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Soil microbial communities are essential to phosphorus (P) cycling, especially in the
process of insoluble phosphorus solubilization for plant P uptake. Phosphate-solubilizing
microorganisms (PSM) are the dominant driving forces. The PSM mediated soil P cycling
is easily affected by water condition changes due to extreme hydrological events.
Previous studies basically focused on the effects of droughts, floods, or drying-rewetting
on P cycling, while few focused on drought-flood abrupt alternation (DFAA), especially
through microbial activities. This study explored the DFAA effects on P cycling mediated
by PSM and P metabolism-related genes in summer maize field soil. Field control
experiments were conducted to simulate two levels of DFAA (light drought-moderate
flood, moderate drought-moderate flood) during two summer maize growing periods
(seeding-jointing stage, tasseling-grain filling stage). Results showed that the relative
abundance of phosphate-solubilizing bacteria (PSB) and phosphate-solubilizing fungi
(PSF) increased after DFAA compared to the control system (CS), and PSF has lower
resistance but higher resilience to DFAA than PSB. Significant differences can be found
on the genera Pseudomonas, Arthrobacter, and Penicillium, and the P metabolism-
related gene K21195 under DFAA. The DFAA also led to unstable and dispersed
structure of the farmland ecosystem network related to P cycling, with persistent
influences until the mature stage of summer maize. This study provides references for
understanding the micro process on P cycling under DFAA in topsoil, which could further
guide the DFAA regulations.

Keywords: drought-flood abrupt alternation, phosphorus cycling, phosphate-solubilizing bacteria, metagenome,
farmland ecosystem network
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INTRODUCTION

Phosphorus (P), a vital nutrient required for plant growth (Shi
et al., 2021) but a key factor causing water pollution (Glendell
et al., 2014; Yan et al., 2019), is naturally concentrated in topsoil
layers (Suriyagoda et al., 2014). The soil P cycling is the input,
output, migration, and transformation of P element in the soil
(Zhao et al., 2021). Among them, the transformation of insoluble
P to soluble P is one of the key processes for plant P uptake
(Yin et al., 2021). Soil microbial communities are essential to
element cycling, regulation of ecosystem productivity, and so on
(Hare et al., 2017; Widdig et al., 2020). As dominant driving
force in soil P cycling, phosphate-solubilizing microorganisms
(PSM) refer to the group of microbial communities which can
solubilize insoluble P to soluble P for plant absorption (Meena
et al., 2017). Most PSM are phosphate-solubilizing bacteria (PSB),
few are phosphate-solubilizing fungi (PSF) and actinomycetes
(Zhang J. et al., 2020).

Soil microbial communities are controlled by soil conditions,
such as water content, pH, temperature, available organic
material, and by the complex interactions among these factors
(Wu et al., 2015; Fierer, 2017; Xue et al., 2018). Among them,
water content is one major factor (Wang et al., 2019), so the
structure and diversity of soil microbial communities are easily
affected by the extreme hydrological events, such as droughts
and floods. The increasing frequency and magnitude of these
events (Amirataee and Montaseri, 2017; Deng et al., 2018) cause
soil water variation, which affects microbial activities, which
further impacts P cycling. Currently, the uneven precipitation
distribution has caused the rapid increase of drought-flood
abrupt alternation (DFAA) events, especially in summer and in
southern China (Zhang and Li, 2019). Different from dry-wet
cycling or drying-rewetting, DFAA denotes persistent drought
followed by sudden heavy precipitation at certain levels (Wu
et al., 2006). Frequent DFAA events seriously affect crop growth,
yield formation, and environment (Lian et al., 2015; Xiong
et al., 2018; Gao et al., 2019), while the dry-wet cycling or
drying-rewetting are not at all catastrophic and even have
overcompensation effects. At present, there are scant studies
on the effects of DFAA on soil microbial communities. In
addition, the PSM mediated P cycling has been revealed under
individual drought events (Preece et al., 2020; Püschel et al.,
2021), individual flood events (Bai et al., 2019; Bao et al.,
2019), or the drying-rewetting process (Brödlin et al., 2019; Gao
et al., 2020), while few on DFAA. What’s more, many studies
have addressed the negative impacts of DFAA on agricultural
production (Huang et al., 2019; Xiong et al., 2020). Therefore, it
is necessary to reveal the responses of PSM mediated P cycling to
DFAA in agroecosystems, especially in topsoil layers.

Our previous study reported that PSB in topsoil increased
after DFAA, further increased soil available P (AP), especially
for the DFAA with moderate drought (Bi et al., 2020b). It
is found that the P solubilizing ability and stability of PSF
are stronger than those of PSB although accounting for small
proportion (Chittora et al., 2020). Thus, we continue studying
the DFAA effects on PSB and PSF. Furthermore, the metagenome
(microbial environmental genome) analysis has been used to

study the relation between microbial communities and their
surrounding environment (Markowitz et al., 2015). We applied
the metagenome analysis to obtain the keystone genes related to
P metabolism with significant difference under DFAA.

The stability of an ecosystem can be evaluated by co-
occurrence network analysis, which can reveal the interactions
among microbial communities and altered environmental factors
by the complexity and differences of network topologies
(Ma et al., 2016; Bello et al., 2020). The main environmental
factors affecting P cycling are microbially-mediated activities
(Upreti et al., 2019), broken soil structure (Cui et al., 2019), soil
organic matter mineralization (Merino et al., 2019), and so on.
Does DFAA affect the stability of farmland ecosystem related to
P cycling? Destroy or improve the stability? These questions need
to be explored.

Here, we conducted field experiments to reveal the mechanism
of how DFAA affects soil PSM and their effects on soil P cycling.
The aim of this study was to test the following hypotheses: (i)
PSB and PSF in topsoil increased after DFAA compared with the
control system; (ii) DFAA caused the changes of several genes
related to P metabolism compared with the control system; and
(iii) the DFAA destabilized and dispersed the farmland ecosystem
network related to P cycling. In addition, we observed whether
the effects of DFAA on P cycling were persistent until the end
of growing season of summer maize. The results of this study
can help better understand the influence process of DFAA on P
cycling through microbial activities in topsoil, and can further
provide a scientific reference for the targeted regulation of DFAA.

MATERIALS AND METHODS

Experimental Design
The experiments were conducted at Wudaogou Experimentation
Research Station (33◦09′N, 117◦21′E), Bengbu City, China. The
area has warm temperate, humid, monsoon climate, with DFAA
events occurring about every 4 years during 1964–2017, which is
ideal for studying DFAA events.

The DFAA events can be evaluated by the method considering
meteorological and agricultural indicators on daily scale. Detailed
determination method and classification standard can be found
in Supplementary Material 1. Supplementary Table 1 shows
the determination standard of DFAA in the Northern Anhui
Plain. According to historical meteorological data, the probability
of DFAA events in light drought-moderate flood (LM) and
moderate drought-moderate flood (MM) was 23.7%. Based on
the frequency analysis, the frequency for LM and MM was
P = 20% and P = 80%, respectively. Thus, the above two DFAA
types were quite important in occurrence, and were probably
catastrophic. Therefore, the LM and MM were selected for
investigating the effects of DFAA on soil P in this study.

We explored the DFAA effects in two summer maize
growing periods, i.e., the seeding-jointing stage (SJS) and
the tasseling-grain filling stage (TGS). In total, four different
combinations with two DFAA assays and two growing periods
were designed, i.e., LMsj (LM during the SJS), MMsj (MM
during the SJS), LMtg (LM during the TGS), and MMtg (MM
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during the TGS). In addition, a control system (CS) under
natural climatic conditions was set for reference. The setting
details for different experimental treatments are presented in
Supplementary Table 2. Notably, there were no interventions
of natural rainfall during the experimental period because that
the DFAA treatments were sheltered under a ventilated shed
with an artificial rainfall device to block the entry of external
precipitation and simulate consecutive rainless conditions and
abrupt precipitation conditions. For this study, the short-term
precipitation corresponding to a moderate flood was 130 mm,
with artificial rainfall duration of 1.3 h. For the CS treatment,
the soil water content was kept in suitable range for crop growth
before the precipitation experiment. Each experimental plot
had only one outlet with a water collecting device connected
for collecting the surface runoff, the small amount of surface
water percolated into the soil during no more than 5 mins,
thus there was no standing water after artificial rainfall. All
experiment conditions were similar to our previous study (Bi
et al., 2020b), except the DFAA treatments. Each treatment had
three replicates (experimental plots). The initial conditions (soil
water content, P addition, and so on) were kept the same for all
the experimental plots.

