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Abstract  20 

Fertilization managements have important impacts onUnderstanding soil P 21 

transformation, and turnover, and  under various fertilization managements is important 22 

for evaluating sustainable P fertility and potential bioavailability in agriculture 23 

managements. Thus, long-term fertilization experiments (~38 years) with the 24 

application of different inorganic and organic fertilizers in paddy red soils were 25 

conducted to determine theirthe effect of different fertilizer applications on P pool 26 

accumulation and microbial communities, especially for phosphate solubilizing 27 

microorganisms (PSM). Long-term inorganic P fertilization increased the 28 

concentrations of total P (~479 mg/·kg-1), available P (~417 mg/·kg-1), and inorganic P 29 

(~18 mg/·kg-1), but manure fertilization accelerated the accumulation of organic P, 30 

especially for orthophosphate monoesters (e.g. myo-IHP, ~12 mg/·kg-1). Long-term 31 

mineral fertilization decreased bacterial richness, evenness, and complexation of 32 

bacterial networks. In contrast, long-term manure fertilization and rhizosphere 33 

accumulated more amounts of total carbon, total nitrogen, and organic carbon, as well 34 
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as regulated the soil pH, thus improving the separation of bacterial communities. Unlike 35 

bacteria, the responses of fungi to those factors were not sensitive. Furthermore, PSM 36 

compositions were greatly influenced by fertilization managements and rhizosphere. 37 

For example, inorganic P fertilization increased the abundance of Thiobacillus (i.e. the 38 

most abundant phosphate solubilizing bacteria (PSB) in this study) and shifted the 39 

community structure of PSB. Correspondingly, the concentrations of inorganic and total 40 

P were the key factors for the variation of PSB community structure. These findings are 41 

beneficial for understanding P accumulation, responsesthe variation of PSB,inorganic 42 

and soil P sustainable fertilityorganic P pool, and microbial community, especially for 43 

PSM under differentlong-term inorganic and/or organic fertilization strategies. 44 

Keywords: long-term fertilization, P species accumulation, phosphate solubilizing 45 

microorganisms, paddy red soils, P-NMR 46 

1. Introduction 47 

Phosphorus (P) as an essential nutrient for crop growth has been widely applied to soil 48 

through mineral and/or organic fertilization (Grant et al., 2005). Manures have been 49 

frequently used as organic fertilizers in agriculture production (Braos et al., 2020). The 50 

P from manures exists in forms of various inorganic and organic species, whereas 51 
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mineral fertilizers usually only contain highly soluble Ca(H2PO4)2 (Sharpley and Moyer, 52 

2000). Fertilization managements are important factors for P species transformation and 53 

bioavailability. For example, mineral fertilization results in an initial high P availability 54 

but follows a decrease of P concentration over time by adsorption, complexation, and 55 

precipitation with soil particles. On the other side, the application of manure usually 56 

leads to an accumulation in labile organic P pools with potential supply to plants 57 

(Schneider et al., 2016). Additionally, the application of mineral fertilizer and manure 58 

brought different changes in soil physical, chemical, and biological attributes such as 59 

soil pH, organic carbon, microbial communities, and so on, which also induce different 60 

P transformation processes and potential availability (Yue et al., 2016; Tao et al., 2021). 61 

Soil microorganisms are usually involved in a wide range of biological processes 62 

including the transformation of insoluble soil nutrients (Babalola and Glick, 2012). 63 

After long-term fertilization, insoluble or soluble organic matter in soil may increase, 64 

thus leading to the increases of microbial biomass and activity (Marschner et al., 2003). 65 

Among them, phosphorus solubilizing microorganisms (PSM) could solubilize 66 

insoluble inorganic P, mineralize organic P, and play an important role in P 67 

transformation and availability (Sharma et al., 2013). The response of PSM in soil is 68 
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strongly related to the availability of P which is greatly different under various 69 

fertilization managements (Sánchez-Esteva et al., 2016; Gómez-Muñoz et al., 2018; 70 

Raymond et al., 2021).  71 

Currently, the information about how long-term various inorganic and organic 72 

fertilization managements affect the evolution characteristics of different P pools 73 

remains scarce. Furthermore, the responses of microbial community especially PSM 74 

shift in bulk and rhizosphere soils to the different P pool evolution under various 75 

fertilization managements are still unclear. This information plays a pivotal role for 76 

understanding soil P transformation mechanisms and evaluating sustainable P fertility 77 

and potential bioavailability in agriculture managements. The accumulation, turnover, 78 

and bioavailability of soil P pool under different fertilization managements could be 79 

well evaluated by long-term fertilization experiences. Currently, numerous long-term 80 

fertilization experiences have been established to evaluate the impact of different 81 

fertilizer amendments on crop production and at the same time provide valuable 82 

information on soil fertility by investigating changes in soil process over time (Wen et 83 

al., 2019). Thus, in this study, long-term fertilization experiments (~38 years) under 84 

inorganic fertilizer and/or manure amendments were conducted to determine their 85 
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effects on P pool accumulation, soil microbial communities, and PSM in paddy red soils. 86 

We hypothesized that the inputs of (1) long-term mineral fertilizer and input of 87 

inorganic fertilizers accumulates more inorganic P but the manure (1) caused P 88 

application and rhizosphere may accelerate the accumulation with different species and 89 

potential availabilityof organic P and (2) drove the shift of soil microbial community 90 

including PSMthe long-term manure fertilization and rhizosphere could accumulate 91 

more organic nutrients, thus driving the separation of bacterial communities compared 92 

to the mineral fertilizer application.  93 

2.Materials and methods 94 

2.1. Field design and sampling 95 

Long-term fertilization experiments were conducted since 1982 in a national 96 

observation and research station of farmland ecosystem (26°45′N, 111°52′E), Qiyang, 97 

Hunan Province, China. The soil was classified as Ferralic Cambisol according to World 98 

Reference Base for soil resources (Wrb, 2014), and classified as red soil according to 99 

Chinese soil classification (Baxter, 2007). Rice (Oryza sativa) is the major crop in this 100 

region. The experimental field was disposed with five different fertilizer treatments: 101 

