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The excessive application of phosphorus (P) fertilizer is becoming a major agricultural problem, which reduces the utilization rate of the P fertilizer and degrades soil quality. The following five P fertilizer treatments were investigated to know how they affect soil properties, enzyme activity, bacterial and fungal community structure. 1) no P fertilizer (P0); 2) farmers’ traditional P fertilization scheme (FP); 3) 30% reduction in P fertilizer application (P1, microbial blended fertilizer as base fertilizer); 4) 30% reduction in P fertilizer application (P2, diammonium phosphate as starting fertilizer); 5) 30% reduction in P fertilizer application (P3, microbial inoculum seed dressing). The P fertilizer reduction combined with microbial fertilizer significantly increased soil organic matter (SOM), total phosphorus (TP), available phosphorus (AP) available potassium (AK) contents, and acid phosphatase activity (ACP), however, soil urease activity was significantly reduced. Moreover, the P fertilizer reduction combined with microbial fertilizer significantly increased the relative abundance of a potential beneficial genus (i.e., Bacillus, Pseudomonas, Penicillium, and Acremonium) and potentially pathogenic genus (i.e., Fusarium, Gibberella, and Drechslera). The structural equation model (SEM) revealed that different P fertilizer reduction systems had significant indirect effects on bacterial and fungal community structures. The results suggested that the P fertilizer reduction combined with microbial fertilizer systems regulated the pathogenic and beneficial genus which created a microbial community that is favorable for maize growth. Moreover, the findings highlighted the importance of soil properties in determining the soil bacterial and fungal community structure.
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INTRODUCTION
Phosphorus (P) is the most abundant essential nutrient in plants after nitrogen and potassium. According to reports, about 40% of the world’s arable land is limited by P deficiency, which affects crop yield. As such the application of P fertilizer has become one of the important agronomic measures to improve crop yield and soil quality (Elser, 2012). However, P fertilizers are easily adsorbed and fixed after being applied to the soil, and their utilization rate in the planting season is only 10%–25%, and the remaining 85% accumulates in the soil in an ineffective state (Zhu et al., 2018). This does not only reduce the application efficiency of P fertilizers but also accelerates the depletion of non-renewable P resources, increasing the risk of environmental pollution (Meinikmann et al., 2015). Therefore, finding ways to improve the utilization efficiency of P fertilizers and slow down the depletion of P rock resources is of great significance for the realization of sustainable agricultural development. This will optimize the application of P fertilizers in order to fully benefit the biological potential of crops and soil microorganisms.
Microorganisms are the key drivers in the cyclic transformation of fertilizer nutrients into the soil and are directly related to nutrient use efficiency and its agronomic and environmental effects (Wang et al., 2022). Soil microorganisms play a very important role in the transformation of soil P and about 40% of soil microorganisms can activate insoluble P and convert it into microbial P to form a soil microbial biomass P pool (Jorquera et al., 2008). Application of P fertilizer can increase the content of soil available P, promote the release of P in soil microorganisms, and provide available P for crop absorption and utilization. Studies have shown that different fertilization methods can directly or indirectly affect the structure and composition of soil microbial communities and their functions by changing the soil microenvironment. This process is driven by factors such as soil pH, texture, moisture, organic carbon content, and nutrient availability (Zhang et al., 2017; Ding et al., 2018; Lin et al., 2019). However, long-term excessive application of P fertilizers not only leads to the decline of soil organic matter content and quality (Zhang and Zhang, 2010), but also leads to the depletion of soil resources and energy, water, air pollution, and other environmental problems (Liu et al., 2007). Therefore, the partial replacement of chemical fertilizers with microbial fertilizers has gradually become an important way to improve