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Microbes associated with phosphorus (P) cycling are intrinsic to soil P transformation and availability for plant use but are also influenced by the application of P fertilizer. Nevertheless, the variability in soil P in the field means that integrative analyses of soil P cycling, microbial composition, and microbial functional genes related to P cycling remain very challenging. In the present study in the North China Plain, we subjected the bacterial and fungal communities to amplicon sequencing analysis and characterized the alkaline phosphatase gene (phoD) encoding bacterial alkaline phosphatase in a long-term field experiment (10 years) with six mineral P fertilization rates up to 200 kg P ha–1. Long-term P fertilization increased soil available P, inorganic P, and total P, while soil organic P increased until the applied P rate reached 25 kg ha–1 and then decreased. The fungal alpha-diversity decreased as P rate increased, while there were no significant effects on bacterial alpha-diversity. Community compositions of bacteria and fungi were significantly affected by P rates at order and family levels. The number of keystone taxa decreased from 10 to 3 OTUs under increasing P rates from 0 to 200 kg ha–1. The gene copy numbers of the biomarker of the alkaline phosphatase phoD was higher at moderate P rates (25 and 50 kg ha–1) than at low (0 and 12.5 kg ha–1) and high (100 and 200 kg ha–1) rates of P fertilization, and was positively correlated with soil organic P concentration. One of the keystone taxa named BacOTU3771 belonging to Xanthomonadales was positively correlated with potential functional genes encoding enzymes such as glycerophosphoryl diester phosphodiesterase, acid phosphatase and negatively correlated with guinoprotein glucose dehydrogenase. Altogether, the results show the systematic effect of P gradient fertilization on P forms, the microbial community structure, keystone taxa, and functional genes associated with P cycling and highlight the potential of moderate rates of P fertilization to maintain microbial community composition, specific taxa, and levels of functional genes to achieve and sustain soil health.
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INTRODUCTION

Continuous application of phosphorus (P) fertilizer to achieve high productivity in intensive agro-ecosystems is known to cause high P accumulation in soil (MacDonald et al., 2011; Zhu et al., 2018) and environmental risk (MacDonald et al., 2011; Peñuelas et al., 2013; Withers et al., 2014; Zhang L. et al., 2018). Microorganisms are integral to soil P cycling (Khan et al., 2014) and play an important role in mediating the availability of P to plants (Richardson and Simpson, 2011). A comprehensive understanding of the effects of the P application on soil P cycling-related microorganisms is urgently needed in order to establish P management strategies for improving P use efficiency and maintaining soil health in sustainable-intensive agriculture. Considering the provision of P fertilizers is limited and will be exhausted in a few decades, and thus new research is required on the topic.

The soil microbiome and its functional capacity determines P availability in soils (Bargaz et al., 2018). Several studies have highlighted the variation of microbial diversity under conditions of increasing P fertilization (Chhabra et al., 2013; Liu M. et al., 2018; Ye et al., 2020). At the same time, there are contrasting findings on the structure of the microbial community in response to soil P gradients. Long-term P fertilization impacted the soil fungal and bacterial community but not arbuscular mycorrhiza fungi community (Beauregard et al., 2010); the alteration of microbial community size and activity was affected by the carbon compounds (Wakelin et al., 2017); the abundance of most groups of the soil microbial community including bacteria, fungi and arbuscular mycorrhizal fungi increased with P addition (Huang et al., 2016). However, the soil microbial community was adaptable and kept stable to a wide range of soil conditions with different nutrient input treatments for 37 years (Hamel et al., 2006). Such divergent results indicate the complexity and instability of soil microbiomes influenced by edaphic factors.

Inorganic P is the main form of mineral P fertilizer for intensive agriculture (Liu et al., 2019, 2020). It is well recognized that microbial functional genes encoding inorganic P solubilizing enzymes likepyrroloquinoline, do affect the production of organic acids such as gluconic acid, acetic acid and citric acid (Rodríguez et al., 2006; Long et al., 2018). Worldwide, organic P accounts for more than 40% on average in the agriculture soil (Menezes-Blackburn et al., 2018) and plays a key role in available P supply to plants. Bacteria harboring phosphatase genes have the capacity to mineralize organic P from soil by producing phosphatase (Fraser et al., 2015, 2017), which is often found negatively (Fraser et al., 2015, 2017) or positively (Hu et al., 2019) correlated with soil available P concentration as influenced by P fertilization (Smith and Smith, 2011; Mander et al., 2012; Ragot et al., 2016). It was found that high input of mineral P fertilizer could in turn change community composition and reduce the proportion of phoD-harboring bacteria (indicated by the biomarker for the alkaline phosphatase gene) (Tan et al., 2013; Fraser et al., 2015; Lagos et al., 2016). In a previous study it was showed that microbiome with phoD-harboring microbes had the potential to immobilize organic P when the supply was sufficient, while mineralizing organic P under P-poor conditions. However, the amount of organic P with the increased P addition is uncertain. The results showed that they can increase (Liu et al., 2017), decrease (Cade-Menun et al., 2017), or do not change (van der Bom et al., 2019) when P fertilization rates increased. In addition, most of the research has focused mainly on the relationship between available P in soil and phoD gene copy numbers, whereas the relationship between organic P and phoD abundance has not been very clear. Besides, the organic P mineralization was carried out by fungi, specially, soil fungi including Geastrum sp. and Chaetomium sp. played an important role in mineralizing organic P in acidic soil (Chen Y. et al., 2020). It is of great importance to explore the relationship between the overall microbes and the organic P.

Correlation-based network analysis is a biologically meaningful tool to predict the keystone and functional microbial taxa (Röttjers and Faust, 2018). Recently, specific compositional shifts in the keystone phyla of the bacterial community from Proteobacteria and, Actinobacteria to Firmicutes were found to correspond to levels of applied P (no P, moderate and excessive) in rice paddy soil (Long et al., 2018). In a study of the rhizosphere soil of a peanut crop, the relative abundance of two keystone bacterial operational taxonomic units (OTUs) belonging to Chitinophaga and Nitrospira positively correlated with P fertilization and displayed high potential to promote carbon-P and nitrogen-P synergistic conversion, respectively (Chen et al., 2018). Thus, P level and crop species could affect the keystone microbial taxa with specific functional roles in agriculture.

Despite these recent studies, the diversity of the soil microbiome and its contribution to soil P cycling in response to continuous mineral P fertilization in the long-term field remain largely unknown. The keystone taxa and functional genes of the soil microbiome in maize crops remain to be identified. A deeper understanding of the role of functional genes, which are relevant to P cycling (including inorganic P dissolution and organic P mineralization), is the key to exploitation use of recalcitrant P in intensive long-term P fertilization fields. In the present study we subjected the microbiome to functional gene profiling during a gradual increase of soil P accumulation over a 10-year fertilization regime. By application of high-throughput sequencing (16S and ITS), we characterized the composition and diversity of the bacterial and fungal communities. Moreover, real-time qPCR was used to quantify the expression of the functional gene phoD involved in P cycling in soil. We hypothesis that P application rates are the major trigger contributing to reshaping of the microbial community structure, establishment of keystone taxa and maintenance of functional genes, with the result of efficient P cycling in the long-term maize field. This discovery provides the theoretical foundation on which future studies can be based to understand the balance between plant P use efficiency and field P management strategy in sustainable-intensive agriculture.



MATERIALS AND METHODS


Experimental Setup

The field experiment was set up at the Quzhou Experimental Station, China (36°52′N, 115°02′E), in an area of intensive agriculture in the North China Plain. The annual mean temperature is 13.2°C, and annual precipitation is 494 mm. The soil type is an alluvial loam with basic properties as follows: pH 7.3 (water: soil ratio 2: 1), 10.3 g kg–1 organic matter, 0.67 g kg–1 total nitrogen, 7.0 mg kg–1 available P (by Olsen method) (Olsen et al., 1982), and 74 mg kg–1 exchangeable potassium.

Winter wheat-summer maize rotation system was established in 2008 for the long-term P fertilization experiment. In each rotation, wheat was sown in October and harvested in June of the following year, after which maize was immediately planted for harvest in October. The experimental design was a randomized block. The P fertilization gradient was set with P input at 0, 12.5, 25, 50, 75, and 100 kg ha–1 P for winter wheat and 0, 6.25, 12.5, 25, 37.5, and 50 kg ha–1 P for summer maize from October, 2008 to July, 2009. Then the P rates were changed to 0, 25, 50, 100, 200, and 400 kg ha–1 P for winter wheat and with 0, 12.5, 25, 50, 100, and 200 kg ha–1 P for summer maize after July, 2009. We collected the soil samples in the maize season for the six P rates in the year 2018.

Different rates of P fertilization were applied in the form of calcium superphosphate, while 75 kg ha–1 nitrogen as urea and 50 kg ha–1 potash as potassium sulfate were applied before sowing, and another 150 kg ha–1 nitrogen as urea was top-dressed at the jointing stage for wheat and the same amount was applied at the 12-leaf stage for maize, respectively. Each treatment consisted of three replicated plots, with each plot having an area of 43.2 m2 (5.4 m × 8 m).

Our previous study showed that the optimal P rates for yield and P uptake were 12.5–25 kg ha–1 for summer maize or 25–50 kg ha–1 for winter wheat in single seasons (Teng et al., 2013; Deng Y. et al., 2014; Deng et al., 2017; Zhang W. et al., 2018). In the last five years, the agronomic optimum P rates almost stabilized in the range of 25–50 kg ha–1 for both summer maize and for winter wheat (2014–2018) (Supplementary Figure 1). Therefore, the six P rate treatments could be divided into three phases for summer maize in this study, among which P0-P12.5, P25-P50, and P100-P200 were defined as low P, moderate P, and high P, respectively.