CK (control without fertilizer), NPK (mineral N, P, and K fertilizers), M (cattle manure), 102 
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NPKM, and NKM (Qaswar et al., 2020).The early rice was transplanted at the end of 103 

April and harvested in July, and the late rice was transplanted at the end of July and 104 

harvested in October. All straw (except the rice stubble) was removed from the fields 105 

after each seasonal rice harvest (Zhang et al., 2017; Yang et al., 2012). The experimental 106 

field was disposed with five different fertilizer treatments: CK (control without 107 

fertilizer), NPK (mineral N, P, and K fertilizers), M (cattle manure), NPKM, and NKM 108 

(Qaswar et al., 2020; Gao et al., 2011). Mineral fertilizers were applied in the forms of 109 

urea for N, calcium superphosphate for P, and potassium chloride for K with the 110 

amounts of 145 kg ha−1 of N, 49 kg ha−1 of P, and 56 kg ha−1 of K, respectively. 111 

Additionally, the manure was added with the average nutrient contents including 18000 112 

kg ha-1 of C, 145 kg ha−1 of N, 49 kg ha−1 of P, and 56 kg ha−1 of K. All the mineral 113 

fertilizers and manure were applied as basal application. Bulk soil samples collection 114 

with five different fertilizer treatments (1-20 cm topsoils) were conducted before the 115 

harvest of late rice in October 2020 with field replications.  In each field, three soil 116 

cores (0-20 cm topsoil) were collected and then pooled to form a composite sample. 117 

Besides, before the rhizosphere soil collection, the bulk soil was manually removed, 118 

and approximately 1 mm of soil on the rice roots was collected as rhizosphere soil (Shao 119 



 

8 

 

et al., 2021). Soil samples used for physical and chemical analyses were four 120 

replications (2 field replication×2 replication of each field, n=4) and those for DNA 121 

extraction were six replications (2 field replication×3 replication of each field, n=6). 122 

2.2. Soil physical and chemical properties 123 

Soil pH was measured by pH meter in the mixed solution (the mass ratio of soil and 124 

water is 1:2.5). Soil moist content was measured by drying moist soil toat 105 ℃ for 125 

16 h until it became a constant mass at 105 ℃. Total carbon (TC), organic carbon (OC), 126 

and total nitrogen (TN) were determined by CHNS elemental analyzer (Vario EL Cube 127 

manufactured by Elementar, Germany) (Schumacher, 2002). The soil extracts with 2 M 128 

KCl treatment were determinedThe soil was pretreated by 1M HCl with a soil-liquid 129 

ratio of 1:1 before OC determination. 1g soil was extracted with 5mL KCl (2M) to 130 

determine for ammonia-N (NH4
+) by indophenol blue colorimetric method (Dorich and 131 

Nelson, 1983), and for nitrate-N (NO3
-) by dual-wavelength ultraviolet 132 

spectrophotometry (Norman et al., 1985). After potassium persulfate and H2SO4 pre-133 

digestion (Bowman, 1989), soil samples were determined for total P  by a colorimetric 134 

method (Murphy and Riley, 1962). The extraction of available phosphorus (AP) was 135 

referred to the method described by Olsen (Olsen, 1954)The extraction of available 136 
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phosphorus (AP) was referred to the method described by Olsen (1954), and the 137 

concentration was measured using a colorimetric method (Murphy and Riley, 1962). 138 

The extracted P with 0.5 M NaHCO3 before/after 24 h of CHCl3 fumigation was 139 

determined using ICP-OES (PerkinElmer, Avio 500, USA). A KEC factor of 0.4 was 140 

used for the calculation of soil microbial biomass P. Soil microbial biomass P was 141 

measured using a chloroform fumigation-extraction technique (Brookes et al., 1982). 142 

Additionally, the activities of acid and alkaline phosphataseAdditionally, phosphatases 143 

could mediate soil P transformation and recycling. The alkaline phosphatase in soil is 144 

released by bacteria, whereas acid phosphatase can derive from plants, fungi and 145 

bacteria (Nannipieri et al., 2011; Acosta-Martínez and Ali Tabatabai, 2011). The 146 

activities of acid and alkaline phosphatase were indicators to reflect the microbial 147 

activity and P cycling ability in soil, and were assayed by the method described by 148 

Tabatabai and Bremner (1969) using p-nitrophenyl phosphate as substrate at 37 °C. 149 

2.3 Organic P analyses  150 

Soil organic P was extracted with NaOH-EDTA solution according to the method 151 

described by Jiang et al. (2017). In short, 4 g air-dried soil was extracted for 4 h using 152 

40 ml solution containing 0.25 M NaOH and 0.05 M Na2EDTA. After centrifuging at 153 
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13,000 × g for 20 min, 2 mL aliquot of each supernatant was used to determine Fe, Mn, 154 

and P by ICP-OES. The remaining supernatants were freeze-dried and prepared for 155 

solution 31P-NMR spectroscopy. Each freeze-dried extract (~100 mg) was re-dissolved 156 

in 0.1 mL of deuterium oxide and 0.9 mL of a solution containing 1.0 M NaOH and 0.1 157 

M Na2EDTA, then immediately determined with solution 31P-NMR spectra using a 158 

Bruker 500-MHz spectrometer. The NMR parameters were: 28 K data points, 0.68 s 159 

acquisition time, 90° pulse width, and 8000 scans. The repetition delay time was 160 

calculated based on the concentration ratio of P to (Fe+Mn) according to the research 161 

by Mcdowell et al. (2006). Peak areas were calculated by integration on spectra 162 

processed with 2 and 7 Hz line-broadening using MestReNova software. Phosphorus 163 

species were identified based on their chemical shifts, including orthophosphate (6 164 

ppm), pyrophosphate (~ -5 ppm), polyphosphate (-4 to -5, -5 to -50 ppm), 165 

orthophosphate monoesters (3 to 6, 6 to 7 ppm), orthophosphate diesters (3 to -4 ppm), 166 

and phosphonates (7 to 50 ppm). The orthophosphate peak was standardized to 6 ppm 167 

during processing (Cade-Menun et al., 2010; Young et al., 2013). Individual P 168 

compounds were identified based on their chemical shifts from the study by (Cade-169 

