Cd and H-Cd soils through the process of influencing the soil Cd bioavailability (Table 1).



Potassium (K) is essential for the translocation and storage of assimilates, the activation of enzyme systems, fueling photosynthesis, regulating the photosynthetic stomata and substance transport, and protein synthesis in plants [48]. The application of MBPH significantly increased the soil solution K of rice (Figure S1G–I) and the correlation analysis showed a significant negative correlation between brown rice Cd and soil solution K (Tables S5–S8). This indicates that the increase in soil solution K in this study helped rice reduce Cd uptake, which was consistent with the result of Wang et al. [49]. Compared to the weak competition between K+ and Cd2+, the alleviation of Cd toxicity in K-supplemented plants was mainly attributed to increased antioxidant enzyme activity, photosynthesis, and chlorophyll fluorescence [50,51]. The significant positive correlations of K in a soil solution with photosynthetic characteristic factors, chlorophyll fluorescence, and antioxidant enzyme activities also confirmed this perspective (Tables S5–S8). The K fertilizer types had different effects on Cd accumulates in plants [52]. Results suggested that the use of mineral humic acid as a carrier of K could exert the effect of K in decreasing Cd in rice. The process of enhanced photosynthesis by MBPH through increasing K in soil solution may be the main Cd detoxification mechanism in rice in the S-Cd soils (Table 1).




4.2. Contribution of Humic Acid The Applications to the Healthy Growth of Rice by Supporting Photosynthesis and Chlorophyll Density and Enzyme Activities


Morphological, yield, and biomass are the most intuitive features to depict of the growth crops that are limited by excessive amounts of soil heavy metals [53]. Cd toxicity disrupts the ultrastructure of rice leaves, causing structural damage to the rice’s photosynthetic apparatus and, subsequently, affecting the normal growth, development, and dry matter accumulation of rice [54]. The application of humic acid can significantly improve the morphological characteristics of common bean plants (Phaseolus vulgaris L.) and chrysanthemum (Chrysanthemum morifolium R.) [55,56]. In the present study, the application of MBPH (0.25%, 0.5%, 1%) for S-Cd soils and 0.25% and 0.5% MBPH for H-Cd soils significantly increased the SL of rice, respectively (Table S2), and, specifically, there was a significantly negative correlation between Cd in brown rice and SL in the S-Cd soils (Figure S4A). This is in agreement with the findings of Arduini et al. [57] and Liu et al. [58], in which they studied the potential that crops with long spikes have to accumulate less Cd.



The application of humic acid enhanced the photosynthetic and chlorophyll fluorescent characteristics and antioxidant capacity of crops, therefore, promoting plant growth under abiotic stress [59,60,61]. In this study, higher photosynthetic parameters, SPAD and Fv/Fm, and antioxidant enzyme activities of rice leaves resulted from MBPH application (Table S3, Figure S2). Studies have demonstrated that increasing photosynthetic efficiency by accelerating the recovery of photoprotection can improve crop productivity [62] and that increased antioxidant enzyme activity can scavenge reactive oxygen species to defend against abiotic stresses and promote plant development [63]. Humic substances can be absorbed and transported into plant organs to participate in photosynthetic processes and benefit antioxidant enzyme systems [64]. For S-Cd soils, the application of 1% MBPH significantly increased the TKW of rice (Table S2), a typical component trait of yield [65], indicating that MBPH application on S-Cd soils had a yield-increasing effect. MBPH application could significantly increase the SDW, FLDW, ADMA, and RDW of rice, especially at 0.5% and 1% MBPH application rates (Table S2). Similar results have been demonstrated earlier: humic acid application significantly increased the above-ground fresh weight of lettuce (Lactuca sativa L.) and the shoot dry weight of tobacco (Nicotiana tabaccum L.) [66,67]. The increase in biomass mitigates the toxicity of Cd to rice through a dilution effect [68], as evidenced by the negative or significant negative correlation between brown rice Cd and biomass indicators (Figure S4). Additionally, humic substances can cause adjustments in a plant’s primary and secondary metabolism that are associated with abiotic stress tolerance, which together regulate plant development and encourage fitness [69].




