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A B S T R A C T

As a homologous gene encoding microbial alkaline phosphomonoesterase, the expression of phoD is critically
controlled by P availability and thus contributes to the mineralization of soil organic P under P-depleted con-
dition. However, its role in the regulation of soil P turnover is largely unknown due to the complex coupling of
physiochemical and biological processes in the P cycle, especially in paddy field. We hypothesized that 1) P
fertilization would decrease the abundance of phoD gene and change the composition of phoD-harboring mi-
crobial community and 2) the high abundance of phoD-harboring microorganisms in P-poor soil would stimulate
the synthesis of alkaline phosphomonoesterase, thus mitigating P limitation via the mineralization of organic P.
After 42 days of rice growth, the phoD abundance negatively correlated with soil P availability, and it was
significantly higher in non-fertilized treatments than in P-fertilized treatments for both rhizosphere and bulk
soils. A stronger competition among phoD-harboring microorganisms was detected in non-fertilized soil than in
P-fertilized soil, with Bradyrhizobium, Methylobacterium, and Methylomonas being the dominant taxa in all
samples. However, the high phoD gene abundance under P-poor condition was mainly due to the growth of rare
operational taxonomic units (OTUs) affiliated to Actinobacteria and Cyanobacteria (relative abundance < 3%).
Consistent with our hypothesis, the growth of phoD-harboring microorganisms stimulated the hydrolysis of
organic P in non-fertilized soil. However, in the P-fertilized treatments, the increase in OTU abundance was
accompanied by the depletion of exchangeable P and accumulation of microbial biomass P. Our findings suggest
that phoD-harboring microorganisms have the potential to immobilize P in biomass when the supply is sufficient
while mineralize organic P under P-poor condition, during which the rare taxa play an important role.

1. Introduction

Phosphorus limitation is a global issue in terrestrial ecosystems
(Elser et al., 2007; Vitousek et al., 2010; Atere et al., 2018a, b), al-
though the total P content in soil is generally high (Schlesinger, 1997;
Vitousek et al., 2010). Organic P accounts for 30–80% of the total P
pool (Harrison, 1987; Mclaughlin et al., 1990), and it is available for
plants and microorganisms after mineralization by phosphatases
(Richardson, 2001, 2009; Condron et al., 2005). As orthophosphate is
easily bound to soil aggregates or precipitates, most mineral P is not
accessible or not available for plant roots (Khan et al., 2010; Vitousek
et al., 2010). Therefore, hydrolysis of organic P plays a significant role
in plant P nutrition (Richardson and Simpson, 2011).

Microorganisms exhibit highly flexible C:P and N:P stoichiometries
and survive in habitats with very low P availability (Godwin and
Cotner, 2015; Wei et al., 2017), partly because of their ability to access
and recycle P in organic forms (Vershinina and Znamenskaya, 2002;
Apel et al., 2007). Some microbes upregulate the expression of phos-
phate starvation-induced genes, which are part of the Pho regulon
(Vershinina and Znamenskaya, 2002), under P-limited conditions.
Phosphorus limitation stimulates the biosynthesis of proteins involved
in the transport of inorganic P and P-containing organics, synthesis of
cell wall constituents, and utilization of phosphoesters, polyphosphates,
and phosphonates (Hirani et al., 2001; Vershinina and Znamenskaya,
2002). Various phosphatases are produced by microorganisms in re-
sponse to inorganic P limitation, including acid and alkaline
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phosphomonoesterases, phytases, and nucleotidases (Nannipieri et al.,
2011). The origin of enzymes contributing to the measured enzyme
activity can be determined by relating the enzyme activity with the
detection and expression of relative enzyme-encoding genes
(Nannipieri et al., 2018). Both acid and alkaline phosphomonoesterase
(ALP) can hydrolyze ester–phosphate bonds in many phosphoesters
(Nannipieri et al., 2011), but ALP is mainly produced by microorgan-
isms (Chhonkar and Tarafdar, 1981; Tan et al., 2013) and thus is an
important driver of microbial P turnover. Indeed, it can mineralize 90%
of the P-containing organic compounds in soil, except phytate
(Sharpley, 1985; Condron et al., 2005; Kathuria and Martiny, 2011).
Three homologous genes encode microbial ALPs, namely, phoA, phoD,
and phoX (Gomez and Ingram, 1995). Compared with the other two
genes, phoD is ubiquitous across the bacterial kingdom with high
abundance in various soil types; thus, it has been suggested to be the
key ALP-encoding gene (Tan et al., 2013; Ragot et al., 2015; Luo et al.,
2017a). The expression of phoD is induced by P starvation (Apel et al.,
2007). The abundance and community composition of phoD-harboring
microorganisms are sensitive to soil P condition, and both are affected
by the application of mineral P and manure (Fraser et al., 2015a; Ragot
et al., 2016; Luo et al., 2017a).

As mentioned, inorganic P is rapidly adsorbed by surface-reactive
particles or precipitated in soil (Richardson et al., 2009). The available
P content seldom exceeds 0.1% of the total P content in soil, despite
frequent P fertilization (Khan et al., 2010). The condition is even worse
in tropical and subtropical soils with high Fe/Al content, which are in
the main production areas of rice. In China, the mean available P
content is 8.9 g m−3 in the plough layer of paddy soils, which is not
sufficient for optimal plant growth (Lin et al., 2009). To maintain high
crop yields, P fertilizers are continually added to soil. The high input of
mineral P may inhibit the growth of phoD-harboring microorganisms
and change their community composition, with potentially effects on
the soil P cycle and plant P use efficiency (Tan et al., 2013; Fraser et al.,
2015b; Lagos et al., 2016; Luo et al., 2017a). However, to the best of
our knowledge, the information about phoD-harboring microorganisms
is mainly limited to upland soils, such as forest (Bergkemper et al.,
2016), grassland (Neal et al., 2017), and wheat and maize (Luo et al.,
2017a) soils. Periodic drying/rewetting (DW) cycles affect the redox
condition of paddy soils, with strong effects on the composition and
activity of soil microbial communities (Chu et al., 2009; Jiang et al.,
2016; Wu et al., 2017). Such situation may lead to dynamics of phoD-
harboring microbes different from upland ecosystems, which requires
specific investigation.

In this study, we aimed to investigate how P fertilization affects P-
mineralizing microbial groups in a P-poor paddy soil. We tested P
availability and ALP activity during rice growth and determined the
copy number and diversity of the phoD gene to evaluate the abundance
and community composition of microorganisms with the potential to
produce ALP. We hypothesized that 1) P fertilization would increase P
availability, decrease phoD-harboring microbial abundance, and inhibit
ALP activity; 2) communities of phoD-harboring microorganisms would
differ in soils with and without P fertilization; and 3) changes in the
abundance and diversity of phoD-harboring microorganisms would act
in a feedback manner on soil P conditions and change the level of or-
ganic and inorganic soil P pools.

2. Materials and methods

2.1. Experimental setup

A P-poor paddy soil was collected from a long-term experimental
field located in the Changsha Agricultural and Environmental
Monitoring Station, Hunan Province, China (113°19′52''E, 28°33′04''N).
The Oxisol in the area developed from Quaternary red clay has the
following main properties: pH, 5.43; exchangeable NH4

+-N,
7.99 mg kg−1; NO3

−-N, 0.34 mg kg−1; Olsen P, 4.96 mg kg−1; soil

organic C (SOC), 14.26 g kg−1; total N (TN), 1.45 mg kg−1; and total P
(TP), 754.78 mg kg−1. The topsoil (0–20 cm) was collected, air-dried in
the laboratory, and sieved (< 2 mm) after manually removing all plant
residues. The soil (30 kg) was then flooded with 2–3 cm of ddH2O and
preincubated at 25 °C for 14 days after mixing thoroughly.

