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Abstract

Background and aims The addition of functional
soil microbes to the soil can enhance the utilization
of soil phosphorus (P) for plants, but the mechanisms
underlying this process are not fully understood. The
study aimed to investigate the effects of inoculating
phosphate-solubilizing microorganisms (PSMs), with
or without arbuscular mycorrhizal fungi (AMF), on
Phyllostachys edulis seedling growth in soils with
varying P levels.

Methods The pot experiment was conducted on
P. edulis seedings with inoculation treatments of a
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mixture of 15 PSMs from the P. edulis rhizosphere
alone, or PSMs in cooperation with AMF. Plant mass
and nutrient concentrations, soil properties and soil
microbial communities were assessed when the seed-
lings had completed their first-year growth spurt (T1)
and second-year growth spurt (T2).

Results The application of PSMs, particularly
in combination with AMF, resulted in significant
increases in seedling mass and nutrient content
under P-deficient conditions, accomplished through
modifications in soil nutrient concentrations and
enzyme activities related to nitrogen, carbon, and P
metabolism. The beneficial outcomes were accom-
panied by alterations in the composition and inter-
actions within the constituents of the rhizosphere
microbial community. Remarkably, the co-inocula-
tion of AMF and PSMs led to a higher abundance
of microorganisms that promote plant growth
within the rhizosphere.

Conclusion The utilization of PSMs, especially
in combination with AMF, proves to be an effective
strategy for enhancing P. edulis seedlings growth dur-
ing their second-year growth, particularly in P-defi-
cient soil. This approach modifies the soil microenvi-
ronment, offering a promising avenue for improving
soil P utilization by woody plants.

Keywords Phosphorus deficiency - Functional

soil microbes - Microbial inoculation - Rhizosphere
microenvironment - Plant performance
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Introduction

The low availability of phosphorus (P), one of the
most crucial nutrient elements, often limits plant
growth (Hinsinger et al. 2011). This limitation is par-
ticularly prevalent in tropical and subtropical regions,
where the perennial rainy climate causes significant P
source loss (Su et al. 2021; Wang et al. 2010). The
presence of abundant metallic ions, such as AP,
Fe?*, and Fe*, in acidic red soils can further worsen
this problem by strongly immobilizing soluble P com-
pounds (Gu et al. 2023).

A common strategy to increase P availability is to
apply chemical P fertilizers in the processes of agri-
cultural and forestry productions, but these can be
expensive and their use can lead to soil hardening and
water eutrophication (Lambers et al. 2013; Morales
et al. 2011). Soil microorganisms play pivotal roles
in ecosystem nutrient cycling (Wang et al. 2018).
Certain microorganisms, like phosphate-solubilizing
microorganisms (PSMs) and arbuscular mycorrhizal
fungi (AMF), contribute significantly to the modifica-
tion of nutrient availability (Aslani borj et al. 2022;
Raymond et al. 2018). Utilizing these microorgan-
isms as biofertilizers would be a more sustainable
and ecological approach for enhancing P availability.
AMF and PSMs play important roles in mediating
P turnover and P acquisition by plants (Huang et al.
2021). AMF can colonize plant roots to promote the
acquisition of mineral nutrients, releasing protons
that mobilize insoluble soil P (Kalamulla et al. 2022).
In fact, AMF can ‘harvest’ P from large soil volumes
due to their extraradical mycelia (Gosling et al. 2006;
Smith and Smith 2011). The development of extra-
radical mycelia from AMF can be promoted by other
beneficial microbes and plant growth (Battini et al.
2017), which could affect the long-term effects of
AMF at different stages of plant development. PSMs,
primarily found in the rhizosphere soil, have the abil-
ity to secrete phosphatases, siderophores, and organic
acids that enhance ion exchange, energy transfer, and
mineral uptake by plant roots, so as to release avail-
able P from insoluble P forms (Gulati et al. 2010).

