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Rhizosphere Microbial Communities Are Significantly Affected by Optimized Phosphorus Management in a Slope Farming System
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Soil rhizosphere microorganisms play crucial roles in promoting plant nutrient absorption and maintaining soil health. However, the effects of different phosphorus (P) managements on soil microbial communities in a slope farming system are poorly understood. Here, rhizosphere microbial communities under two P fertilization levels—conventional (125 kg P2O5 ha–1, P125) and optimal (90 kg P2O5 ha–1, P90)—were compared at four growth stages of maize in a typical sloped farming system. The richness and diversity of rhizosphere bacterial communities showed significant dynamic changes throughout the growth period of maize, while different results were observed in fungal communities. However, both the P fertilization levels and the growth stages influenced the structure and composition of the maize rhizosphere microbiota. Notably, compared to P125, Pseudomonas, Conexibacter, Mycobacterium, Acidothermus, Glomeromycota, and Talaromyces were significantly enriched in the different growth stages of maize under P90, while the relative abundance of Fusarium was significantly decreased during maize harvest. Soil total nitrogen (TN) and pH are the first environmental drivers of change in bacterial and fungal community structures, respectively. The abundance of Gemmatimonadota, Proteobacteria, and Cyanobacteria showed significant correlations with soil TN, while that of Basidiomycota and Mortierellomycota was significantly related to pH. Additionally, P90 strengthened the connection between bacteria, but reduced the links between fungi at the genus level. Our work helps in understanding the role of P fertilization levels in shaping the rhizosphere microbiota and may manipulate beneficial microorganisms for better P use efficiency.
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INTRODUCTION

Phosphorus (P) is an essential mineral nutrient for plant growth and development (Wang et al., 2017). Although there generally is P in the soil (Holtan et al., 1988), the available P is usually insufficient for crop production (Luo et al., 2019). The lack of soil P is a main factor limiting crop yield and quality (Heuer et al., 2017) and may even affect global food security (Cordell and White, 2015). Therefore, phosphate fertilizers must be applied to ensure the yield of crops in many crop systems (Salyagiotti et al., 2013; Kaur and Reddy, 2015; Ditta et al., 2018). Many previous studies have shown that plants are not efficient in using phosphate fertilizers (Johri et al., 2015; Batool and Iqbal, 2019), which is due to soil characteristics causing the applied phosphate fertilizer to be transformed into increasingly less soluble forms through various reactions (e.g., precipitation and adsorption) (Withers et al., 2001; Roberts and Johnston, 2015). This may lead to more phosphate fertilizer applications participating in the compounding process in the soil (Neal et al., 2021). Unused phosphate fertilizer by crops is fixed in the soil (Roberts and Johnston, 2015; Luo et al., 2019) or lost from farmland to rivers and lakes through soil erosion, resulting in severe agricultural non-point source pollution (NPSP) (Daverede et al., 2003; Liu et al., 2020). Furthermore, P is a limited and non-renewable resource (Dawson and Hilton, 2011): the raw materials of phosphate fertilizers (rock phosphate) are becoming depleted due to high demands, leading to increases in global fertilizer prices (Lopez-Arredondo et al., 2014; Neal et al., 2021). Integrated P management practices to increase P use efficiency and to reduce environmental pollution are therefore imperative (Roberts and Johnston, 2015).

Most of the P (95–99%) in the soil are phosphate-insoluble compounds and cannot be directly absorbed by plants (Pande et al., 2017). However, many studies have shown that soil microorganisms are indispensable in the soil P cycle and therefore play pivotal roles in improving the absorption of P by plants (Richardson, 2001; Rashid et al., 2016; Anzuay et al., 2017; Ceci et al., 2018). Soil microorganisms (bacteria and fungi) can convert insoluble forms of P into an accessible form that can be absorbed by plants (Paul et al., 2018). These kinds of microorganisms are called phosphate-solubilizing microorganisms (PSMs), which include phosphate-solubilizing bacteria (PSB) and phosphate-solubilizing fungi (PSF) (Qian et al., 2019). The PSB involved in the phosphorus conversion process are Pseudomonas, Mycobacterium, Bacillus subtilis, Rhizobium, Azotobacter, and Agrobacterium (Babalola and Glick, 2012; Sharma et al., 2013; Qian et al., 2019). Some studies have shown that PSB may decrease the pH of the soil through many processes in order to promote the solubilization of soil P (Adnan et al., 2017), such as releasing organic acids and hydrogen ions (Xiao et al., 2017) and producing siderophores and phosphatases (Rodriguez and Fraga, 1999). The most common PSF are Aspergillus and Penicillium (Seshadri et al., 2004; Rashid et al., 2016). Other species such as Talaromyces and Eupenicillium also play important roles in the P cycle (Della Monica et al., 2014).

Several reports have shown that changes in soil rhizosphere microbial communities are largely affected by agricultural management practices (Hartmann et al., 2015; Li et al., 2015a; Tian et al., 2015), and the response of microbial communities to phosphate fertilizer input varies significantly in different regions and ecosystems (Huang et al., 2016; Long et al., 2018; Wang et al., 2018). For example, the P input rates (0–32 g P2O5 m–2 year–1) were negatively correlated to the richness of soil bacterial communities in a semi-arid steppe (Ling et al., 2017), while a high P input (30 g P2O5 m–2 year–1) in forest soil increased the abundance of soil microbial communities (Huang et al., 2016). Moreover, a low P input (50 mg P2O5 kg–1) increased the diversity of endophytic bacteria and a high P input (200 mg P2O5 kg–1) increased the diversity of fungi in P-deficient paddy soils (Long and Yao, 2020). In contrast, excessive P input (131 kg P ha–1) reduced the diversity of maize arbuscular mycorrhiza (AM) in the North China Plain (Lang et al., 2018). However, these studies were carried out at a single time point. Few studies have been carried out on maize sloping farming systems where P is easily lost due to water erosion (surface runoff) (Strehmel et al., 2016; Zhang et al., 2017).

Our previous results showed that optimized P management had a positive effect on maize yield (Zhang Y. et al., 2019), while the interaction mechanism between phosphate fertilizer–soil rhizosphere microorganisms–plants is unknown. Thus, we performed a study with temporal resolution to quantitatively understand how the maize soil rhizosphere microorganisms of sloping farmlands are affected by phosphate fertilization (P125 and P90). We hypothesized that P90 would lead to a significant enrichment of some microorganisms involved in the P cycle that can contribute to P availability in sloping farmlands. For this purpose, we collected soil samples in four growth stages of maize and investigated the responses of rhizosphere bacteria and fungi to different P supply levels using high-throughput sequencing. Our work helps in understanding the changing process of the rhizosphere microbiota during the entire growth cycle of maize under different P levels and provides theoretical support for the efficient use of P in the rhizosphere.



MATERIALS AND METHODS


Study Area and Experimental Design

Our study area is located in the hinterland of the Three Gorges Reservoir Area (TGRA) in China (29°30′ N, 107°18′ E), where more than 60% of the lands are sloped and over 70% of the soil has suffered from serious soil erosion (Zhang T. et al., 2019). The typical tillage practice is a maize–mustard rotation in the sloping farmland of the TGRA (Zhang Y. et al., 2019). The annual average temperature of the study area is 22.1°C, the monthly average maximum temperature is 30°C, the monthly average minimum temperature is 8°C, and the average annual rainfall is 1,130 mm (Zhang et al., 2020). At the beginning of the experiment, the soil had a pH of 5.34, total nitrogen (N) of 0.77 g kg–1, available P of 24.2 mg kg–1, nitrate N (NO3–N) of 35.8 mg kg–1, and ammonium N (NH4–N) of 31.6 mg kg–1 (Zhang Y. et al., 2019).

Based on a previous report by our group, reducing the amount of conventional fertilization by one-quarter to one-half could not affect crop nutrient absorption and also reduced soil nutrient loss (Zhang Y. et al., 2019). We initiated the field experiment on March 5, 2019, and included the following two phosphate fertilizer (as superphosphate) treatments with three replicated plots (100 m2 per plot): (1) conventional fertilization (125 kg P2O5 ha–1, P125) and (2) optimal fertilization (90 kg P2O5 ha–1, P90). The application rates of N fertilizer (as urea) and potash (K) fertilizer were the same as those of the traditional local application rates: 343 kg N ha–1 and 210 kg KCl ha–1, respectively. Two-thirds of the N and K fertilizers and four-fifths of P were supplied as basal fertilizers on March 25, 2019. The others were applied for top dressing on May 4, 2019. The slopes of plots were measured for an average of 12°. An impermeable high-density waterproof polyethylene board was embedded into the soil between each studied plot. It was used to avoid the mutual influence among treatments by preventing lateral and transverse migrations of nutrients and water between plots.