soil fertility and realize the reduction and efficiency of chemical fertilizers in this era of intensified agricultural activities. Microbiome studies have proved that the microbial flora in the ecological environment is complex and diverse, and it is difficult to achieve artificial directional control. The most effective solution to promote the growth and development of plants is to inoculate crops with beneficial microbial fertilizers. This will promote the formation of new microbial flora at the root of crops and improve the soil environment (Pineda et al., 2017). Microbial fertilizers mainly include microbial inoculants, compound microbial fertilizers, and bio-organic fertilizers. Studies have reported that microbial fertilizers can promote corn growth and increase yield and can replace 10%–30% of compound chemical fertilizers. At present, there is a lack of targeted research in the case of reducing P fertilizers and replacing them with microbial fertilizers (Atieno et al., 2020). Although there have been much research on the effects of different fertilization measures on soil nutrient transformation and the changes in microbial community structure etc, however, the microbiological mechanism and regulation principle of the changes in soil nutrients and enzyme activities in the case of reducing P fertilizers and replacing it with microbial fertilizers remains unknown. Therefore, this study used Illumina Miseq sequencing technology to analyze the effect of different P reduction systems on soil bacterial and fungal community structure, to elucidate the changes in soil microbial community composition, diversity, and functional bacteria caused by P reduction. The results can provide a theoretical reference to understand the microbiology related to P fertilizer reduction and synergy in the black soil region of Northeast China.
MATERIALS AND METHODS
Experimental Design
This experiment was set up in an experimental field in the southern area of Jilin Agricultural University. The average annual temperature in the area is 4.9°C and the average annual precipitation is 593.8 mm. The soil tested was typical black soil and the experimental site was a large-scale test site with a test area of 312 m2. The study included five treatments: 1) no P fertilizer (P0); 2) farmers’ traditional P fertilization scheme (FP, 120 kg/hm2 P2O5 of diammonium phosphate as base fertilizer); 3) 30% reduction in P fertilizer application (P1, 84.0 kg P2O5/hm2 and microbial blended fertilizer as base fertilizer); 4) 30% reduction in P fertilizer application (P2, 67.2 kg P2O5/hm2 and microbial blend fertilizer as base fertilizer +16.8 kg P2O5/hm2 and diammonium phosphate as starting fertilizer); 5) 30% reduction in P fertilizer application (P3, microbial inoculum seed dressing +84.0 kg P2O5/hm2 and diammonium phosphate as base fertilizer). The fertilizer application rate of each treatment is shown in Supplementary Table S1, and the field management followed the conventional management system. The planting density was 65,000 plants/hm2 and the tested corn variety was Liangyu 99. The microbial blended fertilizer and microbial inoculum were purchased from Jilin Province Jiabo Biotechnology Co., Ltd. (the number of viable bacteria ≥200 million/g).
During the maize tasseling period, soil samples of each treatment were taken from the 0–20 cm layer, using a random sampling method with three replicates. After collection, the samples were placed in an icebox and brought back to the laboratory. Part of each sample was stored in the refrigerator at −80°C for total soil DNA extraction, and the other part was naturally air-dried in a cool place from which a small sample was taken, ground, and sieved according to the quartering method, for the determination of soil physicochemical properties.
Soil Physicochemical Properties and Enzyme Activity Determination
Soil pH was measured by pH meter (the water-soil ratio was 2.5:1), soil organic matter (SOM) was measured by potassium dichromate oxidation-external heating method, and soil total nitrogen (TN) was measured by Kjeldahl method. The alkaline hydrolysis diffusion method was used to determine the available nitrogen (AN) content of the soil. The total phosphorus (TP) content of the soil was digested with H2SO4-HClO4 and antimony resistance was measured by the colorimetric method. Soil total potassium (TK) and soil available potassium (AK) were measured by a flame spectrophotometer. The phenol-sodium hypochlorite colorimetric method was used for the determination of soil urease by using urea as the matrix and the soil phosphatase was determined by the phenyl disodium phosphate colorimetric method.