Sampling and Soil P Properties Analysis

Soil samples were taken at 26 days after sowing (maize V6 stage on July 4, 2018). From each plot, soil cores of 20 cm depth were taken from five different locations between plant rows and they were combined to form a single replicate sample. The combined soil sample was divided into two portions after sieving with < 2 mm mesh. One portion was stored at −20°C for DNA extraction and subsequent amplicon sequencing, and the other portion was air-dried for chemical analysis of soil P properties including Olsen P, total P, inorganic P, and organic P. Soil available P (Olsen P) was extracted with 0.5 M NaHCO3 at pH 8.5 and then determined by colorimetry (Olsen et al., 1982). The total P in the soils was determined by using the acid digestion method (Tiessen, 1993). Inorganic P was calculated as the total P minus organic P. Organic P was determined by the ignition method (Saunders and Williams, 1955).



DNA Extraction, PCR Amplification and Illumina Sequencing

Soil DNA was extracted from 0.5 g frozen soil samples using a FastDNA SPIN Kit (MP Biomedicals, Santa Ana, CA, United States) following the manufacturer’s instructions. The concentration and quality of the extracted DNA samples were check spectrophotometerically (NanoDrop Technologies, Wilmington, DE, United States) and visually under a 1% (w/v) agarose gel. Illumina MiSeq high-throughput sequencing was performed to investigate the diversity and composition of the soil fungal and bacterial communities. The primers 515F (5′- GTGCCAGCMGCCGCGG -3′) and 907R (5′- CCGTCAATTCMTTTRAGTTT -3′) targeting the V4-V5 hypervariable regions of the bacterial 16S ribosomal RNA gene and the fungal specific primers 1737F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and 2043R (5′-TCCTCCGCTTATTGATATGC-3′) for the fungal ITS1 region were selected for PCR amplification. Each barcode unique sequence was added to the forward primer of each sample. PCR was carried out with 10 ng template DNA, 0.8 μl of each primer (both at 5 μM), 4 μl 5 × FastPfu Buffer, 2 μl 2.5 mM dNTPs, and 0.4 μl FastPfu polymerase (TransGen Biotech, Beijing, China) and mixed together to a final volume of 20 μl with distilled water. The thermal conditions for the bacterial 16S rRNA gene and fungal ITS region were 95°C for 3 min, 27 cycles at 95°C for 30 s (33 cycles for ITS), 55°C for 30 s and 72°C for 45 s of extension, followed by 72°C for 10 min. PCR products were then purified and mixed in equimolar ratios to obtain a quantitative sample DNA library that was further used for sequencing. Raw sequences were demultiplexed and quality-filtered using the Quantitative Insights Into Microbial Ecology (QIIME) toolkit (version 1.19). The primers were removed and sequenced with a quality score < 20 or with any truncated reads shorter than 50 bp were eliminated for further analysis. OTUswere then clustered at the 97% sequence similarity level using the Usearch program which provided clustering, chimera checking, and quality filtering in QIIME. Finally, the most abundant sequence for each OTU was selected as the representative OTU and taxonomic annotations were assigned to each OTU’s representative sequence against the SILVA (SSU117/119) 16S rRNA database for bacteria and UNITE fungal ITS. Because the sequencing depth varied across samples, we used a sub-sampling procedure to normalize the number of reads to the minimum observed across all samples (30319 and 21099 reads in bacterial and fungal data, respectively). Finally, the raw sequencing data were deposited in the National Center for Biotechnology Information database under the accession number PRJNA559597 (bacteria) and PRJNA559609 (fungi).



Quantitative PCR

The phoD gene was amplified with primers ALPS-F730 (5′-CAGTGGGACGACCACGAGGT-3′) and ALPS-1101 (5′-GAGGCCGATCGGC-ATGTCG-3′) (Sakurai et al., 2008; Lagos et al., 2016), and the size of amplicon is 371 bp. Each sample involved three technical replicates for the phoD gene amplification, which was carried out in an ABI 7500 Cycle Real-time PCR System (Applied Biosystems, Germany). 25 μl of solution contained 12.5 μl of SYBR® Premix Ex Taq (2 × RNase Plus), 0.5 μl of ROX Reference Dye II (50 × ; TAKARA, BIO, Inc., Japan), 0.5 μl of each primer, 1 μl of template and ddH2O added to bring to a volume. Cycling conditions were as follows: 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and at 60°C for 34 s. The plasmid for the standard curve was constructed according to Fraser et al. (2015, 2017). The standard curve was prepared using serial 10-fold dilutions, and the number of gene copies was calculated by measuring the concentration of the plasmid and the number of base pairs. Amplification efficiencies ranged from 96 to 98% with R2-values of 0.9992.



Enrichment and Network Analyses

Heatmaps were plotted using HemI toolkit (Deng W. K. et al., 2014) to investigate the effects of gradient P rates on the relative abundance of bacteria and fungi at the family level.

To determine the complex ecological interactions among bacterial and fungal OTUs under different P fertilization rates, co-occurrence networks were created using the random matrix theory (RMT)-based approach to delineate phylogenetic molecular ecological networks from the high-throughput sequencing data according to the Molecular Ecological Network Analyses Pipeline (http://ieg4.rccc.ou.edu/mena/) (Zhou et al., 2010, 2011; Deng et al., 2012). To reduce rare OTUs in the data set, we removed OTUs with average relative abundances of less than 0.01% (Ma et al., 2016) of the total number of bacterial and fungal sequences. To visualize the association in the network, the co-occurrence network was inferred based on the Spearman correlation matrix (P < 0.01). To explore the interrelationships of bacterial and fungal OTUs, the topological characteristics of the networks were calculated as follows: average clustering coefficient, average connectivity, average path distance, and modularity. Furthermore, the topological roles of individual network nodes were determined based on two properties, including plots of Zi (measuring how well a node was connected to other nodes within its module) and Pi (measuring how well a node was connected to nodes between different modules), which have been proposed to represent keystone taxa that have potentially strong interactions with the target microbial community by modulating the bacteria-fungi relationships (Deng et al., 2012). Based on the co-occurrence networks, the keystone taxa that play key roles in the overall networks were defined as “module hubs” (highly connected to numerous OTUs in their own modules, Pi > 6.2), and “connectors” (highly linked to some modules, Zi > 2.5) (Guimera and Nunes, 2005; Liang et al., 2016; Jiang et al., 2017).



Functional Prediction of Soil Microbial Communities

We assigned functional profiles for the six P treatments (P0, P12.5, P25, P50, P100, and P200) using the PICRUSt2 software package (Douglas et al., 2020). This technique estimates genomic abundance of potential functional genes by KEGG orthology (KO) in an OTU from an environmental sample based on the position of those OTUs in a reference phylogeny of complete microbial genomes. Functional-profile assignments were made based on partial 16S rRNA gene sequences, and the sequences were mapped to the Greengenes 13_8 reference phylogeny using QIIME (Morrow et al., 2015).



Statistical Method

Significant differences in soil physicochemical properties, P forms, microbial abundance and alpha-diversity data among fertilization treatments were examined using one-way analysis of variance and mean values were compared with Duncan’s multiple range test at the 5% level using the SPSS version 20.0 software package (SPSS, Inc., Chicago, IL, United States). Estimates of alpha-diversity were based on OTU abundance matrices and included OTU number and Shannon’s index calculated in the R Vegan package (Hammer et al., 2001). A principal coordinate analysis (PCoAs) on the OTU level based on the Bray-Curtis distance metric was used to compare the beta-diversity between treatments of bacterial and fungal communities. Community structures of bacteria and fungi for different P fertilization treatments were investigated according to permutational multivariate analysis of variance (PERMANOVA) by R Vegan package with 999 permutations (Anderson, 2001). This was performed with the R software package (version 3.3.1) using the ‘ape’ library (Paradis et al., 2004). Redundancy analysis (RDA) was performed to investigate the relationships between environmental variables and soil samples of each treatment at the OTU level of bacteria and fungi using the function ‘envfit’ in Vegan (Oksanen et al., 2013). Pearson’s correlation was performed to estimate the relationships of bacterial and fungal communities at class and family levels and environmental variables, including Olsen P, inorganic P, organic P and total P; the relationships between the number of phoD copies and organic P concentration; the relationship between potential functioning genes and the relative abundance of the keystone taxa. A linear discriminant analysis effect size (LEfSe) was performed to identify significant differences in bacterial and fungal taxa among fertilization treatments using the non-parametric factorial Kruskal-Wallis (KW) sumrank test and then the effect size of each differentially abundant feature was estimated with linear discriminant analysis (Segata and Blanzieri, 2011). We performed statistical analysis of LEfSe of bacterial and fungal communities from kingdom to genus levels, and the threshold LDA score ≥ 3.0 (Bei et al., 2018) was considered as signifying important contributors to the model.



RESULTS


Variations of Soil P Forms in the Long-Term Field

Total P and inorganic P increased as P fertilization rate increased (Figures 1A,C). Soil organic P firstly increased as P fertilization increased, but then decreased when P rates were higher than 25 kg ha–1 (Figure 1B). A significant difference in soil available P (by Olsen method) was found among treatments after ten years’ (20 crop seasons) of continuous application of inorganic P fertilizer. Compared with P0 treatment (4.2 mg kg–1), soil available P was 12.3 mg kg–1 in the P12.5 treatment, 20.1 mg kg–1 and 35.7 mg kg–1 in the P25 and P50 treatments, and 79.6 mg kg–1 and 106.2 mg kg–1 in the P100 and P200 treatments (Figure 1D). The soil organic matter (SOM) had no significant difference among different P fertilization treatments (Figure 1E).


