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Organic carbon (C) is often applied to agricultural soils to increase soil organic matter, however, its mechanistic
effects on soil P transformations and availability resulting from stimulation of microbial activities and changes in
microbial communities remain uncertain. This study investigated the responses of soil P availability, P fractions
and phoD harboring bacterial and fungal communities to two dose rates (5 and 10 mg C g~ dry soil) of labile C
(glucose) in bulk and rhizosphere soils planted with maize in a P-deficient soil (Oxisol). Both doses of glucose
significantly increased available P concentrations (over a 47-day period) in soils without maize, and in the bulk
and rhizosphere soils of maize, resulting in the promotion of maize growth. Glucose additions altered soil phoD
harboring bacterial and fungal community composition and stimulated the growth of keystone P-solubilizing
microorganisms, such as Bradyrhizobium and Eupenicillium, in soils with maize. Co-occurrence network analysis
showed that glucose enhanced interactions between phoD harboring bacterial taxa relative to that of fungal taxa,
whether in individual networks or in combined networks. Our results highlight the importance of labile C in
facilitating changes in soil P-solubilizing bacterial and fungal communities of a P-deficient soil. These findings
provide crucial information to guide P-cycling management strategies via microbial regulation in agro-
ecosystems.

1. Introduction sustain crop yields and soil health.

Soil microorganisms control key biogeochemical processes in agro-

Phosphorus (P) plays an important role in plant nutrition as a
component of many important biochemical compounds (e.g., ATP,
phospholipid, DNA, RNA) (George et al., 2018). Phosphate fertilizer is
commonly applied to alleviate P deficiency in croplands, but it may
become strongly bound into non-labile soil fractions through a series of
biogeochemical reactions. Long-term application of P fertilizer has
resulted in high concentrations of total P in soils, but often low P
availability as much of the bound mineral P is not accessible to plants
and microorganisms (Kochian, 2012; Vaclavkova et al., 2018). Thus,
plant growth is often limited by soil P deficiency, especially in strongly
P-fixing soils (e.g., Oxisols, Andisols). Therefore, developing effective
strategies to mobilize the accumulated P in soils is strongly warranted to

ecosystems and play a crucial role in nutrient cycling and energy
flows (Fierer, 2017; Dai et al., 2018, 2020; Ma et al., 2021). Bacteria and
fungi strongly regulate soil P availability through solubilization (release
of soluble P from mineral P), mineralization (decomposition of organic
P) and immobilization (incorporation of P in microbial biomass) pro-
cesses (Richardson and Simpson, 2011). Phosphorus solubilizing bac-
teria promote soil P availability by direct oxidation pathways, producing
organic anions and protons, secreting siderophores and releasing phos-
phatase and cellulolytic enzymes (Sharma et al., 2013). Under P defi-
ciency, certain microbes are observed to up-regulate the expression of P
starvation-induced genes and produce various phosphatases (e.g., alka-
line phosphatase, phytase, C-P lyase) (Nannipieri et al., 2011) to
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promote mineralization of organic P. Alkaline phosphatase is encoded
by three homologous genes (phoA, phoD, phoX) produced by microor-
ganisms (Kathuria and Martiny, 2011). Due to its prominence
throughout bacterial communities and across soil types, the phoD gene is
considered to be the most critical alkaline phosphatase-encoding gene
(Tan et al., 2013; Ragot et al., 2015). The abundance and community
composition of phoD harboring bacteria are sensitive to soil P status and
play a vital role in mediating P transformations.

Fungi are eukaryotic microorganisms that commonly function as
decomposers, mutualists and pathogens to mediate nutrient cycling in
terrestrial ecosystems (Tedersoo et al., 2014). Fungi can effectively
decompose recalcitrant organic matter along with more labile organic
matter pools, thereby playing an important role in soil nutrient mobi-
lization and immobilization (Krauss et al., 2011; de Vries and Caruso,
2016). The typical filamentous structure of most fungi facilitates their
penetration into organic matter particles to obtain nutrients from soil
materials (Fabian et al., 2017). At present, about 80% of terrestrial plant
species are believed to form symbiotic associations with mycorrhizal
fungi, with enhance P uptake being a prominent synergy (Smith and
Smith, 2011). Thus, pursuing management strategies to increase soil P
availability through promoting bacterial and fungal activities/inter-
actions has compelling applications in sustainable agriculture.

Inputs of organic substrates can drive changes in soil microbial
communities, with corresponding changes in soil functions. For
example, carbohydrate (e.g., glucose, glucose-6-phosphate, cellulose)
application increased C assimilation within microbial biomass and total
PLFA between 0 and 20 days, while slurry application stimulated
respiration and increased fungal PLFA in an agricultural grassland soil
(Abbruzzese et al., 2021). Moreover, a 16S rRNA gene-based pyrose-
quencing and microarray-based GeoChip revealed that long-term
application of rice straw, with or without chemical fertilizers, shifted
the bacterial community composition and increased the diversity and
abundance of C/N cycling genes in a paddy soil (Ding et al., 2018).
Microorganisms are posited to exhibit a relatively stable C:N:P stoichi-
ometry (Cleveland and Liptzin, 2007) and can survive in soils with very
low P availability, partly due to their ability to release P from insoluble
sources (Kishore et al., 2015; He et al., 2021). Thus, the response of
bacterial and fungal communities to organic C-substrate additions may
increase soil P availability.