Soil Microbial Analysis
The soil samples for microbial analysis were collected on
specific days (Figure 1): before the DFAA experiments (BV,
i.e., baseline value), 1 day before (BPre, i.e., after drought) and
3 days after (APre, i.e., after DFAA) every artificial rainfall
experiment, and at the mature stage (M). 5 g soil sample was
collected from topsoil (0–40 cm) for soil microbial analysis.
Soil samples were frozen at –80◦C until DNA extraction.
As our study focuses on PSB and PSF, bacterial and fungal
communities in topsoil were measured. Universal primers,
specifically 338F (5′-ACTCCTACGGGAGGCAGCAG-3′)

and 806R (5′-ACTCCTACGGGAGGCAGCAG-3′), ITS1F
(5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-
GCTGCGTTCTTCATCGATGC-3′), were used for polymerase
chain reaction (PCR) amplification of bacterial and fungal
communities, respectively. The specific processes of DNA
extraction and high-throughput sequencing were described in
our previous study (Bi et al., 2020b) and completed by Shanghai
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

The metagenomics techniques were applied to explore the
DFAA effects on P metabolism. E.Z.N.A. R© Soil DNA Kit (Omega
Bio-tek, United States) was used for DNA extraction. After
genomic DNA extraction, TBS-380 was used to detect DNA
concentration, NanoDrop2000 was used to detect DNA purity,
and then 1% agarose gel electrophoresis was used to detect DNA
integrity. The DNA was fragmented by Covaris M220 (Gene
Company Limited, China), and fragments of approximately
400 bp were screened. The PE library was constructed by using
library construction kit of NEXTFLEX Rapid DNA-Seq (Bioo
Scientific, United States). The sequencing was performed on the
Illumina NovaSeq/Hiseq Xten (Illumina, United States) platform.

Soil Physicochemical Analysis
The soil samples for physicochemical analysis were collected
on specific days same with that for microbial analysis, except
the samples were collected 1 day after every artificial rainfall
experiment for APre. For P analysis, the concentrations of AP
and total P (TP) were measured according to the Phosphorus
Determination Methods of Forest Soils Standard in China (LY/T
1232-2015) via the colorimetry method and the alkali fusion
method, respectively (Supplementary Material 2). Soil organic
matter content (OMC) was analyzed by exothermic heating and
oxidation with the potassium dichromate method (Nelson and
Sommers, 2018). Soil pH was estimated on a soil/water ratio (w/v)
of 1:2.5 (PHS-3C pH acidometer, China) using a glass electrode

FIGURE 1 | Sampling time points during experiments. DFAA, drought-flood abrupt alternation; BV, baseline value, sampling before the DFAA experiments; BPre,
before precipitation, i.e., before drought, sampling 1 day before every rainfall experiment; APre, after precipitation, i.e., after drought, sampling 3 day after every
rainfall experiment; M, mature stage, sampling at the mature stage.
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meter. Soil total porosity (STP) was calculated based on soil
bulk density and soil specific gravity, which was determined by
the ring cutting method and pycnometer method, respectively
(dos Reis et al., 2021).

Statistical Analysis
Data were shown in mean ± standard deviation. Variables
were analyzed with one-way ANOVA. The significance of
linear correlations among parameters was expressed as Pearson’s
product moment correlation coefficient. A statistical difference
was considered significant when P < 0.05. All the data
processing was performed using SPSS version 20.0 (SPSS Inc.,
Chicago, IL, United States) and R language (version 3.5.3).
The figures were drawn in Origin version 9.0 (OriginLab Inc.,
Hampton, MA, United States) and CANOCO model (version
4.5). Co-occurrence network analysis was performed using Gephi
software (version 0.9.2) based on the Spearman correlation index
(P < 0.05).

Especially, Kruskal-Wallis H test, and LEFSe (Linear
discriminant analysis Effect Size) test were applied for
metagenomics data analysis. Kruskal-Wallis H test is a method
of significant differences analysis for species in multiple groups,
which was performed using R project Vegan package (Sun et al.,
2021). LEFSe is a software for discovering high-dimensional
biomarkers and revealing genome characteristics among two or
more biological groups (LEFSe, 2011 online analysis).

RESULTS

Shift in Soil Phosphate-Solubilizing
Microorganisms Under Drought-Flood
Abrupt Alternation
Phosphate-Solubilizing Bacteria
The main PSB genera found in the samples were Arthrobacter,
Bacillus, Bradyrhizobium, and Pseudomonas (Figure 2A). The
relative abundance of PSB in most treatments were between 1 and
7%. Compared with baseline values (BV), the relative abundance
of PSB before DFAA (BPre) decreased 73.0, 76.6, 67.1, and 13.1%
in the LMsj, MMsj, LMtg, and MMtg treatments, respectively. In
the LMsj, MMsj, LMtg, MMtg, and CS treatments, the relative
abundance of PSB after DFAA/natural rainfall (APre) decreased
71.4, 51.4, 83.5, 78.9, and 77.0% than BV, respectively. Compared
with the CS treatment, the relative abundance of PSB APre was
higher by 99.2, 186.7, −5.0, and 14.2% in the LMsj, MMsj,
LMtg, and MMtg treatments. For the mature stage, the relative
abundance of PSB in the CS treatment was −3.4, 5.4, −3.4, and
10.1% lower than that in the LMsj, MMsj, LMtg, and MMtg
treatments, respectively.

The significance of difference for PSB in topsoil under
different treatments was further explored. Figure 3A shows
the Kruskal-Wallis H test for PSB after DFAA/natural rainfall.
The genus with strong significant difference (P < 0.001) after
DFAA was Pseudomonas (P = 0.000643). The genus with highly
significant difference (P < 0.01) was Arthrobacter (P = 0.00104).
To get more details, post hoc plots were presented with
comparation of every two treatments for genera Arthrobacter

and Pseudomonas. For Arthrobacter, there was strong significant
difference (P < 0.001) between LMtg and MMsj treatments;
highly significant difference (P < 0.01) was found between LMsj
and LMtg treatments; significant difference (P < 0.05) was
found in four pairs: CS and MMsj treatments, MMsj and MMtg
treatments, LMsj and MMtg treatments, CS and LMsj treatments
(Figure 3B). For Pseudomonas, there was strong significant
difference (P < 0.001) between: CS and MMsj treatments, LMtg
and MMsj treatments, MMsj and MMtg treatments, LMsj and
MMsj treatments (Figure 3C). The Kruskal-Wallis H test of PSB
at the mature stage was presented in Supplementary Figure 1.
For the four PSB genera, there were no significant difference
(P > 0.05) among DFAA treatments and CS treatment.

Phosphate-Solubilizing Fungi
Fusarium, Penicillium, and Aspergillus were the main PSF
genera in topsoil (Figure 2B). The relative abundance of PSF
were between 10 and 25%. In the LMsj, MMsj, LMtg, and
MMtg treatments, the relative abundance of PSF before DFAA
(BPre) decreased by 32.6, 18.2, −24.0, and 11.3% than BV,
respectively. Compared with BV, the relative abundance of PSF
after DFAA/natural rainfall in the LMsj, MMsj, LMtg, MMtg,
and CS treatment decreased 43.0, −40.5, 91.9, 29.1, and −42.4%,
respectively. Compared with the CS treatment, the relative
abundance of PSF after DFAA was higher by −0.3, 40.0, 52.4,
and −19.3% in the LMsj, MMsj, LMtg, and MMtg treatments.
The relative abundance of PSB at the mature stage in the LMsj,
MMsj, LMtg, and MMtg treatments was −6.1, 10.1, 16.8, and
15.9% higher than in the CS treatment, respectively.

Figure 4 plots the LEFSe test result of fungi in topsoil
from phylum to genus level APre, which concluded the
above-mentioned PSF. Significant differences among the DFAA
treatments and CS treatment were found for genus Penicillium
(dark purple point). At the mature stage, there were no significant
difference among the DFAA treatments and CS treatment for the
PSF genera (Supplementary Figure 2).

Shift in Soil Phosphorus Metabolism
Metagenomic Under Drought-Flood
Abrupt Alternation
The functional genes related to P metabolism were screened
in the Kyoto Encyclopedia of Genes and Genomes (KEGG),
one of the commonly used international biological information
databases. The KEGG Pathway Level 3 ko00440 (phosphonate
and phosphinate metabolism) is most related to the P metabolism
in soil and crops. Compared with the soil microbial samples
in this study, 15 KEGG Orthology (KO) were found. The
specific homologous gene numbers, function descriptions and EC
numbers were shown in Table 1.

The Kruskal-Wallis H test was conducted to explore the
significance of differences on the KO related to P metabolism in
topsoil after DFAA (Figure 5A). Among all 15 KO, significant
difference (P < 0.05) was found among DFAA treatments
and CS treatment in K21195 (P = 0.03373). Combining
with the diagram of P metabolism pathway in topsoil, it
can be learned that the corresponding EC code of K21195
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FIGURE 2 | The relative abundance of (A) phosphate-solubilizing bacteria. (B) Phosphate-solubilizing fungi. LMsj, light drought-moderate flood in the
seeding-jointing stage (SJS); LMtg, light drought-moderate flood in the tasseling-grain filling stage (TGS); MMsj, moderate drought-moderate flood in the SJS; MMtg,
moderate drought-moderate flood in the TGS; CS, control system operated under natural climatic conditions; BV, baseline value; BPre, before precipitation (after
drought); APre, after precipitation (after drought-flood abrupt alternation/natural rainfall); M, at the mature stage.

was 1.14.11.46, with function of 2-aminoethylphosphonate
dioxygenase (Figure 5B).