[image: image]

FIGURE 1. Concentration of soil total P (Pt) (A), organic P (Po) (B), inorganic P (Pi) (C),Olsen P (D) and soil organic carbon (SOM) (E) depending on P fertilization. Abbreviations: P0, P12.5, P25, P50, P100, and P200 represent 0, 12.5, 25, 50, 100, and 200 kg P ha–1, respectively. The units of all Y axes are mg kg–1. Different lower case letters denote significantly different means on P < 0.05.




Alpha- and Beta-Diversity of Bacterial and Fungal Communities

The alpha-diversity was estimated by OTU number and Shannon’s index. There were no significant differences in bacterial OTU number and Shannon’s index among all six treatments (P > 0.05) (Figures 2A,C). In contrast, the fungal OTU number decreased significantly when P rates exceeded 50 kg ha–1 (Figure 2B). Especially, the fungal Shannon’s index gradually decreased with P application from P12.5 to P200 (Figure 2D).


[image: image]

FIGURE 2. The bacterial OTU number (A), fungal OTU number (B), bacterial Shannon index (C), fungal Shannon index (D); Different lower case letters denote significantly different means on P < 0.05. Redundancy analysis (RDA) of soil physicochemical properties of bacteria (E) and fungi (F) under different P fertilization treatments. Soil physicochemical properties are fitted as vectors onto each ordination plot. Abbreviations: Po, organic phosphorus. Dotted circles with different color represent the distance between the microbial communities obtained from corresponding P fertilization rates. Abbreviations: P0, P12.5, P25, P50, P100, and P200 represent 0, 12.5, 25, 50, 100, and 200 kg P ha–1, respectively.




Structure and Composition of Bacterial and Fungal Communities

High-throughput sequencing revealed that 11 dominant phyla of bacteria accounted for 94-96% of the total bacterial sequences (Supplementary Figure 2a), while three fungal phyla, Ascomycota, Zygomycota and Basidiomycota accounted for 98-99% of the total fungal sequences (Supplementary Figure 2b). At the phylum level, only Acidobacteria and Bacteroidetes bacteria were affected by P fertilization. At the class level, only the proportion of Actinobacteria increased significantly as P rates increased, and the proportion of Tremellomycetes fungi decreased significantly as P rates increased and this decrease was significantly correlated with Olsen P, inorganic P and total P (Supplementary Tables 1, 2).

The community structures of both bacteria and fungi were significantly affected by P forms including total P, inorganic P, and Olsen P (Figures 2E,F and Supplementary Table 3). LEfSe analysis showed that bacteria and fungi strongly shifted in relative abundance at the order level for P fertilization (Figure 3). At the order level, bacterial relative abundances of Rhodospirillales, Streptomycetales, Oceanospirillales, Chlorobiales, and Pseudomonadales and fungal relative abundance of Sordariales and Olpidiales increased with P rates increased; while bacterial relative abundances of Anaerolineales and fungal relative abundance of Hypocreales decreased with P rates increased. The bacterial relative abundances of Sphingomonadales and fungal relative abundance of Spizelomycetales at first increased and then decreased when the P rates were higher than 50 kg ha–1 and 25 kg ha–1, respectively (Figures 4A,B). We used heatmaps to illustrate relative enrichments in the bacterial and fungal compositions among P rate treatments at the family level (Supplementary Figure 3). The detailed results were described in Supplementary Results.
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FIGURE 3. A linear discriminant analysis effect size (LEfSe) method identifies the significantly different abundant taxa of bacteria and fungi with linear discriminant analysis (LDA) score higher than 3.0. Circles represent phylogenetic levels from kingdom to genus. The taxa with significantly different abundances among P0, P12.5, P25, P50, P100, and P200 P fertilization levels are represented by colored dots. Abbreviations: P0, P12.5, P25, P50, P100, and P200 represent 0, 12.5, 25, 50, 100, and 200 kg P ha–1, respectively.
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FIGURE 4. Relative abundance of selected bacterial (left) and fungal (right) orders for different long-term P fertilization treatments of the maize field. The one-way analysis of variance was used to test for significant differences between different treatment; only taxa with relative abundance > 0.1% in at least one sample were included in the analysis, and only order with significant (P < 0.05) response to the treatments were presented. Abbreviations: P0, P12.5, P25, P50, P100, and P200 represent 0, 12.5, 25, 50, 100, and 200 kg P ha–1, respectively.




Keystone Taxa

Using co-occurrence network analysis, we identified clearly different structures among the low P (P0-P12.5), moderate P (P25-P50) and high P (P100-P200) treatments (Supplementary Figure 4). The total nodes and edges in the network module decreased from low P (P0-P12.5) to moderate P (P25-P50), while the total nodes and edges increased from moderate P (P25-P50) to high P (P100-P2100) (Table 1). The ratio of the positive to total edges increased with P application rates (Supplementary Figure 4). The average connectivity and average clustering coefficient increased as P rates increased (Table 1).


TABLE 1. Topological properties of the empirical phylogenetic molecular ecological networks (pMENs) of bacterial and fungal communities in low P, moderate P and high P maize field soil and their associated random pMENs.

[image: Table 1]The plot of Zi (within-module connectivity) and -Pi (among-module connectivity) illustrates the topological roles of individual network nodes in the P fertilization treatments (Figure 5). Both the module hub and connectors were defined as keystone taxa. There were 5 OTUs as module hubs and 5 OTUs as connectors in the low P network. The module hubs belonged to the phyla of Actinobacteria, Proteobacteria, Chloroflexi, Gemmatimonadetes, and connectors belonged to the phyla of Gemmatimonadetes, Acidobacteria, Chloroflexi and Ascomycota. In the moderate P network, 4 OTUs were module hubs and belonged to the phyla Proteobacteria, Chloroflexi and Ascomycota, while the connectors were 3 OTUs of the phyla Proteobacteria and Acidobacteria. In the high P network, one OUT, belonging to the phylum Ascomycota, 2 OTUs (in the phyla Actinobacteria and Ascomycota) were connectors (Figure 5 and Table 2). Thus, the number of keystone taxa (both as connectors and module hubs) in networks decreased gradually as P rates increased (Table 1).
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FIGURE 5. Zi-Pi plot showing the distribution of OTUs based on their topological roles. Each symbol represents an OTU in the low P (red triangle), moderate P (green triangle) and high P (blue triangle) network of maize field. The threshold values of Zi and Pi for categorizing OTUs were 2.5 and 0.62, respectively.



TABLE 2. Information of the nodes identified as module hubs or connectors of bacterial networks among the low P, moderate P and high P. Low P, moderate P and high P include 0–12.5 kg P ha–1, 25–50 kg P ha–1 and 100–200 kg P ha–1, respectively.

[image: Table 2]


Microbial P Cycling Functional Gene and Its Relationship With Soil P Forms and the Keystone Taxa

Alkaline phosphatase encoded by the bacterial harboring phoD gene could promote the organic P mineralization. The copy numbers of phoD gene were the highest when the P rate increased to 25 kg ha–1, and then decreased when P rates further increased (Figure 6A). The number of copies of phoD were significantly correlated with soil organic P concentration (Figure 6B) but not with the concentration of other P forms.
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FIGURE 6. phoD gene copy numbers in soil (A), correlation between phoD gene copy number and organic P concentration (B). Abbreviations: P0, P12.5, P25, P50, P100, and P200 represent 0, 12.5, 25, 50, 100, and 200 kg P ha–1, respectively. Different lower case letters denote significantly different means on P < 0.05.


To gain further insights into the potential functional genes of the microbiome, 9 genes relevant to P mineralization and solubilization were evaluated (Supplementary Table 5). Among them, potential functional genes encoding enzymes named glycerophosphoryl diester phosphodiesterase and acid phosphatase were higher in the P200 treatment compared with other P treatments. Potential functional genes encoding enzymes named guinoprotein glucose dehydrogenase decreased with the increased of P fertilization; there were no significant difference among P fertilization treatments of other P cycling genes (Supplementary Table 5). Meanwhile, the relationship between the relative abundance of the keystone taxa and their associated functional structure was also analyzed, the results showed that some of the keystone taxa were significantly correlated with potential functioning genes. For example, one of the keystone taxa named BacOTU3771 belonging to Xanthomonadales was positively correlated with potential functional genes encoding enzymes such as glycerophosphoryl diester phosphodiesterase, acid phosphatase and positively correlated with guinoprotein glucose dehydrogenase (Supplementary Table 6).



DISCUSSION


Overall Diversity and Community Composition of Bacteria and Fungi in Soil With Distinct P Application Rates

In this study, the bacterial alpha-diversity was not affected by long-term P fertilization, whereas the fungal alpha diversity significantly decreased with the increase in P fertilization rates (Figures 2A–D). Meta-analysis of 60 global measurements in literature showed that fungal alpha-diversity decreased with the increased of fertilizer, which was occurred mainly in soil with pH > 6 (Ye et al., 2020), which was consistent with our results. However, microbiome exhibit functional redundancy (Banerjee et al., 2016), and bacteria had more species than that of fungi, which may existed greater functional redundancy and might be more resistant with the increase of the P fertilization. These divergent responses of bacteria and fungi to P application rates might indicate that fungi are more sensitive to soil fertility and P addition than are bacteria (He et al., 2008; Li et al., 2015). Fungal hyphae usually establish complex networks in the soil and increase the surface area available for nutrient absorption, suggesting a superior acquisition capacity for available soil P, including immobile P (Smith and Smith, 2011). Therefore, soil fungi would tend to react more sensitively than bacteria in response to P addition.