Soil DNA Extraction
DNA was extracted using the FastDNA® SPIN Kit for Soil (MP Biomedicals, United States), and the extracted DNA was detected and analyzed using gel electrophoresis.
Illumina MiSeq Sequencing
The corresponding primers for the bacterial 16S rRNA V3-V4 region were: 338F (5′-GTG CCA GCM GCC GCG G-3′) and 806R (5′-CCG TCA ATT CMT TTR AGT TT-3′) (Xu et al., 2016). The fungal ITS (ITS1-ITS2) primers used were ITS1F (5′-CTT GGT CAT TTA GAG GAA GTA A-3′) and ITS2 (5′-GCT GCG TTC ATC GAT GC-3′) (Adams et al., 2013). 16S rRNA and ITS gene were performed using a 25 μl reaction system: forward Primer (5 μM) 1 μl, reverse Primer (5 μM) 1 μl, BSA (2 ng/μl) 3 μl, template DNA 30 ng, 2xTaq plus master mix 12.5 μl, ddH2O 7.5 μl. 16S rRNA gene PCR amplification procedure was 94°C 5 min, 94°C 30 s, 55°C 30 s, 72°C 60 s, 72°C 7 min, for 28cycles. ITS gene PCR amplification procedure was as follows: 94°C 5 min, 94°C 30 s, 55°C 30 s, 72°C 60 s, 72°C 7 min, for 34 cycles. All samples were replicated three times, and PCR products from the same sample were pooled. The axyprep DNA recovery kit was used to recover the resulting product. Samples were eluted with Tris-HCl and detected by electrophoresis.
Illumina Miseq Analytical Methods for High Throughput Data
The off-machine data was split by the QIIME software (V1.8.0) according to the barcode sequence, and the Pear software (V0.9.6) was used to filter and splice the data. The minimum overlap during splicing was set to 10 bp, and the mismatch rate was set to 0.1. Short and chimeric sequences were removed using the Vsearch software (V2.7.1) and denovo method. The high-quality sequences obtained were clustered by OTU (Operational Taxonomic Units) using the Vsearch software (V2.7.1) and UPARSE algorithm (version7.1 http://drive5.com/uparse/), and the similarity threshold was set to 97% (Edgar, 2013). The OTUs obtained from the 16S rRNA gene were aligned on the Silva database (Release128 http://www.arb-silva.de) and the minimum similarity was 0.8. The OTUs obtained from the ITS gene were aligned on the UNITE database (version7.2 https://unite.ut.ee/) and the lowest similarity was set to 0.8 (Koljalg et al., 2014). In order to analyze the microbial communities at the same sequencing depth, the lowest sequencing number was randomly selected per sample of which 24,477 sequences were selected for bacterial 16S rRNA gene and 27,192 sequences for fungal ITS gene. The raw sequences were deposited into NCBI under the accession number SRP365800.
Statistical Analysis
The significant difference between treatments was analyzed by the F test in one-way ANOVA and multiple comparisons of means (p < 0.05) were conducted with a Fisher’s protected least significant difference (LSD) using SPSS 20. Pearson analysis was used to analyze the correlation between soil enzyme activity and soil physicochemical properties. Heatmaps were drawn using the “pheatmap” package in R (V3.4.2) (R-project, 2010). Partial least squares discriminative analysis (PLS-DA) was completed in the muma package of R software (version 3.5.0). Bacterial function prediction analysis was done by using FAPROTAX (http://www.zoology.ubc.ca/louca/FAPROTAX). The fungal function was predicted by FUNGuild (http://www.stbates.org/guilds/app.php) (Nguyen et al., 2016). Canonical correspondence analysis (CCA) was done with Canoco software (version 5.0) and the structural equation model (SEM) was established using AMOS 24 (Malaeb et al., 2000). This was used to establish the direct and indirect effects of different P reduction systems on soil bacterial and fungal community diversity and composition. A priori model of predictors were constructed and the soil bacterial and fungal community structures were represented by PC1. Model accuracy was tested with χ2 (p > 0.05), goodness-of-fit index (GFI>0.9), and Akaike information criterion (AIC) (Markland, 2007).
RESULTS
Soil Physicochemical Properties
