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Abstract


In recent years, Cadmium (Cd) pollution in soybean farmland is severe. Therefore, this study focused on whether biochar influences soil physiochemical properties, the Cd content in soil and soybean grains, and the abundance and community structure of the czcA gene. Four doses of rice husk biochar (0, 5, 15, and 25 t·ha−1) were applied under continuous cropping and crop rotation systems, and soil samples were collected after four years of one-time addition. The results indicated that biochar addition significantly increased soil available nitrogen, phosphorus, and soil organic carbon contents under continuous cropping and rotation. Biochar application significantly reduced the total Cd content of soil samples and soybean grains. Additionally, biochar application reduced czcA gene abundance in soybean soils by 14.26–37.88% and 35.96–48.71%, respectively. Correlation analysis revealed that Cd content and the abundance of the czcA gene significantly correlated with soil nutrients and pH. High-throughput sequencing revealed that the relative abundances of several Cd-resistant microorganisms were decreased by biochar addition. In addition, adding biochar significantly affected the Cd-resistant microbial community structure and diversity by influencing soil properties and Cd content. Therefore, this study has important practical significance for improving the soil environment and ensuring the quality and safety of agricultural products.






Keywords:


biochar; Cd resistant; high-throughput sequencing; microbial diversity












1. Introduction


With the acceleration of urbanization and industrialization, the pollution of agricultural soil by heavy metals and other pollutants has become a significant global environmental issue [1]. Applying chemical fertilizers, pesticides, sewage sludge, and industrial emissions from farmlands is the primary source of heavy metal accumulation in soil [2]. This accumulation poses a significant problem in agricultural production, as it can negatively impact crop growth and the overall environmental health of soil organisms [3]. Cadmium (Cd) is a significant environmental pollutant that has emerged as a major soil heavy metal pollution issue because of its high toxicity, strong mobility, and widespread contamination worldwide [4]. As the most extensive production and supply base for high-quality soybeans in China, Heilongjiang Province plays a vital role in promoting the revitalization of the soybean industry [5]. Soybeans are sensitive to continuous cropping. Continuous cropping will deteriorate the physical and chemical properties of the soil and cause the accumulation of Cd in the plant. After harvesting, Cd will return to the soil and increase the Cd enrichment [6], which ultimately reduces both yield and quality [7]. However, reasonable crop rotations can change the structure and function of rhizosphere microbial community, prompt some microorganisms to participate in the fixation and transformation of Cd, then reduce the enrichment of heavy metal cadmium, and ultimately benefit the growth and development of soybean [8].



Soil microorganisms are a vital component of terrestrial ecosystems. They play a significant role in the cycling of material and energy [9] and are highly sensitive to ameliorant and heavy metal contamination [10,11]. Research shows soil amendments can enhance microbial diversity and change the microbial community structure [12]. Thus, microbial communities responding to soil amendments are attracting increasing attention. In addition, excessive heavy metals have been reported to reduce the biomass of microorganisms and microbial diversity and alter the microbial community structure [13]. Heavy metals damage the survival and growth of microbial communities and promote the emergence of specific resistant bacteria to reduce the ecological toxicity of pollutants [14]. Metal resistance genes constitute the genetic basis for bacteria to acquire resistance to toxic metals [15]. These resistance genes can persist in the environment and can be enriched in soybeans and will be potentially harmful to human health [16]. Cd is considered as one of the most toxic heavy metals and a persistent poisonous substance, and Cd pollution is irreversible [17,18]. Therefore, a lack of attention to Cd-resistant genes may threaten the ecosystem and public health.



Biochar is a carbon-rich byproduct generated through the pyrolysis of organic materials such as agricultural crop residues or wood waste in an oxygen-depleted environment. It is widely studied as a soil ameliorant globally [19,20]. Biochar provides notable agricultural and environmental benefits, such as enhancing soil health, promoting crop growth and production, and promoting carbon sequestration [21]. This, in turn, increases plant resistance to pathogens, reduces the availability of heavy metals, and enhances the ability of plants to withstand environmental stress [22]. Biochar can immobilize cadmium through its large specific surface area and porous structure, reacting with the heavy metal via processes such as precipitation, surface complexation, ion exchange, physical adsorption, electrostatic interaction, and other comprehensive reactions [23]. Additionally, biochar modifies soil physicochemical properties, thereby reducing the bioavailability and mobility of soil cadmium [24]. Previous studies have shown that biochar can greatly minimize Cd uptake by plants [25]. Wang et al. [26] reported that the Cd content in potato pulp with biochar was reduced by 68.08%. Xing et al. [27] also reported that biochar significantly decreased the amount of Cd in pepper plants in yellow soil. As a result, the use of biochar in agricultural soils has attracted significant attention.