KH2PO4 was added to half of the soil to a final P content [per dry
weight (dw)] of 80 mg kgdw

−1 (120 kg ha−1) (P80). The non-fertilized
soil was used as the control (P0); 500 gdw of soil was evenly packed in a
nylon bag (48-μm mesh, 5 cm × 17 cm), which was placed in the center
of a polyvinyl chloride pot (17.2 cm × 20 cm), and the space between
the pot and nylon bag was filled with another 500 g of the same soil.
Three 22-day-old rice seedlings were transplanted to the center of each
bag. Twelve pots were established for P0 and P80 treatments, respec-
tively. Half of those pots were subjected to continuous flooding with a
2–3-cm layer of ddH2O throughout the experiment. The remaining pots
were subjected to the following drying-rewetting cycles: at the start of
the experiment, ddH2O was added to flood the soil by 2–3 cm (wetting);
the soil was then air-dried until no free water was visible on the soil
surface (drying); and finally, more ddH2O was added to recover the
initial flooding condition (rewetting). 160 mg kgdw

−1 K (240 kg ha−1,
as KCl) and 250 mg kgdw

−1 N [375 kg ha−1, as (NH4)2SO4] were ap-
plied to all treatments as basal fertilizers. The rice plants were grown in
a greenhouse at 30 ± 1 °C during the day (12 h) and 24 ± 1 °C at
night (12 h). The relative humidity was set to 80–90% and the light
intensity was set at 500 mmol photons m2 s−1 photoactive radiation at
the canopy height, with a 12-h photoperiod (Ge et al., 2012, 2017a).
The soil within and outside the nylon bag was designated as the rhi-
zosphere and bulk soils, respectively.

2.2. Soil sampling and analysis

Sampling was performed after 26 and 42 days of rice growth. Three
pots were randomly selected from each treatment, and the rhizosphere
and bulk soils were sampled separately. All rice roots were manually
removed; 350 g of soil was stored at 4 °C for physicochemical analysis,
performed within 1 week. The remaining sampled soil was stored at
−80 °C for DNA extraction. The content of SOC and TN was determined
by dry combustion in an elemental analyzer (Vario MAX C/N;
Elementar, Frankfurt, Germany). The microbial biomass C content was
measured by the fumigation-extraction method (Wu et al., 1990). Dis-
solved organic C (DOC) and exchangeable NH4

+-N and NO3
−-N were

extracted using 0.5 mmol L−1 K2SO4 and measured using a TOC ana-
lyzer (TOC-VWP; Shimadzu, Tokyo, Japan) and a continuous-flow au-
toanalyzer (AA3; Seal, Norderstedt, Germany), respectively.

2.3. Soil P fractions

The soil P fractions were measured by the method of DeLuca et al.
(2015), with slight modifications. Briefly, to determine the inorganic P
fractions, 0.5 g of fresh soil was extracted individually with 10 mL of
the following solutions: (1) 10 mM CaCl2 (exchangeable inorganic P);
(2) 10 mM citrate (labile adsorbed or bound inorganic P); (3) 1.0 M HCl
(mineral-occluded recalcitrant inorganic P); and (4) 0.5 M NaHCO3

(total available P) (Olsen et al., 1954). The soil suspensions were
shaken at 200 rpm for 3 h. One gram of fresh soil was extracted with a
phosphatase mixture (0.2 U of acid phosphomonoesterase, ALP, and
phytase) to determine the phosphatase-hydrolysable organic P pool.
Finally, the microbial biomass P (MBP) content was determined by the
chloroform fumigation–extraction method (Brookes et al., 1982). The P
concentration in all the fractions was measured by the ammonium
molybdate–ascorbic acid method (Zhong et al., 2010).

2.4. Alkaline phosphomonoesterase kinetics

The kinetics of ALP was determined in triplicate by a fluorometric
method, as described by Sanaullah et al. (2016). One gram of fresh soil
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was suspended in 50 mL of sterile water with low-energy sonication
(output energy: 40 J s−1, 2 min); 50 μL of the suspension was mixed
with 150 μL of 4-methylumbelliferone-modified sodium phosphate
(MUF-Na2PO4) at concentrations of 0, 20, 40, 60, 100, 200, 600, and
800 μmol L−1 in MES (C6H13NO4SNa0.5) buffer (0.1 mol l−1; the pH of
the solution was adjusted to 11 using NaOH) (Fraser et al., 2015a;
Razavi et al., 2016). The mixture was then incubated at 37 °C for 4 h in
a 96-well microplate. The fluorescence of the released MUF was mea-
sured at an excitation wavelength of 355 nm and an emission wave-
length of 460 nm using an Infinite M200 PRO plate reader (Infinite
M200 PRO, Tecan, Hombrechtikon, Switzerland) after incubation for 0,
20, 60, 120, 180, and 240 min. For each sample, Vmax was calculated
using Michaelis–Menten (Michaelis and Menten, 1913) equation:

V = Vmax [S] / (Km + [S]) (1)

where, V is the reaction velocity, Vmax is the maximum reaction velocity
at the saturating substrate concentration, [S] is the substrate con-
centration, and Km is Michaelis constant, equal to the substrate con-
centration at which the reaction rate is half of Vmax.

2.5. DNA extraction

The total genomic DNA was extracted from 0.5 g of frozen soil using
the Power Soil® DNA Isolation Kit (MoBio, California, USA), following
the manufacturer's protocol. The concentration and quality of the ex-
tracted DNA were assessed using the NanoDrop spectrophotometer
(ND-1000; NanoDrop Technologies, Wilmington, DE, USA), and then
examined on a 1% (w/v) agarose gel. The isolated DNA was stored at
−20 °C for further analysis.

2.6. Quantitative PCR

Quantitative polymerase chain reaction (qPCR) was performed to
determine the phoD gene copy number with the primers ALPS-F730 (
5′-CAGTGGGACGACCACGAGGT-3′) and ALPS-R1101 (5′-GAGGCCGA
TCGGCATGTCG-3′) (Sakurai et al., 2008). The PCR mixture (10 μL)
contained 5 μL of 2× SYBR Premix Ex Taq (Takara, Japan), 0.15 μL of
each primer, 1 μL of DNA (5 ng μL−1), and 3.7 μL of sterile ddH2O. The
qPCR was performed in triplicate using the Roche LightCycler® 480
real-time PCR system (Roche, Switzerland) with the following cycling
conditions: 95 °C for 3 min, followed by 40 cycles at 95 °C for 5 s and
58 °C for 30 s. A standard curve was generated using serial 10-fold di-
lutions of a linearized plasmid containing the target gene, whose pre-
sence was determined by preliminary sequencing. The qPCR results
were considered acceptable when the amplification efficiency ranged
from 90% to 110%, with R2 of the standard curve > 0.98.

2.7. Illumina sequencing and sequence analysis

phoD was amplified with the primers ALPS-F730 and ALPS-R1101
labeled with a unique barcode at the 5′ end. The PCR conditions were as
follows: 95 °C for 3 min, followed by 30 cycles at 95 °C for 5 s, 58 °C for
30 s, and 72 °C for 30 s, and a final extension at 72 °C for 10 min. The
PCR products were then purified using the TIANquick Midi Purification
Kit (TIANGEN, China). Sequencing was performed on the Illumina
MiSeq 2000 platform by Novogene Co., Ltd. (Beijing, China). The se-
quences were processed using the QIIME pipeline (Caporaso et al.,
2010) combined with the RDP FunGene pipeline (Fish et al., 2013). The
overlapping paired-end reads were assembled and the primer sequences
were removed. The split-sequence libraries were then screened, and all
sequences longer than 375 bp or shorter than 300 bp (2.5% cutoff), as
well as those with a quality score of less than 30 were discarded. The
remaining sequences were run through the RDP FunGene pipeline to
remove all sequences that did not correspond to phoD or included a
termination codon. A total of 138,743 high-quality sequences were

obtained by sequencing. The correct sequences were processed by the
UCluster method in QIIME. The sequences with 75% similarity were
assigned to the same operational taxonomic unit (OTU) (Palmer et al.,
2009; Tan et al., 2013). The OTUs accounting for less than 0.005% of
the total sequences were filtered out, and 260 OTUs were obtained in
total. For each OTU, a representative sequence was selected and sear-
ched using BLAST for its corresponding protein sequence in the Fun-
Gene database (Fish et al., 2013) for taxonomic assignment. The OTUs
observed in more than 20% of all samples (> 8 samples; 209 OTUs)
were used in the correlation analysis. Maximum-likelihood phylogeny
was calculated using MEGA 7 and visualized using the iTOL webserver
(Letunic and Bork, 2016). The DNA sequences have been deposited in
the National Center for Biotechnology Information BioProject database
under the BioProject accession number PRJNA412700 (ID: 412700
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA412700).

2.8. Statistical analyses

ANOVA was performed using SPSS 20.0 software to evaluate the
effect of P fertilization water management strategies, and “rhizosphere
effect”, as well as their interaction on soil properties, ALP activity, and
phoD copy numbers. The effect of rice growing time was examined by
repeated-measures ANOVA using SPSS 20.0. Bray–Curtis-based prin-
cipal coordinate analysis (PCoA) and non-metric multidimensional
scaling (NMDS), and redundancy analysis (RDA) were performed using
vegan package in R 3.5.1 at the OTU level. The co-occurrence networks
of phoD-harboring microbial OTUs in P-poor and P-fertilized soils were
constructed using iGraph packages in R, based on Spearman correlation
matrix as described by Ma et al. (2016). The p-values of Spearman
correlation among all OTUs were adjusted using Benjamini and Hoch-
berg false discovery rate (FDR)-controlling procedure (Benjamini et al.,
2006) in the multtest R package. The cutoff value of 0.63 was de-
termined for the correlation coefficients through the random matrix
properties method (Luo et al., 2006), and the cutoff value for an FDR-
adjusted p-value was set as 0.01. The network images were generated
using Cytoscape 3.5.1.