While the use of PSMs for enhancing the avail-
ability of P in soil has shown promise in labora-
tory settings, its effectiveness in field conditions can
be inconsistent (Mpanga et al. 2019). To improve
the reliability of this approach, researchers have
explored inoculation with different PSM genera that
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can interact synergistically (Magallon-Servin et al.
2020; Xie et al. 2020), as well as co-inoculation of
AMF and PSMs (Rezaei-Chiyaneh et al. 2021). These
allow PSMs to convert insoluble soil P to available P,
which is then transferred to host plants by extraradical
mycelia of AMF (Zhang et al. 2011).

The precise mechanism by which PSMs and AMF
enhance soil P availability remains unclear, and likely
depends on soil nutrient conditions, especially the
level of P (Xiao et al. 2019). Although the synergistic
effects of PSMs, alone or with AMF, on P uptake by
plants have been extensively studied in model plants
such as Arabidopsis (Ryu et al. 2004) and in crops
like rice and wheat (Mider et al. 2011), their impact
on woody plants, such as bamboo (e.g., Phyllostachys
edulis), have been less explored. P. edulis is a peren-
nial monocot plant of the subfamily Bambusoideae
of the Poaceae family (Han et al. 2009), and plays a
vital role in the economy and ecology of its growing
regions as the primary source for bamboo shoots and
timber. It demonstrates fast growth, dynamic nutri-
ent cycling, and boasts an expansive root system
intricately linked with the soil microenvironment.
This species predominantly flourishes in tropical
and subtropical regions where available P is scarce
(Guan et al. 2017; Song et al. 2011). While much
research has centered on plant evolutionary strate-
gies to accommodate P needs and plant reactions to
functional microbe inoculation (Mora-Macias et al.
2017; Yue et al. 2023), scant attention has been given
to exploring how functional microbes affect the soil
microenvironment and their subsequent impact on the
growth of woody plants.

We hypothesized that inoculating P. edulis soil
with PSMs, either alone or in combination with
AMF, can enhance the seedlings growth by altering
the soil microenvironment, which was influenced by
the changes in soil enzyme activities, nutrient con-
centrations and microbial community. This effect is
expected to be particularly pronounced in the rhizo-
sphere soil, as previous studies have shown (Allison
and Vitousek 2005; Mayak et al. 2004; Naseby and
Lynch 1997). In addition, inoculation of functional
soil microbes would modify the survival and diver-
sity of soil microbes in the rhizosphere by changing
the carbon sources produced in root exudates (Ian-
nucci et al. 2021; Sood 2003). Based on this deduc-
tion, we proposed that the inoculation of PSMs, either
alone or in combination with AMF, has the potential
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to regulate the abundance of specific functional
microbes, thus contributing to the improved growth
of plants.

To test these hypotheses, we conducted a study to
examine the effects of inoculating P. edulis-derived
PSMs, either alone or in combination with AMF, on
the growth of P. edulis seedlings in soil with adequate
or inadequate P concentrations. We also investigated
whether any observed effects on growth were associ-
ated with changes in nutrient concentrations, enzyme
activities, and microbial community composition in
the rhizosphere soil.

Materials and methods
Plant culture, inoculants, and experimental design

The P. edulis seedlings were obtained in April
2020 from Hongya Nursery in Meishan, Sichuan,
China (29°51'N, 103°28'E; average elevation,
416.9 m.a.s.l.). Seedlings with similar morphological
attributes were selected for pot experiment, ensuring
an initial healthy seedling height ranging from 11.9
to 23.2 cm and maintaining consistent root morphol-
ogy. On 7 May 2020, the seedling roots were care-
fully cleaned and rinsed in running water for 1 hour,
flushed with sterilized water for 5 seconds, and then
transplanted into plastic containers (diameter: 22 cm;
height: 21 cm; four seedlings per container). The con-
tainers were first sterilized in a 0.5% KMnO, solution
for 15 minutes, and then filled with 5670 g of growth
medium. The growth medium was also sterilized in
an autoclave at 121 °C for 15 minutes prior to use.
The growth medium consisted of a mixture of soil
(passed through a 2.0-mm sieve) and perlite in a volu-
metric ratio of 3:1. The soil was collected from the
Qingshan Bamboo Garden in Lin’an County, Hang-
zhou, Zhejiang, China (30°140'N, 119°51'E). It had a
pH of 4.67, total nitrogen (TN) content of 1.9 g-kg™",
total phosphorus (TP) content of 0.26 g-kg™!, avail-
able phosphorus (AP) content of 4.03 mg-kg™!, and
organic carbon (OC) content of 2.51 g-kg™'.