Soil Sampling and Biogeochemical Analysis

At the maize seedling stage [emergence to the second leaf stage (S), April 17, 2019], ear stage [second leaf to tassel (E), May 26, 2019], flowering stage [silking to milk stage (F), July 2, 2019], and harvest stage [milk to maturity (H), August 5, 2019], a total of 24 rhizosphere soil samples were collected at depths of 10–30 cm. In each repeated plot, five complete maize roots were dug out according to the five-point sampling method; the large blocks around the roots were shaken off. Then, the soil on the surface of the root system was gently brushed down and the rhizosphere soil was obtained. After three repetitions for each treatment, the collected samples were immediately transported on ice to the laboratory. Part of the air-dried soil samples was used for analysis of soil physical–chemical properties, while the other samples were used to extract total soil DNA. During the H stage, we further calculated the weight of the maize grain and straw for subsequent yield analysis.

Soil physiochemical analysis methods were used according to a previous study (Ali et al., 2019). The soil pH was measured in water (1:2.5 soil/water) with a glass electrode. Total N (TN) was determined using the Kjeldahl method. Available N (AN) was measured with the alkaline solution diffusion method. Available P (AP) was extracted with NaHCO3 and determined using the ammonium molybdate–antimony potassium tartrate-ascorbic acid method. Soil NO3–N and NH4–N were extracted with 0.01 mol L–1 calcium chloride and determined with a continuous flow analyzer (AA3, SEAL Company, Norderstedt, Germany).



DNA Extraction, PCR Amplification, and Metagenomic Sequencing

For each sample, soil microbial DNA (24 in total) was extracted from approximately 0.5 g of frozen soil using a MoBio PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, United States) according to the manufacturer’s protocols. The final DNA concentration and purification were determined by NanoDrop 2000 UV–Vis spectrophotometer (Thermo Scientific, Wilmington, DE, United States), and the DNA quality was checked with 1% agarose gel electrophoresis. Distinct regions of bacterial 16S ribosomal RNA (rRNA) and fungal internal transcribed spacer (ITS) genes were amplified using specific primers (Supplementary Table 1) via a thermocycler PCR system (GeneAmp 9700, Applied Biosystems, Frederick, MD, United States). The PCR amplification processes of the 16S rRNA gene and the ITS gene are shown in Supplementary Table 2. Amplicons were extracted from 2% agarose gels and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), then quantified using QuantiFluorTM-ST (Promega, Madison, WI, United States) according to the manufacturer’s protocol. The purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, United States) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).



Data Analysis

Raw fastq files were demultiplexed, quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged by FLASH version 1.2.11 (Magoc and Salzberg, 2011) with the following criteria: (i) reads were truncated at any site receiving an average quality score <20 over a 50-bp sliding window; (ii) primers were exactly matched allowing two nucleotides mismatching and reads containing ambiguous bases were removed; and (iii) sequences whose overlap was longer than 10 bp were merged according to their overlap sequence. Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE 7.11 (Edgar, 2013), and chimeric sequences were identified and removed using UCHIME. The taxonomy of each 16S rRNA and ITS gene sequence was analyzed using the RDP Classifier algorithm2 (Wang et al., 2007) against the 16S rRNA database (Silva v.132) and the ITS database (UNITE v.8.0) using a confidence threshold of 70%. This study uses the current taxonomy terminology (e.g., Actinobacteria now “Actinobacteriota,” Acidobacteria now “Acidobacteriota,” Bacteroidetes now “Bacteroidota,” etc.) (Parks et al., 2018).



Statistical Analysis

Before the analysis, we rarefied all sequences based on the minimum sequence number (35,559 for bacterium and 34,497 for fungus) to correct for differences in sequencing depths. We have taken the rank of OTU as the abscissa and the number of sequences contained in each OTU as the ordinate to draw the graph using R language. The Chao and Shannon indexes were used to evaluate the alpha diversity of the microorganisms (Mothur 1.30.2). A principal coordinate analysis (PCoA) was constructed based on the Bray–Curtis dissimilarity matrix and weighted UniFrac matrix to visualize the differences in the microbial composition (ANOSIM in R language with 999 permutations) (Liu et al., 2020). The compositions of the microbial community under the two treatments were analyzed with R language. One-way ANOVA and Welch’s t-test were used to discover species with significant differences between groups (p < 0.05), and p-values were multiple corrected by false discovery rate (FDR). Redundancy analysis (RDA) was applied to reflect the relationship between the environmental factors and the rhizosphere microbial community composition (vegan package in R). Heatmaps based on Spearman’s coefficients were used to show specific microorganisms related to environmental factors. In addition, bacterial and fungi genera with average relative abundance in the top 100 of two treatments were selected for microbial interaction network analysis (using the networkx tool). Then, four microbial networks were built based on a strong correlation (Spearman’s correlation coefficient of >0.5) and significance (p < 0.05). The topological properties of these networks were estimated with the networkx tool.



RESULTS


Soil Biogeochemical Properties and Crop Yields

Different P fertilization treatments caused significant differences (p < 0.05) in rhizosphere soil pH, AN, AP, TN, NO3–N, and NH4–N at four growth periods of maize (Table 1). Compared with P125, P90 resulted in significant reductions in soil pH (entire growth period), TN (E and F), AN, and NH4–N (E, F, and H). AP and NO3–N had no obvious regularity in the different growth stages. In addition, two yield indicators (grain and straw) showed that P90 significantly increased maize yield (p < 0.05; Supplementary Figure 1).


TABLE 1. Soil biogeochemical properties in the four growth stages of maize—seedling stage (S), ear stage (E), flowering stage (F), and harvest stage (H)—under conventional treatment (P125, rate of 125 kg P2O5 ha–1) and optimal treatment (P90, rate of 90 kg P2O5 ha–1).
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Taxonomic Characteristics, Diversity, and Richness Index of Microbial Communities

For the entire sampling set, a total of 1,389,235 bacterial sequences and 1,514,552 fungal sequences were quality filtered, chimera checked, and obtained with average lengths of 255 and 244 bp. These classified sequences were further used to cluster the OTUs at a 3% dissimilarity level. A set of 4,631 bacterial OTUs and 1,585 fungal OTUs was obtained, and species taxonomic analysis was also computed. All the sampling efforts tended to reach the saturation plateau in the rarefaction analysis and were effective in covering the full extent of almost a majority of the bacterial and fungal diversity according to a 97% sequence similarity in the rank abundance curve approach (Supplementary Figure 2).

Maize has unique rhizosphere microbiota in different growth periods and P treatments. Under P125, the bacterial Shannon diversity index was significantly higher in the H stage compared with that in the F stage, and the Chao index was significantly lower in the F stage compared with that in the E and H stages (p < 0.05; Figures 1A,B). However, under P90, the Chao index was significantly higher in the F stage than that in the E and H stages (p < 0.05; Figure 1B). There was no significant difference in the Shannon index between the various growth stages of fungus, and P90 significantly decreased the richness of fungus at the S stage (Figures 2C,D). Meanwhile, P90 significantly decreased the diversity and richness of bacteria at the H stage. P125 significantly decreased the richness of bacteria at the F stage and increased the Chao index of the E stage (p < 0.05; Figure 1B). For a comparison of the differences in the structure of the rhizosphere microbiota, PCoA of the Bray–Curtis distance and weighted UniFrac matrices were performed. The results indicated that the rhizosphere microbial community structure of bacteria in each growth period formed separated clusters of varying degrees in the first two coordinate axes (R = 0.8912 for the Bray–Curtis distance and R = 0.4772 for the weighted UniFrac matrices) (Figures 2A,B), and similar results for fungi were also observed (Figures 2C,D). It is worth noting that there was no obvious separation of the bacterial communities in the maize S stage, while a distinct separation was observed in fungal communities. All these results showed that the rhizosphere microbial community structures were changed with the growth of maize and the P fertilization treatments.