Root exudates provide abundant nutrients and energy for rhizo-
sphere microorganisms, which promote higher chemical and biological
activities in the rhizosphere versus bulk soil (Frey, 2007). The biological
interactions and biogeochemical processes that occur in the rhizosphere
affect the dynamics of P uptake by plants (Richardson, 2001). Microbes
can enhance the availability of nutrients (such as P) for plant uptake via
altering rates of nutrient supply and resource partitioning, further
stimulating plant productivity (van der Heijden et al., 2008). For
example, arbuscular mycorrhizal fungi contributed up to 90% of plant P
uptake in a pot study using single or multiple plant species (Munkvold
et al., 2004; van der Heijden et al., 2006). Inputs of organic C may
facilitate the growth of microbes, thereby affecting plant growth and P
uptake. Long-term labile C additions (e.g., manure) increased concen-
trations of labile and moderately-labile P in a paddy soil by increasing
carbon inputs and altering soil C:N:P stoichiometry, which indirectly
promoted the uptake of P by rice (Qaswar et al., 2019). Moreover, green
manure and rice straw increased the phosphorus solubilizing microbial
population, soil enzyme activity and microbial biomass, thereby pro-
moting P transformations and increasing rice yield (Chatterjee et al.,
2021).

To gain a mechanistic understanding of the effects of labile C sources
on P availability to plants, we examined the effects of two dose rates of
glucose on soil P availability, P transformations and the phoD harboring
bacterial and fungal community composition in the bulk and rhizo-
sphere soils of maize growing in a P-deficient Oxisol. We hypothesized
that i) glucose addition will increase P availability and its release rate,
and alter the composition of P fractions in both bulk and rhizosphere
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soils; ii) glucose additions will change the phoD harboring bacterial and
fungal community structure, thereby enhancing the growth of specific
taxa that facilitate P release in the maize rhizosphere; and iii) the soil
phoD harboring bacterial community will contribute more to P solubi-
lization than the fungal community in the P-deficient soil. Our findings
provide a mechanistic insight into the relationship between crop residue
management and P supply with direct application to sustainable agri-
cultural practices.

2. Materials and methods
2.1. Site description

The experimental soil was classified as an Oxisol in Soil Taxonomy
(United States Department of Agriculture). We collected the topsoil
(0-20 cm) from an upland agricultural field at Jiangxi Institute of Red
Soil in Jiangxi Province, China (116°20'24"E, 28°15'30”N). The soil was
air-dried, homogenized and sieved (<2 mm) for subsequent pot exper-
iments. Basic soil properties were: pH 5.30, total C 7.9 g kg™, total N
0.8 gkg !, total P 584 mg kg~ !, available P 6.7 mg kg ! (Bray-P), water
holding capacity (water content at —0.03 MPa) 18.9%, and clay loam
texture (clay 34.6%, silt 39.4%, sand 26.1%).

2.2. Pot experiment

Deionized water was added to the prepared soil to reach 80% water
holding capacity, and pre-incubated at 25 °C for one week. The pot
experiment included three treatments with three replicates: (1) CK, no
glucose addition; (2) G5, 5 mg glucose-C g~! dry soil addition; and (3)
G10, 10 mg glucose-C g ! dry soil addition. All treatments were run with
a secondary treatment of with or without maize (Zea mays; variety
Zhengdan 958) cultivation. Thus, a total of eighteen (3 glucose levels x
with/without maize x 3 replicates = 18) nursery pots (14.2 cm diam-
eter, 17.3 cm height) were filled with homogenized soil (equivalent to
2.6 kg dry soil). For treatments with maize cultivation, nylon bags (48-
pm mesh, 10 cm x 15 cm) were used to exclude roots and separate bulk
soil from the rhizosphere. The soil mass was equally distributed inside
and outside of the bag. The mesh size of the nylon bags was small enough
to allow only soluble nutrients to pass through. Rhizosphere soils were
collected as soil attached to the roots; bulk soils were collected as far
away from the mesh bag as possible to avoid the effects of root activity.
A total of 120 mg K kg~! (KCl) and 200 mg N kg~! (NH4NO3) were
applied to each pot as basal fertilizers. Three germinated maize seeds
were sown in the center of the pot, grown in a greenhouse at 28 °C with a
12/12 h light/dark cycle and maintained a constant water content with
the weighing method. After growing three days, a single seedling with
the same growth/development was retained in each pot. We collected
soils without maize, and bulk/rhizosphere soils and plant aboveground
(stems/leaves)/belowground (roots) components from maize treatments
for a series of analyses after 47 days of growth (tenth-to fourteen-leaf
stage).