The application of P significantly increased soil nutrient content compared with P0. Compared with P0, treatments FP, P1, P2, and P3 significantly increased the content of SOM, TP, AN, and AK, while P2 and P3 significantly increased the content of TN (Table 1). Moreover, P1, P2, and P3 significantly increased the content of AP. Compared with high P application (FP), the treatments with phosphorus reduction systems (P1, P2, and P3) significantly improved the contents of SOM, TN, TP, AN, AP, and AK (Table 1). Compared with FP, the SOM and TP contents of P1, P2, and P3 were significantly increased by 10.81%, 16.93%, 13.67% and 13.73%, 22.61%, 23.69%, respectively. In addition, the TN and AN contents of P2 significantly increased by 7.50% and 8.20%, respectively. The AP contents of P2 and P3 were significantly increased by 24.50% and 36.51%, respectively.
TABLE 1 | Soil physicochemical properties under different P fertilizer application systems.
[image: Table 1]Soil Enzymatic Activity
Compared with P0, the application of P fertilizer significantly reduced soil urease activity. Compared with FP, P2 and P3 significantly reduced soil urease activity (Figure 1). Also, P2 and P3 significantly increased acid phosphatase (ACP) activity compared with P0 and FP. There was no significant difference in neutral phosphatase (NEP) activity among the different P application systems. Compared with P0, the application of P fertilizer significantly increased alkaline phosphatase (ALP) activity. Urease activity was significantly negatively correlated with TP and AP, while ACP activity and ALP activity were significantly positively correlated with TP and AP (Supplementary Figure S1). Neutral phosphatase was significantly positively correlated with AP.
[image: Figure 1]FIGURE 1 | Soil enzymatic activity under different P fertilizer application systems. Urease (A); ACP, acid phosphatase (B); NEP, neutral phosphatase (C); ALP, alkaline phosphatase (D). P0 and FP represent 0 and 120 kg P2O5 ha−1 of P fertilizer application rates, respectively. P1, 30% reduction in P fertilizer application (84.0 kg P2O5/hm2 of microbial blended fertilizer); P2, 30% reduction in P fertilizer application (67.2 kg P2O5/hm2 of microbial blend fertilizer +16.8 kg P2O5/hm2 of diammonium phosphate); P3, 30% reduction in P fertilizer application (microbial inoculum seed dressing +84.0 kg P2O5/hm2 of diammonium phosphate).
Soil Bacterial and Fungal Community Composition
In the Illumina-miseq sequencing of the 16S rRNA gene in this experiment, 596,004 optimized sequences were obtained from all samples, with 31,258–48,530 optimized sequences per sample (an average of 39,734 optimized sequences) (Supplementary Table S2). In the Illumina-miseq sequencing of ITS genes, 660,412 optimized sequences were obtained from all samples, with 35,632–49,544 optimized sequences per sample (44,027 optimized sequences on average) (Supplementary Table S3). The dominant bacterial phyla under different phosphorus application systems were Proteobacteria (29.5%–40.3%), Actinobacteria (19.2%–22.8%), Acidobacteria (12.0%–16.0%), Bacteroidetes (5.84%–9.77%), and Saccharibacteria (3.95%–9.53%) (Supplementary Figure S2A). Moreover, P2 and P3 significantly increased the relative abundance of Saccharibacteria compared with P0 and FP. The relative abundance of Ascomycota (57.3%–85.8%) was the highest under the different P application systems, followed by Basidiomycota and Mortierellomycota (Supplementary Figure S2B). Compared with FP, the combination of P reduction and microbial fertilizer significantly increased the relative abundance of Ascomycota.
The relative abundance of some functional genera changed after P reduction and microbial fertilizer application. P3 significantly increased the relative abundance of Pseudarthrobacter (Figure 2A), P1 significantly increased the relative abundance of Mucilaginibacter and Streptomyces, and P1 and P3 significantly increased the relative abundance of Bacillus. The relative abundance of Pseudomonas and Marmoricola significantly increased in P2. The dominant fungal genus under the different P application systems was Penicillium (25.4%–65.7%) (Figure 2B). The relative abundance of Penicillium increased significantly after P reduction and microbial fertilizer application. P2 and P3 significantly increased the abundance of Fusarium and Gibberella. Also, P3 significantly increased the relative abundance of Exophiala, Acremonium, Drechslera, and P2 significantly increased the relative abundance of Bionectria.
[image: Figure 2]FIGURE 2 | Relative abundance of the dominant functional bacterial genera (A) and functional fungal genera (B) under different P fertilizer application systems. P0 and FP represent 0 and 120 kg P2O5 ha−1 of P fertilizer application rates, respectively. P1, 30% reduction in P fertilizer application (84.0 kg P2O5/hm2 of microbial blended fertilizer); P2, 30% reduction in P fertilizer application (67.2 kg P2O5/hm2 of microbial blend fertilizer +16.8 kg P2O5/hm2 of diammonium phosphate); P3, 30% reduction in P fertilizer application (microbial inoculum seed dressing +84.0 kg P2O5/hm2 of diammonium phosphate).