The PSMs with higher P-solubilizing activity were
derived from the rhizosphere soil of P. edulis forests
and confirmed to solubilize 160.50-581.33 mg-L~!
of P from insoluble organic or inorganic P in labora-
tory tests (Xing et al. 2021; supplementary Table S1)
The strains were identified at the genus level by

analyzing the nucleotide sequences of the 18S rDNA
gene for fungi and the 16S rDNA gene for bacteria.
The obtained sequences were compared with those
archived in GenBank using BLAST (National Bio-
technology Information Center, USA). Bacterial
strains were cultured in 250 ml Erlenmeyer flasks
containing 100 ml of Luria-Bertani broth (5 g-L™!
yeast extract, 10 g-L™! NaCl, 10 gL~ tryptone,
pH 7.0), while fungal strains were cultured in 100 ml
of potato dextrose broth (4 g-L~! potato extract,
20 g-L™" glucose, pH 5.6+0.2). The cultures were
agitated on a rotary shaker (180 rpm) at 28 °C for
24 hours, after which the microbial cells were har-
vested via centrifugation, washed three times with
sterile water, and resuspended in sterile water to
obtain a final density of 10% cfu-ml™! (measured using
an optical density at 625 nm=0.1).

As AMF in our study, an isolate of Glomus moseae
(BGC HKO1; 1511C0001BGCAMO0064) originat-
ing from rhizosphere soil of P. edulis forests, was
obtained from the Institute of Plant Nutrition and
Resources of Beijing Academy of Agriculture and
Forestry Sciences. The AMF inoculum contained
1240 spores per 100 g of soil in addition to hyphae
and zeolites.

Seedling growth experiments were conducted from
the beginning of May 2020 to September 2021 under
controlled conditions in a greenhouse (30°23'N,
119°72'E). The monthly average temperature was
19.5 °C during the experiments, while the relative
humidity was 54.8%. To investigate the impact on
seedling growth and soil characteristics, a full-fac-
torial experimental design was employed to explore
diverse levels of P and microbial treatments.

Soil P availability was set to deficient and suf-
ficient levels (5 and 20 mgkg™' of soil available P
content, respectively) based on the previous study
conducted by He et al. (2023). The P-deficient con-
dition (P5) was prepared using 0.004 g of KH,PO,
per kg of soil, and the P-sufficient condition (P20)
was prepared using 0.070 g of KH,PO, per kg of soil.
These levels were achieved by watering the soil with
250 ml of 0.097 g-L.~! KH,PO, (P5) and 1.589 g-L™!
(P20) solution per container, and if needed, 250 ml
of 0.955 g-L™! K,SO, solution per container (0.042 g
of K,SO, per kg of soil) to balance the K added
between treatments. Additionally, three inoculation
treatments were examined: PSMs, PSMs+AMF, or
no live inoculation (control). Before transplanting
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the seedlings, 25 ml of PSMs and 25 g of inactivated
G. moseae inoculum, 25 ml of PSMs with 25 g of G.
moseae inoculum, or 25 ml of PSMs with 25 g of G.
moseae inoculum that had been autoclaved at 121 °C
for 15 minutes, were respectively injected into the
rhizosphere soil of the three groups. Each treatment
was replicated 28 times using a randomized design
to assess their effects on seedling growth and soil
characteristics.