The beta-diversity of both bacteria and fungi, as determined by principal coordinate analysis shows significant variation depending on P rate (Figure 2). A global-scale study reported that the community structure of bacteria and fungi in grasslands was substantially altered in long-term P fertilization from 0 kg ha–1 to 100 kg P ha–1 (Leff et al., 2015). Other researchers also concluded that both the active bacterial and fungal community structures demonstrated significant shifts in response to short-term (< 1 year) P fertilization (ranging from 0 kg ha–1 to 175 kg P ha–1) (Silva and Nahas, 2002; Girvan et al., 2004). In contrast, no apparent changes in microbial community structure was found by short-term P fertilization (ranged from 0 kg ha–1 to 150 kg P ha–1) in some studies (Hamel et al., 2006; Liu et al., 2012). The main reason why no significant difference in microbial community structure was found in the later studies might be that the P supply level was not large enough or the fertilization duration not long enough, which might lead to relatively small differences in available P in the soil. In the current study, the large gradient of soil available P ranged from 4.2 mg kg–1 to 106.2 mg kg–1 after 10 years of consecutive P application; thus, exploring the shift in community structure at different P rate treatments.

Overall, the composition and relative abundance of bacteria and fungi at the phylum and class levels were not strongly affected by long-term P application, demonstrating that the P fertilization had no significant effect on the relatively higher taxonomic levels of bacteria and fungi. However, the composition and relative abundance of bacteria and fungi were strongly shifted at the order and family levels (Figure 4; Supplementary Figure 3). Specifically, the most abundant bacterial order Sphingomonadales, among the alpha-proteobacteria, which the relative abundance were the highest in moderate P (P25) treatment. This order reported as a growth-promote bacteria and could dissolve insoluble P (Richardson et al., 2009), demonstrating that they may play a key role in the P transformation; the bacterial orders of Streptomycetales and Pseudomonadales were the highest for high P (P200) treatments, which were similar with previous study (Chen D. et al., 2020). The fungal order Sordariales was the most abundant order, and its relative abundance increased as P rate increased, which is consistent with previous results (Ye et al., 2020). The fungal order Hypocreales was one of the dominant taxa at the order level and was enriched with low P treatment. Previously, researchers have shown that Hypocreales is notable for its ability to obtain nutrients from diverse sources under nutrient-deficient conditions (Sun et al., 2016; Kepler et al., 2017). However, studies of functional bacterial groups associated with P gradient rate at relatively low levels were not well defined and further studies are needed. These results demonstrated that under different fertilization treatments, the composition of microbial communities was sensitively and strongly interacted with each other at a relative low level of microbial taxonomy.



Effects of P Gradient Fertilization on Microbial Keystone Taxa

Microbial communities harbor keystone taxa, which drive community composition and function irrespective of their abundance (Banerjee et al., 2018). In the present study, the keystone taxa named BacOTU3771 belonging to Xanthomonadales positively correlated with potential functional genes encoding enzymes named glycerophosphoryl diester phosphodiesterase, acid phosphatase (related to organic P mineralization) and negatively correlated with potential functional genes encoding enzymes named guinoprotein glucose dehydrogenase (related to inorganic dissolution) (Supplementary Table 6), which demonstrated that the keystone taxa were closely related to the P cycling. Proteobacteria was the main keystone taxa and acted as both module hubs and connectors in the moderate P treatment (Table 2), which was generally considered to consist of copiotrophic groups with fast growth rates which are favored by nutrient rich conditions (Pianka, 1970; Francioli et al., 2016; Fierer et al., 2007). However, the number of keystone taxa decreased as P fertilization increased (Figure 5 and Table 2), indicating that network structure may tend to disorder when P fertilization input reaches an excess level. These findings, for the first time in maize, identify differences in the taxa and number of key microorganisms that perform different functions under different P fertilization conditions.

All indices commonly used in the network such as average degree, average clustering coefficient, and average path distance were greater for each treatment than their respective random networks (Table 1). The number of nodes and edges decreased from low P (0 - 12.5 kg P ha–1) to moderate P (25 – 50 kg P ha–1) and then increased from moderate P to high P (100 – 200 kg P ha–1); however, the positive proportion increased and then decreased as P fertilization increased (Supplementary Figure 4). Long et al. (2018) showed that the positive edges decreased as P fertilization increased (from 0 mg P2O5 kg–1 to 200 g P2O5 kg–1), as the available P in the pot experiment ranged from 5.2 to 17.8 mg kg–1. The range of soil available P gradient variation was somewhat small compared to our experiment from 4.2 mg kg–1 to 106 mg kg–1. The gradient of available P caused by long-term application of P fertilizer in our study was large enough to show characteristics of microbial network comprehensively. Furthermore, our results indicated that within microbial interactions in moderate P were enhanced compared with those under P deficiency or excess, even though microbial webs were more complex at the low and high supply level.



Effects of Soil P Forms and the Relationship With P Cycling Gene Across P Fertilization Gradient

As expected, the soil Olsen P, inorganic P and total P concentrations increased during the long-term application of inorganic P fertilizer (Figures 1A,C,D), which is consistent with the results of previous studies (Li et al., 2011; Stutter et al., 2015). Our results showed that soil organic P at first increased as P fertilization increased, but then decreased when P rates were more than 25 kg ha–1 (Figure 1B). One of the reasons could be that the roots were retained for ten consecutive year’s maize -wheat rotation, which may result in the organic P accumulation because of crop root residue effect (Lambers, 2006; Richardson and Simpson, 2011; Liu et al., 2017). In this experiment, root biomass was firstly promoted as P fertilizer increased and then depressed as P fertilizer was applied in excess (Deng et al., 2017). Soil organic P originated predominantly from crop input (root residues) and microbial immobilization (Condron et al., 2005). Another explanation can be the synergistic effect of higher root system or higher microbial activity under optimal P addition. The maize and wheat residues in soil for over 10 years may have resulted in the organic P being higher in the optimal P treatment (around P25-P50 in this experiment).

As the previous study reported that ALP primer used in this study seem to be biased toward alpha-proteoteobacteira phoD over other microbial lineages (Tan et al., 2013; Ragot et al., 2015). However, a significant positive correlation between phoD gene abundance and ALP activity was observed, suggesting that the identified phoD species might represent the majority phoD populations in our soil. In future studies, newly designed primers should be used to detect higher phoD gene diversity (Ragot et al., 2015). PhoD gene copy numbers were the highest for P25 treatment, as the ALP primer set were known to be bias against alphaproteobacteria (Tan et al., 2013; Ragot et al., 2015), while the relative abundance of alphaproteobacteria had no significant difference among P treatments in our study, demonstrating that the functional genes were more sensitive for the relative abundance of the community composition. Results showed that the number of copies of the phoD gene significantly correlated with soil organic P, and was the highest at the moderate P level (P25-P50) (Figure 6B), indicating that functional gene copy numbers can be promoted for optimal P treatments. Luo et al. (2017) showed that the alkaline phosphatase activity and phoD gene copy numbers declined as fertilization increased, and phoD gene copy numbers were significantly positively correlated with labile organic P, moderately labile organic P pool and more resistant organic P pool in a maize-wheat rotation system in a lime concretion black soil, which is consistent with our results. Moreover, Fraser et al. (2015) revealed that alkaline phosphatase activity increased while phoD gene copy numbers generally decrease under high P fertilization rates, and NaHCO3-extractable organic P of the soil had a significantly negative relationship with phoD gene copy numbers, which is also inconsistent with our results. One possible reason may be that the high level of speciation of organic P in the soil was significantly affected by different P fertilization rates (Liu et al., 2017) and other factors such as soil type, plant species, which resulted in the uncertain relationship between organic P and phoD gene copy numbers.

Our results also showed that there were no bacterial taxa significantly correlated with soil organic P at the family level, while the relative abundance of fungal family Cucurbitariaceae was enriched in moderate P and significantly correlated with soil organic P (Supplementary Figure 3), which demonstrated that fungi could contribute to P mineralization, being the first time this has been reported under a long-term maize field experiment. Previous work revealed that the fungi including Geastrum sp. and Chaetomium sp. had the capacity for mineralize organic P in acidic soil (Chen Y. et al., 2020). But the unobserved correlation between a given bacterial taxa and organic P can also be due to the lack of P-related functional gene amplicon sequencing. This finding suggests that fungi are involved with organic P mineralization in maize system as well, however, the underlying mechanisms were not very clear and deserve further analysis.