Menun, 2015) and by spiking selected samples with myo-inositol hexakisohosphate 170 
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(myo-IHP), α- and β-glycerophosphates (Fig. S1 and S2).  171 

The concentrations of individual P species were calculated by multiplying 31P-NMR 172 

proportions by the total NaOH-Na2EDTA extractable P concentration. The α- and β-173 

glycerophosphates and mononucleotides were considered as degradation of 174 

orthophosphate diesters, though they were detected in the orthophosphate monoester 175 

region (Young et al., 2013; Liu et al., 2015). 176 

2.4. Soil DNA extraction, PCR amplification, Illumina Miseq 177 

sequencing, and bioinformatics analyses 178 

The DNA was extracted from 0.25 g soil using FastDNA® Spin Kit (MP Biomedicals, 179 

USA). The purity and concentration of DNA were measured by Nanodrop 2000 180 

(Thermo Fisher Scientific, USA). For bacteria, the V3-V4 region of the 16S rRNA gene 181 

was amplified with the primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 182 

806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2012; Dennis et al., 183 

2013). For fungi, the primer pair ITS1F (CTTGGTCATTTAGAGGAAGTAA) and 184 

ITS2 (GCTGCGTTCTTCATCGATGC) were used to target the ITS1 region (Blaalid et 185 

al., 2013). After sequencing, the raw sequences of each sample were assembled by 186 

QIIME 2 according to the unique barcode after removing the adaptors and primer 187 
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sequences (Bolyen et al., 2019). Demultiplexed sequences were quality filtered, 188 

trimmed, de-noised, and merged, then the QIIME2 dada2 plugin was used to identify 189 

and remove chimeric sequences to obtain the feature table of amplicon sequence variant 190 

(ASV) (Callahan et al., 2016). ASV sequences were aligned to the GREENGENES 191 

database and UNITE database separately to generate the taxonomy table for bacteria 192 

and fungi (Bokulich et al., 2018). Besides, phosphorus-solubilizing microbes were 193 

collected according to the researches by Rodrı́Guez and Fraga (1999) as well as  Alori 194 

et al. (2017) ( see Table S1). The raw reads of bacteria and fungi were deposited in the 195 

NCBI Sequence Read Archive (SRA) database under accession numbers 196 

PRJNA804681 and PRJNA805018, respectively. 197 

2.5.  Statistical analyses 198 

All statistical analyses were conducted using SPSS 25.0. All indicators between 199 

different fertilizer treatments (i.e., CK, NPK, M, NPKM, and NKM) were tested for 200 

significant differences (set to p < 0.05) by one-way ANOVA. The LSD was used to test 201 

significant differences of all indicators between bulk and rhizosphere soils. Alpha (α) 202 

diversity indices, such as Chao1 richness estimator and Shannon diversity index, were 203 

calculated using the core-diversity plugin within QIIME2. Nonmetric multidimensional 204 
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scaling (NMDS) based on Bray Curtis distance was measured by R package “vegan” 205 

and visualized via R package “ggplot 2”. Co-occurrence network analysis was 206 

performed by using R package “psych” to calculate Spearman’s rank correlations for 207 

taxa among 6 repetitions of each treatment group and then Gephi 0.9.2 software was 208 

used to draw networks. Redundancy analysis (RDA) was performed by Monte Carlo 209 

analysis using Canoco 5 to reveal the association of microbial communities and soil 210 

environmental factors. 211 

3. Results  212 

3.1 Soil physicochemical properties 213 

In this study, we found that TC, TN, and OC increased significantly after the long-term 214 

application of fertilizers, especially for manure fertilization (Table 1). It was expected 215 

that the application of fertilizers increased the plant biomass such as plant residues and 216 

root exudates (Tong et al., 2019). In addition, the input of manure also brought high C 217 

and N contents in soil (Wei et al., 2017). The concentrations of microbial biomass P 218 

increased under long-term fertilization (Table 1). Additionally, the activities of acidic 219 

phosphatase (ACP) were higher than alkaline phosphatase activities (ALP) for all the 220 

treatments (Fig. 1H and I). On the other side, soil pH value, gravimetric moisture, NO3
-221 
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-N, and NH4
+-N contents were not affected by the long-term fertilizer treatments 222 

significantly (Table 1). Notably, a previous study of the fields has found that the pH 223 

decreased with NPK treatment but increased with organic fertilization (Ahmed et al., 224 

2019), which was inconsistent with this study. The possible reason is that two sampling 225 

time was different and continuous heavy rainfall before sampling may also reduce the 226 

difference of pH among treatments in this study.   227 

3.2 Soil P species  228 

Long-term application of inorganic P fertilizer (NPK and NPKM) could significantly 229 

increase total P (TP), available P (AP) and inorganic P (IP) concentrations in both bulk 230 

and rhizosphere soil (Fig. 1A, B, and C). The concentrations of NaOH-Na2EDTA 231 

extracted P in the soils were ~243-739 mg/·kg-1, accounting for ~38-66% of total P 232 

(Table 2). Orthophosphate, pyrophosphate, orthophosphate monoesters (e.g. myo-IHP, 233 

scyllo-IHP), and orthophosphate diesters (e.g. DNA) were found in the soils (Table 2). 234 

The amounts of soil organic P (i.e. sum of orthophosphate monoesters and diesters) 235 

were not much and accounted for 8-30% of total P (data not shown). Generally, the 236 

concentrations of organic P were higher with long-term manure fertilization compared 237 

to those of CK and NPK (Fig. 1D). Among the OP, the amounts of orthophosphate 238 
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monoesters (57-96 mg/·kg-1) were higher than those of orthophosphate diesters (34-65 239 

mg/·kg-1) (Table 2). The long-term manure amendments had an obvious effect on the 240 

accumulation of orthophosphate monoesters: the concentrations of orthophosphate 241 

monoesters and myo-IHP were higher significantly with manure fertilization (i.e. M, 242 