4.3. A Key Mechanism of MBPH Affecting Cd Uptake in Rice


MBPH has a rich microporous structure (Figure 1) that is open and, thus, can exchange and adsorb Cd2+ ions [70], which is similar to the results of Huang et al. [71]. Coal-based potassium humates contain a variety of oxygen-containing functional groups as well as disordered structures of macromolecules, which facilitate the formation of good pore structures [72]. Moreover, it was shown that the reaction of KOH with active sites associated with the oxygen-containing groups of humic acid also has a pore-forming effect [71,73]. FTIR analyses indicated that MBPH application promoted the complexation of -OH, -COOH, and C-O groups with Cd and the formation of carbonates from CO32− groups with Cd in soil (Figure 6), especially in the M-Cd and H-Cd contaminated soils. Heavy metal ion absorption and immobilization are facilitated by oxygen-containing functional groups through ion exchange and complexation, generating stable Cd-humate complexes, thus, reducing the soil Cd bioavailability [74]. The clear shifts of -COOH and C-O groups found in the M-Cd soils suggest that this effect is more pronounced in the M-Cd soils (Figure 6B). FTIR analysis shows a decrease in CO32− bands at 872 cm−1 and 778 cm−1 compared to CK (Figure 6B,C), which predicted more formation of carbonates precipitation in the soil [75]. Thus, these reactions help to immobilize soluble Cd in situ, which is one of the key processes in the solidification of Cd in soil.




4.4. The Importance of Decreasing Cadmium and Increasing Mineral Elements in the Quality of Brown Rice


The application of various doses of MBPH led to a significant decrease in the accumulation of brown rice Cd at all three soil Cd contamination levels as compared to the CK (Figure 4E). Under the 0.5% and 1% MBPH treatments, the brown rice Cd fell to 0.18 mg kg−1 and 0.16 mg kg−1 in the H-Cd soils, respectively, both below the national cadmium limit for rice (0.2 mg kg−1, GB 2762-2017). Thus, the rice became safe to eat (Figure 4E). This reduction in Cd accumulation in edible parts was also obtained in a previous study of the effect of humic acid on wheat [76]. Under the MBPH treatment, the roots’ Cd was significantly reduced (Figure 4A), which probably can be brought on by the soil’s low Cd activity. This lower Cd availability was caused by an increase in the soil solution pH and DOC, a decrease in soil solution Cd, and the formation of Cd-humate complexes [77]. The MBPH supplementation also had an impact on the Cd translocation factors (TFs) of rice. Studies have shown that the phloem transport of Cd is the most important process that determines the Cd concentration in brown rice, and the phloem transport includes TFstem-brown rice, TFordinary leaf-brown rice, and TFflag leaf-brown rice [78]. Among the TFs of various organs, TFordinary leaf-brown rice and TFflag leaf-brown rice values were significantly reduced upon MBPH addition regardless of soil Cd levels (Table S4), displaying that the decrease in brown rice Cd was primarily caused by the reduction in the TFordinary leaf-brown rice and TFflag leaf-brown rice.



One of the major features in establishing the quality of brown rice is in its level of minerals [79]. In addition to decreasing Cd in brown rice, the application of MBPH improved the mineral elements qualities of rice in three Cd contaminated soils (Figure 3); Çelik et al. [80] and Tapia et al. [27] obtained similar results on hybrid maize (Zea mays L.) and Carpobrotus aequilaterus. There are multiple reasons for the increased concentration of mineral elements in brown rice. Firstly, there is a competitive relationship between Cd and mineral element uptake by brown rice [81]; however, the applied MBPH reduced the soil Cd bioavailability, thus, lessening the detrimental effect on the uptake of mineral elements. The reduction in Cd uptake by the roots led to more transport of mineral elements from roots to brown rice, increasing the brown rice mineral elements [82]. Secondly, applying the MBPH can increase the availability of mineral elements, such as Cu, Mn, and Zn [21] in the soil, which then promotes the uptake of mineral elements by rice. At the same time, MBPH significantly increased biomass as compared to CK, particularly the dry weight of rice roots (Table S2), which facilitated the high biomass roots to phytoextract these mineral elements [26]. As well, MBPH may enhance microbial and biochemical activity, which contributed to increasing the soluble fraction of mineral elements in the rhizosphere soil [83]. The production of soluble complexes of humic substances and micronutrients is frequently reported as a way to enhance plant nutrition through mineral elements [69]. Studies have confirmed that humus could act as a chelator and biostimulant to enhance plant iron nutrition [84]. MBPH contains element K, leading to a significant increase in soil solution K (Figure S1G–I), which is probably the main reason for the significant increase in brown rice K (Figure 3E).