There are few reports on the effects of biochar on the cadmium-resistant bacterial community in agricultural soil under soybean continuous cropping and rotation. Thus, this study conducted a field experiment with four dosages (0, 5, 15, and 25 t·ha−1) of biochar in a soybean continuous cropping field in Heilongjiang Province, China. The present study aimed to (1) investigate the effects of biochar on soil properties and heavy metal Cd content, (2) assess the effects of biochar on soil Cd resistance genes, and (3) evaluate the effects of biochar on microbial diversity and community structure of soil Cd-resistant microorganism. The results of this study would provide novel insights into Cd-resistant microbial diversity in response to different doses of biochar in soybean cropping systems.




2. Materials and Methods


2.1. Field Description and Experimental Design


The field trial was conducted in a soybean field in Anda, southwest of Heilongjiang, China (46°27′ N and 125°18′ E). The region has a typical semiarid temperate continental monsoon climate with a mean annual temperature of 4.2 °C and a mean annual precipitation of 432.5 mm. The soil for the experiment was typical black soil with a soil texture of clay loam, which is classified as Mollisol according to the U.S.’s soil taxonomy. The soil moisture in the experimental area was naturally varied. The biochar was pyrolyzed from rice husk under the preparation temperature range of 400–500 °C. The biochar had a pH of 8.34 and contained total carbon (53.64%), total nitrogen (1.23%), total phosphorus (0.89%), and total potassium (1.56%).



A positioning experiment involving the one-time application of biochar was established in 2021. Biochar was artificially applied with dosages of 0, 5, 15, and 25 t·ha−1 (i.e., 0%, 0.2%, 0.6%, and 1.0% of biochar to 20 cm plough layer soil), then mechanical plowing and ridging were carried out before spring sowing. No more biochar was applied in the following years. Two cropping systems of soybean continuous cropping and corn–soybean rotation were selected in this study. There were eight treatment plots with three replicates (each plot area was 3.9 m × 10 m = 39 m2) in a block design: (1) C0: continuous cropping with a biochar dosage of 0 t·ha−1; (2) C1: continuous cropping with a biochar dosage of 5 t·ha−1; (3) C2: continuous cropping with a biochar dosage of 15 t·ha−1; (4) C3: continuous cropping with a biochar dosage of 25 t·ha−1; (5) R0: rotation with a biochar dosage of 0 t·ha−1; (6) R1: rotation with a biochar dosage of 5 t·ha−1; (7) R2: rotation with a biochar dosage of 15 t·ha−1; and (8) R3: rotation with a biochar dosage of 25 t·ha−1. The soybean cultivar Heinong 86 and the corn cultivar Xianyu 335 were selected for this study. Chemical fertilizers were applied with compound fertilizer. The application rates of compound fertilizer were 45 kg N ha−1, 60 kg P2O5 ha−1, and 30 kg K2O ha−1 for soybean, and 200 kg N ha−1, 100 kg P2O5 ha−1, and 100 kg K2O ha−1 for corn. Field management was conducted following traditional local practices.




2.2. Sample Collection


Soil samples were collected from 2 to 15 cm depths in October (maturation stage) 2024. Each soil sample was composited and homogenized from five soil cores in each plot. All the soil samples were placed in a portable ice box and transported to the laboratory as soon as possible. In the laboratory, debris such as soybean roots and stones was removed from the soil samples, and then the soil was sieved through a 2 mm nylon sieve. A small amount of each fresh soil sample was then taken uniformly and immediately stored at −80 °C for further DNA extraction. The remaining soils were air dried to determine the soil chemical properties and heavy metal cadmium content.




2.3. Analysis of Soil Physicochemical Properties


The soil moisture content (MC) was determined gravimetrically after drying at 105 °C. The soil pH was measured via a pH meter with a soil/water mixture at a w/v ratio of 1:2.5 after shaking for 1 h [28]. The available nitrogen (AN), available phosphorus (AP), and available potassium (AK) contents were determined according to the methods described by Bao [29]. Specifically, the AN content was measured via the alkali hydrolysis diffusion method, the AP content was measured via the sodium bicarbonate extraction molybdenum blue colorimetry method, and the AK content was measured via the ammonium acetate extraction flame photometry method [29]. Soil organic carbon (SOC) was analyzed via the oxidation of potassium dichromate method. The extraction of total Cd from the soil was measured in a graphite furnace with an atomic absorption spectrophotometer (PinAAcle 900 E, Needham, MA, USA) [30].