[image: image]

FIGURE 1. Alpha diversity of the bacterial and fungal communities in the four growth stages of maize—seedling stage (S), ear stage (E), flowering stage (F), and harvest stage (H)—under conventional treatment (P125, with a rate of 125 kg P2O5 ha–1) and optimal treatment (P90, with a rate of 90 kg P2O5 ha–1). (A,B) Shannon diversity index (A) and Chao richness index (B) of the bacterial community. (C,D) Shannon diversity index (C) and Chao richness index (D) of the fungal community. Significant differences between the same growth periods under two treatments were compared using Welch’s t-test. ∗0.01 < p ≤ 0.05; ∗∗0.001 < p ≤ 0.01.
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FIGURE 2. Beta diversity of the microbial community was analyzed using the principal coordinate analysis (PCoA) diagram based on the Bray–Curtis dissimilarity matrix and weighted UniFrac matrix. (A,B) Bacterial community. (C,D) Fungal community. The percentage of the two main axes represents the explanatory value of the difference in the sample composition. Points of different colors and shapes represent different treatments (P125, with a rate of 125 kg P2O5 ha–1; P90, with a rate of 90 kg P2O5 ha–1) and growth stages [seedling stage (S), ear stage (E), flowering stage (F), and harvest stage (H)], respectively. The distance between two sample points indicates the similarity of the species composition of the two samples (p = 0.001).




Changes in Microbial Community Composition and Structure

To further study the effect of P treatment on rhizosphere taxa in the entire maize life cycle, we compared the relative abundance of rhizosphere microbiota at the phylum and genus levels. Although the dominant microbiota from the two treatments were largely consistent over time (Figure 3), several specific rhizosphere taxa changed throughout the growth cycle or single growth period of maize in the two treatments. For bacteria, P90 significantly increased the relative abundance of four phyla and five genera and decreased the abundance of three phyla and three genera during the various growth stages of maize (p < 0.05; Supplementary Figures 3A,B). Moreover, the rhizosphere microbiota of P125 and P90 showed obvious differences at the phylum and genus levels across the entire growth stage (p < 0.05; Supplementary Figure 5). The relative abundance of Streptomyces and Crossiella showed significant differences in P125, whereas Acidothermus, Conexibacter, Mycobacterium, and Pseudomonas dramatically changed in P90 (p < 0.05; Supplementary Figures 5C,D). For fungi, Glomeromycota significantly increased during the F stage only in P90 (p < 0.05; Supplementary Figure 4A). P90 significantly decreased the abundance of Fusarium, Leucothecium, and Cladophialophora during the E and H stages, while it increased the abundance of Talaromyces and Knufia (p < 0.05; Supplementary Figure 4B). Furthermore, the relative abundance of Mortierellomycota, Mortierella, and Cladosporium in P125 showed large differences at both the phylum and genus levels throughout the whole growth period, but no difference was observed in P90 at the phylum level (p < 0.05; Supplementary Figure 6).


[image: image]

FIGURE 3. Community composition of bacteria and fungi in four growth stages—seedling stage (S), ear stage (E), flowering stage (F), and harvest stage (H)—under conventional treatment (P125, with a rate of 125 kg P2O5 ha–1) and optimal treatment (P90, with a rate of 90 kg P2O5 ha–1). (A,B) Bacterial community composition at the phylum and genus levels. (C,D) Fungal community composition at the phylum and genus levels. Columns of different colors represent different species; the length of the columns represents the proportion of the species.




Microbial Community Structures and Their Relationships With Soil Properties

The RDA indicated obvious relationships between soil properties and microbial community composition. The first and second axes show that 28.76 and 8.22% of the changes in the bacterial community were influenced by soil properties (Figure 4A). The RDA results showed a significant correlation of soil TN with bacterial community structures (p = 0.025; Supplementary Table 3). The abundance of Gemmatimonadota, Proteobacteria, and Cyanobacteria was associated with soil TN (p < 0.05; Figure 4B). Moreover, soil pH significantly affected the fungal community structures (p = 0.003; Figure 4C and Supplementary Table 3). Simultaneously, the slight change in pH level was related to the abundance of Basidiomycota and Mortierellomycota (p < 0.05; Figure 4D).


[image: image]

FIGURE 4. Correlation of soil microbial community structure–environmental factors–specific microorganisms by redundancy analysis (RDA) and heatmaps. (A,B) Bacterial community structure. (C,D) Fungal community structure. Soil properties included available P (AP), pH, available N (AN), total N (TN), ammonium N (NH4), and nitrate N (NO3). The direction of the arrow represents the correlation with the first two-gage axes; the length of the arrow indicates the strength of the correlation. Colors in the heatmap indicate different correlation thresholds (R), and the color interval is shown in the upper right legend. P-values are used to express significance. *0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01; ***p ≤ 0.001. P125, treatment of 125 kg P2O5 ha–1; P90, treatment of 90 kg P2O5 ha–1; S, seedling stage; E, ear stage; F, flowering stage; H, harvest stage.




Microbial Networks

At the genus level, microbial networks were established based on correlations for the soil samples in P125 and P90 (Figure 5). The networks of bacteria consisted of 100 (P125) and 97 (P90) nodes (Figures 5A,B and Supplementary Table 4). The networks of fungus captured 99 nodes in each treatment (Figures 5C,D and Supplementary Table 5). For bacteria, the degree and clustering coefficients were much higher in P90 than those in P125 (Supplementary Table 4). The average shortest path length and the degree and clustering coefficients of fungus in P90 networks were much lower than those in P125 (Supplementary Table 5). Additionally, the keystone taxa based on the betweenness centrality scores also varied in P90 and P125 for the microbial networks of bacteria and fungus (Figure 5 and Supplementary Tables 4, 5).


[image: image]

FIGURE 5. (A–D) Network analysis showing the connectedness among genera of bacteria or fungi in the soils under P125 (A,C) and P90 (B,D). Nodes (colored dots) imply the genera involved in the networks, and the size of the node indicates the abundance of species. Links mean the relationship among the nodes: Red and green lines represent positive and negative correlations, respectively. Dots of different colors indicate the different phyla to which the genera belong. The keystone genera are based on the top five betweenness centrality scores in the network.




DISCUSSION

Previous studies have demonstrated that the input of agricultural P into the Yangtze River increased from 55 to 81% with extensive use of chemical fertilizers (Liu X.C. et al., 2018). In addition, non-point-source P comes mainly from the surface runoff of sloped farming in the TGRA (Zhu et al., 2012). Therefore, optimizing fertilization management and utilizing beneficial microorganisms on sloping croplands are essential for reducing fertilizer consumption and controlling NPSP in this region.


Effects of P Fertilization on the Bacterial Community in Different Growth Periods of Maize

Plant roots lead to the selective enrichment of rhizosphere microorganisms due to environmental changes (Berendsen et al., 2012; Lareen et al., 2016). Previous work have shown that P levels would affect bacterial communities under different soil types, plant species, and crop growth periods (Huang et al., 2016; Lang et al., 2018; Long et al., 2018; Wang et al., 2018; Zhuang et al., 2020). We performed a longitudinal comparison of the changes across the entire life cycle of maize in two treatments. Dynamic changes in the diversity and richness of the bacterial communities were observed between different growth periods (Figures 1A,B). Subsequently, the maize rhizosphere microbiota under two treatments shifted in different developmental stages (Figures 2A,B, 3A,B), showing that plants may recruit different rhizosphere microorganisms at different growth stages and conditions. For example, under P90, Pseudomonas, Conexibacter, and Mycobacterium were significantly enriched in the S and E stages (Supplementary Figure 5D), indicating that maize may actively recruit these beneficial bacteria to participate in the P cycle and promote its rapid growth. The dynamic changes of the rhizosphere microbiota throughout the maize life cycle may be due to the changes in the structure of the root system and the release of root exudates. In the past, some studies have shown that the bacterial community structure varied with the developmental stages of maize, and these results were explained as a sign of the complex interplay between microbes and root exudates (Baudoin et al., 2003; Guo et al., 2017; Hu et al., 2018).



Effects of P Fertilization on the Fungal Community in Different Growth Periods of Maize

Previous studies have shown that P fertilizer affects the diversity and community structure of fungi, but these works were carried out at a single time point only or under different soil types (Fanin et al., 2015; Luo et al., 2015; Huang et al., 2016; Lang et al., 2018; Liu M. et al., 2018). Our research results demonstrated that there were no significant differences in the Shannon and Chao indexes of fungi (Figures 1C,D), while distinct changes in the community composition of fungi were observed (Figures 2C,D). Interestingly, the fungal communities under two P treatments showed significant differences in the S stage compared to bacteria (Figure 2C), indicating that bacteria are not as sensitive to P addition as fungi in the early stage of maize growth. This result paralleled recent studies showing that the fungal hyphae of plant roots could rely on their longer hyphae length to increase the nutrient absorption area, which may have contributed to the sensitivity of fungi to P addition (Li et al., 2015b; Liu M. et al., 2018). Moreover, this conclusion was supported by another result of our research whereby P90 increased the relative abundance of the fungal phylum Glomeromycota in the first three growth stages of maize, especially at the F stage (Supplementary Figures 4A, 6A,B). It is well accepted that AM fungi can facilitate the absorption of soil P by plants, and all AM fungi are members of the phylum Glomeromycota, which can coexist with 70–90% of vascular plants in the world (Smith et al., 2011; Liu et al., 2012; Sangabriel-Conde et al., 2015; Crossay et al., 2018; Sturmer et al., 2018). It is interesting to note that the relative abundance of Fusarium under P90 was significantly reduced during the H stage compared to that under P125 (Supplementary Figure 4B). We reasoned that the significant increase in the relative abundance of Pseudomonas in the S stage under P90 resulted in a decrease in the relative abundance of Fusarium (Supplementary Figure 5D). Previous studies have shown that antifungal compounds from Pseudomonas are strongly antagonistic to Fusarium (Pal et al., 2001; Figueroa-Lopez et al., 2016). In addition, the increase in the relative abundance of Glomeromycota may also be involved in the competition for space and nutrients with pathogenic microorganisms (Martinez-Viveros et al., 2010; Olowe et al., 2018).