Soil Bacterial and Fungal Community Diversity
Compared with FP, P3 significantly increased the Shannon index of bacteria (Figure 3A), as well as the Shannon index and Chao1 index of fungi (Figure 3B). PLS-DA analysis showed that the soil bacterial and fungal communities on PC1 both formed their cluster distributions between high and low P, and the bacterial and fungal communities of P3 were significantly different on PC2 (Figure 4).
[image: Figure 3]FIGURE 3 | Soil bacterial (A) and fungal (B) community Shannon and Chao1 index under different P fertilizer application systems. P0 and FP represent 0 and 120 kg P2O5 ha−1 of P fertilizer application rates, respectively. P1, 30% reduction in P fertilizer application (84.0 kg P2O5/hm2 of microbial blended fertilizer); P2, 30% reduction in P fertilizer application (67.2 kg P2O5/hm2 of microbial blend fertilizer +16.8 kg P2O5/hm2 of diammonium phosphate); P3, 30% reduction in P fertilizer application (microbial inoculum seed dressing +84.0 kg P2O5/hm2 of diammonium phosphate).
[image: Figure 4]FIGURE 4 | Partial least squares discriminant analysis (PLS-DA) of soil bacterial (A) and fungal (B) community under different P fertilizer application systems. P0 and FP represent 0 and 120 kg P2O5 ha−1 of P fertilizer application rates, respectively. P1, 30% reduction in P fertilizer application (84.0 kg P2O5/hm2 of microbial blended fertilizer); P2, 30% reduction in P fertilizer application (67.2 kg P2O5/hm2 of microbial blend fertilizer +16.8 kg P2O5/hm2 of diammonium phosphate); P3, 30% reduction in P fertilizer application (microbial inoculum seed dressing +84.0 kg P2O5/hm2 of diammonium phosphate).
Correlation Analysis Between Microbial Community and Environmental Factors
The CCA analysis showed that AP was the main driver of changes in bacterial and fungal community structure (p < 0.05) (Figure 5, Supplementary Tables S4, S5). SEM was used to predict the direct and indirect effects of different P reduction systems on soil microbial diversity and composition. The final fitted model complies with the established criteria of this experiment and gives a better model effect GFI = 0.997, AIC = 54.161, df = 1, χ2 = 0.161 (Figure 6B, Figure 6). Different P reduction systems indirectly affected the bacterial community through their effects on soil pH, SOM, AP, AN, TP, ACP, NEP, and urease. Again, the P reduction systems indirectly affected the fungal community structure through their effects on soil pH, SOM, AN, TN, ACP, and urease (Figures 6A, B).
[image: Figure 5]FIGURE 5 | Canonical correspondence analysis (CCA) of soil bacterial (A) and fungal (B) community structure and soil properties under different P fertilizer application systems. P0 and FP represent 0 and 120 kg P2O5 ha−1 of P fertilizer application rates, respectively. P1, 30% reduction in P fertilizer application (84.0 kg P2O5/hm2 of microbial blended fertilizer); P2, 30% reduction in P fertilizer application (67.2 kg P2O5/hm2 of microbial blend fertilizer +16.8 kg P2O5/hm2 of diammonium phosphate); P3, 30% reduction in P fertilizer application (microbial inoculum seed dressing +84.0 kg P2O5/hm2 of diammonium phosphate).
[image: Figure 6]FIGURE 6 | The structural equation model (SEM) for the relationship between P fertilizer reduction systems and soil properties (A), soil enzymatic activities and their relationship with soil bacterial and fungal community structure (B). The thickness of the arrow was proportional to the strength of the path coefficient. A solid arrow represents a positive path coefficient, a dotted arrow represents a negative path coefficient. *, **, *** respectively indicated p < 0.05, p < 0.01, p < 0.001. SOM, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium. ACP, acid phosphatase; NEP, neutral phosphatase; ALP, alkaline phosphatase. P0 and FP represent 0 and 120 kg P2O5 ha−1 of P fertilizer application rates, respectively. P1, 30% reduction in P fertilizer application (84.0 kg P2O5/hm2 of microbial blended fertilizer); P2, 30% reduction in P fertilizer application (67.2 kg P2O5/hm2 of microbial blend fertilizer +16.8 kg P2O5/hm2 of diammonium phosphate); P3, 30% reduction in P fertilizer application (microbial inoculum seed dressing +84.0 kg P2O5/hm2 of diammonium phosphate).
DISCUSSION