2.4. Soil DNA Extraction, Quantitative PCR, and High-Throughput Sequencing


The total genomic DNA was extracted from 0.5 g of homogenized soil (fresh weight) via the M5635-02 DNA Isolation Kit according to the manufacturer’s protocol and then stored at −80 °C until use. Here, we quantified the absolute abundances of cadmium resistance genes (czcA) through quantitative real-time PCR (qPCR) via a fluorescence quantifier (LightCycler 480 II, 384, Roche, Basel, Switzerland). The analyses for microbial diversity and community structure of cadmium resistance genes in the soil samples were carried out on an Illumina paired-end (PE-300) platform by Shanghai Personal Biotechnology Co., Ltd (Shanghai, China). The czcA gene was amplified via the primers czcA F (5′-TCGACGGBGCCGTGGTSMTBGTCGAGAA-3′) and czcA R (5′-GTVAWSGCCAKCGGVBGGAACA-3′). The specific analysis process was carried out according to Walker’s methods [31]. The sequences in the FASTQ file were trimmed and filtered via QIIME Pipeline Version 1.8.0, and the chimeric sequences were further optimized via UCHIME algorithm software version 4.2. The representative sequence of each classification unit was clustered and analyzed via a phylogenetic tree with PyNAST (Python Nearest Alignment Speace Termination tool) and FastTree software version 2.1. Finally, all samples were leveled according to the minimum sequencing data 8796 for follow-up. All sequences have been deposited in the GenBank short-read archive SRP567551.




2.5. Statistical Analysis


Statistical analysis was implemented via SPSS (v27.0). One-way analysis of variance (ANOVA), followed by the Warren–Duncan test, was used to determine the statistical significance (p < 0.05) of the soil parameters among the different treatments. Pearson correlation analysis was used to assess the relationships between the biochar addition and the soil physicochemical properties. Alpha diversity (including the Chao, Shannon, and Simpson indices) was calculated using Mothur software version 1.48.2. Beta diversity analysis via NMDS was performed via R software version 3.6.3. All the figures were plotted using GraphPad Prism software version 8.0 and ChiPlot platform.





3. Results


3.1. Soil Properties


The physical and chemical properties of the soils in the investigated treatments are summarized in Table 1. The contents of soil AN, AP, and SOC were increased by biochar addition significantly, especially in the treatment with biochar of 25 t·ha−1. Their contents were all the highest under both continuous cropping and crop rotation. However, the influences of biochar on soil MC and pH were relatively small. When biochar was applied with 25 t·ha−1, the soil MC and pH in crop rotation soils increased by 7.08% and 0.61% compared with R0 treatment, respectively. In addition, when the application amount of biochar was 0 t·ha−1, the contents of AN, AP, AK, and SOC in the soybean continuous cropping soil were lower than those in the crop rotation soil. In contrast, soil MC and pH showed the opposite trend.




3.2. Cd Content of Soil and Soybean Grain


The total Cd content of the soil samples under continuous cropping and crop rotation conditions was measured in this study, and the results are shown in Figure 1. Compared with the control (C0) treatment, the total Cd content of soil significantly decreased (p < 0.05) after biochar addition under soybean continuous cropping conditions (Figure 1a). Moreover, when the application dose of biochar increased from 0 t·ha−1 to 15 t·ha−1 in the soil, the Cd content substantially decreased by 11.78% (Figure 1a). Similarly, under the soybean rotation condition, biochar application significantly reduced the Cd contents in the soil (p < 0.05). Compared with that without biochar (R0), the Cd content in the R2 treatment (15 t·ha−1) decreased by 15.12% (Figure 1b).



Additionally, the total Cd content of soybean grains under continuous cropping and crop rotation conditions was measured in this study (Figure 2). In both cropping systems, with the increase in biochar dosage, the Cd content in soybean grains first decreased rapidly but then increased slightly. Compared with the C0 treatment, the total Cd concentration in the soybean grains strongly decreased in the C1, C2, and C3 treatments by 8.91%, 14.64%, and 13.94%, respectively (Figure 2). Similarly, under crop rotation conditions, the total Cd concentrations of soybean grains in the R1, R2, and R3 treatments were firmly lower than that in the R0 treatment by 2.82%, 10.43%, and 6.86%, respectively (Figure 2). Overall, biochar addition decreased the total Cd content of the soil and soybean grains under both continuous cropping and crop rotation conditions.




3.3. Absolute Abundance of the czcA Gene


The czcA gene abundances ranged from 1.06 × 106 gene copies·g−1 dry soil to 2.28 × 106 gene copies·g−1 dry soil across all the samples (Figure 3). Compared with the C0 treatment, the C1, C2, and C3 treatments significantly reduced the czcA gene abundance in the soil under continuous cropping by 14.26%, 30.20%, and 37.88%, respectively (Figure 3a). Compared with the R0 treatment, the R1, R2, and R3 treatments significantly reduced the czcA gene abundance in the crop rotation soil by 35.96%, 48.71%, and 43.19%, respectively (Figure 3b). Overall, the czcA gene abundances were influenced by biochar addition under both soybean continuous cropping and rotation.