3. Results

3.1. Soil P fractions

The soil P fractions were affected by P fertilization and rice growth.
As water management had little effect on the soil P fraction, we re-
tained only the continuous flooding data in the paper (Fig. 1); drying-
rewetting data have been presented in the supplementary information
(Fig. S1). Phosphorus addition significantly increased the content of all
the P fractions, except for CaCl2-extractable P (p < 0.05; Figs. 1 and
S1). After 26 days of rice growth, the content of total available P in the
soil without P fertilization was 2–3 times higher than that in the ori-
ginal soil. Further cultivation until 42 days decreased the available P
content in all the treatments (p < 0.05; Figs. 1d and S1d). The citrate-
extractable P content in the soil increased with time, but only in the
treatments without P fertilization (Figs. 1b and S1b). After 42 days of
rice growth, the MBP content in the non-fertilized treatments decreased
compared with that on day 26; however, it increased by 1.8–8.7-fold in
the P-fertilized soil (Figs. 1f and S1f). We found negligible effects of
interaction of P fertilization with the rhizosphere and water manage-
ment on soil P fractions after 26 days of rice growth (Table S1). How-
ever, significant effects of interactions of P fertilization and water
management on all soil P pools, except CaCl2-and HCl-extractable P,
were observed on day 42 (Table S1).

3.2. phoD gene abundance and activity of alkaline phosphomonoesterase

Fig. 2 shows the phoD gene abundance and ALP activity in the
rhizosphere and bulk soils in response to P fertilization and rice growth
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under continuous flooding treatment. Consistent with the observation
on soil P fractions, the water management strategies seldom influenced
phoD abundance and ALP activity. Phosphorus fertilization reduced the
phoD gene abundance (p < 0.05; Figs. 2a and S2a). The copy number
of phoD increased by 1.6–8.0-fold in the soil without P fertilization and

6.7–13.6-fold in P-fertilized soil during the period of rice growth from
days 26–42. The ALP activity was higher in the rhizosphere soil than in
the bulk soil only in the P0 treatment on day 26 (p < 0.05; Figs. 2b and
S2b). Generally, P fertilization and the time did not affect the activity of
ALP. A negative correlation was detected between phoD abundance and

Fig. 1. Content of CaCl2-extractable P (a), citrate-extractable P (b), HCl-extractable P (c), total available P (d), enzyme-extractable P (e), and microbial biomass P (f)
in the rhizosphere soil (Rhizo) and bulk soil (Bulk) without (P0) and with (P80) P fertilization under continuous flooding (Flooding) after 26 and 42 days of rice
growth. Significant differences between soil without and with P fertilization are indicated by asterisks (Significant level: *p < 0.05, **p < 0.01, ***p < 0.001),
while between bulk and rhizosphere soils are indicated by different English (P0) or Greek (P80) letters.

Fig. 2. Abundance of the phoD gene (a) and the
maximum potential activity of alkaline phosphomo-
noesterase (b) in the rhizosphere soil (Rhizo) and
bulk soil (Bulk) without (P0) and with (P80) P fer-
tilization under continuous flooding (Flooding) after
26 and 42 days of rice growth. Significant differences
between soil without and with P fertilization are
indicated by asterisks (Significant level: *p < 0.05,
**p < 0.01, ***p < 0.001), while between bulk
and rhizosphere soils are indicated by different
English (P0) or Greek (P80) letters.
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the total available P content (R2 = 0.308, p < 0.0001; Fig. 3a). The
activity of ALP positively correlated with the total available P content
(R2 = 0.156, p = 0.005; Fig. 3b). However, no correlation was found
between phoD abundance and the ALP activity (p = 0.160; Fig. 3c).

3.3. phoD-harboring microbial community

Similar to P fractions and phoD abundance, the community structure
of phoD-harboring microorganism was regulated by soil P condition and
rice growth. All the sequences were affiliated with the following five
classes: Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Cyanobacteria, and Actinobacteria (Supplementary Fig. S3). Methylo-
bacterium, Methylomonas, and Bradyrhizobium were the dominant taxa in
all the samples. The community composition was diverged by P appli-
cation in the PCoA (Fig. S4) and NMDS (Fig. S5) analysis. The heatmap
(Fig. S6) shows that all the samples were clustered into two groups ac-
cording to the sampling time, and after 42 days of rice growth, the
samples were clustered according to the presence or absence of P ferti-
lization. The RDA results showed that the phoD-harboring microbial
community was significantly affected by the content of DOC, citrate-
extractable P, HCl-extractable P, and total available P (Fig. 4a, p < 0.05)
explained 13.4, 11.2, 8.1, and 4.9% of the community variation, re-
spectively (Fig. 4b). Using network analysis (Fig. 5), we found

comparable nodes in soil without (P0, node number = 107) and with
(P80, node number = 110) P fertilization. However, 250 edges were
observed in the P0 treatment, which was considerably higher than 154
edges observed in P-fertilized soil. In particular, 70 edges appeared to be
negative in P0, which was 3.5-fold higher than the 20 negative edges in
P80. Therefore, we suggest that P starvation can lead to more conflicting
interactions among the phoD-harboring microbes. The core nodes, i.e.,
those with the highest betweenness centrality, were affiliated with Pro-
teobacteria in the P0 soil, whereas they were affiliated with Cyano-
bacteria and Proteobacteria in P80 (Fig. 5).

We estimated Spearman correlation between the relative abundance
of individual OTUs and the phoD copy numbers and hypothesized that
the positive relationships indicated effective contributions to the in-
crease in the abundance of phoD (Fig. S7). Fifty-five OTUs significantly
correlated with the phoD copy number, of which 31 showed a positive
correlation (p < 0.05). The increase in the total phoD copy number was
accompanied by a reduction in the most abundant OTUs, OTU498
(6.73–18.81%) and OTU508 (3.78–9.96%), which were affiliated with
Methylomonas and Bradyrhizobium, respectively. In contrast, all the
OTUs that positively correlated with the phoD abundance were rare,
contributing to less than 3% of the total sequences in almost all samples
(Fig. S3).

Fig. 3. Relationship between the phoD gene abundance and soil available P content (a), between the maximum alkaline phosphomonoesterase (ALP) rate and soil
available P content (b), and between the maximum ALP rate and phoD gene abundance (c) during the experiment.

Fig. 4. Redundancy analysis showing the relationships between the relative abundance of phoD-harboring microorganisms and soil properties (a) and Venn diagram
of variation partitioning based on partial redundancy analysis (b). The circles and triangles indicate soil samples, and the arrows indicate soil properties.
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3.4. Relationship between the abundance of phoD-harboring microbes and
soil P fractions

The phoD-harboring microbial abundance showed different re-
lationship with the P fractions in soil with and without P fertilization.
The OTU abundance (the phoD copy number of each OTU) in individual
samples was calculated by multiplying the relative abundance of in-
dividual OTU with the total copy number of phoD in the sample (Luo
et al., 2017a). The relationships between the OTU abundance and soil P
fractions were estimated by Pearson correlation analysis. Fig. S8 pre-
sents the OTUs that significantly correlated with at least one of the soil
P fractions (CaCl2-, citrate-, HCl-, and enzyme-extractable P and MBP).
Only the OTUs showing a significant negative correlation with the total
available P content were included (p < 0.05), as their growth was
stimulated by the decrease in P availability; thus, might play a role in
organic P activation. We found 46 and 44 such OTUs in the P0 and P80
soils, respectively, of which 21 OTUs were shared. In the P0 treatment,
almost all these OTUs positively correlated with the inorganic P frac-
tions (CaCl2-, citrate-, and HCl-extractable P), but only a few negatively
correlated with the MBP content. However, all the selected OTUs
showed a positive correlation with the MBP content and a negative
correlation with the CaCl2-extractable P content in P-fertilized soil
(P80).