Relationship Between Soil Microbial Community and Soil Properties

Previous studies have shown that changes in the P content affect the soil microbial community structure (DeForest and Scott, 2010; Luo et al., 2015). However, other observations indicated that other soil properties such as pH, TN, AN, and phosphatase were also involved in the process of shaping the structure of soil microbial communities (Luo et al., 2015; Shen et al., 2015; Kaiser et al., 2016; Ai et al., 2018; Neal et al., 2021). In our study, soil TN has a significant correlation with the bacterial community structure, which was affected by P fertilization (Figure 4A and Supplementary Table 3). This observation is in line with previous studies whereby P fertilization increased TN and that variables related to N conversion are important factors that determine the structure of bacterial communities in soils with other similar nutrient contents (Williams et al., 2013; Shen et al., 2015). We also found that changes in soil TN correlated with Gemmatimonadota, Proteobacteria, and Cyanobacteria, which was supported by the results of recent studies reporting that Gemmatimonadota participated in the process of soil N cycle (Bhatti et al., 2017). Furthermore, the fungal structure was significantly correlated with soil pH, unlike the bacterial community structure (Figure 4C and Supplementary Table 3). Previous results have shown that the effects of P addition on fungal communities were mainly through its indirect influence on soil pH (Wakelin et al., 2009, 2012; Huang et al., 2016; Ai et al., 2018). In our study, the pH in P125 was higher than that in P90, which agrees with previous studies suggesting that P addition increases soil basic cations by stimulating soil microbial nutrient conversion and eventually elevating soil pH (Liu et al., 2013; Zhu et al., 2015). Additionally, the abundance of Basidiomycota and Mortierellomycota was associated with soil pH and might have resulted from P fertilization. Altogether, these results showed that soil TN and pH might be the crucial factors affecting the soil rhizosphere community structure in purple soil sloping farmland.



Differences in P Fertilization Levels Affect the Interactions Between Microorganisms

Network analysis can determine the interactions between microbial groups in niches and identify the keystone taxa most closely related to the microbial community (Liu et al., 2013; Vick-Majors et al., 2014; Banerjee et al., 2016). In the networks acquired for the soil bacteria, the correlations between genera and degrees were both increased in P90 compared to those in P125 (Figures 5A,B). Thus, the soil bacterial communities in P90 formed more complex networks, which suggests that a strong network complexity could increase the stability of the rhizosphere microbial community structure (Mander et al., 2012; Zheng et al., 2018). For the microbial networks of fungi, P90 reduced the interactions between microorganisms in the network, which shows that a higher P input (P125) might shape a more stable microbial network (Figures 5C,D). Considering the differences in the diversity and richness of the fungal communities under the two treatments, it is likely that higher diversity and richness of species might increase the complexity of the network and strengthen the interactions between microorganisms.

Moreover, the keystone genera of the bacterial and fungal communities were also different under the two treatments (Figure 5 and Supplementary Tables 4, 5). Although their relative abundance in the microbial community was lower, they can exert a disproportionately large effect in the soil ecosystem (Zheng et al., 2018). For bacterial communities, the keystone genera in P90 are Leifsonia and Bryobacter. According to recent reports, Leifsonia is a mesophilic species commonly found in weakly acidic soil; it can affect the bioavailability of P and other mineral nutrients in the soil (Tan et al., 2020). In addition, Bryobacter could utilize polysaccharides, various sugars, and organic acids, with a significant impact on the biogeochemical carbon cycle (Dedysh et al., 2017; Liu et al., 2019). For the fungal communities, Talaromyces was identified as a keystone genus in P125. Talaromyces showed desired P-solubilizing capability in recalcitrant phosphate, which was widely reported in recent studies (Mendes et al., 2014; Zhang et al., 2018). In contrast, Fusariella was the keystone genus in P90, which might explain the lower stability of the fungal community structure in this treatment level (Fu et al., 2017; Dugdale et al., 2018). These results suggest that different P input levels might affect the stability of the entire community by affecting certain specific species of the rhizosphere microbial community.



CONCLUSION

Our research showed that the diversity and richness of the bacterial and fungal communities during the growth cycle of maize respond differently to the two P input levels. The rhizosphere microbial community structure was strongly influenced by P fertilization levels and growth stages and was significantly related to soil TN and pH. Maize could recruit different rhizosphere microorganisms, such as Pseudomonas, Conexibacter, Mycobacterium, Acidothermus, Glomeromycota, and Talaromyces, in order to adapt to changes in the soil environment and promote rapid crop growth. Moreover, P90 enhanced the interaction among the genera in the microbial network of bacteria, while it reduced the stability of the fungal community. Further research should be conducted to investigate the process and mechanism of the effects of different phosphate fertilizer levels on bacteria and fungi.
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Supplementary Table 1 | PCR primers for 16S rRNA and ITS in this work.

Supplementary Table 2 | PCR amplification process of 16S rRNA gene and ITS gene.

Supplementary Table 3 | Correlation coefficient between environmental factors and microbial structure.

Supplementary Table 4 | Bacterial network structure properties.

Supplementary Table 5 | Fungal network structure properties.


FOOTNOTES

1
http://drive5.com/uparse/

2
http://rdp.cme.msu.edu/


REFERENCES

Adnan, M., Shah, Z., Fahad, S., Arif, M., Alam, M., Khan, I. A., et al. (2017). Phosphate-solubilizing bacteria nullify the antagonistic effect of soil calcification on bioavailability of phosphorus in alkaline soils. Sci. Rep. 7:16131.

Ai, C., Zhang, S. Q., Zhang, X., Guo, D. D., Zhou, W., and Huang, S. M. (2018). Distinct responses of soil bacterial and fungal communities to changes in fertilization regime and crop rotation. Geoderma 319, 156–166. doi: 10.1016/j.geoderma.2018.01.010

Ali, A., Ghani, M. I., Li, Y. H., Ding, H. Y., Meng, H. W., and Cheng, Z. H. (2019). Hiseq base molecular characterization of soil microbial community, diversity structure, and predictive functional profiling in continuous cucumber planted soil affected by diverse cropping systems in an intensive greenhouse region of Northern China. Int. J. Mol. Sci. 20:2619. doi: 10.3390/ijms20112619

Anzuay, M. S., Ciancio, M. G. R., Luduena, L. M., Angelini, J. G., Barros, G., Pastor, N., et al. (2017). Growth promotion of peanut (Arachis hypogaea L.) and maize (Zea mays L.) plants by single and mixed cultures of efficient phosphate solubilizing bacteria that are tolerant to abiotic stress and pesticides. Microbiol. Res. 199, 98–109. doi: 10.1016/j.micres.2017.03.006

Babalola, O. O., and Glick, B. R. (2012). The use of microbial inoculants in African agriculture: current practice and future prospects. J. Food Agric. Environ. 10, 540–549.

Banerjee, S., Baah-Acheamfour, M., Carlyle, C. N., Bissett, A., Richardson, A. E., Siddique, T., et al. (2016). Determinants of bacterial communities in Canadian agroforestry systems. Environ. Microbiol. 18, 1805–1816. doi: 10.1111/1462-2920.12986

Batool, S., and Iqbal, A. (2019). Phosphate solubilizing rhizobacteria as alternative of chemical fertilizer for growth and yield of Triticum aestivum (Var. Galaxy 2013). Saudi J. Biol. Sci. 26, 1400–1410. doi: 10.1016/j.sjbs.2018.05.024

Baudoin, E., Benizri, E., and Guckert, A. (2003). Impact of artificial root exudates on the bacterial community structure in bulk soil and maize rhizosphere. Soil Biol. Biochem. 35, 1183–1192. doi: 10.1016/s0038-0717(03)00179-2

Berendsen, R. L., Pieterse, C. M. J., and Bakker, P. A. H. M. (2012). The rhizosphere microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.tplants.2012.04.001

Bhatti, A. A., Haq, S., and Bhat, R. A. (2017). Actinomycetes benefaction role in soil and plant health. Microb. Pathog. 111, 458–467. doi: 10.1016/j.micpath.2017.09.036

Ceci, A., Pinzari, F., Russo, F., Maggi, O., and Persiani, A. M. (2018). Saprotrophic soil fungi to improve phosphorus solubilisation and release: in vitro abilities of several species. Ambio 47, 30–40. doi: 10.1007/s13280-017-0972-0

Chen, S. F., Zhou, Y. Q., Chen, Y. R., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, 884–890.