Variation in Soil Phosphorus and Related
Physicochemical Properties Under
Drought-Flood Abrupt Alternation
Soil Phosphorus
The concentrations of AP for the BV, APre, and at the M in the
DFAA treatments were 31.9, 47.5, and 45.5% lower than in the
CS treatment, respectively (Table 2). Compared with BV, the AP
concentrations BPre, APre, and at the M decreased by 20.4, 28.2,
and 32.4% in the DFAA treatments, respectively. While for the
CS treatment, the AP concentrations APre and at the M was 6.8

and 15.4% lower than BV. The concentrations of AP in the DFAA
treatments with moderate drought was −5.6, 10.9, 28.1, and
37.1% higher than with light drought (with the same flood level)
in BV, BPre, APre, and M (17.6% on average). For the DFAA with
moderate flood, the AP concentration in the DFAA treatments
with moderate drought was higher than that of light drought. The
AP concentrations were 22.3, −7.7, 26.7, and 2.8% greater in the
tasseling-grain filling stage than in the seeding-jointing stage for
BV, BPre, APre, and M (11.0% on average).

For TP, the concentrations for BV, APre, and M were 13.1,
22.0, and 19.6% lower in the DFAA treatments than in the CS
treatments, respectively (Table 2). The TP concentrations after
drought, after DFAA, and at the mature stage decreased by 12.6,
13.6, and 18.8% than BV in the DFAA treatments. While for
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FIGURE 3 | (A) The Kruskal-Wallis H test bar plot for phosphate-solubilizing bacteria after drought-flood abrupt alternation (DFAA)/natural rainfall. (B) The post hoc
plot of Kruskal-Wallis H test of genus Arthrobacter. (C) The post hoc plot of Kruskal-Wallis H test of genus Pseudomonas. *P < 0.05; **P < 0.01; ***P < 0.001.

the CS treatment, the concentrations of TP after DFAA/natural
rainfall and at the mature stage was 3.8 and 12.2% lower than BV,
respectively. The concentrations of TP in the DFAA treatments

with moderate drought was −0.6, 0.0, 7.3, and 7.0% higher
than with light drought (with the same flood level) in BV,
BPre, APre, and M (3.4% on average). The TP concentrations
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FIGURE 4 | The LEFSe cladogram of fungal communities (containing phosphate-solubilizing fungi) after DFAA/natural rainfall.

TABLE 1 | The Kyoto Encyclopedia of Genes and Genomes Orthology (KEGG) Orthology related to phosphorus metabolism in topsoil layer (0–40 cm).

KO Function description EC

K01841 Phosphoenolpyruvate phosphomutase 5.4.2.9

K03430 2-Aminoethylphosphonate-pyruvate transaminase 2.6.1.37

K03823 Phosphinothricin acetyltransferase 2.3.1.183

K05306 Phosphonoacetaldehyde hydrolase 3.11.1.1

K06162 Alpha-D-ribose 1-methylphosphonate 5-triphosphate diphosphatase 3.6.1.63

K06163 Alpha-D-ribose 1-methylphosphonate 5-phosphate C-P lyase 4.7.1.1

K06164 Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnI 2.7.8.37

K06165 Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnH 2.7.8.37

K06166 Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnG 2.7.8.37

K06167 Phosphoribosyl 1,2-cyclic phosphate phosphodiesterase 3.1.4.55

K09459 Phosphonopyruvate decarboxylase 4.1.1.82

K12909 Carboxyvinyl-carboxyphosphonate phosphorylmutase 2.7.8.23

K19670 Phosphonoacetate hydrolase 3.11.1.2

K21195 2-Aminoethylphosphonate dioxygenase 1.14.11.46

K21196 2-Amino-1-hydroxyethylphosphonate dioxygenase (glycine-forming) 1.13.11.78

after DFAA were 14.1, −2.4, 20.0, and 10.9% greater in the
tasseling-grain filling stage than in the seeding-jointing stage
(10.7% on average).

The ratio of AP to TP for BV, APre, and M were 21.7, 33.1, and
32.4% lower in the DFAA treatments than in the CS treatments,
respectively (Table 2). The ratio for BPre, APre, and M decreased
by 6.8, 13.4, and 13.1% than BV in the DFAA treatments. While

for the CS treatment, the ratio for APre and M was 3.1 and 3.7%
lower than BV, respectively. The ratio in the DFAA treatments
with moderate drought was −6.1, 10.8, 18.1, and 28.4% higher
than with light drought (with the same flood level) in BV, BPre,
APre, and M (12.8% on average). The ratio after DFAA were
7.3, −5.6, 5.0, and −7.5% greater in the tasseling-grain filling
stage than in the seeding-jointing stage (−0.2% on average).
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FIGURE 5 | (A) The Kruskal-Wallis H test bar plot of Kyoto Encyclopedia of Genes and Genomes Orthology (KO) relating to phosphorus metabolism in topsoil;
(B) The diagram of phosphorus metabolism pathway in topsoil. *P < 0.05.

TABLE 2 | Concentration of available phosphorus (AP) and total phosphorus (TP) in topsoil (0–40 cm).

Parameter Treatment BV BPre APre M

AP (mg kg−1) LMsj 36.88 ± 3.58b 27.94 ± 2.60b 22.19 ± 2.97c 20.60 ± 1.84c

MMsj 29.22 ± 2.69c 32.88 ± 1.73a 24.33 ± 1.74c 28.39 ± 0.44b

LMtg 38.73 ± 3.86b 27.51 ± 1.68b 24.04 ± 1.64c 21.30 ± 1.56c

MMtg 42.13 ± 5.92b 28.61 ± 1.68b 34.91 ± 1.89b 29.04 ± 2.28b

CS 53.91 ± 2.10a – 50.25 ± 3.04a 45.60 ± 2.40a

TP (%) LMsj 0.047 ± 0.0032a 0.045 ± 0.0019a 0.038 ± 0.0021d 0.038 ± 0.0014d

MMsj 0.046 ± 0.0024a 0.044 ± 0.0017a 0.040 ± 0.0027d 0.039 ± 0.0018cd

LMtg 0.053 ± 0.0029a 0.042 ± 0.0015a 0.045 ± 0.0015c 0.041 ± 0.0018c

MMtg 0.053 ± 0.0051a 0.044 ± 0.0013a 0.049 ± 0.0026b 0.044 ± 0.0023b

CS 0.057 ± 0.0038a – 0.055 ± 0.0026a 0.050 ± 0.0023a

AP/TP (%) LMsj 7.88 6.26 5.79 5.49

MMsj 6.31 7.56 6.10 7.23

LMtg 7.29 6.48 5.38 5.23

MMtg 7.94 6.56 7.10 6.54

CS 9.40 – 9.11 9.06

Data were shown in mean ± standard deviation, the superscripted letters were the analysis results of statistical difference (P < 0.05).

Related Physicochemical Properties
The STP in topsoil increased in the order of
BV < BPre < APre < M (Table 3). The STP after DFAA
was higher in the treatments with moderate drought (MMsj and
MMtg treatments) compared to those with light drought (LMsj
and LMtg treatments), by 7.8 and 13.3% in the seeding-jointing
stage and in the tasseling-grain filling stage, respectively. The
STP APre were higher by 7.1% in the DFAA treatments than
in the CS treatment. The STP after drought was slightly higher

(10.9%) in the treatments with moderate drought compared to
those with light drought. The STP in BV, BPre, APre, and M was
20.2, 26.7, 32.4, and 32.7% greater in the tasseling-grain filling
stage than in the seeding-jointing stage.

The pH after DFAA in the DFAA treatments was 0.77 (11.4%)
higher than in the CS treatments (Table 3). There were no
significant differences in pH among the DFAA treatments with
moderate drought or with light drought (with the same flood
level). The pH in BV, BPre, APre, and M was −0.8, 1.9, 1.3,
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TABLE 3 | Concentration of physicochemical parameters in topsoil (0–40 cm).

Parameter Treatment BV BPre APre M

Soil total porosity (%) LMsj 33.31 ± 2.24c 33.95 ± 3.72b 37.79 ± 2.98d 47.24 ± 2.30b

MMsj 34.21 ± 0.77c 36.74 ± 0.74b 40.75 ± 0.44cd 39.66 ± 2.25c

LMtg 42.74 ± 3.89a 43.54 ± 2.70a 48.71 ± 2.20b 56.90 ± 2.95a

MMtg 38.43 ± 0.94b 46.06 ± 2.55a 55.20 ± 2.75a 58.42 ± 3.00a

CS 33.15 ± 1.66c – 42.59 ± 3.00c 60.55 ± 3.25a

pH LMsj 7.76 ± 0.041a 7.31 ± 0.023a 7.42 ± 0.019a 7.63 ± 0.12a

MMsj 7.79 ± 0.055a 7.38 ± 0.051a 7.42 ± 0.13a 7.54 ± 0.16a

LMtg 7.78 ± 0.055a 7.49 ± 0.14a 7.52 ± 0.13a 7.57 ± 0.17a

MMtg 7.64 ± 0.035b 7.48 ± 0.12a 7.52 ± 0.13a 7.54 ± 0.15a

CS 6.98 ± 0.018c – 6.71 ± 0.14b 7.20 ± 0.18b

Organic matter content (g kg−1 ) LMsj 9.72 ± 0.23b 10.66 ± 0.37a 8.70 ± 0.51d 10.97 ± 0.85b

MMsj 9.24 ± 0.51b 11.96 ± 1.26a 9.66 ± 1.45cd 11.05 ± 1.05b

LMtg 11.09 ± 1.53ab 11.70 ± 1.30a 11.59 ± 1.28bc 10.45 ± 1.50b

MMtg 12.18 ± 1.79a 11.44 ± 1.40a 13.11 ± 1.10ab 12.05 ± 1.45b

CS 12.89 ± 0.83a – 14.81 ± 1.90a 14.80 ± 1.90a

Data were shown in mean ± standard deviation, the superscripted letters were the analysis results of statistical difference (P < 0.05).

and −0.4% greater in the tasseling-grain filling stage than in the
seeding-jointing stage.