4. Discussion

4.1. Regulation of phoD abundance and alkaline phosphomonoesterase
activity by P availability

Lower phoD gene abundance was observed in the P-fertilized soil
than in the P0 soil at both sampling times, confirming that the growth
of phoD-harboring microorganisms is inhibited by P application (Figs. 2
and S2). A negative relationship between soil P availability and phoD
gene abundance has been previously found in upland soil (Luo et al.,
2017a; Tan et al., 2013). The total available P content decreased with
time in all treatments (Figs. 1d and S1d), probably because of P con-
sumption by rice plants (Fig. S9) and microorganisms. This decrease
was accompanied by a significant increase in the phoD copy number
from days 26–42. The difference in the ALP activity was not significant
between the P-fertilized and non-fertilized soils (Figs. 2b and S2b).
Generally, microbial production of phosphatases is repressed by in-
organic P (Nannipieri et al., 2011; Cai et al., 2018; Zhu et al., 2018a).
However, different studies have reported negative (Saha et al., 2008;
Wei et al., 2018), positive (Kanchikerimath and Singh, 2001), or no
effect(s) (Fraser et al., 2015a) of P application on soil ALP activity. It is
possible that P fertilization does not affect the ALP activity because of
ALP stabilization in the extracellular soil environment. Once they are
released by cells, the ALP molecules can be adsorbed by surface-re-
active soil particles or entrapped by soil aggregates; this extracellular
enzyme activity is not controlled by microbial synthesis and is thus not

sensitive to changes in P availability in soil (Nannipieri et al., 2011,
2018). However, P fertilization might inhibit the adsorption of enzyme
molecules as phosphate ions can reduce the number of sorption sites in
soil minerals (Richardson et al., 2009). The sudden increase in pH
caused by the addition of the alkaline buffer during the determination
of ALP activity might have caused the breakdown of some microbial
cells, releasing intracellular enzymes (de Paz et al., 2007). However, the
behavior of these new extracellular enzymes is different from those
extracellularly stabilized as their synthesis is regulated by the expres-
sion of microbial gene, and thus, repressed by the presence of available
inorganic P. Although the effect of P fertilization was not significant, we
found a significant and positive correlation between the ALP activity
and total available P. This may indicate that microorganisms can alle-
viate P depletion via the mineralization of organic P by synthesizing
phosphatases (Richardson et al., 2009; Nannipieri et al., 2011). No
correlation was observed between the phoD gene abundance and ob-
served ALP activity. A similar result has been reported by Sakurai et al.
(2008), and this might be due to stabilized extracellular enzyme ac-
tivity (Nannipieri et al., 2011), and also because a part of the detected
genes may not be expressed.

4.2. Effect of P fertilization on the phoD-harboring microbial community

Our study showed that P fertilization altered the community com-
position of phoD-harboring microorganisms both directly and in-
directly. In addition to Bradyrhizobium and Methylobacterium, the
dominant phoD-harboring microbes in upland soils (Fraser et al., 2015b;
Ragot et al., 2015; Luo et al., 2017a), we also detected a high relative
abundance of Methylomonas, likely due to high methane concentration
in paddy soils (Aulakh et al., 2001; Dubey et al., 2003). Bioavailable P
is the primary factor affecting the community composition of phoD-
harboring groups (Ragot et al., 2016; Chen et al., 2017). The bioa-
vailable P content depended on P fertilization and rice growth, and the
relevant changes in soil (Figs. 1 and S1) likely affected the community
composition of phoD-harboring microbes (Fig. 4 and S4–S6). The di-
versity of phoD-harboring microorganisms also depends on the quality
and quantity of SOC (Ragot et al., 2015; Luo et al., 2017a; Neal et al.,
2017). Rhizodeposition, as the most important labile C resource in
paddy field, is controlled by the nutrient condition and plant growth
stage (Zhao et al., 2018; Zhu et al., 2016, 2017, 2018b; Luo et al.,
2018). The DOC content in soil increased with time, and it was sig-
nificantly higher in P0 treatment than in P80 42 days after transplan-
tation (Fig. S10a). Considering the significant relationship between the
diversity of phoD-harboring microorganisms and the content of DOC
(Fig. 4), we speculate that in addition to its direct effects, P fertilization
indirectly affects the community composition of phoD-harboring mi-
croorganisms by changing the input of organic C from rice to soil. The P
cycle is closely linked to the N cycle (Zhang et al., 2013; Xu et al.,
2017). Plants and microorganisms compete for available N in soil
(Jackson et al., 2008). As plants are generally better competitors than

Fig. 5. Co-occurrence networks of OTUs in the soil without (P0) and with (P80) P fertilization, based on Spearman correlation analysis.
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soil microorganisms in the long term, N is often present in limited
concentrations for microbial growth (Kuzyakov and Xu, 2013). All the
dominant phoD encoders in our soil were N2 fixers (Auman et al., 2011),
and they might have prevented N limitation by using atmosphere N2.
The increase in NH4

+-N content from days 26–42 was likely due to N2

fixation (Fig. S10d).

4.3. Competition among phoD-harboring microorganisms

The network analysis and the correlation between phoD copy
number and OTU relative abundance suggested that the rare phoD-
harboring microbes might be more competitive than the dominant taxa
under P-poor condition. Different microbial groups driving the same
biochemical reactions can occupy similar niches, thus competing for
substrates. The relationships among these organisms are potentially
conflicting (Kinkel et al., 2014). As expected, there were more con-
flicting interactions among phoD-harboring microorganisms under P-
depleted condition than under P-fertilized condition. High microbial
diversity is considered an indicator of antagonistic microbiota in soil
(Schlatter et al., 2015), which might explain the higher phoD gene di-
versity in P0 than that in P80 soil (P < 0.05; Supplementary Figs. S11c
and d). Nevertheless, the most known functional groups are generally
composed of taxa characterized by different lifestyle traits, such as
nutrient preferences (Samad et al., 2017). High taxonomic and meta-
bolic diversities allow subgroups to carry out their specific ecological
functions and coexist as sympatric organisms, with the relative dom-
inance depending on environmental conditions (Ho et al., 2012; Pan
et al., 2016; Samad et al., 2017). Changes in the population might re-
veal the life strategies of microbes using certain nutrients (Fierer et al.,
2007; Samad et al., 2017). Considering the correlation between the
relative OTU abundance and phoD copy number (Fig. S7), the increase
in phoD gene copy number without P fertilization likely depended on
the growth of rare taxa, but not the dominant ones.

Often-overlooked rare taxa can be the key to an ecological function
(Shade et al., 2014; Jousset et al., 2017), such as biological P removal
(Lawson et al., 2015). However, this process is poorly understood. As
shown in Fig. S12, P fertilization increased or marginally affected the
relative abundance of all three dominant taxa; however, the relative
abundance of Actinobacteria and Cyanobacteria was generally higher in
soil without P fertilization than in soil with P fertilization. In fact,
Methylobacterium and Methylomonas have been reported to prefer P-
sufficient conditions (Ahn et al., 2007; Veraart et al., 2015), whereas
Actinobacteria are believed to be K-strategists (Gartner et al., 2011; Li
et al., 2011; Kawasaki et al., 2016; Luo et al., 2017b). Although their
abundance is low, rare OTUs may better occupy P-poor habitats than
the dominant bacteria do and play a critical role in the hydrolysis of
organic P under P-starved conditions. Most OTUs (57–78%) showed
neither positive nor negative correlations with the phoD gene copy
number, likely indicating a loss of response to P availability. If this is
true, only a few microbes, mainly affiliated to Nostocales, Rhizobiales,
Burkholderiales, and Pseudomonadales, are involved in the miner-
alization of organic P, as suggested by Fraser et al. (2015b).