Cordell, D., and White, S. (2015). Tracking phosphorus security: indicators of phosphorus vulnerability in the global food system. Food Secur. 7, 337–350. doi: 10.1007/s12571-015-0442-0

Crossay, T., Cilia, A., Cavaloc, Y., Amir, H., and Redecker, D. (2018). Four new species of arbuscular mycorrhizal fungi (Glomeromycota) associated with endemic plants from ultramafic soils of New Caledonia. Mycol. Progr. 17, 729–744. doi: 10.1007/s11557-018-1386-5

Daverede, I. C., Kravchenko, A. N., Hoeft, R. G., Nafziger, E. D., Bullock, D. G., Warren, J. J., et al. (2003). Phosphorus runoff: effect of tillage and soil phosphorus levels. J. Environ. Q. 32, 1436–1444.

Dawson, C. J., and Hilton, J. (2011). Fertiliser availability in a resource-limited world: production and recycling of nitrogen and phosphorus. Food Pol. 36, S14–S22.

Dedysh, S. N., Kulichevskaya, I. S., Huber, K. J., and Overmann, J. (2017). Defining the taxonomic status of described subdivision 3 Acidobacteria: proposal of Bryobacteraceae fam. nov. Int. J. Syst. Evol. Microbiol. 67, 498–501.

DeForest, J. L., and Scott, L. G. (2010). Available organic soil phosphorus has an important influence on microbial community composition. Soil Sci. Soc. Am. J. 74, 2059–2066. doi: 10.2136/sssaj2009.0426

Della Monica, I. F., Rubio, P. J. S., Cina, R. P., Recchi, M., Godeas, A. M., and Scervino, J. M. (2014). Effects of the phosphate-solubilizing fungus Talaromyces flavus on the development and efficiency of the Gigaspora rosea-Triticum aestivum symbiosis. Symbiosis 64, 25–32. doi: 10.1007/s13199-014-0299-6

Ditta, A., Muhammad, J., Imtiaz, M., Mehmood, S., Qian, Z., and Tu, S. X. (2018). Application of rock phosphate enriched composts increases nodulation, growth and yield of chickpea. Int. J. Recycl. Org. Waste Agric. 7, 33–40.

Dugdale, B., Dale, J., Paul, J. Y., James, A., Waterhouse, P., and Harding, R. (2018). Transgenic Cavendish bananas with resistance to Fusarium wilt tropical race 4. In Vitro Cell. Dev. Biol. Plant 54, S23–S23.

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Fanin, N., Hattenschwiler, S., Schimann, H., and Fromin, N. (2015). Interactive effects of C, N and P fertilization on soil microbial community structure and function in an Amazonian rain forest. Funct. Ecol. 29, 140–150. doi: 10.1111/1365-2435.12329

Figueroa-Lopez, A. M., Cordero-Ramirez, J. D., Martinez-Alvarez, J. C., Lopez-Meyer, M., Lizarraga-Sanchez, G. J., Felix-Gastelum, R., et al. (2016). Rhizospheric bacteria of maize with potential for biocontrol of Fusarium verticillioides. Springerplus 5:330.

Fu, L., Penton, C. R., Ruan, Y. Z., Shen, Z. Z., Xue, C., Li, R., et al. (2017). Inducing the rhizosphere microbiome by biofertilizer application to suppress banana Fusarium wilt disease. Soil Biol. Biochem. 104, 39–48. doi: 10.1016/j.soilbio.2016.10.008

Guo, M. X., Gong, Z. Q., Miao, R. H., Su, D., Li, X. J., Jia, C. Y., et al. (2017). The influence of root exudates of maize and soybean on polycyclic aromatic hydrocarbons degradation and soil bacterial community structure. Ecol. Eng. 99, 22–30. doi: 10.1016/j.ecoleng.2016.11.018

Hartmann, M., Frey, B., Mayer, J., Mader, P., and Widmer, F. (2015). Distinct soil microbial diversity under long-term organic and conventional farming. ISME J. 9, 1177–1194. doi: 10.1038/ismej.2014.210

Heuer, S., Gaxiola, R., Schilling, R., Herrera-Estrella, L., Lopez-Arredondo, D., Wissuwa, M., et al. (2017). Improving phosphorus use efficiency: a complex trait with emerging opportunities. Plant J. 90, 868–885. doi: 10.1111/tpj.13423

Holtan, H., Kampnielsen, L., and Stuanes, A. O. (1988). Phosphorus in soil, water and sediment–an overview. Hydrobiologia 170, 19–34. doi: 10.1007/978-94-009-3109-1_3

Hu, L. F., Robert, C. A. M., Cadot, S., Zhang, X., Ye, M., Li, B. B., et al. (2018). Root exudate metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nat. Commun. 9:2738.

Huang, J. S., Hu, B., Qi, K. B., Chen, W. J., Pang, X. Y., Bao, W. K., et al. (2016). Effects of phosphorus addition on soil microbial biomass and community composition in a subalpine spruce plantation. Eur. J. Soil Biol. 72, 35–41. doi: 10.1016/j.ejsobi.2015.12.007

Johri, A. K., Oelmuller, R., Dua, M., Yadav, V., Kumar, M., Tuteja, N., et al. (2015). Fungal association and utilization of phosphate by plants: success, limitations, and future prospects. Front. Microbiol. 6:984. doi: 10.3389/fmicb.2015.00984

Kaiser, K., Wemheuer, B., Korolkow, V., Wemheuer, F., Nacke, H., Schoning, I., et al. (2016). Driving forces of soil bacterial community structure, diversity, and function in temperate grasslands and forests. Sci. Rep. 6:33696.

Kaur, G., and Reddy, M. S. (2015). Effects of phosphate-solubilizing bacteria, rock phosphate and chemical fertilizers on maize-wheat cropping cycle and economics. Pedosphere 25, 428–437. doi: 10.1016/s1002-0160(15)30010-2

Lang, M., Christie, P., Zhang, J. L., and Li, X. L. (2018). Long-term phosphorus application to a maize monoculture influences the soil microbial community and its feedback effects on maize seedling biomass. Appl. Soil Ecol. 128, 12–22. doi: 10.1016/j.apsoil.2018.01.005

Lareen, A., Burton, F., and Schafer, P. (2016). Plant root-microbe communication in shaping root microbiomes. Plant Mol. Biol. 90, 575–587. doi: 10.1007/s11103-015-0417-8

Li, J., Cooper, J. M., Lin, Z. A., Li, Y. T., Yang, X. D., and Zhao, B. Q. (2015a). Soil microbial community structure and function are significantly affected by long-term organic and mineral fertilization regimes in the North China Plain. Appl. Soil Ecol. 96, 75–87. doi: 10.1016/j.apsoil.2015.07.001

Li, J., Li, Z. A., Wang, F. M., Zou, B., Chen, Y., Zhao, J., et al. (2015b). Effects of nitrogen and phosphorus addition on soil microbial community in a secondary tropical forest of China. Biol. Fertil. Soils 51, 207–215. doi: 10.1007/s00374-014-0964-1

Ling, N., Chen, D. M., Guo, H., Wei, J. X., Bai, Y. F., Shen, Q. R., et al. (2017). Differential responses of soil bacterial communities to long-term N and P inputs in a semi-arid steppe. Geoderma 292, 25–33. doi: 10.1016/j.geoderma.2017.01.013

Liu, J. H., Ma, Q., Hui, X. L., Ran, J. Y., Ma, Q. G., Wang, X. S., et al. (2020). Long-term high-P fertilizer input decreased the total bacterial diversity but not phoD-harboring bacteria in wheat rhizosphere soil with available-P deficiency. Soil Biol. Biochem. 149:107918. doi: 10.1016/j.soilbio.2020.107918

Liu, K., Cai, M. M., Hu, C. X., Sun, X. C., Cheng, Q., Jia, W., et al. (2019). Selenium (Se) reduces Sclerotinia stem rot disease incidence of oilseed rape by increasing plant Se concentration and shifting soil microbial community and functional profiles. Environ. Pollut. 254:113051. doi: 10.1016/j.envpol.2019.113051