NPKM, NKM) than those with other treatments (i.e. CK, NPK) (Fig. 1E and G). 243 

Phosphate monoesters were regarded as relatively stable and were the dominant group 244 

of organic phosphorus compounds in most soils (Tabatabai, 1989), mainly including  245 

inositol phosphates (e.g. myo, scyllo, D-chiro, neo) (Cosgrove and Irving, 1980; Turner 246 

et al., 2002). The concentrations of orthophosphate diesters were also higher with 247 

manure treatments compared to CK and NPK although the tendency was not significant 248 

(Fig. 1F).  249 

3.3 Long-term fertilization and rhizosphere effect on the composition 250 

of microbial community  251 

The dominant bacteria for different treatments at the phylum level were Proteobacteria, 252 

Acidobacteria, Chloroflexi, and Nitrospirae and the dominant fungi were Ascomycota 253 

and Basidiomycota (Fig. 2). As the most abundant phylum of bacteria, Proteobacteria 254 

were further classified into Alphaproteobacteria, Betaproteobacteria, 255 
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Gammaproteobacteria, Deltaproteobacteria, Epsilonproteobacteria, and unclassed 256 

groups at the class level. Gammaproteobacteria was significantly more abundant for 257 

manure treatments than for CK and NPK treatments. The abundance of 258 

Epsilonproteobacteria increased after mineral fertilization. Both inorganic and organic 259 

fertilization could increase the abundance of Alphaproteobacteria (Fig. S3). On the 260 

other side, certain bacteria and fungi at the phylum level affected by fertilization were 261 

different in rhizosphere and non-rhizosphere soils. For example, the long-term manure 262 

fertilization accumulated more Spirochaetes but less Actinobacteria and TM7 in non-263 

rhizosphere soils (Fig. 2A and C). The relative abundance of Ascomycota increased 264 

significantly with fertilization in non-rhizosphere soils but not the case in the 265 

rhizosphere soils (Fig. 2B and D). These results suggested that both long-term 266 

fertilization and rhizosphere affected the microbial community composition together.     267 

The relative abundances of PSB were also greatly influenced by fertilization and 268 

rhizosphere. The Thiobacillus was the most abundant bacterium at genus level and 269 

increased with long-term input of inorganic P in both bulk and rhizosphere soils (Fig. 3 270 

A and C). Additionally, the long-term manure fertilization increased the abundance of 271 

Flavobacterium in bulk soil. On the other side, the Fusarium was the most abundant 272 
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fungus at genus level (Fig. 3 B and D). The influence of fertilization on the phosphorus-273 

solubilizing fungi (PSF) in bulk soil was not obvious. However, manure fertilization 274 

increased the abundance of Aspergillus and Trichoderma in rhizosphere soils.  275 

3.4 Microbial community diversity 276 

Soil with long-term mineral fertilization (NPK) presented a lower bacterial richness and 277 

evenness (i.e. Chao 1 and Shannon index) than those with manure fertilization 278 

(M/NPKM/NKM) and even lower than control soil (CK), indicating that bacterial α-279 

diversity decreased after long-term mineral fertilizer regimes, but was not changed 280 

under manure fertilization (Fig. 4). Other long-term field studies have also shown the 281 

similar tendency (Li et al., 2015; Francioli et al., 2016; Wang et al., 2018). On the other 282 

side, rhizosphere effect was clearly observed on the bacterial diversity: the richness and 283 

evenness of bacterial community in rhizosphere soil were significantly higher than 284 

those in non-rhizosphere soil (P<0.001). It is worth noting that fertilization and 285 

rhizosphere effect have no obvious influence on fungal richness and evenness. It 286 

suggested that long-term fertilization and rhizosphere affected the richness and 287 

evenness of bacterial and fungal communities differently. 288 

The plot of N ·MDSNMDS identified the variations in microbial β-diversity between 289 
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different sites, with the response of bacterial β-diversity being greater than that of fungal 290 

β-diversity (Fig. 5). Specially, the profiles of bacterial β-diversity with manure 291 

fertilizations (M, NKPM, NKM) were clearly separated from that for CK soil (Fig. 5 A 292 

and C). The analysis of similarities (ANOSIM) revealed that R values for rhizosphere 293 

soils between different fertilization treatments were higher than those for bulk soils 294 

(Table S2). Accordingly, the variations in bacterial β-diversity of rhizosphere soils with 295 

manure fertilization were greater than that of bulk soils (Fig. 5 A and C). These results 296 

indicated that manure fertilization and rhizosphere effect exacerbated the variation of 297 

bacterial β-diversity. 298 

3.5 Co-occurrence networks 299 

The co-occurrence network was used to analyze the ecological relationship of both 300 

bacterial and fungal communities under five fertilization treatments. After long-term 301 

mineral fertilization (NPK), total edges, average degree, positive edges, and 302 

positive/negative edges ratio (i.e. P/N ratio) of bacteria and fungi network decreased 303 

(Fig. 6 and Table S3), indicating that long-term mineral fertilization increased the 304 

stability of microbial network (e.g. 6 and Table S3). lower P/N ratio) but decreased the 305 

complexity of network (e.g. less total edges and lower average degree) (Tu et al., 2020; 306 
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Olesen et al., 2007; Hernandez et al., 2021). Meanwhile, long-term manure treatments 307 

(M, NPKM, NKM) increased the negative connections of microorganisms, and also 308 

promoted  the stability of network (Zhou et al., 2020). Additionally, the high P input 309 

(NPKM vs NKM) brought a larger and more complex but less stable bacterial network 310 

(e.g. more total nodes, edges, average degree, average clustering coefficient, average 311 

path length, and less modularity). However, the opposite tendency was shown for 312 

fungus network (Fig. 6 and Table S3), indicating that the response of bacteria and fungi 313 

to the input of inorganic P was different. 314 

3.6 Factors correlating with microbial community diversity 315 

Redundancy analysis (RDA) was conducted to determine the correlation of soil 316 

properties with microbial community diversity in bulk and rhizosphere soils. The results 317 

showed that TC (10.4%, F=4.4, P=0.03), soil pH value (10.3%, F=4.4, P=0.03), TN 318 