4.4. Phosphorus use strategies of phoD-harboring microorganisms

We observed a significant positive correlation between the abun-
dance of phoD-harboring microbes and the concentration of various
inorganic P pools in the P0 treatment (Fig. S8a). The results suggested a
potential role of the phoD-harboring microorganisms for P under P-poor
condition. We observed a significant increase in the labile inorganic P
content (citrate-extractable P) with the rice growing time, but only in
soil without P fertilization (P0). This increase was possible due to the
dissolution of phosphate anions that were adsorbed/precipitated by soil
minerals and/or to the hydrolysis of phosphate groups of phosphoesters
by phosphatase (Richardson et al., 2009). As the pH of soil in each
treatment slightly changed during the experiment (Fig. S10f), the P

release more likely occurred through biochemical, rather than abiotic
reactions (Hinsinger, 2001; Maranguit et al., 2017). Phosphatases cat-
alyze the cleavage of phosphate groups from organic phosphoesters and
include several enzymes (Nannipieri et al., 2011). However, not all
phosphatases (e.g., PhoC) are regulated in a P-repressible manner
(Rodriguez and Fraga, 1999; Apel et al., 2007). Specifically, the ALP
activity is sensitive to P availability, as the expression of phoD is highly
dependent on the phosphate content (Eder et al., 1996; Apel et al.,
2007). The synthesis of ALP is induced by P starvation, and it reflects
the actual potential supply of orthophosphate for microorganisms
(Santos-Beneit, 2015; Bergkemper et al., 2016; Ge et al., 2017b). The
abundance of phoD exhibited the most significant correlation with HCl-
extractable P (Fig. S8a), which represents the hardly available in-
organic P. The results indicated that most inorganic P produced by
microbial mineralization might be fixed in a recalcitrant form. There-
fore, P availability might have not increased by increasing phoD
abundance (Fig. 3). On the contrary, in P-fertilized soil, the increase in
phoD abundance of individual OTUs correlated with a decrease in
CaCl2-extractable P content and an increase in the MBP content (Fig.
S8b). This suggests when P is more abundant, the phoD encoders sti-
mulate intracellular P accumulation (Fig. 8b; Zhang et al., 2015; Raiesi
and Hosseinpur, 2017). The MBP content was estimated using the
conversion factor 0.4 proposed by Brookes et al. (1982). However, the
microbial P extraction efficiency (Kp) of our soil was calculated to be
0.26 according to the Kp predicted by a model proposed by Bilyera
et al. (2018), and this may indicate a potential underestimation of MBP
(Yevdokimov et al., 2016; Bilyera et al., 2018). Therefore, the P accu-
mulation in P80 might be greater than our estimation. Among the 21
OTUs, whose abundance significantly correlated with soil P fractions in
both the treatments, 15 OTUs showed a positive correlation with in-
organic P in the P-poor soil and with MBP after P fertilization. The
results suggest that microorganisms may employ flexible P use strate-
gies (Godwin and Contner, 2015), which might vary even within the
same taxon depending on the soil P conditions.

5. Conclusions

Phosphorus depletion resulted in a more antagonistic community of
phoD-harboring microorganisms than that observed after P fertilization
in a paddy soil. Rare phoD-harboring taxa largely contributed to the
increase in phoD gene abundance and might potentially play an im-
portant role in the mineralization of organic P under P-poor conditions.
Our findings suggest that the phoD-harboring microorganisms modulate
their P use strategies in response to soil P availability. They can accu-
mulate P when its supply is sufficient and hydrolyze organic P into
bioavailable inorganic forms when the supply is limited. The released
phosphate rarely offset the P depletion probably due to strong fixation
by soil minerals. Nevertheless, the microbial community can be man-
aged to mitigate the environmental P stress, which should be the aim of
future research.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgments

This study was supported by the grants from the National Key
Research and Development Program of China (2016YFE0101100;
2016YFD0200307-4), the National Natural Science Foundation of
China (41761134095; 41430860), Youth Innovation Team Project of
ISA, CAS (2017QNCXTD_GTD), Hunan Province Base for Scientific and
Technological Innovation Cooperation (2018WK4012) and the Chinese
Academy of Sciences President's International Fellowship Initiative to
Bahar S. Razavi (2018VCC0011). We especially thank the Public
Service Technology Center, Institute of Subtropical Agriculture, Chinese

X. Wei et al. Soil Biology and Biochemistry 131 (2019) 62–70

68



Academy of Sciences for technical assistance.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.soilbio.2018.12.025.

References

Ahn, C., Gillevet, P.M., Sikaroodi, M., 2007. Molecular characterization of microbial
communities in treatment microcosm wetlands as influenced by macrophytes and
phosphorus loading. Ecological Indicators 7, 852–863.

Apel, A.K., Sola-Landa, A., Rodriguez-Garcia, A., Martin, J.F., 2007. Phosphate control of
phoA, phoC and phoD gene expression in Streptomyces coelicolor reveals significant
differences in binding of PhoP to their promoter regions. Microbiology-SGM 153,
3527–3537.

Atere, C.T., Ge, T.D., Zhu, Z.K., Liu, S.L., Huang, X.Z., Shibsitova, O., Guggenberger, G.,
Wu, J.S., 2018a. Assimilate allocation by rice and carbon stabilisation in soil: effect of
water management and phosphorus fertilization. Plant and Soil. https://doi.org/10.
1007/s11104-018-03905-x.

Atere, C.T., Ge, T.D., Zhu, Z.K., Wei, L., Zhou, P., He, X.H., Kuzyakov, Y., Wu, J.S., 2018b.
Carbon allocation and fate in paddy soil depending on phosphorus fertilization and
water management: results of 13C continuous labelling of rice. Canadian Journal of
Soil Science 98, 469–483.

Aulakh, M.S., Wassmann, R., Rennenberg, H., 2001. Methane emissions from rice fields-
Quantification, mechanisms, role of management, and mitigation options. Advances
in Agronomy 70, 193–260.

Auman, A.J., Speake, C.C., Lidstrom, M.E., 2011. nifH sequences and nitrogen fixation in
type I and type II methanotrophs. Applied and Environmental Microbiology 67,
4009–4016.

Benjamini, Y., Krieger, A.M., Yekutieli, D., 2006. Adaptive linear step-up procedures that
control the false discovery rate. Biometrika 93, 491–507.

Bergkemper, F., Scholer, A., Engel, M., Lang, F., Kruger, J., Schloter, M., Schulz, S., 2016.
Phosphorus depletion in forest soils shapes bacterial communities towards phos-
phorus recycling systems. Environmental Microbiology 18, 1988–2000.

Bilyera, N., Blagodatskaya, E., Yevdokimov, I., Kuzyakov, Y., 2018. Towards a conversion
factor for soil microbial phosphorus. Eur. J. Soil Biol. 87, 1–8.

Brookes, P.C., Powlson, D.S., Jenkinson, D.S., 1982. Measurement of microbial phos-
phorus in soil. Soil Biology and Biochemistry 14, 319–329.

Cai, X.Q., Lin, Z.W., Penttinen, P., Li, Y.F., Li, Y.C., Luo, Y., Yue, T., Jiang, P.K., Fu, W.J.,
2018. Effects of conversion from a natural evergreen broadleaf forest to a Moso
bamboo plantation on the soil nutrient pools, microbial biomass and enzyme activ-
ities in a subtropical area. Forest Ecology and Management 422, 161–171.

Caporaso, J., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F., Costello, E., 2010.
QIIME allows analysis of high-throughput community sequencing data. Nature
Methods 7, 335–336.

Chen, X.D., Nan Jiang, N., Chen, Z.H., Tian, J.H., Sun, N., Xu, M.G., Chen, L.J., 2017.
Response of soil phoD phosphatase gene to long-term combined applications of
chemical fertilizers and organic materials. Applied Soil Ecology 119, 197–204.

Chhonkar, P.K., Tarafdar, J.C., 1981. Characteristics and location of phosphatases in soil-
plant system. Journal of the Indian Society of Soil Science 29, 215–219.

Chu, H.Y., Morimoto, S., Fujii, T., Yagi, K., Nishimura, S., 2009. Soil ammonia-oxidizing
bacterial communities in paddy rice fields as affected by upland conversion history.
Soil Science Society of America Journal 73, 2026–2031.

Condron, L.M., Turner, B.L., Cade-Menun, B.J., 2005. Chemistry and dynamics of soil
organic phosphorus. In: Sims, J.T., Sharpley, A.N. (Eds.), Phosphorus: Agriculture
and the Environment. ASA, CSSA and SSSA, Madison, Wisconsin, pp. 87–122.

DeLuca, T.H., Glanville, H.C., Harris, M., Emmett, B.A., Pingree, M.R.A., de Sosa, L.L.,
Cerda-Moreno, C., Jones, D.L., 2015. A novel biologically-based approach to evalu-
ating soil phosphorus availability across complex landscapes. Soil Biology and
Biochemistry 80, 110–119.

de Paz, L.E.C., Bergenholtz, G., Dahlen, G., Svensater, G., 2007. Response to alkaline
stress by root canal bacteria in biofilms. International Endodontic Journal 40,
344–355.

Dubey, S.K., Padmanabhan, P., Purohit, H.J., Upadhyay, S.N., 2003. Tracking of metha-
notrophs and their diversity in paddy soil: a molecular approach. Current Science 85,
92–95.

Eder, S., Shi, L., Jensen, K., Yamane, K., Hulett, F.M., 1996. A Bacillus subtilis secreted
phosphodiesterase alkaline phosphatase is the product of a Pho regulon gene, phoD.
Microbiology-SGM 142, 2041–2047.