3.4. Correlations Between the Soil Properties, Cd Content, and czcA Abundance


The correlation analysis was conducted among physicochemical properties, abundance of gene czcA, and Cd contents of soil and soybean grain (Figure 4). Under the continuous soybean cropping condition, the soil Cd content, soybean Cd content, and czcA abundance were all negatively correlated with soil AN, AP, AK, and SOC significantly (p < 0.01), whereas pH was positively correlated with soil Cd (Figure 4). In addition, there is a significant positive pairwise correlation between soil Cd content, soybean Cd content, and czcA abundance (p < 0.01), and the same trend was observed for soil AN, AP, AK, and SOC. However, no significant correlation was detected between MC and other indexes in this study under continuous cropping condition (Figure 4).



For crop rotation of soybean, soybean Cd content and czcA abundance were all negatively correlated with soil MC, AN, and SOC significantly (p < 0.05), whereas soil Cd was only negatively correlated with SOC significantly (p < 0.01) (Figure 5). Like continuous cropping, the relationship between the three pairs of soil Cd content, soybean Cd content, and czcA abundance positively correlated significantly (p < 0.01) under crop rotation condition. A significant positive correlation was also shown among the physicochemical properties of crop rotation soil.




3.5. Analysis of czcA Gene Microbial Community


3.5.1. Alpha Diversity


The richness indexes (Chao1) and diversity indexes (Shannon and Simpson indexes) of the czcA gene were compared between different treatments in continuous cropping and crop rotation soils (Figure 6). The results showed that biochar addition significantly affected the diversity of bacterial communities. Compared with C0, the Chao 1, Shannon, and Simpson indexes of the czcA gene under continuous cropping increased by biochar with 3.9%, 4.7%, and 0.6% on average, respectively (p < 0.05) (Figure 6a). Compared with R0, the Simpson index of the czcA gene in biochar treatments increased by 0.4% on average (p < 0.05) (Figure 6b). In contrast, the Chao index only decreased in the R3 treatment by 20.1% (p < 0.05), and no significant difference was detected in the Shannon index (Figure 6b).




3.5.2. Beta Diversity


Nonmetric multidimensional scaling (NMDS), which is based on the Bray–Curtis method, was employed to simplify the analysis of Cd antagonistic microorganism structural variations between samples. The results revealed a broad distribution of sample sites across all treatments (Figure 7). The Cd antagonistic bacterial community was clearly divided into two groups according to the soil samples from the different cropping systems (Figure 7), which indicated that the cropping significantly affected the composition of the cadmium antagonistic bacterial community in the bulk soil. However, no significant difference existed among the four biochar treatments under soybean continuous cropping or rotation.




3.5.3. Relative Abundance of the czcA Gene at Phylum and Genus Levels


Changes in the relative abundances of the top five Cd-antagonistic bacterial phyla (Figure 8) were characterized in the soil samples from the different treatments. The dominant bacterial phyla across all the soil samples were Proteobacteria, Planctomycetes, Actinobacteria, Acidobacteria, and Verrucomicrobia, accounting for more than 55% of the total sequences (Figure 8). Their relative abundances varied from 43.78% to 49.48%, 4.70% to 7.96%, 0.78% to 1.22%, 0.53% to 0.86%, and 0.23% to 0.37% across all the samples, respectively.



This study selected 12 genera with relative abundances greater than 0.3% to demonstrate the changes in cadmium antagonistic bacterial community composition in continuous cropping and crop rotation soils (Figure 9). The top five dominant bacterial genera across all the soil samples were Planctomyces, Lysobacter, Bradyrhizobium, Sorangium, and Cupriavidus (Figure 9). Under continuous cropping conditions, the relative abundance of Lysobacter in the C1 and C2 treatments decreased by 47.24% and 43.83%, respectively. The relative abundance of Bradyrhizobium in the C1, C2, and C3 treatments decreased by 71.74%, 70.47%, and 59.16%, respectively. However, there was no significant change in the relative abundance of Planctomyces, Sorangium, and Cupriavidus. In the crop rotation soil, the relative abundance of Lysobacter, Bradyrhizobium, and Sorangium remained relatively stable. In contrast, the relative abundances of Planctomyces in the R3 treatment and Cupriavidus in the R2 treatment were significantly decreased and increased by 39.68% and 96.74%, respectively, compared with the R0 treatment.