The OMC after DFAA in the DFAA treatments was 4.04 g
kg−1 (27.3%) lower than that in the CS treatments (Table 3).
The OMC in the DFAA treatments with moderate drought was
12.2% higher than with light drought (with the same flood level).
For BV, BPre, APre, and M, the OMC was 22.7, 2.4, 34.5, and
2.2% greater in the tasseling-grain filling stage than that in the
seeding-jointing stage.

Relationship Among Soil Phosphorus,
Related Physicochemical Properties, and
Phosphate-Solubilizing Microorganisms
Distinct separations were observed for soil parameters related to
P cycle among different treatments along with axis1 and axis2
of the principal components analysis (PCA) both APre and at
the M, especially among the four DFAA treatments and CS
treatment (Figure 6). For APre, the eigenvalue of the PCA first
axis and the second axis was 0.736 and 0.258, respectively. The
STP, OMC, pH, and Fusarium in topsoil had significant impacts
on AP and TP, with long arrow length. Aspergillus, Penicillium,
Arthrobacter, and Pseudomonas had moderate impacts on AP
and TP, with the arrow length decreasing. Bradyrhizobium and
Bacillus had weak impacts on AP and TP, with the smallest arrow
length. The STP, OMC, and Penicillium were positively correlated
with AP/TP (Figure 6A). For M, the eigenvalue of the PCA
first axis and the second axis was 0.700 and 0.291, respectively.
Aspergillus, STP, pH, Penicillium, and OMC in topsoil had
significant impacts on AP and TP, with long arrow length.
Fusarium, Bradyrhizobium, and Bacillus had moderate impacts
on AP and TP, with the arrow length decreasing. Arthrobacter
and Pseudomonas had weak impacts on AP and TP, with the
smallest arrow length. Positive correlations were found among
OMC, STP, Pseudomonas, Bradyrhizobium, Bacillus, Fusarium,
and AP/TP (Figure 6B).

Co-occurrence network analysis (Spearman’s | ρ| > 0.6,
P < 0.05) was performed between PSM and physicochemical
properties related to P in different treatments (Figure 7). Table 4

shows the topological properties of co-occurrence networks.
After DFAA/natural rainfall, the modularity index (Mod) values
in the DFAA treatments and CS treatment were 0.359 and
0.379, respectively. At the mature stage, the Mod were 0.479 and
0.437 in the DFAA treatments and CS treatment, respectively.
The edges/nodes after DFAA were 1.3 and 1.4 for the DFAA
treatments and CS treatment, while both were 1.0 at the
mature stage. The average clustering coefficient (avgCC) and
average path length (APL) were 0.725 and 1.759 in the DFAA
treatments after DFAA, 0.75 and 1.862 in the CS treatments
after DFAA, 0.333 and 1.759 in the DFAA treatments at the
mature stage, 0.5 and 1.909 in the CS treatments at the mature
stage, respectively.

DISCUSSION

The Phosphate-Solubilizing Fungi Were
Less Resistant but More Resilient Than
Phosphate-Solubilizing Bacteria to
Drought-Flood Abrupt Alternation
Immobilization, transformation, and fractionation of soil P can
be affected by PSM (Katznelson et al., 1962), which mainly
contains PSB, PSF, and Actinomycetes (Rafi et al., 2019). Our
study mainly focused on PSB and PSF in topsoil (0–40 cm),
where P is naturally concentrated and can easily be affected
by environmental changes (Suriyagoda et al., 2014; Missong
et al., 2018). The results show that Arthrobacter (a type of
Actinobacteria), Bacillus (a type of Firmicutes), Bradyrhizobium
(a type of Proteobacteria), and Pseudomonas (a type of
Proteobacteria) were the four main PSB genera. It is reported that
Bacillus, Arthrobacter, and Azotobacter genera appeared more at
maize rhizosphere (Cavaglieri et al., 2009; Anzuay et al., 2017),
Proteobacteria and Actinobacteria mainly contains the genes
that can possibly enhance polyphosphate transformation and the
availability of inorganic P in the maize rhizosphere (Li et al.,
2014; Wen et al., 2016). Our study proved previous findings. As
for PSF, except most studied genera Penicillium and Aspergillus
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FIGURE 6 | The principal components analysis (PCA) of topsoil parameters related to phosphorus cycle (A) after DFAA/natural rainfall; (B) at the mature stage.

(Yin et al., 2015; Qiao, 2019), Fusarium was also found in topsoil
samples in our study.

Compared with the CS treatment, the relative abundance of
PSB and PSF after DFAA were higher by 0.89 and 2.37% on
average in the DFAA treatments, while by 2.00 and 6.09% in BV.
Thus, the relative abundance of PSB and PSF relatively decreased
although the absolute value after DFAA increased. And the PSB
was more resistant than the PSF. Compared with BV, the PSB after
DFAA decreased 71.3 and 77.0% in the DFAA treatments and CS
treatment, while they were −20.2 and 6.7% higher at the mature
stage in the DFAA treatments and CS treatment, respectively. The
PSF after DFAA were 15.1 and 42.4% lower than BV in the DFAA
treatments and CS treatment, while they were 51.6 and 109.1%
higher at the mature stage than BV in the DFAA treatments
and CS treatment, respectively. It is indicated that DFAA can
possibly relieve the PSB decrease after flood (precipitation) as the
decrease proportion in DFAA treatments were lower than in the
CS treatment. The PSB proportion cannot be recovered to the
initial state after DFAA as the relative abundance of PSB at the
mature stage was still lower than BV in the DFAA treatments
while was higher in the CS treatment. The PSF proportion
recovered to the initial state as the relative abundance of PSF at
the mature stage was higher than BV, while the resilience was
weaker than the CS treatment. Therefore, the PSF has higher
resilience than PSB under DFAA.

In total, the PSF were less resistant but more resilient than
PSB to DFAA. Previous studies have suggested that fungal
communities are more sensitive than bacterial communities
to changing soil moisture (McHugh and Schwartz, 2016; Jiao
et al., 2021). Generally, soil bacteria have lower resistance but
higher resilience to drought than fungi (de Vries and Shade,
2013; de Vries et al., 2018). It has also been reported that soil
microbial communities are resistant and resilient to climatic
extremes, i.e., regular, seasonal fluctuations in temperature and
rainfall experienced by such ecosystems (Cruz-Martínez et al.,
2009; Kaurin et al., 2018). Drying–rewetting decreased bacterial

growth while fungal growth remained unaffected (Bapiri et al.,
2010). In details, bacterial community to dry-down and wet-
up, while the fungal community was largely unaffected by dry-
down, showing marked resistance (Barnard et al., 2013). Our
results have findings contrary to that in drought condition, while
part was consistent with to that in flood condition (resistance)
and in drying-wetting condition (resilience). It indicates that
the effects of DFAA on soil microbial communities were not
simply the superposition effect of drought and flood, but also had
differences with drying-rewetting. The specific effect mechanisms
need further exploration.

Phosphorus Metabolism-Related Gene
K21195 Was Significantly Different Under
Drought-Flood Abrupt Alternation
The phosphorus metabolism-related metagenomic analysis
revealed that significant difference was found among the
DFAA treatments and CS treatment in K21195, which
mainly affects the synthesis of glycine, serine, threonine
and lipophosphoglycan. The glycine, serine and threonine
mainly affect the synthesis of protein (Chrystal et al., 2020). The
lipophosphoglycan is mainly fixed on the cell membrane through
glycosylphosphatidylinositol, which is a multifunctional toxicity
determinant (Martinez et al., 2010). It indicates that DFAA will
affect protein synthesis and may be toxic to microbial cells.
Our previous study reported that DFAA can promote microbial
death, the PSB and PSF also decreased after DFAA in this study,
which verified the toxic function of K21195.

The Drought-Flood Abrupt Alternation
Decreased Soil Available Phosphorus
Transformation While Increased Soil
Phosphorus Loss
The AP concentration under DFAA in this study showed same
laws with our previous study (Bi et al., 2020b) in the comparisons
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FIGURE 7 | The co-occurrence networks between phosphate-solubilizing microorganisms and soil physicochemical properties related to phosphorus metabolism
(A) after DFAA/natural rainfall (APre); (B) at the mature period (M). Blue lines represent positive correlations, red lines represent negative correlations (Spearman’s | ρ|
> 0.6, P < 0.05). Orange nodes represent the phosphorus in different forms, pink nodes represent the phosphate-solubilizing bacteria, light blue nodes represent
the phosphate-solubilizing fungi, green nodes represent the soil physicochemical parameters related to phosphorus metabolism.

of different drought levels and summer maize growing periods.
The longer duration of droughts, the higher concentration of AP
(Zhang H. et al., 2020). The causes of the phenomenon were
reported as microbial death (Dijkstra et al., 2015) and soil organic
matter decomposition (Yang et al., 2019), which were verified in
our study. However, several different results were found between
this study and our previous study: the concentrations of AP in

the DFAA treatments after DFAA decreased more than in the
CS treatment after natural rainfall in this study, while opposite
trend was found in our previous study. It is mainly due to the
fact that the DFAA treatments were with moderate flood in this
study, while were with light flood in previous study and the
scouring effect was stronger with moderate flood (Yang et al.,
2021). The soil porosity increased significantly in this study,
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TABLE 4 | Topological properties of co-occurrence networks.