In the S-Cd and M-Cd soils, although the brown rice Cd without MBPH application did not exceed the national Cd limit for rice grains (Figure 4E), Cd, as a toxic heavy metal element harmful to the human body, is very necessary for it to accumulate less in brown rice. More importantly, it is estimated that many people are deficient in micronutrients as a consequence of the low availability of mineral elements in the soil or the low accumulation of the edible parts of mineral elements [85,86]. Research on the screening of rice cultivars rich in mineral elements, especially Fe, but free of Cd and the breeding of Cd-tolerant and biofortified cultivars, has been an important issue in the field of agriculture [87,88]. The application of MBPH as a remediation measure in this study may facilitate the achievement of this goal. Meanwhile, rice fortification with micronutrients is a cost-effective public health intervention to prevent and control micronutrient deficiencies in humans, as proposed by the World Health Organization [89].





5. Conclusions


A pot experiment was performed with a mineral-based potassium humate (MBPH) to investigate its impact on Cd accumulation in rice under three Cd-contaminated soil levels. The application of MBPH was able to significantly reduce the absorption and accumulation of Cd in rice. The reduction in brown rice Cd increased with increasing doses of MBPH application; A significant reduction had been achieved by applying MBPH 0.25% on slightly and moderately contaminated soils and MBPH 0.5% and 1% on highly contaminated soils, which reduced the brown rice Cd to within the food safety standard (GB 2762-2012). MBPH application mitigated Cd toxicity by modifying the pH, DOC, and K of the soil solution, resulting in a reduction in Cd absorption and transport, and by enhancing the photosynthetic parameters, SPAD, chlorophyll fluorescence, and antioxidant enzymes in rice leaves to improve plant growth. In addition, the application of MBPH increased the mineral elements in brown rice, which improved the quality of brown rice. The rich microporous structure of MBPH, and its contribution to the formation of complexes and carbonates of soil oxygenated functional groups and CO32− with Cd, plays a key role in fixing Cd in the soil. Therefore, the amendment could be regarded as an ecologically friendly and efficient material that can be applied to Cd-contaminated soils, especially in slightly and moderately contaminated areas, to enhance rice growth while reducing Cd concentrations and improving mineral elements in brown rice.
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Figure 1. Scanning electron microscope image ((A), ×2000 magnification; (B), ×10,000 magnification), energy dispersive spectra (C) and Fourier transform infrared spectra (D) of mineral-based potassium humate (MBPH). 
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Figure 2. Effects of the application of mineral-based potassium humate (MBPH) on Cd in soil solution at the tillering stage of rice for M-Cd and H- Cd soils. M-Cd, moderately contaminated soil (2 mg kg−1); H-Cd, highly contaminated soil (4 mg kg−1). Lowercase letters indicate significant differences in different MBPH levels under the same Cd-contaminated soil (p < 0.05, Duncan test and Kruskal–Wallis test); asterisks (*) indicate significant differences among different Cd-contaminated soils at the same level of MBPH application (** p < 0.01, *** p < 0.001, T-test). 
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Figure 3. Effects of the application of mineral-based potassium humate (MBPH) on the mineral nutrients (Fe (A), Mn (B), Cu (C), Zn (D), K (E)) of brown rice under different soil contaminated levels. SCd, slightly contaminated soil (1 mg kg−1); M-Cd, moderately contaminated soil (2 mg kg−1); H-Cd, highly contaminated soil (4 mg kg−1). Lowercase letters indicate significant differences in different MBPH levels under the same Cd-contaminated soil; capital letters indicate significant differences among different Cd-contaminated soils at the same level of MBPH application (p < 0.05, Duncan test and Kruskal–Wallis test). 
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Figure 4. Effects of the application of mineral-based potassium humate (MBPH) on Cd concentration in rice roots (A), stems (B), ordinary leaves (C), flag leaves (D), and brown rice (E) under different soil contaminated levels. SCd, slightly contaminated soil (1 mg kg−1); M-Cd, moderately contaminated soil (2 mg kg−1); H-Cd, highly contaminated soil (4 mg kg−1). Lowercase letters indicate significant differences in different MBPH levels under the same Cd-contaminated soil; capital letters indicate significant differences among different Cd-contaminated soils at the same level of MBPH application (p < 0.05, Duncan test and Kruskal–Wallis test). 