(10.1%, F=4.3, P=0.03), and OC (9.2%, F=3.9, P=0.03) were significantly correlated 319 

with bacterial community diversity (Fig. 7A, Table S4). On the other side, for the fungus, 320 

the soil properties had extremely small explanations of <4.4% for the variation for fungi 321 

community (Table S4).  322 

The RDA was also performed to establish the linkages of soil properties with 323 
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community diversity of PSM. The soil properties together explained more than 55% of 324 

the variation in PSB community structure and those correlated with PSB contained TP 325 

(27.5%, F=14.4, P=0.03) and IP (26.6%, F=13.7, P=0.03) (Fig. 7C and Table S5). The 326 

PSB was well separated by RDA1 (52.60 %) between the samples with inorganic P 327 

application (i.e. NPK, NPKM) and without inorganic P application (i.e. CK, M, NKM) 328 

(Fig. 7C). The 30.08% of the total variance in the PSF community could be explained 329 

by the first and second axes (Fig. 7D).  330 

4. Discussion  331 

4.1. Long-term fertilization on soil P accumulation 332 

Long-term organic P fertilization increased the utilization of P for crops compared to 333 

inorganic P fertilization. The same amount of P was added to soil whatever inorganic 334 

or organic fertilization but the total P of soil was significantly higher with mineral 335 

fertilization compared to manure treatment, suggesting more P was retained in soil and 336 

less P was utilized by crops under long-term mineral fertilization (Fig. 1A). Several 337 

researchers have already reported that inorganic P was easily immobilized by clay 338 

minerals and was dominantly associated with amorphous Fe/Al oxides compared to 339 

crystalline Fe/Al oxides fractions in many soil types such as Sandy soils, Ultisols, 340 
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Luvisol, Ferralic Cambisol, and so on (Arai et al., 2005; Rick and Arai, 2011; Jiang et 341 

al., 2015; Ahmed et al., 2019).  On the other side, it has been confirmed that the 342 

application of manure usually leads to an increase in labile organic P pools, which are 343 

protected from the process of adsorption on clay minerals and are readily available to 344 

plants (Braos et al., 2020; Kashem et al., 2004). In this study, manure fertilization 345 

increased microbial biomass P concentration and alkaline phosphatase activity 346 

compared to mineral fertilization (Fig. 1I, Table 1). It was possible that the 347 

mineralization of organic P such as orthophosphate diesters from microbes by alkaline 348 

phosphatase increased under organic fertilization, thus improving the P availability for 349 

crops.  350 

The application of inorganic P fertilizer mainly increased the concentration of inorganic 351 

P but manure fertilization accelerated the accumulation of organic P in soil (Fig., which 352 

was consistent with our hypotheses (Fig. 1C and D). Phosphorus speciation was usually 353 

regulated by the changes in soil mineralogy, mineral and organic P inputs, biological 354 

production, and the utilization of various P species (Turner et al., 2007; Jiang et al., 355 

2017). Fertilization especially for manure accelerated the accrual of organic carbon 356 

(Table 1) significantly, which also co-accumulated organic P. Generally, the content of 357 
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organic phosphorus (OP) from manures accounts for a large proportion of total P, 358 

among which inositol phosphate (IHP) was the most abundant OP (Maguire et al., 2004). 359 

Therefore, long-term manure fertilization also increased the input of OP in the field. 360 

The organic P could be effectively mineralized by microorganisms and thus transferred 361 

into various inorganic P fractions (Song et al., 2007). 362 

The application of manure increased the accumulation of orthophosphate monoesters 363 

significantly, especially for myo-inositol phosphates (myo-IHP) (Fig. 1E and G). 364 

Normally, phosphate monoesters were the main group of organic P compounds and 365 

existed as IHP mainly in most soils (Turner et al., 2005). Those orthophosphate 366 

monoesters were commonly stabilized by association with soil minerals such as Fe/Al 367 

oxides (Celi and Barberis, 2007; Turner and Engelbrecht, 2011; Jiang et al., 2015). 368 

Therefore, the stability and immobilization of orthophosphate monoesters promoted 369 

their accumulation in soil no matter by the input of manure or by the P transformation. 370 

On the other side, separate manure fertilization (M) also increased the contents of 371 

orthophosphate diesters significantly (Fig. 1F). Long-term manure fertilization 372 

accumulated more microbial biomass P significantly (Table 1) that were rich in 373 

orthophosphate diesters (Turner et al., 2007). The accumulation of orthophosphate 374 
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diesters under manure fertilization was probably due to the reduced decomposition of 375 

plant residues and manure or increased microbial synthesis under anaerobic paddy-rice 376 

management (Jiang et al., 2017).  377 

4.2 Long-term fertilization and rhizosphere effect on soil microbial 378 

communities  379 

Our results indicated that long-term mineral fertilization decreased bacterial richness, 380 

evenness, and the decrease of complexation of bacterial networks, indicating that long-381 

term mineral fertilization increased the stability of microbial network (e.g. lower P/N 382 

ratio) but decreased the complexity of network (e.g. less total edges and lower average 383 

degree) (Tu et al., 2020; Olesen et al., 2007; Hernandez et al., 2021). . On the other side, 384 

long-term organic fertilization did not change the bacterial richness and evenness, and 385 

even promoted the separation of bacterial communities. This conclusion was also 386 

expected in our hypothesis. Meanwhile, long-term manure treatments (M, NPKM, 387 

NKM) increased the negative connections of microorganisms, and also promoted  the 388 

stability of network (Zhou et al., 2020). Previous studies have reported that long-term 389 

mineral fertilization changed soil properties and these perturbations may have an 390 

adverse effect on soil microbes (Marschner et al., 2003; Geisseler and Scow, 2014; 391 
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Liang et al., 2020). In contrast, organic fertilizer contained a large amount of organic 392 

matter which could be utilized by soil bacteria (Wu et al., 2020; Wu et al., 2021).  393 