2.3. Soil biochemical properties and plant physicochemical analyses

Soil pH (soil-to-water ratio of 1:2.5, v/v) was measured with a pH
meter (PHSJ-3F, INESA Scientific Instrument, China). Available P (Bray-
P) was extracted with 0.03 M NH4F/0.025 M HCI and quantified using
the molybdenum blue method (Murphy and Riley, 1962). Microbial
biomass C (MBC) and P (MBP) were measured by the CHCl;3
fumigation-extraction method (Brookes et al., 1982). Soil potential acid
phosphatase (ACP) and alkaline phosphatase (ALP) activities were
determined using the p-nitrophenyl phosphate method (Tabatabai,
1994). The reaction mixture consisted of 1 g fresh soil, 0.2 mL toluene, 4
mL buffer (composed of 0.1 M Tristhydroxymethyl)methyl amino-
methane, 0.1 M maleic acid, 0.07 M citric acid, 0.1 M boric acid and 0.5
M NaOH, adjust pH to 6.5 and 11.0 with 1 M HCl/NaOH for ACP/ALP
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activities, respectively) and 1 mL p-nitrophenyl phosphate disodium
solution. Reacting suspensions were mixed thoroughly and incubated at
37 °C for 1 h. After incubation, 1 mL 0.5 M CaCl, and 4 mL 0.5 M NaOH
were added and enzyme activity was measured using a colorimetric
method at 410 nm (Tabatabai, 1994).

Fresh plant materials were oven-dried at 105 °C for 30 min, then at
65 °C to obtain a constant weight. Plant aboveground and belowground
biomass was measured gravimetrically (+1 mg) immediately after dry-
ing. Plant tissues were ball-milled to a homogenous fine powder for total
P analysis by digestion with HoSO4~H20 and quantification using the
molybdenum blue method. Plant absorbed P was calculated from the
plant biomass and total P concentration.

2.4. Soil P fractions

Soil P fractions were determined using a sequential extraction pro-
cedure described by Tiessen and Moir (1993), as modified from Hedley
etal. (1982). In brief, 0.5 g sieved dry soil (<0.15 mm) was sequentially
extracted with 30 mL MilliQ water, 0.5 M NaHCOs3 (pH 8.5), 0.1 M
NaOH and 1 M HCI in 50 mL centrifuge tubes (polypropylene) on a
reciprocating shaker (200 rpm) at 25 °C for 16 h. The extracts were
collected by centrifuging the soil suspension at 10,000 g for 10 min at
0 °C. The molybdenum blue method was used to quantify each extract
for inorganic P (P;) and total P following digestion with HySO4-HClO4.
Organic P (P,) was calculated as the difference between total P and
inorganic P. Organic P in the HpO extract was not detectable (<1 mg P
kg’l). The residual P fraction was calculated as the difference between
total P and the sum of sequentially extracted P fractions. The HyO-P; and
NaHCOs-P; fractions represent soluble and weakly adsorbed inorganic P;
NaHCOs-P, represents easily mineralizable organic P; NaOH-P; and
NaOH-P, represent intermediately labile inorganic/organic P; and
HCI-P;, HCI-P,, and residual-P represent non-labile P forms.

2.5. DNA extraction and qPCR analysis

Total DNA was extracted from 0.5 g fresh soil using the Fast DNA®
SPIN Kit for Soil (QBIOGENE, Carlsbad, CA, USA) following manufac-
turer’s instructions. Concentrations and quality of DNA samples were
determined using a NanoDrop® ND-2000 spectrophotometer (Nano-
Drop Technologies, Wilmington, DE, USA). The extracted DNA was
stored at —20 °C for subsequent assays.

The prepared DNA was amplified with F730 (5'-CAGTGGGACGAC-
CACGAGGT-3’) and R1101 (5'-GAGGCCGATCGGCATGTCG-3') (Sakurai
et al., 2008) using real-time quantitative PCR on a LightCycler®480II
(Roche, Germany) to quantify phoD gene abundance. Reactions were
performed in a 25 pL mixture containing 12.5 pL. SYBR®Premix Ex Taq II
(Takara, Japan), 0.25 pL PCR forward and reverse primers (both 50 pM),
2 pL DNA template and 10 pL double distilled water (ddH20). Amplifi-
cation conditions were as follows: 1 cycle at 95 °C for 30 s, 40 cycles at
95 °C for 55, 59 °C for 30 s and 72 °C for 30 s. The plasmid containing
target gene was serially diluted 10 times to span 10° to 10° copies L~}
for used as the standard curve. Amplification efficiencies for the phoD
gene were 85-92% with R2 values > 0.99.

2.6. Determination of phoD harboring bacterial and fungal community
composition using Illumina sequencing

The phoD gene amplification was conducted with F730/R1101
primers. Thermal conditions were as follows: 98 °C for 5 min; 35 cycles
at 98 °C for 30 s, 59 °C for 30 s and 72 °C for 45 s; and 72 °C for 5 min.
The fungal ITS1 region was amplified with primers ITS5F (5'-GGAAG-
TAAAAGTCGTAACAAGG-3') and ITS2R (5-GCTGCGTTCTTCATC-
GATGC-3’) (White et al., 1990). Thermal conditions were as follows:
98 °C for 5 min; 28 cycles at 98 °C for 30 s, 52 °C for 45 s and 72 °C for
45 s; and 72 °C for 5 min. PCR products were sequenced on the [llumina
HiSeq PE250 sequencing platform (Illumina, San Diego, CA, USA). The
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raw sequence data reported in this paper were deposited in the Genome
Sequence Archive (GSA) database (accession number CRA003873).