Optimizing P Fertilization Management for Coordination of Soil Microbial Community and Function

The structure and function of microbial communities are important to soil health. The effects of P gradient fertilization on soil P forms, microbial community, keystone taxa, and functional genes related to P cycling are important to understand the relationship among them. It was clear that low P rates (0 and 12.5 kg ha–1) resulted in higher fungal diversity but lower phoD gene copy numbers. Although the number of keystone taxa in the low P treatment was higher than that with the moderate and high P treatments, it was likely that competitive interaction between microbes was stronger, which might indicate that a greater number of keystone taxa is not necessarily correlated with healthy soil. At the same time, excess P (100 and 200 kg ha–1) decreased the fungal diversity, phoD gene copy numbers, and the number of the keystone taxa, which demonstrates that overuse of P fertilizer likely damaged the community and function of the microbiome. In comparison, the agronomically optimized P rates (25 to 50 kg ha–1) had specific community composition and keystone taxa, which were matched with optimal yield. In addition, the previous study conducted in the same field showed that the rhizosphere effects such as root morphology, mycorrhizal root colonization, etc. were improved around optimal P rates (Teng et al., 2013; Deng Y. et al., 2014; Deng et al., 2017). Our results showed that the gene copy numbers of functional genes such as phoD were significantly higher in the optimized P fertilization treatment than the other P fertilization treatments (Figure 6A) and was positively correlated with organic P (Figure 6B), demonstrating that the increase of organic P promoted the expression of the functional gene.

To our knowledge, this field study is the first to assess the systematic effects of long-term P application on alpha- and beta-diversity, keystone taxa, and functional genes linked to soil P forms in intensive maize cropping system. The findings of this study underscore the importance of the appropriate P fertilizer management in maize system for soil health.

Deeper research on the diversity of organic P speciation (measured by nuclear magnetic resonance) (Cade-Menun and Liu, 2014) and explore the relationships between organic P speciations and P mineralizing microbes (measured by metageome or metatrascriptome) (Liu J. et al., 2018), which could further unveil underlying microbial co-occurrence patters. To further identify the keystone taxa function and make good use of them such as synthetic microbial community technique (Niu et al., 2017), which may improve plant P uptake according to microbial method in order to decrease the amount of the fertilization.



CONCLUSION

In summary, our study reveals that long-term P fertilization significantly decreased fungal but not bacterial alpha-diversity in a calcareous maize field. Community composition of bacteria and fungi at the phylum and class levels did not obviously shift, while composition significantly varied at the order and family levels under different rates of P application. The relative abundance of bacteria of Anaerolineaceae, Sphingomonadaceae and Nitrosomonadaceae were negatively correlated while bacteria of Xanthomonadaceae, Nocardioidaceae and Micromonosporaceae and fungi of Chaetomiaceae and Cucurbitariaceae were positively correlated with soil available P (Olsen P), inorganic P and total P concentration. The keystone taxa were specific at different P rates, and the number of keystone taxa decreased as P fertilization increased. One of the keystone taxa named BacOTU3771 belonging to Xanthomonadales was positively correlated with potential functional genes encoding enzymes such as glycerophosphoryl diester phosphodiesterase, acid phosphatase and positively correlated with guinoprotein glucose dehydrogenase The gene copy numbers of the phoD were positively correlated with organic P, and reached the highest level at the moderate P application rate. Our results revealed the systematic effect of P gradient fertilization on P forms, the microbial community, keystone taxa, and functional genes associated with P cycling and highlight the potential of moderate rates of P fertilization to maintain them in order to effectively attain soil health.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/ Supplementary Material.



AUTHOR CONTRIBUTIONS

ML and XpC conceived the study. ML and WxZ contributed to the data analysis of bioinformatics. WxZ and XxC contributed to the soil sampling. ML contributed to draft the article. CZ, WZ, YD, FZ, PY, and XpC contributed to critically review and edit the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was financially supported by the National Key R&D Program of China (Nos. 2018YFD0200700 and 2017YFD0200206), the National Maize Production System in China (CARS-02-15), the Fundamental Research Funds for the Central Universities (XDJK2019C065), and State Cultivation Base of Eco-agriculture for Southwest Mountainous Land, Southwest University.



ACKNOWLEDGMENTS

We thank Prof. Yakov Kuzyakov for his comments to this work.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.605955/full#supplementary-material



REFERENCES

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. Aust. J. Ecol. 26, 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

Banerjee, S., Kirkby, C. A., Schmutter, D., Bissett, A., Kirkegaard, J. A., and Richardson, A. E. (2016). Network analysis reveals functional redundancy and keystone taxa amongst bacterial and fungal communities during organic matter decomposition in an arable soil. Soil Biol. Biochem. 97, 188–198. doi: 10.1016/j.soilbio.2016.03.017

Banerjee, S., Schlaeppi, K., and van der Heijden, M. G. A. (2018). Keystone taxa as drivers of microbiome structure and functioning. Nat. Rev. Microbiol. 10, 18–24. doi: 10.1038/s41579-018-0024-1

Bargaz, A., Lyamlouli, K., Chtouki, M., Zeroual, Y., and Dhiba, D. (2018). Soil microbial resources for improving fertilizers efficiency in an integrated plant nutrient management system. Front. Microbiol. 9:01606. doi: 10.3389/fmicb.2018.01606

Beauregard, M. S., St-Arnaud, M., and Hamel, C. (2010). Long-term phosphorus fertilization impacts soil fungal and bacterial diversity but not AM fungal community in alfalfa. Microb. Ecol. 59, 379–389. doi: 10.1007/s00248-009-9583-z

Bei, S. K., Zhang, Y. L., Li, T. T., Christie, P., Li, X. L., and Zhang, J. L. (2018). Response of the soil microbial community to different fertilizer inputs in a wheat-maize rotation on a calcareous soil. Agric. Ecosyst. Environ. 260, 58–69. doi: 10.1016/j.agee.2018.03.014

Cade-Menun, B. J., Doody, D. G., Liu, C. W., and Watson, C. J. (2017). Long-term changes in grassland soil phosphorus with fertilizer application and withdrawal. J. Environ. Qual. 46, 537–545. doi: 10.2134/jeq2016.09.0373

Cade-Menun, B. J., and Liu, C. W. (2014). Solution phosphorus-31nuclear magnetic resonance spectroscopy of soils from 2005to 2013: a review of sample preparation and experimentalparameters. Soil Sci. Soc. Am. J. 78, 19–37. doi: 10.2136/sssaj2013.05.0187dgs

Chen, D., Wang, X., Zhang, W., Zhou, Z., Ding, C., Liao, Y., et al. (2020). Persistent organic fertilization reinforces soil-borne disease suppressiveness of rhizosphere bacterial community. Plant Soil 452, 313–328. doi: 10.1007/s11104-020-04576-3

Chen, Y., Sun, R., Sun, T., Chen, P., Yu, Z., Ding, L., et al. (2020). Evidence for involvement of keystone fungal taxa in organic phosphorus mineralization in subtropical soil and the impact of labile carbon. Soil Biol. Biochem. 148:107900. doi: 10.1016/j.soilbio.2020.107900

Chen, Y., Sun, R. B., Sun, T. T., Liang, Y. T., Jing, Y. J., and Sun, B. (2018). Organic amendments shift the phosphorus-correlated microbial co-occurrence pattern in the peanut rhizosphere network during long-term fertilization regimes. Appl. Soil Ecol. 124, 229–239. doi: 10.1016/j.apsoil.2017.11.023

Chhabra, S., Brazil, D., Morrissey, J., Burke, J., O Gara, F., and Dowling, D. N. (2013). Fertilization management affects the alkaline phosphatase bacterial community in barley rhizosphere soil. Biol. Fert. Soils 49, 31–39. doi: 10.1007/s00374-012-0693-2

Condron, L. M., Turner, B. L., and Cade-Menun, B. J. (2005). Chemistry and dynamics of soil organic phosphorus. Talanta 66, 359–371. doi: 10.2134/agronmonogr46.c4

Deng, W. K., Wang, Y. B., Liu, Z. X., Cheng, H., and Xue, Y. (2014). HemI: a toolkit for illustrating heatmaps. PLoS One 9:e111988. doi: 10.1371/journal.pone.0111988

Deng, Y., Chen, K. R., Teng, W., Zhan, A., Tong, Y. P., Feng, G., et al. (2014). Is the inherent potential of maize roots efficient for soil phosphorus acquisition? PLoS One 9:e90287. doi: 10.1371/journal.pone.0090287

Deng, Y., Feng, G., Chen, X. P., and Zou, C. Q. (2017). Arbuscular mycorrhizal fungal colonization is considerable at optimal Olsen-P levels for maximized yields in an intensive wheat-maize cropping system. Field Crop Res. 209, 1–9. doi: 10.1016/j.fcr.2017.04.004

Deng, Y., Jiang, Y. H., Yang, Y. F., He, Z. L., Luo, F., and Zhou, J. Z. (2012). Molecular ecological network analyses. BMC Bioinformatics 13:113. doi: 10.1007/s00374-012-0693-2

Douglas, G. M., Maffei, V. J., Zaneveld, J., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020). PICRUSt2: an improved and extensible approach for metagenome inference. Nat. Biotechnol. 38, 685–688. doi: 10.1101/672295

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839

Francioli, D., Schulz, E., Lentendu, G., Wubet, T., Buscot, F., and Reitz, T. (2016). Mineral vs. organic amendments: microbial community structure, activity and abundance of agriculturally relevant microbes are driven by long-term fertilization strategies. Front. Microbiol. 7:1446. doi: 10.3389/fmicb.2016.01446

Fraser, T. D., Lynch, D. H., Bent, E., Entz, M. H., and Dunfield, K. E. (2015). Soil bacterial phoD gene abundance and expression in response to applied phosphorus and long-term management. Soil Biol. Biochem. 88, 137–147. doi: 10.1016/j.soilbio.2015.04.014