Liu, L., Zhang, T., Gilliam, F. S., Gundersen, P., Zhang, W., Chen, H., et al. (2013). Interactive effects of nitrogen and phosphorus on soil microbial communities in a tropical forest. PLoS One 8:e61188. doi: 10.1371/journal.pone.0061188

Liu, M., Liu, J., Chen, X. F., Jiang, C. Y., Wu, M., and Li, Z. P. (2018). Shifts in bacterial and fungal diversity in a paddy soil faced with phosphorus surplus. Biol. Fertil. Soils 54, 259–267. doi: 10.1007/s00374-017-1258-1

Liu, X. C., Beusen, A. H. W., Van Beek, L. P. H., Mogollon, J. M., Ran, X. B., and Bouwman, A. F. (2018). Exploring spatiotemporal changes of the Yangtze River (Changjiang) nitrogen and phosphorus sources, retention and export to the East China Sea and Yellow Sea. Water Res. 142, 246–255. doi: 10.1016/j.watres.2018.06.006

Liu, Y. J., Shi, G. X., Mao, L., Cheng, G., Jiang, S. J., Ma, X. J., et al. (2012). Direct and indirect influences of 8 yr of nitrogen and phosphorus fertilization on Glomeromycota in an alpine meadow ecosystem. New Phytol. 194, 523–535. doi: 10.1111/j.1469-8137.2012.04050.x

Long, X. E., and Yao, H. Y. (2020). Phosphorus input alters the assembly of rice (Oryza sativa L.) root-associated communities. Microb. Ecol. 79, 357–366. doi: 10.1007/s00248-019-01407-6

Long, X. E., Yao, H. Y., Huang, Y., Wei, W. X., and Zhu, Y. G. (2018). Phosphate levels influence the utilisation of rice rhizodeposition carbon and the phosphate-solubilising microbial community in a paddy soil. Soil Biol. Biochem. 118, 103–114. doi: 10.1016/j.soilbio.2017.12.014

Lopez-Arredondo, D. L., Leyva-Gonzalez, M. A., Gonzalez-Morales, S. I., Lopez-Bucio, J., and Herrera-Estrella, L. (2014). Phosphate nutrition: improving low-phosphate tolerance in crops. Annu. Rev. Plant Biol. 65, 95–123. doi: 10.1146/annurev-arplant-050213-035949

Luo, B. W., Ma, P., Nie, Z., Zhang, X., He, X., Ding, X., et al. (2019). Metabolite profiling and genome-wide association studies reveal response mechanisms of phosphorus deficiency in maize seedling. Plant J. 97, 947–969. doi: 10.1111/tpj.14160

Luo, P. Y., Han, X. R., Wang, Y., Han, M., Shi, H., Liu, N., et al. (2015). Influence of long-term fertilization on soil microbial biomass, dehydrogenase activity, and bacterial and fungal community structure in a brown soil of northeast China. Ann. Microbiol. 65, 533–542. doi: 10.1007/s13213-014-0889-9

Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

Mander, C., Wakelin, S., Young, S., Condron, L., and O’Callaghan, M. (2012). Incidence and diversity of phosphate-solubilising bacteria are linked to phosphorus status in grassland soils. Soil Biol. Biochem. 44, 93–101. doi: 10.1016/j.soilbio.2011.09.009

Martinez-Viveros, O., Jorquera, M. A., Crowley, D. E., Gajardo, G., and Mora, M. L. (2010). Mechanisms and practical considerations involved in plant growth promotion by Rhizobacteria. J. Soil Sci. Plant Nutr. 10, 293–319.

Mendes, G. D., Zafra, D. L., Vassilev, N. B., Silva, I. R., Ribeiro, J. I., and Costa, M. D. (2014). Biochar enhances Aspergillus niger rock phosphate solubilization by increasing organic acid production and alleviating fluoride toxicity. Appl. Environ. Microbiol. 80, 3081–3085. doi: 10.1128/aem.00241-14

Neal, A. L., McLaren, T., Campolino, M. L., Hughes, D., Coelho, A. M., Lana, U. G. D., et al. (2021). Crop type exerts greater influence upon rhizosphere phosphohydrolase gene abundance and phylogenetic diversity than phosphorus fertilization. FEMS Microbiol. Ecol. 97:fiab033.

Olowe, O. M., Olawuyi, O. J., Sobowale, A. A., and Odebode, A. C. (2018). Role of arbuscular mycorrhizal fungi as biocontrol agents against Fusarium verticillioides causing ear rot of Zea mays L. (Maize). Curr. Plant Biol. 15, 30–37. doi: 10.1016/j.cpb.2018.11.005

Pal, K. K., Tilak, K. V. B. R., Saxena, A. K., Dey, R., and Singh, C. S. (2001). Suppression of maize root diseases caused by Macrophomina phaseolina, Fusarium moniliforme and Fusarium graminearum by plant growth promoting rhizobacteria. Microbiol. Res. 156, 209–223. doi: 10.1078/0944-5013-00103

Pande, A., Pandey, P., Mehra, S., Singh, M., and Kaushik, S. (2017). Phenotypic and genotypic characterization of phosphate solubilizing bacteria and their efficiency on the growth of maize. J. Genet. Eng. Biotechnol. 15, 379–391. doi: 10.1016/j.jgeb.2017.06.005

Parks, D. H., Chuvochina, M., Waite, D. W., Rinke, C., Skarshewski, A., Chaumeil, P. A., et al. (2018). A standardized bacterial taxonomy based on genome phylogeny substantially revises the tree of life. Nat. Biotechnol. 36, 996–1004. doi: 10.1038/nbt.4229

Paul, R., Singh, R. D., Patra, A. K., Biswas, D. R., Bhattacharyya, R., and Arunkumar, K. (2018). Phosphorus dynamics and solubilizing microorganisms in acid soils under different land uses of Lesser Himalayas of India. Agrofor. Syst. 92, 449–461.

Qian, T. T., Yang, Q., Jun, D. C. F., Dong, F., and Zhou, Y. (2019). Transformation of phosphorus in sewage sludge biochar mediated by a phosphate-solubilizing microorganism. Chem. Eng. J. 359, 1573–1580. doi: 10.1016/j.cej.2018.11.015

Rashid, M. I., Mujawar, L. H., Shahzad, T., Almeelbi, T., Ismail, I. M. I., and Oves, M. (2016). Bacteria and fungi can contribute to nutrients bioavailability and aggregate formation in degraded soils. Microbiol. Res. 183, 26–41. doi: 10.1016/j.micres.2015.11.007

Richardson, A. E. (2001). Prospects for using soil microorganisms to improve the acquisition of phosphorus by plants. Aust. J. Plant Physiol. 28, 897–906. doi: 10.1071/pp01093

Roberts, T. L., and Johnston, A. E. (2015). Phosphorus use efficiency and management in agriculture. Resour. Conserv. Recycl. 105, 275–281. doi: 10.1016/j.resconrec.2015.09.013

Rodriguez, H., and Fraga, R. (1999). Phosphate solubilizing bacteria and their role in plant growth promotion. Biotechnol. Adv. 17, 319–339. doi: 10.1016/s0734-9750(99)00014-2

Salyagiotti, F., Barraco, M., Dignani, D., Sanchez, H., Bono, A., Vallone, P., et al. (2013). Plant stand, nodulation and seed yield in soybean as affected by phosphate fertilizer placement, source and application method. Eur. J. Agron. 51, 25–33. doi: 10.1016/j.eja.2013.06.006

Sangabriel-Conde, W., Maldonado-Mendoza, I. E., Mancera-Lopez, M. E., Cordero-Ramirez, J. D., Trejo-Aguilar, D., and Negrete-Yankelevich, S. (2015). Glomeromycota associated with Mexican native maize landraces in Los Tuxtlas, Mexico. Appl. Soil Ecol. 87, 63–71. doi: 10.1016/j.apsoil.2014.10.017

Seshadri, S., Ignacimuthu, S., and Lakshminarasimhan, C. (2004). Effect of nitrogen and carbon sources on the inorganic phosphate solubilization by different Aspergillus niger strains. Chem. Eng. Commun. 191, 1043–1052. doi: 10.1080/00986440490276308

Sharma, S. B., Sayyed, R. Z., Trivedi, M. H., and Gobi, T. A. (2013). Phosphate solubilizing microbes: sustainable approach for managing phosphorus deficiency in agricultural soils. Springerplus 2:587.