Raw reads were merged by USEARCH v11.0 (Edgar, 2010),
quality-filtered and singletons removed by VSEARCH 2.14.1 (Rognes
et al., 2016). The remaining sequences were clustered into operational
taxonomic units (OTUs) with >75% similarity (Tan et al., 2013; Fraser
et al., 2015; Wei et al., 2019) for phoD harboring bacteria and >97%
similarity for fungi. Chimeras were filtered using the UPARSE algorithm
(Edgar, 2013), then phoD harboring bacterial OTU taxonomic classifi-
cation was conducted using BLAST; fungi were annotated in the RDP
v16.0 database. Bacterial sequencing data were rarefied to a minimum
sequencing depth of 78,000 reads, and fungal sequencing data to a depth
of 60,000 reads.

2.7. Statistical analyses

One-way ANOVA followed by a least significant difference (LSD) test
was performed to examine differences of soil biogeochemical properties,
plant biomass and absorbed P among treated soils using SPSS 20.0. Bray-
Curtis based principal components analysis (PCoA) and redundancy
analysis (RDA) were performed using vegan package in R 3.6.3. Simi-
larities and differences in glucose addition treatments were evaluated by
analysis of similarities (ANOSIM) using vegan package in R 3.6.3. Mi-
crobial co-occurrence networks of phoD harboring bacteria, fungi and
combined phoD harboring bacteria and fungi for treated soils with maize
were built using igraph package in R 3.6.3 and visualized using Gephi
0.9.2. The differences between glucose-treated genera and control were
assessed and plotted with Statistical Analysis of Metagenomic Profiles
(STAMP 2.1.3) (Parks et al., 2014). Correlation analysis among soil
properties was determined using corrplot package in R 3.6.3.

3. Results
3.1. Plant biomass, total P concentration of biomass and plant absorbed P

After 47 days of maize growth, plant biomass and total P concen-
trations in aboveground and belowground biomass differed among the
three treatments (Fig. S1). The G5 treatment significantly increased
maize aboveground biomass by 0.10 g pot !; G10 treatment increased
0.19 g pot ‘and 0.07 g pot™! for aboveground and belowground com-
ponents, respectively (Fig. S1a). Glucose additions did not affect plant
total P concentration in aboveground biomass; however, the G10
treatment increased plant total P concentration in belowground biomass
(Fig. S1b). Correspondingly, the amount of P absorbed by the maize in
G5 treatment increased 0.07 mg plant™! for aboveground biomass, and
the G10 treatment increased 0.13 mg plant~! and 0.08 mg plant™* for
aboveground and belowground biomass, respectively (p < 0.05)
(Fig. 1a).

3.2. Soil pH, available P and P fractions

Significant differences (p < 0.05) in glucose treated soil pH were
observed among the three treatments (Fig. S1c). Compared with CK,
glucose additions significantly increased pH by 0.15-0.7 units in all
glucose treated soils (except for the G5-rhizosphere soil). Glucose ad-
ditions significantly affected soil P availability, release rate of available
P and various P fractions in both soils without maize and with maize
(bulk soil and rhizosphere) (Fig. 1b and c and Table 1). Both G5 and G10
treatments increased available P concentrations in soils without maize
(increase of 1.3 mg kg™! with a 0.025 mg kg™ d~! release rate for
available P in G5 treatment and 3.1 mg kg~ with a 0.064 mg kg~ d !
release rate for available P in G10 treatment) and bulk soil (5.2 mg kg !
with a 0.11 mg kg~ d ! release rate for available P in G5 treatment and
7.2 mg kg~ ! with a 0.15 mg kg ! d~! release rate for available P in G10
treatment) (p < 0.05) (Fig. 1b). With respect to the rhizosphere soil of
maize, the G10 treatment increased P availability by 1.7 mg kg™, but
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Fig. 1. Maize absorbed P (a), concentrations of available P (b) and its release rate (c) among three soil treatments (CK, no glucose addition; G5, 5 mg glucose-C g’1
dry soil addition; G10, 10 mg glucose-C g~* dry soil addition) without maize and with maize (bulk soil and rhizosphere). Available P release rate calculated as the
change in available P concentration divided by the incubation time. Error bars indicate the standard deviation of triplicate analyses. Different letters indicate sig-
nificant differences among treatments (p < 0.05).

Table 1

Hedley sequentially-extracted P fractions (mg kg™) among three soil treatments (CK, no glucose addition; G5, 5 mg glucose-C g~* dry soil addition; G10, 10 mg
glucose-C g~! dry soil addition) without maize and with maize (bulk soil and rhizosphere) (mean =+ standard deviation, n = 3). Different letters indicate significant
differences among treatments (p < 0.05). HyO-P;, H20 extracted inorganic P; NaHCO3-P;/P,, NaHCO3 extracted inorganic/organic P; NaOH-P;/P,, NaOH extracted
inorganic/organic P; HCI-P;/P,, HCl extracted inorganic/organic P; and Residual-P, remaining P after all extractions.