Additionally, there were significant increases for diversity of bacterial communities in 394 

rhizosphere soil compared to bulk soil. Generally, microbes concentrated in the 395 

rhizosphere where organic compounds were released by plant roots (Achat et al., 2010), 396 

and plants tend to recruit bacteria as symbiotic microbes by releasing phenolic 397 

compounds (Gkarmiri et al., 2017; Badri et al., 2013). 398 

Accordingly, redundancy analysis showed that the key factors related to the shift of 399 

bacterial communities included pH, TC, TN, and OC. The previous study showed that 400 

the soil bacteriabacterial community was indirectly impacted by pH via the alteration 401 

of metals and nutrient availability (Xiao et al., 2021), and directly modulated by the 402 

abundance and mineralization of carbon in soil (Chen et al., 2019) as well as soil 403 

nitrogen deposition (Zeng et al., 2016). In this study, the long-term organic fertilization 404 

and rhizosphere soil accumulated more TC, TN, and OC, which provided more nutrients, 405 

changed the soil pH, and thus drove the shift of bacterial communities (Ingwersen et al., 406 

2008; Liu et al., 2019).  407 

Additionally, the application of both mineral and organic fertilizers increased the 408 



 

25 

 

stability of bacterial networks (i.e., increasing negative correlations). Compared to CK, 409 

long-term fertilization provided more nutrient elements, stimulated the growth and 410 

competition of bacteria, and finally facilitated the stability of ecological network (Faust 411 

and Raes, 2012; Simard et al., 2012). 412 

It was worth noting that fertilization and rhizosphere effect had no obvious influence 413 

on fungal community structure. Redundancy analysis showed that the explanations of 414 

soil properties were extremely small for the variation for fungi community. It has been 415 

found that fungi were less sensitive to soil substrates and environmental conditions 416 

whereas bacteria were more sensitive (Dong et al., 2014). The high TOC provided by 417 

the long-term fertilization and rhizosphere soil gave an advantage for bacteria to 418 

compete with fungi for resources, thus decreasing influences of long-term fertilization 419 

and rhizosphere on fungi (Zelezniak et al., 2015).  420 

4.3 Response of PSM 421 

Thiobacillus was the most abundant PSB at genus level and increased with the input of 422 

inorganic P fertilizers in bulk and rhizosphere soil (Fig. 3 a and c). It was involved in 423 

sulfur oxidation, and acidity resulted from sulfur oxidation could solubilize mineral P 424 

(Aria et al., 2010). Acidic and anaerobic conditions provided by paddy-rice 425 



 

26 

 

management of red soil in this study were beneficial for the growth of Thiobacillus 426 

considering that it belongs to acidophilic bacterium (Monachon et al., 2019; Kumar et 427 

al., 2020). The applied calcium superphosphate as inorganic P fertilizer in this study 428 

contained a certain amount of CaSO4, therefore the input of inorganic P fertilizer also 429 

provided S source for the growth of Thiobacillus. On the other side, Fusarium was the 430 

most abundant PSF at genus level (Fig. 3 B and D) and was proven to produce organic 431 

acid to solute the mineral P (Elias et al., 2016). It was known that Fusarium was widely 432 

distributed in soil around the world and acted as a saprophyte (Deacon, 1997), among 433 

which many species were also found as phytopathogens (Suga and Hyakumachi, 2004). 434 

 Besides, the long-term organic fertilization increased the abundance of Flavobacterium, 435 

Aspergillus, and Trichoderma. Flavobacterium was associated with the degradation of 436 

phosphotriester (Brown, 1980) and was proven to grow in a nutrient-rich condition 437 

(Kraut-Cohen et al., 2021). Aspergillus, as a saprophytic fungus, could produce organic 438 

acid to dissolve mineral phosphorus (Li et al., 2016) and also preferred to the nutrient-439 

rich condition (Martins et al., 2014). Additionally, Trichoderma as a biological control 440 

fungi (Zin and Badaluddin, 2020) was colonized in the root epidermis and outer cortical 441 

layers (Harman, 2006). Long-term organic fertilization provided more organic matter 442 
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for these microbes.  443 

PSM could solubilize mineral P and mineralize organic P (Sharma et al., 2013). The 444 

PSB of samples with inorganic P input (i.e. NPK, NPKM) and none mineral P 445 

application (i.e. CK, M, NKM) could be well separated, indicating mineral P had a 446 

strong effect on community diversity of PSB. Correspondingly, TP and IP were key 447 

factors driving the diversity of soil PSB community and those indicators were all higher 448 

significantly with inorganic P amendments (Fig. 1A, and C). As discussed before, 449 

Thiobacillus as the most abundant PSB at genus level in this study increased with the 450 

input of mineral P. It is because that mineral P could provide additional S source for the 451 

growth of Thiobacillus. Furthermore, the availability of P in soil was considered as a 452 

key condition for PSM to express P-solubilization traits. Low availability of P in soil is 453 

widely considered as a favorable condition for PSM whereas recent studies suggested 454 

that a minimum P threshold is required to achieve a response by plants (Sánchez-Esteva 455 

et al., 2016; Gómez-Muñoz et al., 2018; Raymond et al., 2021). 456 

5. Conclusion   457 

Long-term inorganic and organic fertilization managements brought different effects on 458 

P accumulation, microbial community, and PSB. Long-term mineral fertilization 459 
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increased inorganic and available P concentrations. In contrast,, while manure 460 

fertilization increased soil organic P concentrations, microbial biomass P contents, and 461 

alkaline phosphatase activity, which is beneficial for thepotential organic P 462 

mineralization of organic P, especially for orthophosphate diesters. 463 

. The turnover of P by bacteria seems strong under long-term organic fertilization and 464 

rhizosphere soil considering that more organic nutrient was provided for bacteria and 465 

the bacterial community diversity increased. Furthermore, the responses of PSM to 466 

different fertilization managements were also different. For example, inorganic P 467 

fertilization increased the abundance of Thiobacillus (i.e. the most abundant PSB in 468 

studied soil) whereas organic fertilization increased the abundance of Flavobacterium, 469 