Topological properties Figure 7A Figure 7B

DFAA CS DFAA CS

Number of nodes 10 10 9 12

Number of edges 13 14 9 12

Ratio of positive edges (%) 61.538 92.857 77.778 83.333

Ratio of negative edges (%) 38.462 7.143 22.222 16.667

Average degree (avgK) 2.6 2.8 2 2

Network diameter 3 4 3 5

Graph density 0.289 0.311 0.25 0.182

Modularity (Mod) 0.359 0.379 0.479 0.437

Average clustering coefficient (avgCC) 0.725 0.75 0.333 0.5

Average path length (APL) 1.759 1.862 1.759 1.909

thus, the infiltration effect was strong (Lipiec et al., 2006). These
phenomena accelerated the P loss in topsoil. Notably, the absolute
relative abundances of PSB and PSF after DFAA in the DFAA
treatments were higher than in the CS treatment. While at the
same time, the relative abundances of PSB and PSF after DFAA
relatively decreased compared with that after natural rainfall in
CS treatment. Normally, the AP should relatively increase after
DFAA due to PSM which could enhance the formation of AP
(Qian et al., 2019). The different results indicated that the P loss
effect was stronger than the PSM functions for AP formation
in the DFAA treatments with moderate flood. In addition, the
P metabolism-related gene K21195 affected protein synthesis
and was toxic to microbial cells, which further inhibits the
relevant enzyme activities for converting insoluble P into soluble
P (including AP). Several studies reported that flooding could
increase soil AP because of soil organic matter mineralization
(Tang et al., 2016), microbially-mediated activities (Unger et al.,
2009), increasing pH (Bai et al., 2017), and soil porosity 378
(Guillaume et al., 2016), the latter two of which were verified in
our study. It means that the effects of DFAA on soil P was not
the superposition effect of drought and flood, the mechanisms
were complicated, depending on the drought level and flood level
in DFAA events. The AP concentration in the DFAA treatments
at the mature stage recovered a little compared with the CS
treatment. The reasons could be that the normal water supply
condition was beneficial to the survival of PSM, as the relative
abundance of PSB and PSF increased at the mature stage, which
further promoted the AP formation. Furthermore, the effect of
scouring and infiltration significantly decreased, the soil P loss
decreased as well.

The Drought-Flood Abrupt Alternation
Continuously Dispersed the Farmland
Ecosystem Network Related to
Phosphorus Cycling
Principal components analysis showed that all soil parameters
related to P cycling were affected by different treatments both
APre and at the mature stage, as there was significant distance
among the DFAA treatments and CS treatment (Figure 6). It
can be inferred that the DFAA had significant effects on PSM in

topsoil, which further affected P cycling, and finally resulted in
the yield reduction and water pollution which was found in our
previous study (Bi et al., 2020a,b).

The co-occurrence network can be considered as stable when
the Mod were larger than 0.4 (Gu et al., 2021). Based on the
topological properties of co-occurrence networks (Table 4), the
Mod were both smaller than 0.4 after DFAA in the DFAA
treatments and after natural rainfall in the CS treatments, while
the Mod were larger than 0.4 at the mature stage in all treatments.
It can be learned that after DFAA/natural rainfall, the farmland
ecosystem network related to P cycling was unstable; while at
the mature stage, the farmland ecosystem network related to P
cycling restored stability. The higher the modularity, more stable
the network structure (Tumiran and Sivakumar, 2021). Thus,
the stability of network after DFAA in the DFAA treatments
(Mod = 0.359) was weaker than after natural rainfall in the CS
treatment (Mod = 0.379). Interestingly, at the mature stage, the
stability of network in the DFAA treatments (Mod = 0.479) was
stronger than in the CS treatment (Mod = 0.437). As a more
clustered network structure has higher avgCC and APL (Bi et al.,
2021), the cluster degree of network in the DFAA treatment was
lower than in the CS treatment both after DFAA/natural rainfall
and at the mature stage.

In general, the above analysis revealed that the DFAA had
significant impacts on topsoil microecological environment in
summer maize farmland systems, which led to unstable and
dispersed structure of network related to P cycling. The network
stability could recover after DFAA, to be even more stable at
the mature stage compared with CS treatment. Previous research
reported that soil microbial community composition became
stable and adapted to such moisture condition under frequent
wet-dry cycles (Fierer et al., 2003; Evans and Wallenstein, 2012).
Our study revealed that the negative effects of DFAA on PSM
would inhibit the transformation of insoluble P into soluble P
(including AP), which affected P cycling, and also dispersed the
network structure. The network stability of DFAA treatments at
the mature stage showed a similar trend. However, the cluster
degree would not recover after DFAA at the mature stage. It
revealed that DFAA could continuously disperse the farmland
ecosystem network related to P cycling.

CONCLUSION

Our study focused on the responses of PSM mediated P cycling
to DFAA in topsoil of summer maize farmland. The results
showed that the DFAA has significant effects on PSB and PSF,
especially the genera Pseudomonas, Arthrobacter and Penicillium.
The PSF has lower resistance but higher resilience than PSB
facing to DFAA as the relative abundance of PSF decreased
significantly after DFAA but recovered to the initial state at the
mature stage. The DFAA mainly had significant effects on the
P metabolism gene K21195, which affect protein synthesis and
may be toxic to microbial cells. The DFAA had significant impacts
on soil physicochemical and microecological environment, which
led to unstable and dispersed structure of farmland ecosystem
network related to P cycling. The effects of DFAA on P cycling
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could last until the mature stage of summer maize. These results
provide an empirical basis for the exploration of DFAA on
P cycling at the micro and ecosystem level. Further studies
could continue carrying out field experiments on the DFAA
with other drought-flood combinations, attempting to apply
microbial strains improvement and genetic modification for
targeted regulation of P transformation and cycling under DFAA.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: www.ncbi.nlm.nih.gov/,
PRJNA761842.

AUTHOR CONTRIBUTIONS

WB, BW, and DY contributed to the conception and design of the
study. HW confirmed and guided the study. WB, MW, and SY
carried out the experiments. TL and WC provided experimental
support. WB performed the statistical analysis and wrote the first
draft of the manuscript. MW, LJ, TL, and WC wrote sections of
the manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

FUNDING

This work was supported by the Chinese National
Natural Science Foundation (No. 52022110), the IWHR
Research & Development Support Program (No.
MK0145B022021), the Research Fund of the State Key Laboratory
of Simulation and Regulation of Water Cycle in River Basin
(No. SKL2020TS02), and the Open Research Fund of State Key
Laboratory of Simulation and Regulation of Water Cycle in River
Basin (No. IWHR-SKL-201704). Many thanks to Wudaogou
Experimentation Research Station for their full support and help
during this study.

ACKNOWLEDGMENTS

We would like to thank Wudaogou Experimentation Research
Station for their full support and help during this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.768921/full#supplementary-material

REFERENCES
Amirataee, B., and Montaseri, M. (2017). The performance of SPI and PNPI in

analyzing the spatial and temporal trend of dry and wet periods over Iran. Nat.
Hazards 86, 89–106. doi: 10.1007/s11069-016-2675-4

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

Bai, J., Ye, X., Jia, J., Zhang, G., Zhao, Q., Cui, B., et al. (2017). Phosphorus
sorption-desorption and effects of temperature, pH and salinity on phosphorus
sorption in marsh soils from coastal wetlands with different flooding conditions.
Chemosphere 188, 677–688. doi: 10.1016/j.chemosphere.2017.08.117

Bai, J., Yu, Z., Yu, L., Wang, D., Guan, Y., Liu, X., et al. (2019). In-situ organic
phosphorus mineralization in sediments in coastal wetlands with different
flooding periods in the Yellow River Delta, China. Sci. Total Environ. 682,
417–425. doi: 10.1016/j.scitotenv.2019.05.176

Bao, X., Wang, Y., and Olsson, P. A. (2019). Arbuscular mycorrhiza under water —
Carbon?phosphorus exchange between rice and arbuscular mycorrhizal fungi
under different flooding regimes. Soil Biol. Biochem. 129, 169–177. doi: 10.1016/
j.soilbio.2018.11.020

Bapiri, A., Bååth, E., and Rousk, J. (2010). Drying–Rewetting Cycles Affect Fungal
and Bacterial Growth Differently in an Arable Soil. Microb. Ecol. 60, 419–428.
doi: 10.1007/s00248-010-9723-5

Barnard, R. L., Osborne, C. A., and Firestone, M. K. (2013). Responses of soil
bacterial and fungal communities to extreme desiccation and rewetting. ISME
J. 7, 2229–2241. doi: 10.1038/ismej.2013.104

Bello, A., Han, Y., Zhu, H., Deng, L., Yang, W., Meng, Q., et al. (2020).
Microbial community composition, co-occurrence network pattern and
nitrogen transformation genera response to biochar addition in cattle manure-
maize straw composting. Sci. Total Environ. 721:137759. doi: 10.1016/j.
scitotenv.2020.137759

Bi, W., Wang, K., Weng, B., Yan, D., and Liu, S. (2021). Does the Returning
Farmland to Forest Program improve the ecosystem stability of rhizosphere in

winter in alpine regions? Appl. Soil Ecol. 165:104011. doi: 10.1016/j.apsoil.2021.
104011