3.6. Redundancy Analysis of czcA Community Structure and Soil Properties


Redundancy analysis (RDA) was performed to further analyze the effects of the soil physicochemical properties on the bacterial (czcA) community composition. As shown in Figure 10, similar to the NMDS results, the microbial communities of continuous cropping and crop rotation were clearly separated along the RDA2 axis, accounting for 13.57% of the variation. Moreover, under continuous cropping conditions, the biochar-amended treatments and control treatment (C0) were clearly separated along the RDA1 axis, accounting for 75.06% of the variation. This indicates that biochar application had a more significant impact on Cd-resistant gene community structure than the cropping system. The RDA plot showed that among the tested soil properties, the arrows for MC, AN, AP, SOC, and soil Cd content were relatively longer than pH and AK, indicating that they have a more significant impact on microbial communities. This result was further validated and supported by mantel test analysis (Table 2), which showed that MC, AN, AP, SOC, and soil Cd significantly correlated with the czcA gene microbial community structure.



Under soybean continuous cropping condition, a Pearson’s correlation analysis between the czcA gene microbial community and soil variables indicated that the relative abundance of Bradyrhizobium was significantly positively correlated with the Cd content (p < 0.05) and significantly negatively correlated with the SOC (p < 0.05) and AN (p < 0.05) (Figure 11a), whereas Ralstonia had the opposite trend. For crop rotation of soybean, the relative abundance of Planctomyces was significantly negatively correlated with the AK (p < 0.05) and MC (p < 0.05), while the relative abundance of Sphingopyxis was significantly negatively correlated with the AK (p < 0.05) (Figure 11b). In addition, the relative abundance of Cupriavidus was significantly negatively correlated with the Cd (p < 0.001) (p < 0.05), whereas it was significantly positively correlated with the SOC (p < 0.05) (Figure 11b).





4. Discussion


4.1. Effects of Biochar on Soil Properties


Several studies have shown that the addition of biochar alters the soils physicochemical properties, and its influence depends on the characteristics and amount of added biochar [32,33]. In this study, significant changes in pH, AN, AP, AK, and SOC, whether in continuous cropping soil or rotation soil, were detected after biochar application, except for MC (Table 1). Soil pH is an essential indicator of the changes in soil properties caused by biochar application and directly affects soil fertility, nutrient availability, and microbial activity [32,34]. In many previous studies, biochar was found to increase the soil pH and reduce the content of heavy metals [35,36,37]. Nevertheless, these studies were carried out in acidic soil, and the high pH of biochar directly led to an increase in the soil pH. In this study, we found that applying biochar to continuous cropping soil significantly reduced the soil pH in the C2 treatment with a suitable amount of biochar added (15 t·ha−1) (Table 1). Our result was similar to those of Xiu et al. [38], who reported that the soil pH significantly decreased over two years when the soil was amended with wheat straw biochar. The reason may be that applying biochar increases the oxalic acid and acetic acid content in the soil, reducing the soil pH [39]. In addition, we found that the application of biochar to rotation soil significantly increased the soil pH in the C2 treatment with a suitable amount of biochar added (15 t·ha−1) (Table 1), which corresponds with the results of Fan et al. [34], who reported that soil pH increased approximately 0.44 units after the application of corn straw biochar.



Soil available nutrients are important factors affecting crop yield and quality [40]. In this study, the contents of AN and AP increased continuously with increasing biochar addition to the continuous cropping soil (Table 1) by 7.57–18.61% and 26.10–142.69%, respectively. A similar result of AN was shown in the rotation soil. Our results are consistent with the finding of Huang et al. [41], who reported that biochar addition significantly increased the AN and AP contents in phragmites rhizosphere soil, implying that biochar might be a source of N and P. Furthermore, as a valuable indicator of soil health and fertility [42], the content of SOC increased with increasing biochar in both the continuous cropping and crop rotation soils (Table 1). These results indicate that the application of biochar can improve soil fertility.




4.2. Effects of Biochar on Cd Contents of Soil and Soybean


The heavy metal Cd naturally exists in soil but may be enhanced by anthropogenic activities such as agricultural practices. The bioaccumulation of the heavy metal Cd in the food chain, following its uptake by plants, can increase the ecotoxicological risk associated with the remediation of contaminated soils via plants [43,44]. In our study, whether continuous cropping or rotation, the Cd content of the soil was decreased by biochar addition (Figure 1). Comparable findings were presented by Han et al. [45], who reported that the application of biochar significantly reduced the amount of Cd in soil. Lang et al. [46] also reported that CaO-modified hydrochar dramatically reduced the soil Cd content by 8.19–16.2%. Furthermore, Wang et al. [47] revealed that the application of sulfur-modified woody peat compost significantly reduced Cd concentrations, with only 4.01 mg/kg found. In addition, we found that when the application amount of biochar was 25 t·ha−1, the Cd content in the soil was greater than that of 15 t·ha−1, both under continuous cropping and rotation. This is because during the preparation of biochar, the organic components were released in the form of volatile gases such as CO2, CH4, and H2O, but the heavy metals did not decompose and volatilize like them. Therefore, the biochar itself carried relatively more enriched cadmium into the soil when applied at 25 t·ha−1 [48,49]. It was, therefore, reasonable that the application of too much biochar resulted in a relative increase in the total heavy metal content in soil (Figure 1).