Aspergillus, and Trichoderma. The concentrations of TP and IP strongly influenced by 470 

inorganic P fertilization were key factors driving the diversity of soil PSB community. 471 

These findings provide useful insights into P accumulation, turnover, and soil P 472 

sustainable fertility under different fertilization strategies. 473 
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Fig. 1 Different phosphorus forms and phosphatase activities in five treatments (CK, NPK, M, NPKM, NKM) and 770 

two sample types (rhizosphere and bulk soil), where A: Total phosphorus, B: Available phosphorus, C: Inorganic 771 
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Acidic phosphatase activity, I: Alkaline phosphatase activity. Significant differences between treatments in bulk soil 773 

are indicated by capital letters (p<0.05, n = 4). Significant differences between treatments in rhizosphere are indicated 774 

by lowercase letters (p<0.05, n = 4). Significant differences between rhizosphere and bulk soil are indicated by 775 
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asterisks, where * p < 0.05, ** p < 0.01 (Duncan's test, n=4) 776 

 777 

Fig. 2 The microbial relative abundance (left) and the features with significant differences (Anova + Duncan, p<0.05, 778 

n=6) between groups (right) at the phylum level in five treatments (CK, NPK, M, NPKM, NKM). Capital letters 779 

means different classification (A: bacteria in bulk soil, B: fungi in bulk soil, C: bacteria in rhizosphere soil, D: fungi 780 

in rhizosphere soil) 781 

 782 



 

40 

 

 783 
Fig. 3 The relative abundance of phosphorus-solubilizing microbe (left) and features with significant differences 784 

(Anova + Duncan, p<0.05, n=6) between groups (right) at the genus level in five treatments (CK, NPK, M, NPKM, 785 

NKM). Capital letters means different classification (A: bacteria in bulk soil, B: fungi in bulk soil, C: bacteria in 786 

rhizosphere soil, D: fungi in rhizosphere soil) 787 

 788 
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 789 

Fig. 4 Mean ± SE values for microbial α-diversity (A: Bacterial Chao1 index, B: Fungal Chao1 index, C: Bacterial 790 

Shannon index, D: Fungal Shannon index) in five treatments (CK, NPK, M, NPKM, NKM) and two sample types 791 

(rhizosphere and bulk soil). Significant differences between treatments in bulk soil are indicated by capital letters 792 

(p<0.05, n = 6). Significant differences between treatments in rhizosphere are indicated by lowercase letters (p<0.05, 793 

n = 6). Significant differences between rhizosphere and bulk soils are indicated by asterisks, where * p < 0.05, ** p 794 

< 0.01 (Duncan's test, n=6) 795 

 796 

 797 
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 798 

Fig. 5 Nonmetric multi-dimensional scaling (NMDS) ordination of the microbial community by comparing with 799 

Bray-Curtis distance similarities based on the abundance of OTUs. Capital letters means different classification (A: 800 

bacteria in bulk soil, B: fungi in bulk soil, C: bacteria in rhizosphere soil, D: fungi in rhizosphere soil) 801 

 802 
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 803 

Fig. 6 Network of co-occurring bacterial (A) and fungal (B) OTUs across five fertilizer treatments. Only Spearman’s 804 

correlation coefficient r > 0.6 or r < − 0.6 significant at P < 0.01 is shown. The nodes are colored according to phylum. 805 

orange edges represent positive correlations and blue edges represent negative correlations. Node size presents the 806 

connecting numbers of each OUT. 807 

 808 

 809 

 810 
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 811 

Fig. 7 Correlations between soil properties and the community structure of total bacteria (A), total fungi (B), 812 

phosphorus-solubilizing bacteria (C), and phosphorus-solubilizing fungi (D) as determined by redundancy analysis 813 

(RDA). MBP, microbial biomass phosphorus; TP, total phosphorus; IP, inorganic phosphorus; AP, available 814 

phosphorus; Orth-mono, orthophosphate monoester; Orth-di, orthophosphate diesters; Myo-IHP, myo-Inositol 815 

hexakisphosphate; α+β+mono, α- and β-glycerophosphates and mononucleotides; ACP, activity of acidic 816 

phosphatase; ALP, activity of alkaline phosphatase. 817 

 818 

 819 

 820 
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 821 

Fig. 8 A diagrammatic sketch showing different responses of P accumulation, soil microbial communities and the 822 

PSM after long-term mineral or manure fertilization. ↑, increase; -, no effect; ↓, decrease. 823 

 824 

 825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 



 

46 

 

Table 1 840 

The soil properties in five treatments (CK, NPK, M, NPKM, NKM) and two sample types (Bulk and Rhizosphere 841 

soil).  842 

Soil properties Sample type CK NPK M NPKM NKM 

Total C (g/kg) 

Bulk soil 
19.08±0.26 

a** 

23.38±0.56 

b** 

30.30±0.23 

d** 
34.08±0.22 e 28.80±0.87 c 

Rhizospher

e 
20.93±0.56 a 26.38±1.59 b 33.63±0.81 d 34.48±0.15 d 30.18±0.29 c 

Organic C (g/kg) 

Bulk soil 15.13±0.30 a 17.88±1.16 b 23.43±1.42 c 26.18±0.68 d 22.35±0.37 c 

Rhizospher

e 
16.38±0.66 a 18.90±1.00 b 25.33±1.69 d 25.88±1.14 d 22.23±0.52 c 

Total N (g/kg) 

Bulk soil 2.25±0.06 a 2.58±0.05 b** 3.28±0.10 c* 3.53±0.10 d 3.00±0.12 e* 

Rhizospher

e 
2.35±0.06 a 2.93±0.15 b 3.45±0.06 d 3.58±0.05 d 3.25±0.06 c 

C/N 

Bulk soil 8.48±0.10 a* 9.08±0.35 b 9.26±0.29 b 9.67±0.23 c 9.60±0.08 c 

Rhizospher

e 
8.90±0.06 a 9.02±0.19 ab 9.75±0.09 c 9.64±0.11 c 9.29±0.25 b 

pH 

Bulk soil 5.84±0.08 ab 5.85±0.02 ab 5.89±0.17 ab 5.89±0.01 b 5.76±0.05 a 

Rhizospher

e 
5.95±0.06 a 6.13±0.02 b 6.15±0.09 b 6.19±0.15 b 6.07±0.04 b 

Gravimetric Moisture 

Bulk soil 0.41±0.05 a 0.43±0.00 a 0.45±0.03 ab 0.49±0.03 b 0.48±0.02 b 

Rhizospher

e 
0.39±0.03 a 0.41±0.03 ab 0.43±0.02 ab 0.44±0.03 b 0.44±0.03 b 

Nitrate-N (mg/kg) 