Soil Treatment H,0-P; NaHCO3-P; NaHCO3-P, NaOH-P; NaOH-P, HCI-P; HCI-P, Residual-P
Without maize CK 4.0+1c 16+2b 41 + 10a 199 £ 11a 90+8b 17+1a 3+3c 212 + 12a
G5 13+1b 2544 ab 33+2a 179 4+ 10b 10342 ab 17+2a 10+3b 203 + 16a
G10 10+1a 27+7a 32+9a 171+6b 110 + 14a 18+1a 19+2a 196 + 37a
Bulk soil with maize CK 2.0 + 0.6b 30+3a 20+2b 197 + 12a 95+6b 17+3a 29 + 10a 194 + 33a
G5 6.1 + 1.3a 24+2a 28+1a 178+5b 112 + 11a 19+3a 12+1b 205 + 21a
G10 49 + 1.1a 28+3a 31+6a 178+9b 115+8a 21+3a 17+1b 189 + 10a
Rhizosphere with maize CK 0.9 £+ 0.2b 29+3a 24+8b 198+8a 99+8a 20+2a 18+2a 195 + 16a
G5 1.7 £ 0.5b 24+3a 31+3 ab 179+7b 107+4a 17+3a 15+4a 209 + 16a
G10 54 +1.7a 26+2a 38+2a 175+8b 113+9a 18+2a 17+1a 192 + 19a
800 40
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Fig. 2. Concentrations of microbial biomass carbon (MBC) (a) and phosphorus (MBP) (b), MBP/MBC ratio (c) and phoD gene abundance (d) among three soil
treatments (CK, no glucose addition; G5, 5 mg glucose-C g~ ! dry soil addition; G10, 10 mg glucose-C g~ ! dry soil addition) without maize and with maize (bulk soil
and rhizosphere). Error bars indicate the standard deviation of triplicate analyses. Different letters indicate significant differences among treatments (p < 0.05).
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there was no effect for the G5 treatment (Fig. 1b).

Among various P fractions in soils without maize, both G5 and G10
treatments increased the concentrations of H,O-P; and HCI-P,, whereas
the concentrations of NaOH-P; decreased. In soils with maize, the bulk
soils of G5 and G10 treatments showed increased concentrations of H,O-
P;, NaHCO3-P, and NaOH-P,,, and decreased concentrations of NaOH-P;
and HCI-P,. Rhizosphere soils of maize responded to the G5 and G10
treatments with decreased concentrations of NaOH-P;, whereas the G10
treatment also had increased concentrations of HyO-P; (Table 1).

3.3. Microbial biomass and potential ACP/ALP activities

Microbial biomass C (MBC), microbial biomass P (MBP) and the
MBP/MBC ratio responses to glucose additions are shown in Fig. 2. After
47 days of maize growth, the G5 treatment did not affect MBC and MBP
concentrations (p > 0.05), but increased the MBP/MBC ratio of soil
without maize and the bulk soil of maize (p < 0.05). G10 treatments
significantly increased MBC and MBP concentrations and the MBP/MBC
ratio in all treated soils, except for MBC in bulk soil (p < 0.05). In all
glucose treated soils, the G5 and G10 treatments significantly enhanced
potential ACP and ALP activities (Table 2).

3.4. Soil phoD gene abundance and phoD harboring bacterial and fungal
community composition

In comparison to the CK treatment, higher phoD gene abundances
were observed in all G5 and G10 treatments (Fig. 2d). G5 and G10
treatments increased phoD gene abundance by 1.2 x 10° and 1.6 x 10°
copies g~ dry soil in soils without maize, respectively. Similarly in soils
with maize, the G5 and G10 treatments increased phoD gene abundance
by 1.2 x 10° and 2.2 x 10° copies g~ ! dry soil in bulk soil, and by 1.1 x
10° and 1.8 x 10° copies g ! dry soil in rhizosphere soil, respectively (p
< 0.05). ANOSIM showed that both G5 and G10 treatments changed the
composition of phoD harboring bacterial and fungal communities
compared to CK treatment (p < 0.05) (Fig. S2 and Table S1). Statistical
analysis of metagenomic profiles (STAMP) revealed the specific genera
of phoD harboring bacterial and fungal communities responding to
glucose additions (p < 0.05) (Figs. 3 and 4). For the phoD harboring
bacterial community, the G5 treatment (relative to CK) significantly
increased the relative abundance of Ralstonia and decreased the relative
abundance of Burkholderia in soil without maize, increased the relative
abundances of Amycolatopsis and Intrasporangium in bulk soil of maize,
and increased the relative abundances of Bradyrhizobium and Amycola-
topsis in rhizosphere soil of maize (Fig. 3a, c and e). The G10 treatment
(relative to CK) significantly increased the relative abundances of Bra-
dyrhizobium and decreased the relative abundances of Streptomyces and

Table 2

Soil potential acid phosphatase (ACP) activity and alkaline phosphatase (ALP)
activity among three soil treatments (CK, no glucose addition; G5, 5 mg glucose-
C g7! dry soil addition; G10, 10 mg glucose-C g~ dry soil addition) without
maize and with maize (bulk soil and rhizosphere) (mean =+ standard deviation, n
= 3). Different letters indicate significant differences among treatments (p <
0.05).