With the application of biochar, the changing trend of the Cd content in the soybean grains was consistent with that in the soil (Figure 2). Correlation analysis revealed that soybean Cd was positively correlated with soil Cd (p < 0.01) (Figure 4 and Figure 5). The addition of biochar could increase the soil adsorption capacity due to its large surface area, which might cause high retention of Cd in biochar-amended soils [50]. Therefore, the addition of biochar is beneficial for decreasing the cadmium content in soybean grains, but it cannot be applied excessively, and the optimal application amount is 15 t·ha−1. Biochar has a porous structure, a large specific surface area, and abundant surface functional groups, which makes it have a strong adsorption effect on heavy metal pollutants. Alternatively, it may be that biochar changes the soil acid–alkali environment, reducing the effectiveness of heavy metals, and the harm of heavy metals [35]. Overall, our results indicate that biochar at higher dosages will relatively increase the cadmium content in the soil, which has potential negative impacts on soil cadmium pollution. However, the application of an appropriate dosage of biochar can reduce the Cd content in both the soil and soybean grains to a certain extent and reduce the risk of Cd being transferred from the soil to the food chain [51,52].




4.3. Effects of Biochar on the Expression of the czcA Gene


Identifying the metal resistance genes in soil is helpful for understanding the potential environmental risks of microorganisms and their ecological functions in the metal biogeochemical cycle [53,54]. The czc series of resistance genes are the most distinctive Cd ion efflux genes, and their products form complex cation efflux pumps, which endow many gram-negative bacteria with resistance to cadmium [55]. These systems are generally composed of four parts: czcA, czcB, czcC, and czcD. czcA is a chemically isomeric cation/H reverse transporter protein and RND-driven export system [53].



The accumulation of heavy metals in the soil promotes heavy metal resistance. In our study, the application of biochar reduced the abundance of the czcA gene in both the continuous cropping and crop rotation soils (Figure 3). Moreover, we observed that the abundance of the czcA gene was positively correlated with the concentration of Cd content (p < 0.05) (Figure 4 and Figure 5), indicating the role of heavy metal in inducing the expression of the Cd resistance gene in soybean soil, which is consistent with the experimental results of Liu et al. [56]. They reported that there was a significant correlation between the metal resistance genes level and exchangeable heavy metal content. Therefore, our research shows that the application of biochar indirectly reduces the abundance of the czcA gene by reducing the cadmium content in soil.




4.4. Effects of Biochar on Soil Microbial Community Structure of czcA Gene


The α diversity index of cadmium-resistant bacteria reflects the richness and distribution of the soil cadmium-resistant microbial community. In addition, a higher index indicates that the soil Cd-resistant microbial diversity is richer and that the microbial ecosystem function is more complex and stable [57]. The Chao index reflects the actual number of species in a community. Generally, a higher Chao index indicates greater community richness. The results revealed that the Chao1 index increased by biochar with 2.82% on average in continuous cropping soil compared with the non-biochar treatment (Figure 6a), indicating that biochar significantly increased the richness of the soil Cd-antibiotic bacterial community. This is due to the unique porous structure of biochar, which can provide suitable habitats for microorganisms [58]. In contrast, under crop rotation conditions, when the amount of biochar applied was 25 t·ha−1, the Chao1 index of the soil microorganisms decreased significantly (Figure 6b). Our results are consistent with those of Marris [59], who reported that biochar can reduce the richness of microorganisms, possibly because microorganisms can directly use the nutrient of biochar, but these contents are limited. The Shannon index and Simpson index reflect the richness and evenness of community species. We found that after biochar addition, the Shannon index increased significantly in continuous cropping soil, but there was no significant difference in crop rotation soil (Figure 6), indicating that agricultural practices affected the changes of the bacterial community to some extent. In addition, the Simpson index increased in all the treatments after biochar application. Comparable findings were presented by Yan et al. [60], who reported that the application of biochar significantly increased the Shannon index and Simpson index of soil microorganisms (p < 0.05). This is primarily due to the fact that biochar directly offers a habitat for microorganisms and indirectly improves the living environment by influencing soil structure and nutrient availability. The results of bacterial community β diversity indicated that the cropping system had a significant effect on the composition of the bacterial community (Figure 7), which was consistent with the results of Wang et al. [61]. In summary, our results show that the cropping system affects the soil bacterial community structure. Biochar addition increases the diversity of soil bacteria, which play a vital role in maintaining soil stability.