Bulk soil 0.60±0.05 a 0.66±0.23 a** 1.30±0.90 a 0.99±0.26 a 1.45±1.13 a 

Rhizospher

e 
0.95±0.36 a 0.80±0.34 b 1.42±0.62 a 1.26±0.61 a 1.34±0.62 a 

Ammonia-N (mg/kg) 

Bulk soil 12.15±2.92 a 11.08±2.27 a 10.40±2.32 a 8.66±1.46 a 11.82±3.24 a 

Rhizospher

e 
10.07±2.59 a 17.23±1.02 a 11.79±1.60 a 11.38±2.21 a 11.66±3.90 a 

Microbial biomass P (mg/kg) 

Bulk soil 3.70±3.49 a 7.95±5.70 ab 15.56±8.42 ab 12.39±9.60 b 10.45±3.83 ab 

Rhizospher

e 
5.53±2.71 a 12.59±8.06 ab 17.90±4.27 b 21.40±8.59 b 17.77±11.14 b 

Values are means ± standard error.  843 

Significant differences between treatments are indicated by lowercase letters (p<0.05, n = 4).  844 

Significant differences between rhizosphere and bulk soil are indicated by asterisks, where * p < 0.05, ** p < 0.01 845 

(Duncan's test, n=4) 846 
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 850 
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Table 2 856 

The phosphorus species in five treatments (CK, NPK, M, NPKM, NKM) and two sample types (Bulk and 857 

Rhizosphere soil).  858 

P Form or Compound Class Sample type CK NPK M NPKM NKM 

NaOH-EDTA extracted 

phosphorus (mg/kg) 

Bulk soil 253.86±34.05 a 560.13±22.78 b 361.80±2.00 a 738.70±40.05 c 304.31±1.66 a 

Rhizosphere 243.29±38.26 a 546.67±101.12 b 345.77±38.23 a 685.59±36.28 c 348.40±52.34 a 

Orthophosphate (mg/kg) 
Bulk soil 146.84±32.01 a 459.07±2.71 b 202.19±5.91 a 598.10±1.61 c 167.24±2.98 a 

Rhizosphere 148.23±33.88 a 409.37±88.42 b 187.37±20.00 a 540.29±40.60 c 186.66±25.94 a 

Pyrophosphate (mg/kg) 
Bulk soil 2.94±0.64 a 2.30±3.26 a 3.01±1.34 a 3.00±4.24 a 2.52±1.23 a 

Rhizosphere 2.73±1.42 a 1.73±2.45 a 2.74±1.02 a 2.56±3.62 a 2.89±1.71 a 

Orthophosphate monoesters 

(mg/kg) 

Bulk soil 63.87±0.75 a 64.31±13.36 a 93.87±7.26 b 92.73±21.40 b 91.09±4.29 b 

Rhizosphere 56.90±7.41 a 85.97±18.57 b 96.28±6.33 b 88.72±4.76 b 93.99±9.14 b 

Myo-IHP (mg/kg) 
Bulk soil 28.69±0.17 a** 36.73±0.22 b 40.40±1.68 bc 44.86±4.35 c* 39.29±0.48 bc 

Rhizosphere 19.03±2.31 a 38.58±5.51 b 40.21±2.98 b 51.18±0.04 c 44.43±0.95 b 

Scyllo-IHP (mg/kg) 
Bulk soil 5.03±0.08 a 6.90±3.29 a 10.15±3.16 a 8.98±4.25 a 7.52±1.05 a 

Rhizosphere 4.45±1.02 a 8.19±1.77 a 9.37±1.00 a 7.96±3.21 a 8.12±2.79 a 

Other monoesters (mg/kg) 
Bulk soil 30.16±0.49 ab 20.69±9.86 a 43.33±8.74 b 38.89±12.79 ab 44.29±2.76 b 

Rhizosphere 33.45±10.73 a 39.20±11.29 a 46.70±2.35 a 29.57±1.59 a 41.43±10.99 a 

Orthophosphate diesters 

(mg/kg) 

Bulk soil 40.21±0.66 a 34.44±3.45 a 62.72±4.69 b 44.87±12.81 ab 43.46±1.59 ab* 

Rhizosphere 35.43±13.20 a 49.61±3.42 ab 59.38±12.93 b 54.03±4.06 a 64.86±15.55 b 

DNA (mg/kg) 
Bulk soil 15.31±2.32 ab 6.90±3.29 a* 22.20±2.21 b 11.97±8.49 ab 13.38±0.24 ab 

Rhizosphere 12.34±6.90 a 21.58±3.82 a 18.15±8.52 a 13.65±4.84 a 20.06±9.32 a 

α+β+mono (mg/kg) 
Bulk soil 24.90±1.67 a 27.54±0.16 a 40.52±6.90 b 32.90±4.32 a 30.08±1.83 a** 

Rhizosphere 23.10±6.30 a 28.03±0.40 a 41.22±4.40 b 40.38±0.78 b 44.80±6.23 b 

Myo-IHP: myo-Inositol hexakisphosphate; Scyllo-IHP: Scyllo-Inositol hexakisphosphate; α+β+mono, α- and β-859 

glycerophosphates and mononucleotides; Values are means ± standard error.  860 

Significant differences between treatments are indicated by lowercase letters (p<0.05, n = 2). Significant differences 861 

between rhizosphere and bulk soil are indicated by asterisks, where * p < 0.05, ** p < 0.01 (Duncan's test, n=2) 862 

 863 

 864 