Soil Treatment  ACP (ug pNPP g~} ALP (ug pNPP g~ ! dry
dry soil h™1) soil h™1)
Without maize CK 196 + 47c 37+5b
G5 898 + 26a 101+9a
G10 705 =+ 35b 102 + 10a
Bulk soil with CK 235 + 15b 48+5b
maize G5 848 + 48a 95+3a
G10 755 + 117a 88+8a
Rhizosphere with CK 284 + 61b 59+3b
maize G5 899 £ 51a 98+5a
G10 856 + 65a 122 + 24a
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Burkholderia in soil without maize and the bulk soil of maize, and
decreased the relative abundances of Burkholderia in rhizosphere soil of
maize (Fig. 3b, d and f).

For the fungal community, Eupenicillium was the predominant genus
in G5 (relative abundance 84-94%) and G10 (relative abundance
75-90%) treatments of soils with and without maize (Fig. 4). Both G5
and G10 treatments significantly decreased the relative abundances of
Cochliobolus, Aspergillus, Mortierella and Penicillium in soils without
maize and the bulk soil of maize, and decreased the relative abundances
of Davidiella and Chaetomium in the rhizosphere soil of maize (Fig. 4).
Additionally, phoD gene abundance showed significant positive corre-
lations with the relative abundances of Amycolatopsis, Bradyrhizobium,
Mesorhizobium, Pseudolabrys, Xanthomonas and Eupenicillium, and nega-
tive correlations with the relative abundances of 18 genera (Fig. S3).

Redundancy analysis (RDA) revealed that soil pH, phoD gene abun-
dance and potential ACP activity were significant predictors for the
composition of the phoD harboring bacterial community (p < 0.05)
(Fig. S4a). The first and second axes of the RDA explained 35.4% and
13.5% of the total variation observed in the soil phoD harboring bacte-
rial community, respectively. Notably, potential ACP activity was the
main factor explaining the structure of the fungal community (p < 0.05)
(Fig. S4b). The first and second axes of RDA explained 80.7% and 11.6%
of the total variation observed in the fungal community, respectively.

3.5. Microbial co-occurrence networks

Microbial co-occurrence networks of OTUs were established based
on Spearman correlations for the soil samples with maize in the CK, G5
and G10 treatments (Fig. 5). Glucose additions increased the node, edge
and module numbers of phoD harboring bacterial networks, and
decreased the node, edge and module numbers of fungal networks
(Table S2a). The highest number of genera (e.g., Bradyrhizobium and
Amycolatopsis) with increased abundance in glucose treated soils was
observed in the phoD harboring bacterial network of the G10 treatment
(28), followed by the G5 treatment (19) and CK treatment (10). Notably,
Bradyrhizobium was involved in the keystone module of the phoD
harboring bacterial network of the G10 treatment, but not in the CK
treatment.

For the combined phoD harboring bacterial and fungal networks,
fungal nodes dominated in the CK treatment, whereas bacterial nodes
dominated in the G5 and G10 treatments (Table S2b). Glucose additions
increased the proportion of bacteria-bacteria edges, and decreased the
proportion of bacteria-fungi and fungi-fungi edges (Table S2b). The
genera (e.g., Bradyrhizobium, Amycolatopsis and Eupenicillium) with
increased abundances in glucose treated soils were all involved in the
combined networks of the CK treatment; however, Eupenicillium was not
found in the G5 and G10 treatments.

4. Discussion
4.1. P availability response to labile C addition

Labile C addition significantly increased P availability in soils
without maize and with maize (except in G5-rhizosphere) and promoted
plant growth after 47 days of maize growth (Figs. 1b and Sla). Immo-
bilization and mobilization of P in soil proceed as a dynamic quasi-
equilibrium. We observed 584 mg kg~! total P in our experimental
soil; hence, there is strong potential for the release of available P from
the soil. Due to microbial processes for P solubilization, when soil
available P was consumed by plant growth, it can be continuously
replenished from the soil by microbial processes. Thus, the soil available
P pool was not measurably depleted by plant growth. Additionally, roots
exudates, such as citrate, fructose and sucrose, could increase P avail-
ability through competing with soil P for sorption sites on Fe/Al (hydr)
oxides (Gerke, 2015). The labile C-induced increase in available P
concentrations is consistent with several previous studies (Spohn and
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Kuzyakov, 2013; Lehtoranta et al., 2015; Khan et al., 2019; Chen et al.,
2020; Teng et al., 2020). Phosphorus in the soil solution (e.g., HPO42_,
HoPO47) can be transformed into organic P through microbial assimi-
lation and metabolism (Richardson and Simpson, 2011). The increase in
some soil organic P fractions (e.g., NaHCO3-P,, NaOH-P,, in bulk soil)
after glucose addition supports the microbial immobilization pathway
(Table 1). As plant growth requires phosphorus, we attribute the lack of
an increase in available P in rhizosphere soil of the G5 treatment to
uptake of P by the maize (Fig. 1a). However, P concentrations in maize
aboveground biomass were not affected by glucose treatments
(Fig. S1b). This indicates that glucose can stimulate plant growth
through other mechanisms besides enhancing P uptake. In addition to
their ability to solubilize P, phosphorus-solubilizing microbes may
promote plant growth by asymbiotic Ny fixation, plant hormones pro-
duction, and control of phytopathogenic microorganisms (Rangarajan
et al., 2003). For example, Pereira and Castro (2014) found that
increased maize growth was not only related to P solubilization, but also
to increased indol-3-acetic acid and ACC-deaminase activities. Further-
more, the enhanced microbial activity induced by C addition can affect
several important soil processes, such as C and N cycling, thereby