Elser, J.J., Bracken, M.E.S., Cleland, E.E., Gruner, D.S., Harpole, W.S., Hillebrand, H.,
Ngai, J.T., Seabloom, E.W., Shurin, J.B., Smith, J.E., 2007. Global analysis of nitrogen
and phosphorus limitation of primary producers in freshwater, marine and terrestrial
ecosystems. Ecology Letters 10, 1135–1142.

Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil
bacteria. Ecology 88, 1354–1364.

Fish, J.A., Chai, B., Wang, Q., Sun, Y., Brown, C.T., Tiedje, J.M., Cole, J.R., 2013.
FunGene: the functional gene pipeline and repository. Frontiers in Microbiology 4,
291.

Fraser, T., Lynch, D.H., Entz, M.H., Dunfield, K.E., 2015a. Linking alkaline phosphatase
activity with bacterial phoD gene abundance in soil from a long-term management
trial. Geoderma 257, 115–122.

Fraser, T.D., Lynch, D.H., Bent, E., Entz, M.H., 2015b. Soil bacterial phoD gene abundance

and expression in response to applied phosphorus and long-term management. Soil
Biology and Biochemistry 88, 137–147.

Gartner, A., Blumel, M., Wiese, J., Imhoff, J.F., 2011. Isolation and characterisation of
bacteria from the Eastern Mediterranean deep sea. Antonie Van Leeuwenhoek
International Journal of General and Molecular Microbiology 100, 421–435.

Ge, T.D., Li, B.Z., Zhu, Z.K., Hu, Y.J., Yuan, H.Z., Dorodnikov, M., Jones, D.L., Wu, J.S.,
Kuzyakov, Y., 2017a. Rice rhizodeposition and its utilization by microbial groups
depends on N fertilization. Biology and Fertility of Soils 53, 37–48.

Ge, T.D., Wei, X.M., Razavi, B.S., Zhu, Z.K., Hu, Y.J., Kuzyakov, Y., Jones, D.L., Wu, J.S.,
2017b. Stability and dynamics of enzyme activity patterns in the rice rhizosphere:
effects of plant growth and temperature. Soil Biology and Biochemistry 113,
108–115.

Ge, T.D., Yuan, H.Z., Zhu, H.H., Wu, X.H., Nie, S.A., Liu, C., Tong, C.L., Wu, J.S., Brookes,
P., 2012. Biological carbon assimilation and dynamics in a flooded rice-Soil system.
Soil Biology and Biochemistry 48, 39–46.

Godwin, C.M., Cotner, J.B., 2015. Aquatic heterotrophic bacteria have highly flexible
phosphorus content and biomass stoichiometry. The ISME Journal 9, 2324–2327.

Gomez, P.F., Ingram, L.O., 1995. Cloning, sequencing and characterization of the alka-
line-phosphatase gene (phoD) from zymomonas-mobilis. FEMS Microbiology Letters
125, 237–245.

Harrison, A.F., 1987. Soil Organic Phosphorus-A Review of World Literature. CAB
International, Wallingford.

Hinsinger, P., 2001. Bioavailability of soil inorganic P in the rhizosphere as affected by
root-induced chemical changes: a review. Plant and Soil 237, 173–195.

Hirani, T.A., Suzuki, I., Murata, N., Hayashi, H., Eaton-Rye, J.J., 2001. Characterization
of a two-component signal transduction system involved in the induction of alkaline
phosphatase under phosphate-limiting conditions in Synechocystis sp PCC 6803. Plant
Molecular Biology 45, 133–144.

Ho, A., Kerckhof, F.M., Luke, C., Reim, A., Krause, S., Boon, N., Bodelier, P.L.E., 2012.
Conceptualizing functional traits and ecological characteristics of methane-oxidizing
bacteria as life strategies. Environmental Microbiology Reports 5, 335–345.

Jackson, L.E., Burger, M., Cavagnaro, T.R., 2008. Roots, nitrogen transformations, and
ecosystem services. Annual Review of Plant Biology 59, 341–363.

Jiang, N., Wei, K., Chen, L.J., 2016. Long-term chronological shifts in bacterial commu-
nities and hydrolytic extracellular enzyme activities in the forty years following a
land-use change from upland fields to paddy fields. Pedobiologia 59, 17–26.

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., Kusel, K., Rillig,
M.C., Rivett, D.W., Salles, J.F., van der Heijden, M.G.A., Youssef, N.H., Zhang, X.W.,
Wei, Z., Hol, W.H.G., 2017. Where less may be more: how the rare biosphere pulls
ecosystems strings. The ISME Journal 11, 853–862.

Kanchikerimath, M., Singh, D., 2001. Soil organic matter and biological properties after
26 years of maize-wheat-cowpea cropping as affected by manure and fertilization in a
Cambisol in semiarid region of India. Agriculture, Ecosystems & Environment 86,
155–162.

Kathuria, S., Martiny, A.C., 2011. Prevalence of a calcium-based alkaline phosphatase
associated with the marine cyanobacterium Prochlorococcus and other ocean bacteria.
Environmental Microbiology 13, 74–83.

Kawasaki, A., Donn, S., Ryan, P.R., Mathesius, U., Devilla, R., Jones, A., Watt, M., 2016.
Microbiome and exudates of the root and rhizosphere of brachypodium distachyon, a
model for wheat. PLoS One 11, e0164533.

Khan, M.S., Zaidi, A., Ahermad, M., Oves, M., Wani, P.A., 2010. Plant growth promotion
by phosphate solubilizing fungi–current perspective. Archives of Agronomy and Soil
Science 56, 73–98.

Kinkel, L.L., Schlatter, D.C., Xiao, K., Baines, A.D., 2014. Sympatric inhibition and niche
differentiation suggest alternative coevolutionary trajectories among streptomycetes.
The ISME Journal 8, 249–256.

Kuzyakov, Y., Xu, X.L., 2013. Competition between roots and microorganisms for ni-
trogen: mechanisms and ecological relevance. New Phytologist 198, 656–669.

Lagos, L.M., Acuna, J.J., Maruyama, F., Ogram, A., de la Luz Mora, M., Jorquera, M.A.,
2016. Effect of phosphorus addition on total and alkaline phosphomonoesterase-
harboring bacterial populations in ryegrass rhizosphere microsites. Biology and
Fertility of Soils 52, 1007–1019.

Lawson, C.E., Strachan, B.J., Hanson, N.W., Hahn, A.S., Hall, E.R., Rabinowitz, B.,
Mavinic, D.S., Ramey, W.D., Hallam, S.J., 2015. Rare taxa have potential to make
metabolic contributions in enhanced biological phosphorus removal ecosystems.
Environmental Microbiology 17, 4979–4993.

Letunic, I., Bork, P., 2016. Interactive Tree of Life (iTOL): an online tool for phylogenetic
tree display and annotation. Nucleic Acids Research 44, W242–W245.

Lin, J.S., Shi, X.Z., Lu, X.X., Yu, D.S., Wang, H.J., Zhao, Y.C., Sun, W.X., 2009. Storage and
spatial variation of phosphorus in paddy soils of China. Pedosphere 19, 790–1798.

Li, Y., Lee, C.G., Watanabe, T., Murase, J., Asakawa, S., Kimura, M., 2011. Identification
of microbial communities that assimilate substrate from root cap cells in an aerobic
soil using a DNA-SIP approach. Soil Biology and Biochemistry 43, 1928–1935.

Luo, G., Ling, N., Nannipieri, P., Chen, W., Wang, M., Guo, S., Shen, Q., 2017a. Long-term
fertilization regimes affect the composition of the alkaline phosphomonoesetrase
encoding microbial community of a vertisol and its derivative soil fractions. Biology
and Fertility of Soils 53, 375–388.

Luo, F., Zhong, J., Yang, Y., Scheuermann, R.H., Zhou, J., 2006. Application of random
matrix theory to biological networks. Physics Letters A 357, 420–423.

Luo, Y., Zhu, Z., Liu, S., Peng, P., Xu, J., Brookes, P., Ge, T., Wu, J., 2018. Nitrogen
fertilization increases rice rhizodeposition and its stabilization in soil aggregates and
the humus fraction`. Plant and Soil. https://doi.org/10.1007/s11104-018-3833-0.

Luo, Y., Dungait, J.A.J., Zhao, X., Brookes, P.C., Durenkamp, M., Li, G., Lin, Q., 2017b.
Pyrolysis temperature during biochar production alters its subsequent utilization by
microorganisms in an acid arable soil. Land Degradation and Development. https://
doi.org/10.1002/ldr.2846.