Shen, C. C., Ni, Y. Y., Liang, W. J., Wang, J. J., and Chu, H. Y. (2015). Distinct soil bacterial communities along a small-scale elevational gradient in alpine tundra. Front. Microbiol. 6:582. doi: 10.3389/fmicb.2015.00582

Smith, S. E., Jakobsen, I., Gronlund, M., and Smith, F. A. (2011). Roles of arbuscular mycorrhizas in plant phosphorus nutrition: interactions between pathways of phosphorus uptake in arbuscular mycorrhizal roots have important implications for understanding and manipulating plant phosphorus acquisition. Plant Physiol. 156, 1050–1057. doi: 10.1104/pp.111.174581

Strehmel, A., Schmalz, B., and Fohrer, N. (2016). Evaluation of land use, land management and soil conservation strategies to reduce non-point source pollution loads in the three gorges region, China. Environ. Manage. 58, 906–921. doi: 10.1007/s00267-016-0758-3

Sturmer, S. L., Kemmelmeier, K., Moreira, B. C., Kasuya, M. C. M., Pereira, G. M. D., and da Silva, K. (2018). Arbuscular mycorrhizal fungi (Glomeromycota) communities in tropical savannas of Roraima, Brazil. Mycol. Progr. 17, 1149–1159. doi: 10.1007/s11557-018-1430-5

Tan, W. F., Guo, F., Deng, Q. W., Li, J. X., and Wang, L. (2020). The effects of Leifsonia sp. on bioavailability and immobilization mechanism of uranium in soil. J. Soils Sediments 20, 1599–1608. doi: 10.1007/s11368-019-02494-1

Tian, W., Wang, L., Li, Y., Zhuang, K. M., Li, G., Zhang, J. B., et al. (2015). Responses of microbial activity, abundance, and community in wheat soil after three years of heavy fertilization with manure-based compost and inorganic nitrogen. Agric. Ecosyst. Environ. 213, 219–227. doi: 10.1016/j.agee.2015.08.009

Vick-Majors, T. J., Priscu, J. C., and Amaral-Zettler, L. A. (2014). Modular community structure suggests metabolic plasticity during the transition to polar night in ice-covered Antarctic lakes. ISME J. 8, 778–789. doi: 10.1038/ismej.2013.190

Wakelin, S., Mander, C., Gerard, E., Jansa, J., Erb, A., Young, S., et al. (2012). Response of soil microbial communities to contrasted histories of phosphorus fertilisation in pastures. Appl. Soil Ecol. 61, 40–48. doi: 10.1016/j.apsoil.2012.06.002

Wakelin, S. A., Gregg, A. L., Simpson, R. J., Li, G. D., Riley, I. T., and Mckay, A. C. (2009). Pasture management clearly affects soil microbial community structure and N-cycling bacteria. Pedobiologia 52, 237–251. doi: 10.1016/j.pedobi.2008.10.001

Wang, D. L. Y., Lv, S. L., Jiang, P., and Li, Y. X. (2017). Roles, regulation, and agricultural application of plant phosphate transporters. Front. Plant Sci. 8:817. doi: 10.3389/fpls.2017.00817

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/aem.00062-07

Wang, Q., Wang, C., Yu, W. W., Turak, A., Chen, D. W., Huang, Y., et al. (2018). Effects of nitrogen and phosphorus inputs on soil bacterial abundance, diversity, and community composition in Chinese fir plantations. Front. Microbiol. 9:1543. doi: 10.3389/fmicb.2018.01543

Williams, A., Borjesson, G., and Hedlund, K. (2013). The effects of 55 years of different inorganic fertiliser regimes on soil properties and microbial community composition. Soil Biol. Biochem. 67, 41–46. doi: 10.1016/j.soilbio.2013.08.008

Withers, P. J. A., Edwards, A. C., and Foy, R. H. (2001). Phosphorus cycling in UK agriculture and implications for phosphorus loss from soil. Soil Use Manage. 17, 139–149. doi: 10.1079/sum200181

Xiao, Y. J., Wang, X. J., Chen, W. L., and Huang, Q. Y. (2017). Isolation and identification of three potassium-solubilizing bacteria from rape rhizospheric soil and their effects on ryegrass. Geomicrobiol. J. 34, 873–880. doi: 10.1080/01490451.2017.1286416

Zhang, Q. W., Chen, S. H., Dong, Y. Q., Liu, D. H., Yang, X. J., and Yang, Z. L. (2017). Controllability of phosphorus losses in surface runoff from sloping farmland treated by agricultural practices. Land Degrad. Dev. 28, 1704–1716. doi: 10.1002/ldr.2702

Zhang, T., Yang, Y. H., Ni, J. P., and Xie, D. T. (2019). Adoption behavior of cleaner production techniques to control agricultural non-point source pollution: a case study in the Three Gorges Reservoir Area. J. Clean Prod. 223, 897–906. doi: 10.1016/j.jclepro.2019.03.194

Zhang, T., Yang, Y. H., Ni, J. P., and Xie, D. T. (2020). Best management practices for agricultural non-point source pollution in a small watershed based on the AnnAGNPS model. Soil Use Manage. 36, 45–57. doi: 10.1111/sum.12535

Zhang, Y., Chen, F. S., Wu, X. Q., Luang, F. G., Zhang, L. P., Fang, X. M., et al. (2018). Isolation and characterization of two phosphate-solubilizing fungi from rhizosphere soil of moso bamboo and their functional capacities when exposed to different phosphorus sources and pH environments. PLoS One 13:e0199625. doi: 10.1371/journal.pone.019

Zhang, Y., Xie, D. T., Ni, J. P., and Zeng, X. B. (2019). Optimizing phosphate fertilizer application to reduce nutrient loss in a mustard (Brassica juncea var. tumida)-maize (Zea mays L.) rotation system in Three Gorges Reservoir area. Soil Tillage Res. 190, 78–85. doi: 10.1016/j.still.2019.03.001

Zheng, W., Zhao, Z. Y., Gong, Q. L., Zhai, B. N., and Li, Z. Y. (2018). Responses of fungal-bacterial community and network to organic inputs vary among different spatial habitats in soil. Soil Biol. Biochem. 125, 54–63. doi: 10.1016/j.soilbio.2018.06.029

Zhu, B., Wang, Z. H., Wang, T., and Dong, Z. X. (2012). Non-point-source nitrogen and phosphorus loadings from a small watershed in the Three Gorges Reservoir Area. J. Mt. Sci. 9, 10–15. doi: 10.1007/s11629-012-2196-x

Zhu, F. F., Lu, X. K., Liu, L., and Mo, J. M. (2015). Phosphate addition enhanced soil inorganic nutrients to a large extent in three tropical forests. Sci. Rep. 5:7923.

Zhuang, L. B., Li, Y., Wang, Z. S., Yu, Y., Zhang, N., Yang, C., et al. (2020). Synthetic community with six Pseudomonas strains screened from garlic rhizosphere microbiome promotes plant growth. Microb. Biotechnol. 14, 488–502. doi: 10.1111/1751-7915.13640


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

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

Copyright © 2021 Deng, Zhang, Xie and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-739844-t001.jpg
Soil properties Growth periods
S E F H
pH (1:2.5 H,0) P125 5.37 £ 0.01a 5.39+0.01a 543 +0.01a 5.38 £0.00 a
P90 5.33 £0.00b 5.35+0.01b 5.38+0.01b 5.35+0.01b
Available N (mg kg™ 1) P125 189.19 £ 0.63 a 208.96 £ 0.99 a 22154 £049a 186.29 £ 0.54 a
P90 189.24 £0.53a 195.05 £0.34b 218.38 +£0.35b 178.03 £ 0.67 b
Available P (mg kg~") P125 1718 £0.32b 21.07 £ 0.59a 11.47 £0.38b 26.39+0.54a
P90 20.20+ 044 a 16.42+0.31b 1323+ 0.27 a 23.06 £0.77 b
Total nitrogen (mg kg~ ") P125 1.08 £0.01a 1.19+0.02a 112 £0.01a 1.09+0.01a
P90 1.06 £0.01a 1.06 £0.01b 1.06 £0.01 b 1.08+0.01a
Nitrate N (mg kg~ ") P125 35.31 £ 0.49a 29.27 £ 0.36 b 34.44 +0.86 a 26.24 +0.59a
P90 33.59+0.44b 38.07 +£0.13a 3454 £0.20 a 23.15+0.23b
Ammonium N (mg kg=1) P125 20.53 +0.38a 25.33+0.27 a 30.49 £ 0.54 a 17.54 £ 051 a
P9OT 20.66 £ 0.16 a 24.35+0.30b 2942 +0.31b 1541 £0.28b

Different letters in the same column indicate significant differences between two treatments at the same growth stage (p < 0.05).