Fraser, T. D., Lynch, D. H., Gaiero, J., Khosla, K., and Dunfield, K. E. (2017). Quantification of bacterial non-specific acid (phoC) and alkaline (phoD) phosphatase genes in bulk and rhizosphere soil from organically managed soybean fields. Appl. Soil Ecol. 111, 48–56. doi: 10.1016/j.apsoil.2016.11.013

Girvan, M. S., Bullimore, J., and Ball, A. S. (2004). Responses of active bacterial and fungal communities in soils under winter wheat to different fertilizer and pesticide regimens. Appl. Environ. Microb. 70, 2692–2701. doi: 10.1128/AEM.70.5.2692-2701.2004

Guimera, R., and Nunes, A. L. (2005). Functional cartography of complex metabolic networks. Nature 433, 895–900. doi: 10.1038/nature03288

Hamel, C., Hanson, K., Selles, F., Cruz, A. F., Lemke, R., McConkey, B., et al. (2006). Seasonal and long-term resource-related variations in soil microbial communities in wheat-based rotations of the Canadian prairie. Soil Biol. Biochem. 38, 2104–2116. doi: 10.1016/j.soilbio.2006.01.011

Hammer, Ø, Harper, D. A. T., and Ryan, P. D. (2001). Past: paleontological statistics software-package for education and data analysis. Palaeontol. Electron. 4, 65–78. doi: 10.1016/0167-9473(88)90064-3

He, J. Z., Zheng, Y., Chen, C. R., He, Y. Q., and Zhang, L. M. (2008). Microbial composition and diversity of an upland red soil under long-term fertilization treatments as revealed by culture-dependent and culture independent approaches. J. Soil Sediment 8, 349–358. doi: 10.1007/s11368-008-0025-1

Hu, Y. J., Veresoglou, S. D., Tedersoo, L., Xu, T. L., Ge, T. D., Liu, L., et al. (2019). Contrasting latitudinal diversity and co-occurrence patterns of soil fungi and plants in forest ecosystems. Soil Biol. Biochem. 131, 100–110. doi: 10.1016/j.soilbio.2019.01.001

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

Jiang, Y. J., Liu, M. Q., Zhang, J. B., Chen, Y., Chen, X. Y., Chen, L. J., et al. (2017). Nematode grazing promotes bacterial community dynamics in soil at the aggregate level. ISME J. 11, 1–13. doi: 10.1038/ismej.2017.120

Kepler, R. M., Maul, J. E., and Rehner, S. A. (2017). Managing the plant microbiome for biocontrol fungi: examples from hypocreales. Curr. Opin. Microbiol. 37, 48–53. doi: 10.1016/j.mib.2017.03.006

Khan, M. S., Zaidi, A., and Ahmad, E. (2014). “Mechanism of phosphate solubilization and physiological functions of phosphate-solubilizing microorganisms,” in Phosphate Solubilizing Microorganisms: Principles and Application of Microphos Technology, eds M. S. Khan, A. Zaidi, and J. Musarrat (Cham: Springer International Publishing), 31–62. doi: 10.1007/978-3-319-08216-5_2

Lagos, L. M., Acuña, J. J., Maruyama, F., Ogram, A., Mora, M. D. L. L., and Jorquera, M. A. (2016). Effect of phosphorus addition on total and alkaline phosphomonoesterase-harboring bacterial populations in ryegrass rhizosphere microsites. Biol. Fert. Soils 52, 1007–1019. doi: 10.1007/s00374-016-1137-1

Lambers, H. (2006). Root structure and functioning for efficient acquisition of phosphorus: matching morphological and physiological traits. Ann. Bot. Lond. 98, 693–713. doi: 10.1093/aob/mcl114

Leff, J. W., Jones, S. E., Prober, S. M., Barberán, A., Borer, E. T., Firn, J. L., et al. (2015). Consistent responses of soil microbial communities to elevated nutrient inputs in grasslands across the globe. Proc. Natl. Acad. Sci. U.S.A. 112, 10967–10972. doi: 10.1073/pnas.1508382112

Li, H., Huang, G., Meng, Q., Ma, L., Yuan, L., Wang, F., et al. (2011). Integrated soil and plant phosphorus management for crop and environment in China. Rev. Plant Soil 349, 157–167. doi: 10.1007/s11104-011-0909-5

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

Liang, Y. T., Zhao, H. H., Deng, Y., Zhou, J. Z., Li, G. H., and Sun, B. (2016). Long-term oil contamination alters the molecular ecological networks of soil microbial functional genes. Front. Microbiol. 7:60. doi: 10.3389/fmicb.2016.00060

Liu, J., Barbara, J., Cade-Menun, Y. J., Hu, Y., Corey, W. J., Tremblay, K., et al. (2018). Long-term land use affects phosphorus speciation and the composition of phosphorus cycling genes in agricultural soils. Front. Microbiol. 9:1643. doi: 10.3389/fmicb.2018.01643

Liu, J., Han, C., Zhao, Y., Yang, J., and Ma, Y. (2020). The chemical nature of soil phosphorus in response to long-term fertilization practices: implications for sustainable phosphorus management. J. Clean. Prod. 2020:123093. doi: 10.1016/j.jclepro.2020.123093

Liu, J., Sui, P., Cade-Menun, B. J., Hu, Y., and Ma, Y. (2019). Molecular-level understanding of phosphorus transformation with long-term phosphorus addition and depletion in an alkaline soil. Geoderma 353, 116–124. doi: 10.1016/j.geoderma.2019.06.024

Liu, J., Yang, J. J., Cade-Menun, B. J., Hu, Y. F., Li, J. M., Peng, C., et al. (2017). Molecular speciation and transformation of soil legacy phosphorus with and without long-term phosphorus fertilization: insights from bulk and microprobe spectroscopy. Sci. Rep. 7, 1–12. doi: 10.1038/s41598-017-13498-7

Liu, L., Gundersen, P., Zhang, T., and Mo, J. (2012). Effects of phosphorus addition on soil microbial biomass and community composition in three forest types in tropical china. Soil Biol. Biochem. 44, 31–38. doi: 10.1016/j.soilbio.2011.08.017

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. Fert. Soils 54, 1–9. doi: 10.1007/s00374-017-1258-1

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

Luo, G. W., Ling, N., Nannipieri, P., Chen, H., Raza, W., Wang, M., et al. (2017). Long-term fertilisation regimes affect the composition of the alkaline phosphomonoesterase encoding microbial community of a vertisol and its derivative soil fractions. Biol. Fert. Soils 53, 375–388. doi: 10.1007/s00374-017-1183-3

Ma, B., Wang, H. Z., Dsouza, M., Luo, J., He, Y., Dai, Z. M., et al. (2016). Geographic patterns of co-occurrence network topological features for soil microbiota at continental scale in eastern China. ISME J. 10, 1891–1901. doi: 10.1038/ismej.2015.261

MacDonald, G. K., Bennett, E. M., Potter, P. A., and Ramankutty, N. (2011). Agronomic phosphorus imbalances across the world’s croplands. Proc. Natl. Acad. Sci. U.S.A. 108, 3086–3091. doi: 10.1073/pnas.1010808108

Mander, C., Wakelin, S., Young, S., Condron, L. O., and 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

Menezes-Blackburn, D., Giles, C. D., Darch, T., George, T. S., Blackwell, M. S., Stutter, M., et al. (2018). Opportunities for mobilizing recalcitrant phosphorus from agricultural soils: a review. Plant Soil 427, 5–16. doi: 10.1007/s11104-017-3362-2

Morrow, K. M., Bourne, D. G., Humphrey, C., Botte, E. S., Laffy, P., Zaneveld, J., et al. (2015). Natural volcanic CO2 seeps reveal future trajectories for hostmicrobial associations in corals and sponges. ISME J. 9, 894–908. doi: 10.1038/ismej.2014.188

Niu, B., Joseph, N. P., Zheng, X., and Roberto, K. (2017). Simplified and representative bacterial community of maize roots. Proc. Natl. Acad. Sci. U.S.A. 114, 2450–2459. doi: 10.1073/pnas.1616148114

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., and O’hara, R. B. (2013). Vegan, community analysis package R Package Version. 2.0-10.

Olsen, S. R., Sommers, L. E., Page, A. L., Miller, R. H., and Keeney, D. R. (1982). Phosphrus. In Methods of Soil Analysis, Part 2. Chemical and Microbiological Properities, 2nd Edn. Madison, WI: ASA, SSSA, 403–430.

Paradis, E., Claudem, J., and Strimmer, K. (2004). APE: analyses of phylogenetics and evolution in R language. Bioinformatics 20, 289–290. doi: 10.1093/bioinformatics/btg412

Peñuelas, J., Poulter, B., Sardans, J., Ciais, P., van der Velde, M., Bopp, L., et al. (2013). Human-induced nitrogen–phosphorus imbalances alter natural and managed ecosystems across the globe. Nat. Commun. 4:2934.