X. Wei et al. Soil Biology and Biochemistry 131 (2019) 62–70

69

https://doi.org/10.1016/j.soilbio.2018.12.025
https://doi.org/10.1016/j.soilbio.2018.12.025
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref1
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref1
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref1
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref2
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref2
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref2
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref2
https://doi.org/10.1007/s11104-018-03905-x
https://doi.org/10.1007/s11104-018-03905-x
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref4
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref4
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref4
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref4
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref5
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref5
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref5
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref6
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref6
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref6
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref7
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref7
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref8
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref8
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref8
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref99
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref99
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref9
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref9
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref10
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref10
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref10
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref10
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref11
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref11
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref11
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref12
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref12
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref12
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref13
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref13
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref14
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref14
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref14
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref15
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref15
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref15
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref16
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref16
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref16
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref16
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref17
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref17
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref17
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref18
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref18
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref18
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref19
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref19
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref19
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref20
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref20
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref20
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref20
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref21
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref21
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref22
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref22
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref22
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref23
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref23
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref23
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref24
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref24
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref24
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref25
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref25
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref25
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref26
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref26
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref26
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref27
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref27
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref27
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref27
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref28
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref28
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref28
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref29
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref29
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref30
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref30
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref30
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref31
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref31
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref32
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref32
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref33
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref33
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref33
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref33
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref34
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref34
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref34
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref35
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref35
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref36
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref36
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref36
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref37
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref37
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref37
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref37
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref38
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref38
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref38
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref38
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref39
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref39
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref39
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref40
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref40
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref40
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref41
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref41
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref41
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref42
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref42
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref42
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref43
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref43
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref44
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref44
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref44
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref44
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref45
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref45
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref45
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref45
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref46
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref46
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref47
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref47
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref48
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref48
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref48
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref49
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref49
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref49
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref49
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref50
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref50
https://doi.org/10.1007/s11104-018-3833-0
https://doi.org/10.1002/ldr.2846
https://doi.org/10.1002/ldr.2846


Ma, B., Wang, H.Z., Dsouza, M., Lou, J., He, Y., Dai, Z.M., Brookes, P.C., Xu, J.M., Gilbert,
J.A., 2016. Geographic patterns of co-occurrence network topological features for soil
microbiota at continental scale in eastern China. The ISME Journal 10, 1891–1901.

Maranguit, D., Guillaume, T., Kuzyakov, Y., 2017. Effects of flooding on phosphorus and
iron mobilization in highly weathered soils under different land-use types: short-term
effects and mechanisms. Catena 158, 161–170.

Mclaughlin, M.J., Baker, T.G., James, T.R., Rundle, J.A., 1990. Distribution and forms of
phosphorus and aluminum in acidic topsoils under pastures in south-eastern
Australia. Australian Journal of Soil Research 28, 371–385.

Michaelis, L., Menten, M.L., 1913. The kenetics of the inversion effect. Biochemitry
Zeitschrift 49, 333–369.

Nannipieri, P., Trasar-Cepeda, C., Dick, R.P., 2018. Soil enzyme activity: a brief history
and biochemistry as a basis for appropriate interpretations and meta-analysis.
Biology and Fertility of Soils 54, 11–19.

Nannipieri, P., Giagnoni, L., Landi, L., Renella, G., 2011. Role of phosphatase enzymes in
soil. In: Bünemann, E.K., Oberson, A., Frossard, E. (Eds.), Phosphorus in Action.
Springer, Berlin Heidelberg, pp. 215–243.

Neal, A.L., Rossmann, M., Brearley, C., Akkari, E., Guyomar, C., Clark, I.M., Allen, E.,
Hirsch, P.R., 2017. Land-use influences phosphatase gene microdiversity in soils.
Environmental Microbiology 19, 2740–2753.

Olsen, S.R., Cole, C.V., Watanbe, F.S., Dean, L.A., 1954. Estimation of available phos-
phorus in soils by extraction with sodium bicarbonate. Circular of U.S. Department of
Agriculture 939.

Pan, H., Li, Y., Guan, X., Li, J., Xu, X., Liu, J., Zhang, Q., Xu, J., Di, H., 2016. Management
practices have a major impact on nitrifier and denitrifier communities in a semiarid
grassland ecosystem. Journal of Soils and Sediments 16, 896–908.

Palmer, K., Drake, H.L., Horn, M.A., 2009. Genome-derived criteria for assigning en-
vironmental narG and nosZ sequences to operational taxonomic units of nitrate re-
ducers. Applied and Environmental Microbiology 75, 5170–5174.

Ragot, S.A., Huguenin-Elie, O., Kertesz, M.A., Frossard, E., Bunemann, E.K., 2016. Total
and active microbial communities and phoD as affected by phosphate depletion and
pH in soil. Plant and Soil 408, 15–30.

Ragot, S.A., Kertesz, M.A., Bünemann, E.K., 2015. phoD alkaline phosphatase gene di-
versity in soil. Applied and Environmental Microbiology 81, 7281–7289.

Raiesi, T., Hosseinpur, A.R., 2017. Phosphorus availability and some biological properties
in the bean (Phaseolus vulgaris) rhizosphere. Communications in Soil Science and
Plant Analysis 48, 501–510.

Razavi, B.S., Blagodatskaya, E., Kuzyakov, Y., 2016. Temperature selects for static soil
enzyme systems to maintain high catalytic efficiency. Soil Biology and Biochemistry
97, 15–22.

Richardson, A.E., Simpson, R.J., 2011. Soil microorganisms mediating phosphorus
availability. Plant Physiology 156, 989–996.

Richardson, A.E., Barea, J.M., McNeill, A.M., Prigent-Combaret, C., 2009. Acquisition of
phosphorus and nitrogen in the rhizosphere and plant growth promotion by micro-
organisms. Plant and Soil 321, 305–339.

Richardson, A.E., 2001. Prospects for using soil microorganisms to improve the acquisi-
tion of phosphorus by plants. Australian Journal of Plant Physiology 28, 897–906.

Rodriguez, H., Fraga, R., 1999. Phosphate solubilizing bacteria and their role in plant
growth promotion. Biotechnology Advances 17, 319–339.

Saha, S., Prakash, V., Kundu, S., Kumar, N., Mina, L.B., 2008. Soil enzymatic activity as
affected by long term application of farm yard manure and mineral fertilizer under
rainfed soybean-wheat system in N-W Himalaya. European Journal of Soil Biology
44, 309–315.

Sakurai, M., Wasaki, J., Tomizawa, Y., Shinano, T., Osaki, M., 2008. Analysis of bacterial
communities on alkaline phosphatase genes in soil supplied with organic matter. Soil
Science & Plant Nutrition 54, 62–71.

Samad, M.S., Johns, C., Richards, K.G., Lanigan, G.J., de Klein, C.A.M., Clough, T.G.,
Morales, S.E., 2017. Response to nitrogen addition reveals metabolic and ecological
strategies of soil bacteria. Molecular Ecology 26, 5500–5514.

Sanaullah, M., Razavi, B.S., Blagodatskaya, E., Kuzyakov, Y., 2016. Spatial distribution
and catalytic mechanisms of beta-glucosidase activity at the root-soil interface.
Biology and Fertility of Soils 52, 505–514.

Santos-Beneit, F., 2015. The Pho regulon: a huge regulatory network in bacteria. Frontiers
in Microbiology 6, 402.

Schlatter, D.C., Bakker, M.G., Bradeen, J.M., Kinkel, L.L., 2015. Plant community richness
and microbial interactions structure bacterial communities in soil. Ecology 96,
134–142.

Schlesinger, W.H., 1997. Biogeochemistry: an Analysis of Global Change. Academic Press,

San Diego, California, pp. 588pp.
Shade, A., Jones, S.E., Caporaso, J.G., Handelsman, J., Knight, R., Fierer, N., Gilbert, J.A.,

2014. Conditionally rare taxa disproportionately contribute to temporal changes in
microbial diversity. Mbio 5 e01371–01314.

Sharpley, A., 1985. Phosphorus cycling in unfertilized and fertilized agricultural soils.
Soil Science Society of America Journal 49, 905–911.