OPS/images/fmicb-12-739844-g005.jpg
Bacteria

Fungi

o p__Nitrospirota

o p__Myxococcota

o p__Chloroflexi

o p__Proteobacteria

» p__Planctomycetota

e P__Actinobacteriota

- p__unclassified_Bacteria
o p__Acidobacteriota

o p__Firmicutes

o p__Bacteroidota

o p__Gemmatimonadota
o p__Patescibacteria

o p_WPS-2

« p__Bdellovibrionota

o p__RCP2-54

o p__Cyanobacteria

norank_Acidobacteriales
unclassified_Chloroflexi
Pajaroellobacter

SRR NN

o p__Glomeromycota

o p__Basidiomycota

o p__Ascomycota

o p__Rozellomycota

« p__Mortierellomycota

o p__unclassified_k__Fungi
. p_Chytridiomycota

1. Talaromyces
2. Coniosporium
3. Microthecium
4. Cladosporium
5. Neurospora

. unclassified_Solirubrobacteraceae
unclassified_Saccharimonadales

o p__Chloroflexi

o p__Verrucomicrobiota
o p__Proteobacteria

o p__Planctomycetota

« P__Myxococcota

o P__Actinobacteriota

. p__Acidobacteriota

o P__unclassified_Bacteria
« p__Dependentiae

o p__Firmicutes

o p__Bacteroidota

» p__Gemmatimonadota
« p__Patescibacteria

o P_WPS-2

o p__Bdellovibrionota

o P__RCP2-54

o p__Cyanobacteria

1. JG30-KF-AS9

2. Occallatibacter

3. Leifsonia

4. norank_Vermiphilaceae
5. Bryobacter

o P__Ascomycota

o p_Glomeromycota

o p__Basidiomycota

o p__Rozellomycota

o+ P__Mortierellomycota

o p__Chytridiomycota

- p__unclassified_k__Fungi

1. Fusariella

2. unclassified_Aspergillaceae

3. Phialosimplex
4. Holtermanniella
5. Leucothecium





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Rhizosphere Microbial Communities Are Significantly Affected by Optimized Phosphorus Management in a Slope Farming System



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area and Experimental Design



		Soil Sampling and Biogeochemical Analysis



		DNA Extraction, PCR Amplification, and Metagenomic Sequencing



		Data Analysis



		Statistical Analysis







		RESULTS



		Soil Biogeochemical Properties and Crop Yields



		Taxonomic Characteristics, Diversity, and Richness Index of Microbial Communities



		Changes in Microbial Community Composition and Structure



		Microbial Community Structures and Their Relationships With Soil Properties



		Microbial Networks







		DISCUSSION



		Effects of P Fertilization on the Bacterial Community in Different Growth Periods of Maize



		Effects of P Fertilization on the Fungal Community in Different Growth Periods of Maize



		Relationship Between Soil Microbial Community and Soil Properties



		Differences in P Fertilization Levels Affect the Interactions Between Microorganisms







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology

Rhizosphere Microbial
Communities Are Significantly
Affected by Optimized
Phosphorus Management in a
Slope Farming System









OPS/images/fmicb-12-739844-g004.jpg
Bacteria

Fungi

RDA2(8.22%)

RDA2(4.48%)

100

60 - . 2
40 1 ’
20 AP

-204
-40 - ° A
-60 1 - P A

-80

-1001

-120]
80 60 40 20 O 20 40 60 80

RDA1(28.76%)

250
2001
150 . "
1004 ’
50 - L] ] u
0 ®.0 4
-50
-100-
150 N AN S
-200 .
250
-150-100-50 0 50 100 150 200 250 300 350
RDA1(16.47%)

>
1
°

eP125 S
AP125 E
¢ P125 F
m P125_ H
o P90 S
AP90_E
¢ P90_F
= P90_H

Moas
0
-0.4

L

% Cyanobacteria

Acidobacteriota
Verrucomicrobiota
Planctomycetota
. WPS=2
Actinobacteriota
Chloroflexi
unclassified_Bacteria
Myxococcota

- Dependentiae

- Firmicutes

| - Patescibacteria
4- Gemmatimonadota
Proteobacteria
Bacteroidota

Mos

0

Mortierellomycota M.os
Glomeromycota
unclassified_k__Fungi
Mucoromycota
Chytridiomycota
--- Rozellomycota
-7 ‘ Monoblepharomycota
Ascomycota

- Olpidiomycota
Basidiobolomycota
Kickxellomycota

Calcarisporiellomycota
Basidiomycota
Zoopagomycota

=
g

W
g3





OPS/images/fmicb-12-739844-g003.jpg
Bacteria

Fungi

Percent of community abundance

Percent of community abundance

on Phylum level

on Phylum level

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Phylum

=Actinobacteriota
=Proteobacteria
=Chloroflexi
=Acidobacteriota
=Firmicutes
 Planctomycetota
=unclassified_Bacteria
=Bacteroidota
=Patescibacteria
=\errucomicrobiota
=Myxococcota
»Gemmatimonadota
=Cyanobacteria
sothers

=Ascomycota
=Basidiomycota
=Mortierellomycota
=unclassified_k__Fungi
=Chytridiomycota
“Glomeromycota
=Rozellomycota
=others

vy

Percent of community abundance
on Genus level

Percent of community abundance o
on Genus level

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Genus
H S
H S

=norank_Gaiellales
=Acidothermus
=norank_JG30-KF-AS9
=Conexibacter
=Streptomyces
~norank_Mitochondria
=Mycobacterium
=Crossiella
=Sphingomonas
sunclassified_Streptomycetaceae
=Pseudomonas
=Burkholderia-Caballeronia
=Rhodanobacter

=others

sunclassified_Chaetothyriales
=Fusarium

=Talaromyces

=Saitozyma

=Mortierella
~unclassified_Aspergillaceae
=Penicillium

=Cladosporium
=Cladophialophora
=Trichoderma
=Leucocoprinus
=unclassified_Fungi
=Dokmaia
=unclassified_Trechisporales
=L eucothecium

sothers





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-739844-g002.jpg
PC2(14.84%)

PC2(14.93%)

Bray-Curtis dissimilarity matrix B weighted UniFrac matrix

0.3
| " 0.101 A g
0.21 &
__0.054 ;B
0.14 A l’“ &£ &\: A . A i .
. ' s
Ol AR I e S e S B
¢ © ¢ : w
.im ¢ s " : L
o) e 50059 8
« ° a e o)
-0.21 -0.104 i
e : i
-0.3| R=0.8912, P=0.001 .0.15] R=0.4772,P=0.001 | e
- - . - - - T T T e P125_S
02 -01 0 01 02 03 -0.2 -0.1 0 0.1 0.2 AP125 E
PC1(17.25%) PC1(30.2%) ¢ P125 F
mP125 H
®P9Y0_S
0.3 D 04 : AP0 E
L) Pe 4 P90_F
0.2 0.2 : A |
“ . L _ vo i N m P90_H
0.1 L, A N B B
: o)) . Y
0 i ¢ g Al N -
! T 02t :
-0.14 ] a 8 04 : Q
A o
° " L2
-0.24 N
5 " -0.64
-0.3 : 08
0.4 | R=0.7429, P=0.001 91 R=0.5159, P=0.001 N
04 -03 02 01 0 01 02 03 02 0 02 04 06 08

PC1(15.96%) PC1(23.29%)





OPS/images/fmicb-12-739844-g001.jpg
Shannon index of OTU level®

Shannon index of OTU level ©

6.3

6.14

5.94

5.3
5.11

4.9

Zi@@ Eé -

< SR ¢ W
?\r)f.)/ ?,\rf.)/ ?\rzf.)/ ?,\rf.)/ ?QQ/ ?gqf’ QQQ/ ?gQ/

4.0

3.8+
3.6
o
3.2
3.0
2.8+
2.6+
2.4
22

Eé%

=

¢ o<
25 \qf.')/

?'\(1’6/ ?'\

4

N 5 ¢ v o w
?,\r)f_)/ ?Q' P ?90/ ?Q, 2 ?gQ/

w

Chao index of OTU level

]

Chao index of OTU level

3400

32004 — —————
3000 -

2800 — .
2600 .
2400
2200 i T

2000 i - T
1800 {

1600

650

S 2 < X ' ¥ ¢ )
?,\qf::/ ?,\qf.)/ ?,\qf.)/ ?,\qf.)/ ?gg/ ?ggf’ ?QQ)/ ?gQ/

600 2

200

550+

500+ ?E?
450+
400+
350

300+
250

@ — @i

5 ¢ ¢ . 5 R »
?,\qf.)/ ?\’If‘” ?,\qfo/ ?,\q, - QR 0P P P