Shifts in Soil Physicochemical Properties and Enzymatic Activity in Response to Different P Fertilizer Reduction Systems
The results of this study showed that compared with FP, treatments P1, P2, and P3 significantly increased the contents of SOM and TP, indicating that soil organic matter conditions were improved after P reduction and microbial fertilizer application, and P fixation was reduced, thereby improving soil P availability. This may be due to the fact that the microbial fertilizer contains a variety of microorganisms, which can increase the content of SOM, thereby improving soil fertility (Juwarkar and Jambhulkar, 2008; Tosic et al., 2016). P2 and P3 significantly increased ACP activity compared with FP, as similarly indicated by Clarholm (1993) that chronic P application decreased ACP activity. This indicated that there was a positive interaction between microbial fertilizers with reduced P fertilizers and host microorganisms in the soil. This may be because the rich active substances in microbial fertilizer can have an impact on the activity of soil ACP to promote the absorption and utilization of P nutrients by crops and also enhance the availability of soil available P, which leads to an increased ACP activity (Prasanna et al., 2012).
Effects of Different P Fertilizer Reduction Systems on Soil Microbial Community Composition
In this study, Proteobacteria, Actinobacteria, and Acidobacteria were the most abundant bacterial phyla at the phylum level (Supplementary Figure S2A), which is consistent with previous studies which have shown that Proteobacteria, Actinobacteria, and Acidobacteria are the most common bacterial phyla in different agricultural systems (Shen et al., 2014). Similarly as has been indicated in previous studies almost all fungi isolated from farmland are Ascomycota (Viaud et al., 2000), in this study the dominant fungal phylum with the highest relative abundance was Ascomycota (Supplementary Figure S2B). This study showed the relative abundance of most potential beneficial genera (i.e., Pseudarthrobacter, Mucilaginibacter, Streptomyces, Bacillus, Pseudomonas, Penicillium, and Acremonium) and pathogenic genera (i.e., Fusarium, Gibberella, Exophiala, and Drechslera) increased in P reduction and microbial fertilizer application. Some studies have reported that the application of microbial bacterial fertilizer can significantly increase the diversity of microbial communities and promote the proliferation of beneficial bacteria (Araujo et al., 2020; Wang et al., 2022). In Chen et al. (2021) Pseudarthrobacter defluvii E5 was isolated from agricultural soils and showed efficient phthalic acid esters degradation and mineralization abilities. Mucilaginibacter is known for the degradation of cellulose and hemicellulose (López-mondéjar et al., 2016) while Streptomyces from a disease-suppressive soil produced volatile organic compounds (Cordovez et al., 2015). Bacillus with P solubilizing function may be a potential inoculant to regulate the biotic process of P transformation (Zhang, et al., 2021). Pseudomonas resistance against pathogen growth improves P cycling and also serves as inorganic P solubilizing bacteria that can be cultured (Jones and Oburger, 2011; Panpatte et al., 2016). Penicillium is an antagonistic phytopathogenic fungus and plays a critical role in the control of plant diseases. Penicillium oxalicum controls tomato fusarium wilt (Sabuquillo et al., 2006) while Penicillium bilaii has been shown to increase P solubility (Karamanos et al., 2010). Large and complex fungal genera containing many plant pathogens such as F. oxysporum and F. equiseti are important pathogenic bacteria that cause root rot (Zhou et al., 2018). Additionally, Gibberella zeae causes head blight in wheat, and can produce estrogenic toxins such as zearalenone, trichothecene, and deoxynivalenol (Khan et al., 2001). Exophiala are common saprobes in soil, opportunistic pathogens of animals, or endophytes in plant roots (Cheikh-Ali et al., 2015). Acremonium is an antagonistic plant pathogenic fungus and plays a certain role in the control of plant diseases. Acremonium obclavatum controls peanut rust (Sathiyabama and Balasubramanian, 2018). Drechslera tritici-repentis was noted in a previous study as a potentially pathogenic bacteria genus that caused wheat tan spots (Carmona et al., 2006). After the P reduction and microbial fertilizer application, crops can stimulate microorganisms to increase the number of beneficial microorganisms. This is done by increasing