Figure 4. Effects of the application of mineral-based potassium humate (MBPH) on Cd concentration in rice roots (A), stems (B), ordinary leaves (C), flag leaves (D), and brown rice (E) under different soil contaminated levels. SCd, slightly contaminated soil (1 mg kg−1); M-Cd, moderately contaminated soil (2 mg kg−1); H-Cd, highly contaminated soil (4 mg kg−1). Lowercase letters indicate significant differences in different MBPH levels under the same Cd-contaminated soil; capital letters indicate significant differences among different Cd-contaminated soils at the same level of MBPH application (p < 0.05, Duncan test and Kruskal–Wallis test).
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Figure 5. Effects of the application of mineral-based potassium humate (MBPH) on the soil DTPA−Cd of rhizosphere soil at the maturity stage of rice under different soil contaminated levels. S-Cd, slightly contaminated soil (1 mg kg−1); M-Cd, moderately contaminated soil (2 mg kg−1); H-Cd, highly contaminated soil (4 mg kg−1). Lowercase letters indicate significant differences in different MBPH levels under the same Cd-contaminated soil; capital letters indicate significant differences among different Cd-contaminated soils at the same level of MBPH application (p < 0.05, Duncan test and Kruskal–Wallis test). 
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Figure 6. Effects of the application of mineral-based potassium humate (MBPH) on the Fourier transform infrared spectra of rhizosphere soil at the maturity stage of rice under different soil contaminated levels. S-Cd (A), slightly contaminated soil (1 mg kg−1); M-Cd (B), moderately contaminated soil (2 mg kg−1); H-Cd (C), highly contaminated soil (4 mg kg−1). 
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Table 1. Model summary of stepwise multiple linear regression.






Table 1. Model summary of stepwise multiple linear regression.





	
Soil Cd

Contaminated Level

	
Stepwise Multiple Linear Regression a

	
ANOVA b

	
All Parameters

	
No.




	
Equation

	
R2adj

	
F

	
p

	
p

	






	
S-Cd

	
Log [CCd in brown rice] = −0.811 − 0.367log [CMK] − 0.278log [VMPn]

	
0.969

	
171.9

	
6.7648 × 10−8 ***

	
<0.01

	
(1)




	
M-Cd

	
Log [CCd in brown rice] = −0.902 − 3.014log [CTDOC] − 0.214log [CFK]

	
0.978

	
248

	
1.3467 × 10−8 ***

	
<0.05

	
(2)




	
H-Cd

	
Log [CCd in brown rice] = 2.532 − 0.664log [VTFstem-flag leaf] − 0.666log [CK in brown rice] –3.09log [CFDOC]

	
0.975

	
141.64

	
2.8481 × 10−7 ***

	
<0.05

	
(3)




	
All

	
Log [CCd in brown rice] = 0.727 − 0.826log [CZn in brown rice] + 0.428log [VTFstem-flag leaf] + 0.458log [Csoil DTPA-Cd] + 0.581log [VTFstem-brown rice]

	
0.939

	
136.21

	
3.3602 × 10−19 ***

	
<0.01

	
(4)








a R2adj. = Adjusted R square, coefficient of determination. b p = Prob > F. F-test showed the significant differences between the two groups of data. S-Cd, slightly contaminated soil (1 mg kg−1); M-Cd, moderately contaminated soil (2 mg kg−1); H-Cd, highly contaminated soil (4 mg kg−1); T, Tillering stage; F, Filling stage; M, Maturity stage. *** represents p values less than 0.001.
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