Tan, H., Matthieu, B., Mooij, M.J., Rice, O., Morrissey, J.P., Dobson, A., Griffiths, B.,
O'Gara, F., 2013. Long-term phosphorus fertilisation increased the diversity of the
total bacterial community and the phoD phosphorus mineraliser group in pasture
soils. Biology and Fertiilty of Soils 49, 661–672.

Veraart, A.J., Steenbergh, A.K., Ho, A., Kim, S.Y., Bodelier, P.L.E., 2015. Beyond nitrogen:
the importance of phosphorus for CH4 oxidation in soils and sediments. Geoderma
259, 337–346.

Vershinina, O.A., Znamenskaya, L.V., 2002. The Pho regulons of bacteria. Microbiology
71, 497–511.

Vitousek, P.M., Porder, S., Houlton, B.Z., Chadwick, O.A., 2010. Terrestrial phosphorus
limitation: mechanisms, implications, and nitrogen-phosphorus interactions.
Ecological Applications 20, 5–15.

Wei, X.M., Ge, T.D., Zhu, Z.K., Hu, Y.J., Liu, S.L., Wu, J.S., Razavi, B.S., 2018. Expansion
of rice enzymatic rhizosphere: temporal dynamics in response to phosphorus and
cellulose application. Plant and Soil. https://doi.org/10.1007/s11104-018-03902-0.

Wei, X.M., Hu, Y.J., Peng, P.Q., Zhu, Z.K., Atere, C.T., O'Donnell, A.G., Wu, J.S., Ge, T.D.,
2017. Effect of P stoichiometry on the abundance of nitrogen-cycle genes in phos-
phorus-limited paddy soil. Biology and Fertility of Soils 53, 767–776.

Wu, J., Joergensen, R.G., Pommerening, B., Chaussod, R., Brookes, P.C., 1990.
Measurement of soil microbial biomass C by fumigation-extraction—an automated
procedure. Soil Biology and Biochemistry 22, 1167–1169.

Wu, X.H., Ge, T.D., Yan, W.D., Zhou, J., Wei, X.M., Chen, L., Chen, X.B., Nannipieri, P.,
Wu, J.S., 2017. Irrigation management and phosphorus addition alter the abundance
of carbon dioxide-fixing autotrophs in phosphorus-limited paddy soil. FEMS
Microbiology Ecology 93, fix54.

Xu, X., Liu, X., Li, Y., Ran, Y., Liu, Y., Zhang, Q., Li, Z., He, Y., Xu, J., Di, H., 2017. High
temperatures inhibited the growth of soil bacteria and archaea but not that of fungi
and altered nitrous oxide production mechanisms from different nitrogen sources in
an acidic soil. Soil Biology and Biochemistry 107, 168–179.

Yevdokimov, I., Larionova, A., Blagodatskaya, E., 2016. Microbial immobilisation of
phosphorus in soils exposed to drying-rewetting and freeze-thawing cycles. Biol.
Fertil. Soils 52, 685–696.

Zhang, W., Zhao, J., Pan, F.J., Li, D.J., Chen, H.S., Wang, K.L., 2015. Changes in nitrogen
and phosphorus limitation during secondary succession in a karst region in southwest
China. Plant and Soil 391, 77–91.

Zhang, T., Li, Y.F., Chang, S.X., Jiang, P.K., Zhou, G.M., Liu, J., Lin, L., 2013. Converting
paddy fields to Lei bamboo (Phyllostachys praecox) stands affected soil nutrient
concentrations, labile organic carbon pools, and organic carbon chemical composi-
tions. Plant and Soil 367, 249–261.

Zhao, Z.W., Ge, T.D., Gunina, A., Li, Y.H., Zhu, Z.K., Peng, P.Q., Wu, J.S., Kuzyakov, Y.,
2018. Carbon and nitrogen availability in paddy soil affects rice photosynthate al-
location, microbial community composition, and priming: combining continuous 13C
labeling with PLFA analysis. Plant and Soil. https://doi.org/10.1007/s11104-018-
3873-5.

Zhong, W., Gu, T., Wang, W., Zhang, B., Lin, X., Huang, Q., Shen, W.S., 2010. The effects
of mineral fertilizer and organic manure on soil microbial community and diversity.
Plant and Soil 326, 511–522.

Zhu, Z.K., Zeng, G.J., Ge, T.D., Hu, Y.J., Tong, C.L., Shibistova, O., Wang, J.,
Guggenberger, G., Wu, J.S., 2016. Fate of rice shoot and root residues, rhizodeposits,
and microbe-assimilated carbon in paddy soil: I. decomposition and priming effect.
Biogeosciences 13, 4481–4489.

Zhu, Z.K., Ge, T.D., Xiao, M.L., Yuan, H.Z., Wang, T.T., Liu, S.L., Atere, C.T., Wu, J.S.,
Kuzyakov, Y., 2017. Belowground carbon allocation and dynamics under rice culti-
vation depends on soil organic matter content. Plant and Soil 410, 247–258.

Zhu, Z.K., Ge, T.D., Luo, Y., Liu, S.L., Xu, X.L., Tong, C.L., Shibistova, O., Guggenberger,
G., Wu, J.S., 2018a. Microbial stoichiometric flexibility regulates rice straw miner-
alization and its priming effect in paddy soil. Soil Biology and Biochemistry 121,
67–76.

Zhu, Z.K., Ge, T.D., Liu, S.L., Hu, Y.J., Ye, R.Z., Xiao, M.L., Tong, C.L., Kuzyakov, Y., Wu,
J.S., 2018b. Rice rhizodeposits affect organic matter priming in paddy soil: the role of
N fertilization and plant growth for enzyme activities, CO2 and CH4 emissions. Soil
Biology and Biochemistry 116, 369–377.

X. Wei et al. Soil Biology and Biochemistry 131 (2019) 62–70

70

View publication statsView publication stats

http://refhub.elsevier.com/S0038-0717(18)30443-7/sref53
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref53
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref53
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref54
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref54
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref54
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref55
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref55
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref55
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref56
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref56
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref57
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref57
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref57
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref58
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref58
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref58
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref59
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref59
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref59
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref60
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref60
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref60
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref61
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref61
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref61
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref62
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref62
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref62
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref64
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref64
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref64
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref65
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref65
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref66
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref66
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref66
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref67
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref67
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref67
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref68
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref68
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref69
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref69
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref69
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref70
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref70
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref71
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref71
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref72
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref72
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref72
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref72
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref73
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref73
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref73
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref74
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref74
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref74
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref75
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref75
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref75
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref76
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref76
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref77
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref77
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref77
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref78
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref78
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref79
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref79
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref79
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref80
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref80
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref81
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref81
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref81
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref81
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref82
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref82
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref82
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref83
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref83
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref84
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref84
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref84
https://doi.org/10.1007/s11104-018-03902-0
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref86
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref86
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref86
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref87
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref87
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref87
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref88
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref88
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref88
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref88
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref89
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref89
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref89
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref89
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref98
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref98
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref98
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref90
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref90
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref90
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref91
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref91
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref91
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref91
https://doi.org/10.1007/s11104-018-3873-5
https://doi.org/10.1007/s11104-018-3873-5
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref93
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref93
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref93
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref94
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref94
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref94
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref94
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref95
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref95
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref95
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref96
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref96
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref96
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref96
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref97
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref97
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref97
http://refhub.elsevier.com/S0038-0717(18)30443-7/sref97
https://www.researchgate.net/publication/330085984

	Rare taxa of alkaline phosphomonoesterase-harboring microorganisms mediate soil phosphorus mineralization
	Introduction
	Materials and methods
	Experimental setup
	Soil sampling and analysis
	Soil P fractions
	Alkaline phosphomonoesterase kinetics
	DNA extraction
	Quantitative PCR
	Illumina sequencing and sequence analysis
	Statistical analyses

	Results
	Soil P fractions
	phoD gene abundance and activity of alkaline phosphomonoesterase
	phoD-harboring microbial community
	Relationship between the abundance of phoD-harboring microbes and soil P fractions

	Discussion
	Regulation of phoD abundance and alkaline phosphomonoesterase activity by P availability
	Effect of P fertilization on the phoD-harboring microbial community
	Competition among phoD-harboring microorganisms
	Phosphorus use strategies of phoD-harboring microorganisms

	Conclusions
	Conflicts of interest
	Acknowledgments
	Supplementary data
	References