Pianka, E. R. (1970). On r- and K-selection. Am. Nat. 104, 592–597. doi: 10.2307/2459020

Ragot, S. A., Kertesz, M. A., and Bünemann, E. K. (2015). phoD alkaline phosphatase gene diversity in soil. Appl. Environ. Microbiol. 81, 01823-15. doi: 10.1128/AEM.01823-15

Ragot, S. A., Kertesz, M. A., Mészáros, É, Frossard, E., and Bünemann, E. K. (2016). Soil phoD and phoX alkaline phosphatase gene diversity responds to multiple environmental factors. FEMS Microbiol. Rev. 93:212. doi: 10.1093/femsec/fiw212

Richardson, A. E., Barea, J., Mcneill, A. M., and Prigent-Combaret, C. (2009). Acquisition of phosphorus and nitrogen in the rhizosphere and plant growth promotion by microorganisms. Plant Soil 321, 305–339. doi: 10.1007/s11104-009-9895-2

Richardson, A. E., and Simpson, R. J. (2011). Soil microorganisms mediating phosphorus availability update on microbial phosphorus. Plant Physiol. 156, 989–996. doi: 10.1104/pp.111.175448

Rodríguez, H., Fraga, R., Gonzalez, T., and Bashan, Y. (2006). Genetics of phosphate solubilization and its potential applications for improving plant growth-promoting bacteria. Plant Soil 287, 15–21. doi: 10.1007/978-1-4020-5765-6_2

Röttjers, L., and Faust, K. (2018). From hairballs to hypotheses-biological insights from microbial networks. FEMS Microbiol. Rev. 42, 761–780. doi: 10.1093/femsre/fuy030

Sakurai, M., Wasaki, J., Tomizawa, Y., Shinano, T., and Osaki, M. (2008). Analysis of bacterial communities on alkaline phosphatase genes in soil supplied with organic matter. Soil Sci. Plant Nutr. 54, 62–71. doi: 10.1111/j.1747-0765.2007.00210.x

Saunders, W. M. H., and Williams, E. G. (1955). Observations on the determination of total organic phosphorus in soils. J. Soil. Sci. 6, 254–267. doi: 10.1111/j.1365-2389.1955.tb00849.x

Segata, N., and Blanzieri, E. (2011). Operators for transforming kernels into quasi-local kernels that improve SVM accuracy. J. Intell. Inf. Syst. 37, 155–186. doi: 10.1007/s10844-010-0131-6

Silva, P. S. D. L., and Nahas, E. (2002). Bacterial diversity in soil in response to different plans, phosphate fertilizers and liming. Braz. J. Microbiol. 33, 304–310. doi: 10.1590/S1517-83822002000400005

Smith, S. E., and Smith, F. A. (2011). Roles of arbuscular mycorrhizas in plant nutrition and growth: new paradigms from cellular to ecosystem scales. Annu. Rev. Plant. Biol. 62, 227–250. doi: 10.1146/annurev-arplant-042110-103846

Stutter, M. I., Shand, C. A., George, T. S., Blackwell, M. S. A., Dixon, L., Bol, R., et al. (2015). Land use and soil factors affecting accumulation of phosphorus species intemperate soils. Geoderma 257–258, 29–39. doi: 10.1016/j.geoderma.2015.03.020

Sun, R., Dsouza, M., Gilbert, J. A., Guo, X. S., Wang, D. Z., Guo, Z. B., et al. (2016). Fungal community composition in soils subjected to long-term chemical fertilization is most influenced by the type of organic matter. Environ. Microbiol. 18, 5137–5150. doi: 10.1111/1462-2920.13512

Tan, H., Barret, M., Mooij, M. J., Rice, O., Morrissey, J. P., Dobson, A., et al. (2013). Long-term phosphorus fertilisation increased the diversity of the total bacterial community and the phoD phosphorus mineraliser group in pasture soils. Biol. Fert. Soil 49, 661–672. doi: 10.1007/s00374-012-0755-5

Teng, W., Deng, Y., Chen, X. P., Xu, X. F., Chen, R. Y., Lv, Y., et al. (2013). Characterization of root response to phosphorus supply from morphology to gene analysis in field-grown wheat. J. Exp. Bot. 64, 1403–1411. doi: 10.1093/jxb/ert023

Tiessen, H. (1993). “Characterization of available P by sequential extraction,” in Soil Sampling and Methods of Analysis, ed. M. R. Carter (Boca Raton, FL: Lewis), 75–86.

van der Bom, F. J. T., McLaren, T. I., Doolette, A. L., Magid, J., Frossard, E., Oberson, A., et al. (2019). Influence of long-term phosphorus fertilisation history on the availability and chemical nature of soil phosphorus. Geoderma 355:113909. doi: 10.1016/j.geoderma.2019.113909

Wakelin, S. A., Condron, L. M., Gerard, E., Dignam, B. E. A., Black, A., and O’Callaghan, M. (2017). Long-term P fertilisation of pasture soil did not increase soil organic matter stocks but increased microbial biomass and activity. Biol. Fert. Soils 53, 511–521. doi: 10.1007/s00374-017-1212-2

Withers, P. J., Neal, C., Jarvie, H. P., and Doody, D. G. (2014). Agriculture and eutrophication: where do we go from here? Sustain 6, 5853–5875. doi: 10.3390/su6095853

Ye, G. P., Lin, Y. X., Luo, J. F., Di, H. J., Lindsey, S., Fan, J. B., et al. (2020). Responses of soil fungal diversity and community composition to long-term fertilization: field experiment in an acidic ultisol and literature synthesis. Appl. Soil Ecol. 145:103305. doi: 10.1016/j.apsoil.2019.06.008

Zhang, L., Ding, X. D., Yi, P., George, T. S., and Feng, G. (2018). Closing the loop on phosphorus loss from intensive agricultural soil: a microbial immobilization solution? Front. Microbiol. 9:104. doi: 10.3389/fmicb.2018.00104

Zhang, W., Chen, X., Liu, Y. M., Liu, D. Y., Du, Y. F., Chen, X. P., et al. (2018). The role of phosphorus supply in maximizing the leaf area, photosynthetic rate, coordinated to grain yield of summer maize. Field Crop Res. 219, 113–119. doi: 10.1016/j.fcr.2018.01.031

Zhou, J. Z., Deng, Y., Luo, F., He, Z. L., Tu, Q. C., and Zhi, X. Y. (2010). Functional molecular ecological networks. mbio 1, 113–122. doi: 10.1128/mBio.00169-10

Zhou, J. Z., Deng, Y., Luo, F., He, Z. L., and Yang, Y. F. (2011). Phylogenetic molecular ecological network of soil microbial communities in response to elevated CO2. mbio 2, 115–121. doi: 10.1128/mBio.00122-11

Zhu, J., Li, M., and Whelan, M. J. (2018). Phosphorus activators contribute to legacy phosphorus availability in agricultural soils: a review. Sci. Total Environ. 612, 522–537. doi: 10.1016/j.scitotenv.2017.08.095


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.

Copyright © 2021 Lang, Zou, Chen, Zou, Zhang, Deng, Zhu, Yu and Chen. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Soil Microbial Composition and phoD Gene Abundance Are Sensitive to Phosphorus Level in a Long-Term Wheat-Maize Crop System



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Setup



		Sampling and Soil P Properties Analysis



		DNA Extraction, PCR Amplification and Illumina Sequencing



		Quantitative PCR



		Enrichment and Network Analyses



		Functional Prediction of Soil Microbial Communities



		Statistical Method







		RESULTS



		Variations of Soil P Forms in the Long-Term Field



		Alpha- and Beta-Diversity of Bacterial and Fungal Communities



		Structure and Composition of Bacterial and Fungal Communities



		Keystone Taxa



		Microbial P Cycling Functional Gene and Its Relationship With Soil P Forms and the Keystone Taxa







		DISCUSSION



		Overall Diversity and Community Composition of Bacteria and Fungi in Soil With Distinct P Application Rates



		Effects of P Gradient Fertilization on Microbial Keystone Taxa



		Effects of Soil P Forms and the Relationship With P Cycling Gene Across P Fertilization Gradient



		Optimizing P Fertilization Management for Coordination of Soil Microbial Community and Function







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-11-605955-g006.jpg
phoD gene copy nhumber »

8e+7 & lex
Q
0
= 8e+7 - ®
= be+7 c =
O abc (@) y = 3.6e+05x + 1.5e+07
- 2 P 6e+7 R2=0340 P=0023
| 1
(o) o ™
o de+7 bc o
O
2 c D de+7 1
= 0 Q
8 o 0O
- 2e+7 QL Det7
S ®
— ®
Q
0 0 I 1 1 1 I I
PO P125 P25 P50 P100 P200 80 100 120 140 160 180 200 220

Po (mg kg-1)





OPS/images/cover.jpg
, frontiers
in Microbiology

Soil Microbial Composition
and phoD Gene Abundance Are
Sensitive to Phosphorus Level
in a Long-Term Wheat-Maize
Crop System





OPS/images/fmicb-11-605955-g005.jpg
Within-module connectivity (Zi)

N

—_

W

1 I 1

1 1 ] 1 1
bOTU1273 Proteobacteria

1 1 ] 1 | 1 ] 1 ] ] 1 ] 1 1 1

- LOTU1200 Chioroflexi Module hubs N etwork hubs -
- A——bOTU2197Pretecbacteria G list !
eneralisis 1 -
A~ bOTU 1712 Gemmastimonadetes Supergenera||StS i
™ fOTU1092 As comyocota "
‘/bow1513 Acidobacteria bOTU1200 Chioroflexi :
A=—2QTU452¢ Acidobactaria ~a ]
a\ foTU1082 Ascomyccts a ]
H . A 3
g 588 As comycojs - A A i
i A, 4 Connectors
\ A A A 1
A A . :
2 A A A A\ A A Generalists -
lé A A A s
: “ A - A A A o A - A - = r
iy A A A 4 A A A & 2
: A ﬁ £ A A 4 i
re A A : A A bOTU 2884 Actinobactana =
= A A A & h
: A & :\ A = AA A A bOTUOTU3771 Protecbacteria ]
" A & A A =~ 2 ;owmso Acidobsciria
oy . 2 A r AA"‘ & s a/ fOTUS4 Ascomyccts
“ = & A AT A\ i
\ y 1
- A A 4 £=‘ A A\__ A DOTU1772Protecbacteria
A A L a4 4 e S . a
s s A bOTU2218 Genmmatmonadates i
z . : :
+ 4 lowP a M~ :
: A Moderate P A A bOTUT18 Chorcfled
- bOTU 759 Proteobscteri "
E A High P bOTU 28 C hiorofexi ' e—
POTUIDSAncbacteria -
1 1 [ | 1 I | 3 [ 3 1 | 2 2 1 1 1 | 1 % 1 1 1 | [l 2 1 I | 1 1 =1 < Y 1 1 :

| [ ]