the number of certain secretions and crop root exudates that can act as signal molecules to regulate microbial populations and increase the number of antagonistic pathogenic bacteria in the soil. This promotes the healthy development of the soil, which is ultimately beneficial to the growth of crops (Henkes et al., 2011). Microbial function is closely related to soil function. Functional microorganisms can fix nitrogen and dissolve phosphorus, and also produce polysaccharides and other substances through reproduction and metabolism. This improves soil physical and chemical properties, alleviate soil hardening, improve soil fertilizer and water retention, enhance root absorption capacity and improve nutrient utilization. Functional microorganisms donot only ensure proper soil function, but also serve as the basis for restoring soil function (Yang et al., 2020).
Effects of Different P Fertilizer Reduction Systems on Soil Microbial Diversity
In the present study, P3 significantly increased bacterial diversity (Figure 3A), fungal diversity, and richness (Figure 3B) compared with FP. This may be due to the increase in soil nutrient content, especially the increase in organic matter content, which is the main reason for the increase in microbial diversity. Yue et al. (2022) also found that the combined application of microbial fertilizers and chemical fertilizers significantly increased the Shannon index of soil bacteria. The results of Chhabra et al. (2013) also showed that the addition of P reduced the microbial Shannon diversity index in the soil. Li et al. (2021) found that adding bio-organic fertilizer increased bacterial diversity but decreased fungal diversity. The results of Liu et al. (2018) showed that different P application systems had no significant effect on bacterial diversity, while fungal richness and diversity indices decreased significantly with the increase of P application rates. The reason for the different responses maybe that fungi are more sensitive to soil fertility and P addition than bacteria. Typically, fungal hyphae can extend into the soil, increasing the surface area in the soil for water and nutrient uptake. This gives fungi easy access to AP in soil culminating in its increased sensitivity to P.
Driving Factors Affecting Changes in Soil Microbial Community Structure
The results of this study showed that AP was the main driver of bacterial and fungal community structural changes (p < 0.05) (Figure 5, Supplementary Tables S4, 5). Liu et al. (2018) also found that AP was the dominant factor affecting fungal community changes in different P application systems. Similarly, Siciliano et al. (2014) showed that soil P content is an important driver of soil bacterial and fungal diversity. The effect of P availability on microbial diversity may depend on increasing the relative abundance of some genera and altering competition patterns between different populations (He et al., 2016). These results suggest that P input is a determinant of changes in soil microbial community structure in agricultural systems. Increased AP content may affect microbial community structure, possibly by exerting selective pressure on microbial communities and altering competitive interactions (Crowther et al., 2011).
CONCLUSION
Reduced application of P fertilizer combined with the application of microbial fertilizer significantly increased the content of SOM, TP, AP, AK, and ACP activity and also improved bacterial and fungal diversity. Moreover, the relative abundance of potentially beneficial genera (i.e., Bacillus, Pseudarthrobacter, Penicillium, and Acremonium) and potentially pathogenic genera (i.e., Fusarium, Gibberella, and Drechslera) increased significantly. Different environmental factors also have different degrees of influence on the changes in soil bacterial and fungal communities, among which AP had the greatest impact. The results suggested that the P fertilizer reduction combined with microbial fertilizer systems regulated the pathogenic and beneficial fungi populations which created a microbial community that is favorable for maize growth. Therefore we recommend the reduced application of P fertilizer combined with the application of microbial fertilizer as the most effective agronomic practice for improving soil fertility and crop yields. This will help to rationalize the application of P fertilizer and also ensure proper nutrient use efficiency and sustainable agriculture.
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pH