providing more nutrients for plant growth (Borng et al., 2018). Hence,
labile C additions mediated the transformation of soil P fractions from
non-labile P pools to more labile P forms. This was consistent with the
results from Sun et al. (2019) showing that cellulose promoted the
transformation of citrate-P and HCI-P (insoluble P forms) to microbial P
(labile P pool) via microbial enrichment in upland soils.

Compared with the control treatment (CK), we found a higher pH in
glucose treated soils, both with and without maize (Fig. Slc). The
priming effect induced by glucose addition may increase organic matter
decomposition, with the decarboxylation of organic anions consuming
protons and thereby increasing soil pH (Yan et al., 1996). Further, labile
C provides energy and electron donors for the reduction of nitrate, and
the decomposition of organic C consumes Oy in the soil. Oxygen
depletion may lead to anaerobic conditions (especially in microsites)
that enhance dissimilatory reduction of nitrate (Fernandes et al., 2012;
Lu et al., 2013). Hence, enhanced denitrification in glucose treated soils
could also lead to an increase in soil pH. The forms and availability of
soil P are strongly determined by soil pH and soil mineralogy (e.g., Fe/Al
minerals) (Hou et al., 2018). In acidic soils, elevated pH generally in-
creases soil P availability through the release of phosphate from Fe/Al
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minerals (Barrow, 1984; Goldberg and Sposito, 1984). This premise is
consistent with the significant positive correlation between available P
and soil pH in our study (Fig. S5).

Acid and alkaline phosphomonoesterase activities are commonly
used as indicators of potential organic P mineralization (Chen, 2003). In
soils, phosphodiesters can be hydrolyzed to monoesters by phosphodi-
esterase, which are subsequently transformed to plant-available P forms
by acid and alkaline phosphomonoesterases (Tabatabai, 1994; Turner
and Haygarth, 2005). For example, alanine amendment caused a 6-fold
increase in phosphomonoesterase activity and a 31-fold increase in total
P mineralization rate (Spohn et al., 2013). Similarly, ascorbic acid
increased available P content by 1.9-202.7% through stimulating the
activity of phosphomonoesterase in a paddy soil (Li et al., 2015). In this
study, we found significant positive correlations between ALP activity
and phoD gene abundance (Fig. S5) and between phoD gene abundance
and the relative abundances of several specific phoD harboring bacterial
and fungal genera (Fig. S4). These relationships suggest that glucose
addition increased the microbial enzymatic activity for organic P
mineralization through enhancing microbial growth. Further support
derives from the significant increases in MBC and MBP concentrations
(Fig. 2a and b). We found a higher microbial P/C ratio in glucose treated
soils (Fig. 2¢), that is attributed to P immobilization by microbes due to
their enhanced activity. These microbes eventually replenish the soluble
P pools via microbial turnover (Kwabiah et al., 2003). Therefore, mi-
crobial demand for carbon can facilitate the mineralization of organic P
and increased levels of available P (Spohn et al., 2013; Heuck et al.,
2015; Wang et al., 2016; Chen et al., 2020; Huang et al., 2021).

4.2. phoD harboring bacterial and fungal community response to labile C
addition

Microorganisms need to assimilate P while mineralizing organic C to
maintain a relative nutrient balance in microbial biomass (Cleveland
and Liptzin, 2007; Heuck et al., 2015). Under P deficiency, phosphorus
solubilizing microorganisms may enhance mineralization of organic P
and solubilization of inorganic P to obtain the required P. We found
significant variations in phoD harboring bacterial and fungal commu-
nities after glucose additions (Fig. S2). For phoD harboring bacteria, the
relative abundance of Bradyrhizobium significantly increased in soil
without maize and the G10-bulk soil (Fig. 3b and d). As previously
demonstrated, Bradyrhizobium has the ability to promote the conversion
of non-labile P to labile P forms through microbial immobilization and
subsequent mineralization (Luo et al., 2017; Ibny et al., 2019; Zhu et al.,
2021). Additionally, Bradyrhizobium harbors a N-fixing gene (Kaneko
et al., 2002; Yao et al., 2014), suggesting that this genus could play an
important role in coupled N/P cycling in soils with sufficient C. How-
ever, this was not observed in G10-rhizosphere soil (Fig. 3f). Root exu-
dates (e.g., amino acids, sugars, organic acid and protein) (Frey, 2007)
may provide sufficient C to support rhizosphere microbial activities,
thus exogenous C inputs may not stimulate the growth of phosphorus
solubilizing microorganisms, such as Bradyrhizobium.