Among-module connectivity (P1)

O
o0







OPS/images/fmicb-11-605955-g002.jpg
>

Bacteria OTU number

Bacteria Shannon index

RDA2 (6.1%)

:

1800

1700

1600

1500

7.0

6.8

6.6

6.4 -

6.2

6.0

5.8

56

0.2

0.1 4

0.0

0.1 4

-0.2

-0.3

PO P125 P25 P50 P100 P200
PO P125 P25 P50 P100 P200
Bacteria
_ o @
o . @ .
5 o
FPo .
. ‘ \ Olsenii:ﬂ‘
& T ——p,
[
| ]
02 01 00 01 0.2 0.3

RDA1 (19.3%)

280

260 -

240 -

220 -

200 -

180 -

Fungi OTU number

160 -

D
4.0

PO

P125 P25 P50 P100 P200

3.8 -

3.6 -

3.4 -

3.2 -

Fungi Shannon index

ab

PO P125 P25 P50 P100 P200
F Fungi
@ Fo @ FO
@ P25 ® Pi125
P25 & P25
P50 P50
P100 0.2 F100
P200 ] P200
0. =
W
LA
2
o 00 -
0.1 -
&
0.2 -

0.0 0.1 0.2 0.3

RDA1 (40.2%)

-0.1






OPS/images/fmicb-11-605955-g001.jpg
A

mg kg~

120

100

80

60

40

20

PO P12.5 P25 P50 P100 P200

Olsen P a

PO P12.5 P26 PS50 P100 P200

B 250

200 1

150 ;

100

50 -

22

20 A

18 -

16 -

14 -

Po
a
ab ab
bc
bc
c

PO P12.5 P25 P50 P100 P200
SOM

a a a a a

PO P125 P25 P50 P100 P200

C 1200
1000 -
800 -
600 -
400

200

PO P12.5 P25 P50 P100 P200






OPS/images/fmicb-11-605955-g004.jpg
Pseudomonadales
Chlorobiales
Oceanospirillales
Streptomycetales
Rhodospirillales
Micrococcales
Anaerolineales

Sphingomonadales

Baderia

MILRER
323313
(&)

88

[Spizellomycetales

Olpidiales

Hypocreales

Sordanales

00 01 02 03 20 40
Relative abundance (%)

Fungi

— Ly =

IR F0
B P125
I P25
BN P30
I FP100
Il F200

00 01 02 03

10.0 20.0 30.0
Relative abundance (%)

40.0 50.0





OPS/images/fmicb-11-605955-g003.jpg
Bacteria

Ty,

A

[
\\

A “'C;., \
CARL = \
S l'::C;‘, "\\\\\
RN
R, AN
i\

\\\\\\lﬂ;;/,y////////////////
I g2

\

e

AN

M
— 7N
5 \ AN

Ve
N o

-
I

I
Il

Fungi

o_Xanthomonadales
f Xanthomonadaceae
c: g_Dokdonella
_Luteimonas
f _Solimonadaceae
g_Polycyclovorans
o_Oceanospirillales
- f_Oceanospirillaceae
g_Pseudohongiella
- f_Sphinge daceae
g_Sphingomonas
ag_Microvirga

a:

b:

h

m : g_Sandaracinus
- g_Jahnella

o:f VHS B3 70

p:g_norank_f VHS_B3 70

. c_Betaproteobacteria

g_Variovorax

d
e
g
q

f:

A

]

k

I:

n

s
o_Nitrosomonadales

t - f_Nitrosmonadaceae

u: g _norank_f Nitrosomonadaceae

v 0_Subgroup 7

w : f norank_o_Subgroup 7

g_norank_o_Subgroup 7

S
X
y : p_Planctomycetes

a : f_norank_o_llypocreales

b : g_Stachybotrys

¢ : g_Purpureocillium

d: o_Sordariales

e f Chaetomiaceae

f . g_Chaetomium

g : f_norank_o_Xylariales

h : g_Microdochium

I - f_norank_o_Pleosporales

j - f_unclassified_o_Pleosporales
k : g_unclassified_o_Pleosporales
| - ¢_Orbiliomycetes

m : o_Orbiliales

n: f_Orbiliaceae

0. g_Arthrobotrys

Z . ¢_Phycisphaerae

al: o_Phycisphaerales
b1 :f _Phycisphaeraceae
c1:g AKYG587
di:gl 8

e1: g_Pontibacter

f1 . g_Taibaiella

a1 : g_Mucilaginibacter
h1 : o_Lactobacillales

i1 f_Lcuconostocaceae
j1 - g_Weissella

k1 : p_Actinobacteria

11 : ¢_Actinobacteria

m1 :f lamiaceae
n1:g_Tamia

o1 :f_Microbacteriaceae
p1: o_Corynebacteriales
q1:f_Mycobacteriaceae
r1 : g_Mycobacterium

si . 0_Streptomycetales
t1 . f_Streptomycetaceae
u1 : g_Streptomyces

v1 : o_streptosporangiales
w1 : f_Streptosp giaceae
X1 : g_Nonomuraea

p : c_unclassified_p Ascomycota
q : o_unclassified_p_Ascomycota

r : f unclassified p Ascomycota

s: g_unclassified_p_Ascomycota
t: o_Trechisporales

u : f_unclassified_o_Trechisporales
v : g_unclassified_o_Trechisporales
w : ¢_Tremellomycetes

X : o_Cystofilobasidiales

mm vy :f Cystofilobasidiaceae

B z:g Cystofilobasidium

Bm al:o Olpidiales

mm bi:f Olpidiaceae

B c1:g Olpidiaster





OPS/images/fmicb-11-605955-t001.jpg
Empirical networks

Random networks

Treatments Node Edge Positive Negative No. of Similarity R square of Average Average Average Modularity = Average path Average Average
edges edges original threshold power-low degree clustering path distance + SD clustering modularity + SD
OTUs coefficient  distance coefficient + SD
Low P 238 581 249 332 1960 081 0.574 4.432 0.303 6.193 20 3.910 + 0.031 0.017 + 0.006 0.466 + 0.008
Moderate P 101 364 204 160 1960 0.93 0.887 4.460 0.331 6.034 22 3.646 + 0.053 0.331 £ 0.008 0.448 + 0.008
High P 169 648 270 378 1960 0.92 0.742 5.878 0.363 6.351 20 3.266 + 0.038 0.054 £+ 0.008 0.367 + 0.006





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-11-605955-t002.jpg
Treatment

Low P

Moderate P

High P

ID

BacOTU2884
BacOTU1772
BacOTU716

BacOTU2218
BacOTU289

BacOTU1712
BacOTU1513
BacOTU4524
BacOTU1200
FunOTU1092
BacOTU3771
BacOTU759

BacOTU1200
BacOTU1273
BacOTU3197
FunOTU588

BacOTU3048
FunOTU544

FunOTU1092

Generalists

Connnector
Connnector
Connnector
Connnector
Connnector
Module hubs
Module hubs
Module hubs
Module hubs
Module hubs
Connnector
Connnector
Module hubs
Module hubs
Module hubs
Module hubs
Connnector
Connnector
Module hubs

Phylum

Actinobacteria
Proteobacteria
Chloroflexi
Gemmatimonadetes
Chloroflexi
Gemmatimonadetes
Acidobacteria
Acidobacteria
Chloroflexi
Ascomycota
Proteobacteria
Proteobacteria
Chloroflexi
Proteobacteria
Proteobacteria
Ascomycota
Actinobacteria
Ascomycota
Ascomycota

Class

Actinobacteria
Alphaproteobacteria
Anaerolineae
Gemmatimonadetes
Anaerolineae
Gemmatimonadetes
Acidobacteria
Acidobacteria
Chloroflexia
Sordariomycetes

Gammaproteobacteria

Alphaproteobacteria
Chloroflexia
Betaproteobacteria
Betaproteobacteria
Sordariomycetes
Actinobacteria
Sordariomycetes
Sordariomycetes

Order

Gaiellales
Rhodospirillales
Anaerolineales

Anaerolineales
Gemmatimonadales

Solibacterales
Chloroflexales
Hypocreales
Xanthomonadales
Rhizobiales
Chloroflexales
Nitrosomonadales
Nitrosomonadales
Sordariales
Corynebacteriales
Hypocreales
Hypocreales

Family

Rhodospirillaceae
Anaerolineaceae

Anaerolineaceae
Gemmatimonadaceae

Solibacteraceae
Roseiflexaceae
Nectriaceae

Hyphomicrobiaceae
Roseiflexaceae
Nitrosomonadaceae
Nitrosomonadaceae
Chaetomiaceae
Mycobacteriaceae
Nectriaceae
Nectriaceae

Genus

PAUC26f
Roseiflexus

Rhodomicrobium
Roseiflexus

Chaetomium
Mycobacterium
Fusarium