Bi, W., Weng, B., Yan, D., Wang, M., Wang, H., Wang, J., et al. (2020b).
Effects of drought-flood abrupt alternation on phosphorus in summer
maize farmland systems. Geoderma 363:114147. doi: 10.1016/j.geoderma.2019.
114147

Bi, W., Wang, M., Weng, B., Yan, D., Yang, Y., and Wang, J. (2020a). Effects
of Drought-Flood Abrupt Alternation on the Growth of Summer Maize.
Atmosphere 11:21. doi: 10.3390/atmos11010021

Brödlin, D., Kaiser, K., Kessler, A., and Hagedorn, F. (2019). Drying and rewetting
foster phosphorus depletion of forest soils. Soil Biol. Biochem. 128, 22–34.
doi: 10.1016/j.soilbio.2018.10.001

Cavaglieri, L., Orlando, J., and Etcheverry, M. (2009). Rhizosphere microbial
community structure at different maize plant growth stages and root
locations. Microbiol. Res. 164, 391–399. doi: 10.1016/j.micres.2007.
03.006

Chittora, P., Sharma, D., Aseri, G. K., Sohal, J. S., Singh, D., Khare, N., et al.
(2020). “Fungi as phosphate-solubilizing microorganisms in arid soil: current
perspective,” in New and Future Developments in Microbial Biotechnology and
Bioengineering, ed. V. K. Gupta (Amsterdam: Elsevier), 99–108. doi: 10.1016/
B978-0-12-821007-9.00009-7

Chrystal, P. V., Moss, A. F., Yin, D., Khoddami, A., Naranjo, V. D., Selle, P. H.,
et al. (2020). Glycine equivalent and threonine inclusions in reduced-crude
protein, maize-based diets impact on growth performance, fat deposition,
starch-protein digestive dynamics and amino acid metabolism in broiler
chickens. Anim. Feed Sci. Technol. 261:114387. doi: 10.1016/j.anifeedsci.2019.1
14387

Cruz-Martínez, K., Suttle, K. B., Brodie, E. L., Power, M. E., Andersen, G. L., and
Banfield, J. F. (2009). Despite strong seasonal responses, soil microbial consortia
are more resilient to long-term changes in rainfall than overlying grassland.
ISME J. 3, 738–744. doi: 10.1038/ismej.2009.16

Cui, H., Ou, Y., Wang, L., Wu, H., Yan, B., and Li, Y. (2019). Distribution
and release of phosphorus fractions associated with soil aggregate structure
in restored wetlands. Chemosphere 223, 319–329. doi: 10.1016/j.chemosphere.
2019.02.046

Frontiers in Microbiology | www.frontiersin.org 13 January 2022 | Volume 12 | Article 768921

http://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2021.768921/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.768921/full#supplementary-material
https://doi.org/10.1007/s11069-016-2675-4
https://doi.org/10.1016/j.micres.2017.03.006
https://doi.org/10.1016/j.chemosphere.2017.08.117
https://doi.org/10.1016/j.scitotenv.2019.05.176
https://doi.org/10.1016/j.soilbio.2018.11.020
https://doi.org/10.1016/j.soilbio.2018.11.020
https://doi.org/10.1007/s00248-010-9723-5
https://doi.org/10.1038/ismej.2013.104
https://doi.org/10.1016/j.scitotenv.2020.137759
https://doi.org/10.1016/j.scitotenv.2020.137759
https://doi.org/10.1016/j.apsoil.2021.104011
https://doi.org/10.1016/j.apsoil.2021.104011
https://doi.org/10.1016/j.geoderma.2019.114147
https://doi.org/10.1016/j.geoderma.2019.114147
https://doi.org/10.3390/atmos11010021
https://doi.org/10.1016/j.soilbio.2018.10.001
https://doi.org/10.1016/j.micres.2007.03.006
https://doi.org/10.1016/j.micres.2007.03.006
https://doi.org/10.1016/B978-0-12-821007-9.00009-7
https://doi.org/10.1016/B978-0-12-821007-9.00009-7
https://doi.org/10.1016/j.anifeedsci.2019.114387
https://doi.org/10.1016/j.anifeedsci.2019.114387
https://doi.org/10.1038/ismej.2009.16
https://doi.org/10.1016/j.chemosphere.2019.02.046
https://doi.org/10.1016/j.chemosphere.2019.02.046
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-768921 January 17, 2022 Time: 11:3 # 14

Bi et al. Response of PSM to DFAA

de Vries, F. T., Griffiths, R. I., Bailey, M., Craig, H., Girlanda, M., Gweon, H. S.,
et al. (2018). Soil bacterial networks are less stable under drought than fungal
networks. Nat. Commun. 9:3033. doi: 10.1038/s41467-018-05516-7

de Vries, F. T., and Shade, A. (2013). Controls on soil microbial community
stability under climate change. Front. Microbiol. 4:265. doi: 10.3389/fmicb.2013.
00265

Deng, S., Chen, T., Yang, N., Qu, L., Li, M., and Chen, D. (2018). Spatial
and temporal distribution of rainfall and drought characteristics across the
Pearl River basin. Sci. Total Environ. 61, 28–41. doi: 10.1016/j.scitotenv.2017.
10.339

Dijkstra, F. A., He, M., Johansen, M. P., Harrison, J. J., and Keitel, C. (2015). Plant
and microbial uptake of nitrogen and phosphorus affected by drought using
15N and 32P tracers. Soil Biol. Biochem. 82, 135–142. doi: 10.1016/j.soilbio.2014.
12.021

dos Reis, A. M. H., Auler, A. C., Armindo, R. A., Cooper, M., and Pires, L. F.
(2021). Micromorphological analysis of soil porosity under integrated crop-
livestock management systems. Soil Tillage Res. 205:104783. doi: 10.1016/j.still.
2020.104783

Evans, S. E., and Wallenstein, M. D. (2012). Soil microbial community response
to drying and rewetting stress: does historical precipitation regime matter?
Biogeochemistry 109, 101–116. doi: 10.1007/s10533-011-9638-3

Fierer, N. (2017). Embracing the unknown: disentangling the complexities of the
soil microbiome. Nat. Rev. Microbiol. 15, 579–590. doi: 10.1038/nrmicro.2017.
87

Fierer, N., Schimel, J. P., and Holden, P. A. (2003). Influence of Drying-Rewetting
Frequency on Soil Bacterial Community Structure. Microb. Ecol. 45, 63–71.
doi: 10.1007/s00248-002-1007-2

Gao, D., Bai, E., Li, M., Zhao, C., Yu, K., and Hagedorn, F. (2020). Responses of
soil nitrogen and phosphorus cycling to drying and rewetting cycles: a meta-
analysis. Soil Biol. Biochem. 148:107896. doi: 10.1016/j.soilbio.2020.107896

Gao, Y., Hu, T., Wang, Q., Yuan, H., and Yang, J. (2019). Effect of Drought-Flood
Abrupt Alternation on Rice Yield and Yield Components. Crop Sci. 59, 280–292.
doi: 10.2135/cropsci2018.05.0319

Glendell, M., Granger, S. J., Bol, R., and Brazier, R. E. (2014). Quantifying the spatial
variability of soil physical and chemical properties in relation to mitigation of
diffuse water pollution. Geoderma 21, 25–41. doi: 10.1016/j.geoderma.2013.10.
008

Gu, L., Wu, J., and Hua, Z. (2021). Benthic prokaryotic microbial community
assembly and biogeochemical potentials in E. coli - Stressed aquatic ecosystems
during plant decomposition. Environ. Pollut. 275:116643. doi: 10.1016/j.envpol.
2021.116643

Guillaume, T., Holtkamp, A. M., Damris, M., Brümmer, B., and Kuzyakov, Y.
(2016). Soil degradation in oil palm and rubber plantations under land resource
scarcity. Agric. Ecosyst. Environ. 232, 110–118. doi: 10.1016/j.agee.2016.07.002

Hare, V., Chowdhary, P., and Baghel, V. S. (2017). Influence of bacterial strains on
Oryza sativa grown under arsenic tainted soil: accumulation and detoxification
response. Plant Physiol. Biochem. 119, 93–102. doi: 10.1016/j.plaphy.2017.08.
021

Huang, J., Hu, T., Yasir, M., Gao, Y., Chen, C., Zhu, R., et al. (2019). Root growth
dynamics and yield responses of rice (Oryza sativa L.) under drought—Flood
abrupt alternating conditions. Environ. Exp. Bot. 157, 11–25. doi: 10.1016/j.
envexpbot.2018.09.018

Jiao, P., Li, Z., Yang, L., He, J., Chang, X., Xiao, H., et al. (2021). Bacteria are
more sensitive than fungi to moisture in eroded soil by natural grass vegetation
restoration on the Loess Plateau. Sci. Total Environ. 756:143899. doi: 10.1016/j.
scitotenv.2020.143899

Katznelson, H., Peterson, E. A., and Rouatt, J. W. (1962). Phosphate-dissolving
microorganisms on seed and in the root zone of plants. Can. J. Bot. 40,
1181–1186. doi: 10.1139/b62-108

Kaurin, A., Miheliè, R., Kastelec, D., Grèman, H., Bru, D., Philippot, L., et al. (2018).
Resilience of bacteria, archaea, fungi and N-cycling microbial guilds under
plough and conservation tillage, to agricultural drought. Soil Biol. Biochem. 120,
233–245. doi: 10.1016/j.soilbio.2018.02.007

LEFSe (2011). LEFSe online analysis. Available Online at: http://huttenhower.sph.
harvard.edu/lefse/ (accessed December 10, 2021).