The application of biochar changed the soil environment and further affected the composition of the bacterial community. Changes in these communities serve as a key indicator for assessing soil health [62]. In this study, Proteobacteria, Planctomycetes, Actinobacteria, Acidobacteria, and Verrucomicrobia were the five dominant phyla in the bacterial community across all the soils (Figure 8). Our results are consistent with the report of applying straw biochar in sandy loam [63]. In addition, the application of biochar reduced the relative abundance of Proteobacteria, Planctomycetes, and Actinobacteria. At the genus level, after the application of biochar, the relative abundance of Lysobacter and Bradyrhizobium in the continuous cropping soil decreased significantly, while the relative abundance of Planctomyces and Cupriavidu in the crop rotation soil decreased significantly (Figure 9). This reduction might be attributed to the alterations in soil pH and nutrient content triggered by the addition of biochar [64]. Moreover, RDA results revealed that biochar application indirectly changed the czcA gene microbial community structure by altering the soil characteristics (Figure 10, Table 2). This result has been confirmed by a large number of studies [35,65]. Based on Pearson’s correlation analysis, soil Cd content was significantly correlated with the major czcA gene microbial communities (Bradyrhizobium, Ralstonia, and Cupriavidus) in continuous cropping and crop rotation soils, as shown in Figure 11. Xu et al. [66] reported that the introduction of Cd increased the abundance of resistant species and decreased the abundance of sensitive species, which led to the readjustment of microbial communities. This finding suggested that the application of biochar affected the content of Cd and then indirectly changed the microbial communities.





5. Conclusions


This study revealed that the addition of biochar significantly increased the contents of AN, AP, AK, and SOC. The Cd content in soybean kernels could be reduced effectively when the application amount of biochar was 15 t·ha−1. Furthermore, the application of biochar reduced the abundance of the czcA gene in both continuous and rotational cropping soils and altered the diversity and community structure of Cd-resistant microorganisms. Correlation analysis indicated that soil Cd, soybean Cd, and the czcA gene were negatively correlated with AN, AP, AK, and SOC. The study also found that the relative abundances of dominant bacterial phyla (Proteobacteria, Planctomycetes, Actinobacteria, Acidobacteria, and Verrucomicrobia) and dominant genus (Planctomyces, Lysobacter, Bradyrhizobium, Sorangium, and Cupriavidus) were influenced by the addition of biochar. The RDA analysis revealed that MC, AN, AP, SOC, and Cd are the primary environmental parameters affecting the composition of soil Cd-resistant bacterial community. Therefore, this study provides theoretical support and reference for the application of biochar in the microbial remediation of Cd-contaminated soil, which holds significant practical implications and application value.
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Figure 1. Soil Cd content of different biochar treatments under continuous cropping (a) and crop rotation (b). Different lowercase letters on the columns indicate significant differences between four biochar treatments (p < 0.05) under the same cropping pattern. The short lines on the bar chart represent standard errors. The same as below. 
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Figure 2. Soybean Cd content of different biochar treatments under continuous cropping and crop rotation conditions. The biochar dosages were 0 t·ha−1 (0), 5 t·ha−1 (1), 15 t·ha−1 (2), and 25 t·ha−1 (3), respectively. Different letters between the four treatments indicate significant differences (p < 0.05) under the same cropping pattern. The short lines on the line chart represent standard errors. 