Within the fungal community, glucose additions significantly
increased the relative abundance of Eupenicillium in all treated soils
(Fig. 4). Labile C addition may promote the growth of specific fungal
taxa that rapidly metabolize labile C substrates (Chigineva et al., 2009).
Eupenicillium was previously reported to enhance phosphate solubiliza-
tion in a range of soil environments (Vyas et al., 2007; Mendes et al.,
2013, 2014). The positive correlation between phoD gene abundance
and the relative abundance of Eupenicillium could infer a similar P sol-
ubilization role (Fig. S3). Given a greater supply of C substrates in the
rhizosphere, fewer genera with decreased relative abundances were
found in rhizosphere soil compared to bulk soils, and in soil without
maize, after glucose additions (Fig. 4). Though the relative abundance of
a few taxa changed in rhizosphere soil, we found enhanced rhizosphere
microbial activity, which contributed to increased phoD gene abundance
and ACP/ALP activities in response to glucose additions.
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We found that soil pH, phoD gene abundance and potential ACP
activity were the main factors accounting for the variation of phoD
harboring bacterial and fungal community structure (Fig. S4). Since ALP
is derived from the expression of the phoD gene, bacterial community
structure appears to be related to phoD gene abundance rather than ALP
activity. Soil pH is generally found to be a key factor affecting bacterial
community structure (Lauber et al., 2008; Griffiths et al., 2011),
whereas the fungal community is relatively stable within the pH range
from 3.6 to 6.0 (Lauber et al., 2008; Ragot et al., 2016). The phoD gene,
which encodes alkaline phosphatase, is widespread across the bacterial
kingdom, but is also found in archaea and fungi (Ragot et al., 2015).
Therefore, the increase of phoD gene abundance in glucose treated soils
(Fig. 2d) was ascribed to the alteration of the phoD harboring bacterial
community. Both bacteria and fungi have the ability to secrete acid
phosphatase (Nannipieri et al., 2011). Our results were in agreement
with previous studies that found ACP activity was increased by micro-
organisms experiencing P deficiency (Krey et al., 2011; Ragot et al.,
2016, 2017). As plants are also able to produce acid phosphatase
(Tadano and Sakai, 1991), ACP activity in soils with maize may further
originate from plant roots.

4.3. Labile C regulates P availability via microbial interactions

Generally, soil microorganisms do not live independently, instead
they form complex inter-species networks within ecological commu-
nities that subsequently regulate ecosystem functions (Fuhrman, 2009;
Freilich et al.,, 2010). In the networks of phoD harboring bacteria,
glucose additions enhanced the interactions (i.e., links) between phos-
phorus solubilizing bacteria, particularly increasing the connections
between Bradyrhizobium and other genera (Fig. 5). Thus, the phoD
harboring bacterial communities in the G5 and G10 treatments formed
more complex networks, suggesting that glucose additions may improve
soil P availability through more cooperation/interactions between
phosphorus solubilizing bacteria. In contrast to the phoD harboring
bacterial networks, glucose additions decreased the connections be-
tween fungal genera and displayed a weaker network complexity
compared with the control (Fig. 5). This may result from competition
between soil bacteria and fungi for C-substrates (DeCrappeo et al., 2017;
Hicks et al., 2019). Fungal OTUs were predominant in the combined
phoD harboring bacterial and fungal networks of the CK treatment,
whereas phoD harboring bacterial OTUs dominated the networks of the
G5 and G10 treatments (Table S2b). Thus, in both individual and com-
bined networks, we observed that glucose additions enhanced in-
teractions between phoD harboring bacteria relative to that with fungi.
Bacteria can respond quickly to increased concentrations of labile
C-substrates (Paterson et al., 2008; Dungait et al., 2013), and hence
dominated the mineralization of added glucose in our study. The classic
food web model also assumes that increased labile C preferentially fa-
cilitates the proliferation of bacteria (de Vries and Caruso, 2016). In
sum, our results indicated that the positive effect of labile C inputs on P
availability in a P-deficient soil was mediated by synergism between
bacteria and fungi, but bacterial interactions dominated the release of P.

5. Conclusions

Two dose rates of glucose (5 and 10 mg glucose-C g~ soil) increased
available P concentrations in soils without maize and in the bulk soil
with maize, as well as in the rhizosphere soil receiving 10 mg glucose-C
g~! soil. The enhanced P availability increased aboveground/below-
ground biomass and P uptake by maize. We observed significant positive
correlations of available P with phoD gene abundance, potential ACP/
ALP activities and soil pH. The altered phoD harboring bacterial and
fungal community structure contributed to increased potential ACP ac-
tivities and phoD gene abundance, and further caused enhanced poten-
tial ALP activities in glucose treated soils. Our study provides evidence
that labile C can drive the transformation of non-available P to available
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P forms in a P-deficient soil through enhancing the growth of specific
bacterial and fungal taxa (e.g., Bradyrhizobium and Eupenicillium) and
promoting interactions between P solubilizing bacteria in the maize
rhizosphere. Future studies may garner additional information from
more intensive temporal sampling and investigation of a gradient of soils
with contrasting P status to further clarify the universality of labile C
input on soil P availability and plant uptake.
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