Li, X., Rui, J., Xiong, J., Li, J., He, Z., Zhou, J., et al. (2014). Functional Potential
of Soil Microbial Communities in the Maize Rhizosphere. PLoS One 9:e112609.
doi: 10.1371/journal.pone.0112609

Lian, Y., You, G. J.-Y., Lin, K., Jiang, Z., Zhang, C., and Qin, X. (2015).
Characteristics of climate change in southwest China karst region and their
potential environmental impacts. Environ. Earth Sci. 74, 937–944. doi: 10.1007/
s12665-014-3847-8

Lipiec, J., Kuś, J., Słowińska-Jurkiewicz, A., and Nosalewicz, A. (2006). Soil porosity
and water infiltration as influenced by tillage methods. Soil Tillage Res. 89,
210–220. doi: 10.1016/j.still.2005.07.012

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

Markowitz, V. M., Chen, I.-M. A., Chu, K., Pati, A., Ivanova, N. N., and Kyrpides,
N. C. (2015). Ten Years of Maintaining and Expanding a Microbial Genome
and Metagenome Analysis System. Trends Microbiol. 23, 730–741. doi: 10.1016/
j.tim.2015.07.012

Martinez, A., Tyson, G. W., and DeLong, E. F. (2010). Widespread known
and novel phosphonate utilization pathways in marine bacteria revealed by
functional screening and metagenomic analyses. Environ. Microbiol. 12, 222–
238. doi: 10.1111/j.1462-2920.2009.02062.x

McHugh, T. A., and Schwartz, E. (2016). A watering manipulation in a semiarid
grassland induced changes in fungal but not bacterial community composition.
Pedobiologia 59, 121–127. doi: 10.1016/j.pedobi.2016.04.003

Meena, R. S., Meena, P. D., Yadav, G. S., and Yadav, S. S. (2017). Phosphate
Solubilizing Microorganisms, Principles and Application of Microphos
Technology. J. Clean. Prod. 145, 157–158. doi: 10.1016/j.jclepro.2017.0
1.024

Merino, A., Jiménez, E., Fernández, C., Fontúrbel, M. T., Campo, J., and Vega,
J. A. (2019). Soil organic matter and phosphorus dynamics after low intensity
prescribed burning in forests and shrubland. J. Environ. Manage. 234, 214–225.
doi: 10.1016/j.jenvman.2018.12.055

Missong, A., Holzmann, S., Bol, R., Nischwitz, V., Puhlmann, H. V., Wilpert,
K., et al. (2018). Leaching of natural colloids from forest topsoils and their
relevance for phosphorus mobility. Sci. Total Environ. 634, 305–315. doi: 10.
1016/j.scitotenv.2018.03.265

Nelson, D. W., and Sommers, L. E. (2018). Total Carbon, Organic Carbon, and
Organic Matter. Methods Soil Anal. 9, 961–1010. doi: 10.2136/sssabookser5.3.
c34

Preece, C., Farré-Armengol, G., and Peñuelas, J. (2020). Drought is a stronger
driver of soil respiration and microbial communities than nitrogen or
phosphorus addition in two Mediterranean tree species. Sci. Total Environ.
735:139554. doi: 10.1016/j.scitotenv.2020.139554

Püschel, D., Bitterlich, M., Rydlová, J., and Jansa, J. (2021). Drought accentuates
the role of mycorrhiza in phosphorus uptake. Soil Biol. Biochem. 157:108243.
doi: 10.1016/j.soilbio.2021.108243

Qian, T., Yang, Q., Jun, D. C. F., Dong, F., and Zhou, Y. (2019). Transformation
of phosphorus in sewage sludge biochar mediated by a phosphate-solubilizing
microorganism. Chem. Eng. J. 359, 1573–1580. doi: 10.1016/j.cej.2018.
11.015

Qiao, Z. W. (2019). Screening of phosphorus solubilizing fungi and the effects of
combined application of insoluble phosphorus on soil phosphorus availability.
J. Soil Water Conserv. 33, 329–333.

Rafi, M. M., Krishnaveni, M. S., and Charyulu, P. B. B. N. (2019). “Phosphate-
Solubilizing Microorganisms and Their Emerging Role in Sustainable
Agriculture,” in Recent Developments in Applied Microbiology and Biochemistry,
ed. V. Buddolla (Amsterdam: Elsevier), 223–233. doi: 10.1016/B978-0-12-
816328-3.00017-9

Shi, X.-P., Bai, Y., Song, P., Liu, Y.-Y., Zhang, Z.-W., Zheng, B., et al. (2021). Clonal
integration and phosphorus management under light heterogeneity facilitate
the growth and diversity of understory vegetation and soil fungal communities.
Sci. Total Environ. 767:144322. doi: 10.1016/j.scitotenv.2020.144322

Sun, D., Qu, J., Huang, Y., Lu, J., and Yin, L. (2021). Analysis of microbial
community diversity of muscadine grape skins. Food Res. Int. 145:110417.
doi: 10.1016/j.foodres.2021.110417

Suriyagoda, L. D. B., Ryan, M. H., Renton, M., and Lambers, H. (2014). Plant
Responses to Limited Moisture and Phosphorus Availability. Adv. Agron. 124,
143–200. doi: 10.1016/B978-0-12-800138-7.00004-8

Tang, Y., Van Kempen, M. M. L., Van der Heide, T., Manschot, J. J. A., Roelofs,
J. G. M., Lamers, L. P. M., et al. (2016). A tool for easily predicting short-term

Frontiers in Microbiology | www.frontiersin.org 14 January 2022 | Volume 12 | Article 768921

https://doi.org/10.1038/s41467-018-05516-7
https://doi.org/10.3389/fmicb.2013.00265
https://doi.org/10.3389/fmicb.2013.00265
https://doi.org/10.1016/j.scitotenv.2017.10.339
https://doi.org/10.1016/j.scitotenv.2017.10.339
https://doi.org/10.1016/j.soilbio.2014.12.021
https://doi.org/10.1016/j.soilbio.2014.12.021
https://doi.org/10.1016/j.still.2020.104783
https://doi.org/10.1016/j.still.2020.104783
https://doi.org/10.1007/s10533-011-9638-3
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1007/s00248-002-1007-2
https://doi.org/10.1016/j.soilbio.2020.107896
https://doi.org/10.2135/cropsci2018.05.0319
https://doi.org/10.1016/j.geoderma.2013.10.008
https://doi.org/10.1016/j.geoderma.2013.10.008
https://doi.org/10.1016/j.envpol.2021.116643
https://doi.org/10.1016/j.envpol.2021.116643
https://doi.org/10.1016/j.agee.2016.07.002
https://doi.org/10.1016/j.plaphy.2017.08.021
https://doi.org/10.1016/j.plaphy.2017.08.021
https://doi.org/10.1016/j.envexpbot.2018.09.018
https://doi.org/10.1016/j.envexpbot.2018.09.018
https://doi.org/10.1016/j.scitotenv.2020.143899
https://doi.org/10.1016/j.scitotenv.2020.143899
https://doi.org/10.1139/b62-108
https://doi.org/10.1016/j.soilbio.2018.02.007
http://huttenhower.sph.harvard.edu/lefse/
http://huttenhower.sph.harvard.edu/lefse/
https://doi.org/10.1371/journal.pone.0112609
https://doi.org/10.1007/s12665-014-3847-8
https://doi.org/10.1007/s12665-014-3847-8
https://doi.org/10.1016/j.still.2005.07.012
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1016/j.tim.2015.07.012
https://doi.org/10.1016/j.tim.2015.07.012
https://doi.org/10.1111/j.1462-2920.2009.02062.x
https://doi.org/10.1016/j.pedobi.2016.04.003
https://doi.org/10.1016/j.jclepro.2017.01.024
https://doi.org/10.1016/j.jclepro.2017.01.024
https://doi.org/10.1016/j.jenvman.2018.12.055
https://doi.org/10.1016/j.scitotenv.2018.03.265
https://doi.org/10.1016/j.scitotenv.2018.03.265
https://doi.org/10.2136/sssabookser5.3.c34
https://doi.org/10.2136/sssabookser5.3.c34
https://doi.org/10.1016/j.scitotenv.2020.139554
https://doi.org/10.1016/j.soilbio.2021.108243
https://doi.org/10.1016/j.cej.2018.11.015
https://doi.org/10.1016/j.cej.2018.11.015
https://doi.org/10.1016/B978-0-12-816328-3.00017-9
https://doi.org/10.1016/B978-0-12-816328-3.00017-9
https://doi.org/10.1016/j.scitotenv.2020.144322
https://doi.org/10.1016/j.foodres.2021.110417
https://doi.org/10.1016/B978-0-12-800138-7.00004-8
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-768921 January 17, 2022 Time: 11:3 # 15

Bi et al. Response of PSM to DFAA

phosphorus mobilization from flooded soils. Ecol. Eng. 94, 1–6. doi: 10.1016/j.
ecoleng.2016.05.046