6.09 + 0.06b
6.21 + 0.04a
6.23 + 0.03a
6.27 + 0.04a
6.27 + 0.06a

SOM (g/kg)

17.01 + 0.34d
18.29 + 0.63c
20.27 £ 0.45b
21.39 + 0.52a
20.79 + 0.49 ab

TN (g/kg)

1.07 + 0.02cd
1.13 £ 0.02bc
1.13 = 0.09bc
1.22 + 0.03a
117 £0.04 &b

TP (9/kg)

0.40 + 0.02d
0.45 + 0.02¢
0.51 £ 0.02b
0.55 + 0.02a
0.55 + 0.01a

TK (g/kg)

21.82 + 0.44a
21.76 + 0.34a
21.66 + 0.41a
21.84 +0.26a
21.86 £ 0.37a

An (mg/kg)

118.13 + 4.19¢
134.96 + 6.06b
133.42 + 3.75b
146.04 + 5.04a
139.79 + 374 ab

AP (mg/kg)

11.33.40.63cd
14.04 + 1.84bc
14.34 + 1.18b
17.48 + 0.95a
19.17 £ 3.22a

AK (mg/kg)

129.85 + 0.79¢
18477 +2.28b
135.33 + 2.25b
140.36 + 0.77a
141.89 + 3.42a

Values followed by different letters within the same column are significantly dliflerent among treatments tested by one-way ANOVA., PO and FP, represent 0 and 120 kg P,0s ha™ of P
fertiizer application rates, respectively. P1, 30% reduction in P fertiizer application (84.0 kg P20s/hm? of microbial blended fertiizer); P2, 30% reduction in P fertiizer appication (67.2 kg
P.0s/hm? of microbial blend fertilzer +16.8 kg P,0s/hm? of diammonium phosphate); P3, 30% reduction in P fertiizer application (microbialinoculum seed dressing +84.0 kg P,Os/hm? of
diammonium phosphate). SOM, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, avaiable nitrogen; AP, available phosphorus; AK, avaiable

potassium.
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