Figure 2. Soybean Cd content of different biochar treatments under continuous cropping and crop rotation conditions. The biochar dosages were 0 t·ha−1 (0), 5 t·ha−1 (1), 15 t·ha−1 (2), and 25 t·ha−1 (3), respectively. Different letters between the four treatments indicate significant differences (p < 0.05) under the same cropping pattern. The short lines on the line chart represent standard errors.
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Figure 3. The absolute abundance of the czcA gene under different biochar treatments under continuous cropping (a) and crop rotations (b). Different lowercase letters on the columns indicate significant differences between four biochar treatments (p < 0.05) under the same cropping pattern. The short lines on the bar chart represent standard errors. 
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Figure 4. Pearson’s correlation analysis of soil properties, Cd content, and czcA abundance under continuous cropping condition. * and ** indicate significant correlation at p < 0.05 and p < 0.01 levels, respectively. 
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Figure 5. Pearson’s correlation analysis of soil properties, Cd content, and czcA abundance under crop rotation condition. * and ** indicate significant correlation at p < 0.05 and p < 0.01 levels, respectively. 
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Figure 6. Alpha diversity of the czcA gene community under continuous cropping (a) and crop rotation (b). Different lowercase letters on the boxes indicate significant differences between four biochar treatments (p < 0.05). 
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Figure 7. Non-metric multidimensional scaling of the czcA gene community structure. C, continuous cropping; R, crop rotation; and the biochar dosages were 0 t·ha⁻1 (C0, R0), 5 t·ha⁻1 (C1, R1), 15 t·ha⁻1 (C2, R2), and 25 t·ha⁻1 (C3, R3), respectively. 
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Figure 8. The relative abundance of Cd-antagonistic bacteria at the phylum level under different treatments. 
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Figure 9. The relative abundance of Cd-antagonistic bacteria at the genus level under different treatments. Different letters in the treatments indicate significant differences (p < 0.05). 
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Figure 10. RDA analysis between the czcA gene community and the soil properties. C, continuous cropping; R, crop rotation; and the biochar dosages were 0 t·ha⁻1 (C0, R0), 5 t·ha⁻1 (C1, R1), 15 t·ha⁻1 (C2, R2), and 25 t·ha⁻1 (C3, R3), respectively. 
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Figure 11. Pearson’s correlation analysis between the czcA gene microbial community and soil variables under continuous cropping (a) and crop rotation (b). * and ** indicate significant correlation at p < 0.05 and p < 0.01 levels, respectively. 
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Table 1. Soil physicochemical properties under different treatments.
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	Treatments
	MC (%)
	pH
	AN (mg·kg−1)
	AP (mg·kg−1)
	AK (mg·kg−1)
	SOC (mg·kg−1)





	C0
	16.50 ± 0.05 a
	8.44 ± 0.01 a
	85.58 ± 0.52 c
	7.48 ± 0.30 d
	303.00 ± 2.00 c
	26.51 ± 0.06 d



	C1
	16.52 ± 0.05 a
	8.43 ± 0.03 a
	92.05 ± 1.93 b
	9.43 ± 0.09 c
	284.50 ± 1.50 d
	27.59 ± 0.07 c



	C2
	16.59 ± 0.10 a
	8.37 ± 0.01 b
	98.79 ± 3.41 a
	14.76 ± 0.13 b
	356.00 ± 3.00 b
	29.00 ± 0.03 b



	C3
	16.46 ± 0.11 a
	8.42 ± 0.02 a
	101.50 ± 4.03 a
	18.15 ± 1.00 a
	401.67 ± 4.73 a
	29.24 ± 0.07 a



	R0
	16.32 ± 0.20 b
	8.38 ± 0.01 b
	117.54 ± 3.14 b
	15.33 ± 0.09 d
	344.67 ± 12.66 b
	29.46 ± 0.02 b



	R1
	17.00 ± 0.01 ab
	8.38 ± 0.04 b
	124.78 ± 2.45 a
	22.83 ± 0.13 c
	327.00 ± 3.46 c
	29.58 ± 0.04 b



	R2
	16.79 ± 0.15 ab
	8.41 ± 0.02 ab
	122.27 ± 1.24 ab
	35.36 ± 0.95 b
	357.67 ± 4.04 b
	30.87 ± 0.09 a



	R3
	17.47 ± 0.11 a
	8.43 ± 0.01 a
	126.00 ± 3.21 a
	41.56 ± 1.52 a
	397.67 ± 3.51 a
	30.93 ± 0.15 a







Note: MC, moisture content; AN, available nitrogen; AP, available phosphorus; AK, available potassium; SOC, soil organic carbon. C, continuous cropping; R, crop rotation; and the biochar dosages were 0 t·ha⁻1 (C0, R0), 5 t·ha⁻1 (C1, R1), 15 t·ha⁻1 (C2, R2), and 25 t·ha⁻1 (C3, R3), respectively. Data are mean ± SE. Different lowercase letters in a single column indicate a significant difference between four treatments (p < 0.05) under continuous cropping or rotation. The same as below.













 





Table 2. Relationships between czcA gene community structure and environmental variables as revealed by Mantel.






Table 2. Relationships between czcA gene community structure and environmental variables as revealed by Mantel.





	Soil Properties
	Mantel R Statistic
	p-Value





	MC
	0.329 *
	0.014



	pH
	0.129
	0.218



	AN
	0.298 *
	0.017



	AP
	0.396 *
	0.006



	AK
	0.038
	0.653



	SOC
	0.334 *
	0.016



	Cd
	0.235 *
	0.013







Note: * represent statistically significant differences at the 0.05 level.
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