Tumiran, S. A., and Sivakumar, B. (2021). Community structure concept for
catchment classification: a modularity density-based edge betweenness (MDEB)
method. Ecol. Indic. 124:107346. doi: 10.1016/j.ecolind.2021.107346

Unger, I. M., Kennedy, A. C., and Muzika, R.-M. (2009). Flooding effects on soil
microbial communities. Appl. Soil Ecol. 42, 1–8. doi: 10.1016/j.apsoil.2009.01.
007

Upreti, K., Maiti, K., and Rivera-Monroy, V. H. (2019). Microbial mediated
sedimentary phosphorus mobilization in emerging and eroding wetlands of
coastal Louisiana. Sci. Total Environ. 651, 122–133. doi: 10.1016/j.scitotenv.
2018.09.031

Wang, G., Huang, W., Mayes, M. A., Liu, X., Zhang, D., Zhang, Q., et al.
(2019). Soil moisture drives microbial controls on carbon decomposition in two
subtropical forests. Soil Biol. Biochem. 130, 185–194. doi: 10.1016/j.soilbio.20
18.12.017

Wen, X., Dubinsky, E., Wu, Y., Yu, R., and Chen, F. (2016). Wheat, maize and
sunflower cropping systems selectively influence bacteria community structure
and diversity in their and succeeding crop’s rhizosphere. J. Integr. Agric. 15,
1892–1902. doi: 10.1016/S2095-3119(15)61147-9

Widdig, M., Heintz-Buschart, A., Schleuss, P.-M., Guhr, A., Borer, E. T.,
Seabloom, E. W., et al. (2020). Effects of nitrogen and phosphorus
addition on microbial community composition and element cycling in a
grassland soil. Soil Biol. Biochem. 151:108041. doi: 10.1016/j.soilbio.2020.
108041

Wu, J., Xiong, J., Hu, C., Shi, Y., Wang, K., and Zhang, D. (2015). Temperature
sensitivity of soil bacterial community along contrasting warming gradient.
Appl. Soil Ecol. 94, 40–48. doi: 10.1016/j.apsoil.2015.04.018

Wu, Z., He, J., and Li, J. (2006). The Summer Drought-Flood Coexistence in the
Middle and Lower Reaches of the Yangtze River and Analysis of its Air-Sea
Background Feathers in Anomalous Years. Chin. J. Atmos. Sci. 30, 570–577.

Xiong, Q., Deng, Y., Zhong, L., He, H., and Chen, X. (2018). Effects
of Drought-Flood Abrupt Alternation on Yield and Physiological
Characteristics of Rice. Int. J. Agric. Biol. 20, 1107–1116. doi: 10.17957/IJAB/
15.0609

Xiong, Q., Zhong, L., Du, J., Zhu, C., Peng, X., He, X., et al. (2020). Ribosome
profiling reveals the effects of nitrogen application translational regulation of
yield recovery after abrupt drought-flood alternation in rice. Plant Physiol.
Biochem. 155, 42–58. doi: 10.1016/j.plaphy.2020.07.021

Xue, P.-P., Carrillo, Y., Pino, V., Minasny, B., and McBratney, A. B. (2018). Soil
Properties Drive Microbial Community Structure in a Large Scale Transect
in South Eastern Australia. Sci. Rep. 8:11725. doi: 10.1038/s41598-018-30
005-8

Yan, K., Yuan, Z., Goldberg, S., Gao, W., Ostermann, A., Xu, J., et al. (2019).
Phosphorus mitigation remains critical in water protection: a review and meta-
analysis from one of China’s most eutrophicated lakes. Sci. Total Environ. 689,
1336–1347. doi: 10.1016/j.scitotenv.2019.06.302

Yang, X., Chen, X., and Yang, X. (2019). Effect of organic matter on phosphorus
adsorption and desorption in a black soil from Northeast China. Soil Tillage
Res. 187, 85–91. doi: 10.1016/j.still.2018.11.016

Yang, Y., Xiong, X., Melville, B. W., and Sturm, T. W. (2021). Dynamic morphology
in a bridge-contracted compound channel during extreme floods: effects of
abutments, bed-forms and scour countermeasures. J. Hydrol. 594:125930. doi:
10.1016/j.jhydrol.2020.125930

Yin, J., Sui, Z., and Huang, J. (2021). Mobilization of soil inorganic phosphorus
and stimulation of crop phosphorus uptake and growth induced by Ceriporia
lacerata HG2011. Geoderma 383:114690. doi: 10.1016/j.geoderma.2020.114690

Yin, Z., Shi, F., Jiang, H., Roberts, D. P., Chen, S., and Fan, B. (2015). Phosphate
solubilization and promotion of maize growth by Penicillium oxalicum P4
and Aspergillus niger P85 in a calcareous soil. Can. J. Microbiol. 61, 913–923.
doi: 10.1139/cjm-2015-0358

Zhang, H., Shi, L., Lu, H., Shao, Y., Liu, S., and Fu, S. (2020). Drought promotes
soil phosphorus transformation and reduces phosphorus bioavailability in a
temperate forest. Sci. Total Environ. 732:139295. doi: 10.1016/j.scitotenv.2020.
139295

Zhang, J., Feng, L., Ouyang, Y., Hu, R., Xu, H., and Wang, J. (2020). Phosphate-
solubilizing bacteria and fungi in relation to phosphorus availability under
different land uses for some latosols from Guangdong, China. CATENA
195:104686. doi: 10.1016/j.catena.2020.104686

Zhang, Y., and Li, D. (2019). Drought-Flood abrupt alternation and its atmospheric
circulation characteristics during flood season in southern China. Clim.
Environ. Res. 24, 430–444.

Zhao, Y., Li, Y., and Yang, F. (2021). Critical review on soil phosphorus migration
and transformation under freezing-thawing cycles and typical regulatory
measurements. Sci. Total Environ. 751:141614. doi: 10.1016/j.scitotenv.2020.
141614

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

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

Copyright © 2022 Bi, Weng, Yan, Wang, Wang, Yan, Jing, Liu and Chang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 15 January 2022 | Volume 12 | Article 768921

https://doi.org/10.1016/j.ecoleng.2016.05.046
https://doi.org/10.1016/j.ecoleng.2016.05.046
https://doi.org/10.1016/j.ecolind.2021.107346
https://doi.org/10.1016/j.apsoil.2009.01.007
https://doi.org/10.1016/j.apsoil.2009.01.007
https://doi.org/10.1016/j.scitotenv.2018.09.031
https://doi.org/10.1016/j.scitotenv.2018.09.031
https://doi.org/10.1016/j.soilbio.2018.12.017
https://doi.org/10.1016/j.soilbio.2018.12.017
https://doi.org/10.1016/S2095-3119(15)61147-9
https://doi.org/10.1016/j.soilbio.2020.108041
https://doi.org/10.1016/j.soilbio.2020.108041
https://doi.org/10.1016/j.apsoil.2015.04.018
https://doi.org/10.17957/IJAB/15.0609
https://doi.org/10.17957/IJAB/15.0609
https://doi.org/10.1016/j.plaphy.2020.07.021
https://doi.org/10.1038/s41598-018-30005-8
https://doi.org/10.1038/s41598-018-30005-8
https://doi.org/10.1016/j.scitotenv.2019.06.302
https://doi.org/10.1016/j.still.2018.11.016
https://doi.org/10.1016/j.jhydrol.2020.125930
https://doi.org/10.1016/j.jhydrol.2020.125930
https://doi.org/10.1016/j.geoderma.2020.114690
https://doi.org/10.1139/cjm-2015-0358
https://doi.org/10.1016/j.scitotenv.2020.139295
https://doi.org/10.1016/j.scitotenv.2020.139295
https://doi.org/10.1016/j.catena.2020.104686
https://doi.org/10.1016/j.scitotenv.2020.141614
https://doi.org/10.1016/j.scitotenv.2020.141614
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Responses of Phosphate-Solubilizing Microorganisms Mediated Phosphorus Cycling to Drought-Flood Abrupt Alternation in Summer Maize Field Soil
	Introduction
	Materials and Methods
	Experimental Design
	Soil Microbial Analysis
	Soil Physicochemical Analysis
	Statistical Analysis

	Results
	Shift in Soil Phosphate-Solubilizing Microorganisms Under Drought-Flood Abrupt Alternation
	Phosphate-Solubilizing Bacteria
	Phosphate-Solubilizing Fungi

	Shift in Soil Phosphorus Metabolism Metagenomic Under Drought-Flood Abrupt Alternation
	Variation in Soil Phosphorus and Related Physicochemical Properties Under Drought-Flood Abrupt Alternation
	Soil Phosphorus
	Related Physicochemical Properties

	Relationship Among Soil Phosphorus, Related Physicochemical Properties, and Phosphate-Solubilizing Microorganisms

	Discussion
	The Phosphate-Solubilizing Fungi Were Less Resistant but More Resilient Than Phosphate-Solubilizing Bacteria to Drought-Flood Abrupt Alternation
	Phosphorus Metabolism-Related Gene K21195 Was Significantly Different Under Drought-Flood Abrupt Alternation
	The Drought-Flood Abrupt Alternation Decreased Soil Available Phosphorus Transformation While Increased Soil Phosphorus Loss
	The Drought-Flood Abrupt Alternation Continuously Dispersed the Farmland Ecosystem Network Related to Phosphorus Cycling

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