Sample collection

On 28 September 2020, when the seedlings had com-
pleted their first-year growth spurt (T1), the rhizos-
phere soil, which consisted of the soil that remained
attached to the roots after gentle shaking, was col-
lected and preserved at —80 °C to assess microbial
diversity and enzyme activity. On 7 September 2021,
after the seedlings had completed their second-year
growth spurt (T2), three seedlings from each treat-
ment were harvested to determine their biomass,
TN content and TP content. Rhizosphere soil was
sampled and divided into halves: one half was pre-
served at —80 °C for subsequent soil enzyme activ-
ity analysis, and the other half was preserved at 4 °C
to assess soil chemical properties. Bulk soil, which
is defined as soil that falls from the roots with gen-
tle shaking, was also sampled and maintained at 4 °C
for soil chemical property analysis. The rhizosphere
soil sample associated with each subject seedling was
fashioned by amalgamating soil sourced from three
arbitrarily chosen root segments. Similarly, the bulk
soil sample was meticulously composed by blending
soil from three distinct horizontal orientations within
the identical stratum (namely, 10-20 cm—the primary
expanse wherein seedling roots are prevalent).

Determination of plant mass and nutrient
concentrations

Each sampled seedling of P. edulis was divided into
shoot (leaves and stem) and root, and these materials
were dried in a forced air oven at 105 °C for 30 min-
utes and subsequently kept at 65 °C until they attained
a constant mass. Each of the organs was ground, and
then passed through a 0.25-mm screen after which,
it was wet digested using the H,SO,-H,0, method
(Ohyama et al. 1991). The TN and TP contents of the
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shoots and roots were determined according to the
methods outlined in section 2.3.

Soil chemical and biological properties

Air-dried soil samples were resuspended in distilled
water in a ratio of 1:2.5 (w:v) and the soil pH was
measured using a pH electrode (PHS-3CW, Hang-
zhou Secco Instrument Company, Hangzhou, China).
The P concentration in the rhizosphere soil and bulk
soil was assessed through microwave digestion (Fal-
ciani et al. 2000) and subsequent analysis using a
UV-visible spectrophotometer (model 8453, Agilent,
Santa Clara, CA, USA). Meanwhile, the AP content
was determined using colorimetry after extracting the
soil with 0.05 M HCI-0.025 M H,SO,, following the
method outlined by Murphy and Riley (1962). The
soil N concentration was determined using standard
Kjeldahl digestion with water distillation (Kjeltec
8400, FOSS, Denmark), while the soil OC concen-
tration was measured by the dichromate oxidation
method (Nelson and Sommers 1983). A commercial
kit (ELISA kit; Meimian Industrial Co., Ltd., Jiangsu,
China) was used to test the activities of the following
enzymes: MM-210501 for a-glucosidase (2G), MM-
210901 for B-1,4-glucosidase (BG), MM-9005801
for p-1,4-N-acetylglucosaminidase (NAG), MM-
172501 for acid phosphatase (ACP), MM-173501
for alkaline phosphatase (ALP), MM-9137101 for
cellobiohydrolase (CBH), MM-212101 for leucine
aminopeptidase (LAP) and MM-163901 for urease
(URE).

Analysis of soil microbial communities

Rhizosphere soils from all the tested treatments were
sampled to evaluate the bacterial and fungal com-
munities. DNA from microbial communities was
extracted from 0.5 g of rhizosphere soil using the
FastDNA® SPIN Kit for Soil (MP Biomedicals, USA)
following the manufacturer’s instructions. To amplify
bacterial 16S rRNA genes, PCR was conducted in a
thermal cycler (GeneAmp 9700, ABI, USA) with for-
ward primer 338 F (ACTCCTACGGGAGGCAGC
AG) and reverse primer 806 R (GGACTACHVGGG
TWTCTAAT). For amplifying 18S rRNA genes,
forward primer ITS 3F (GCATCGATGAAGAAC
GCAGC) and reverse primer ITS 4R (TCCTCCGCT
TATTGATATGC) were employed. PCR reactions
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were carried out in triplicate for each sample with a
total volume of 20 pl, containing 4 pl of 5 X FastPfu
buffer, 2 pl of 2.5 mM dNTPs, 0.8 pl of each primer
(5 pM), 0.4 pl of FastPfu polymerase, and 10 ng of
template DNA. Thermal cycling involved denatura-
tion at 95 °C for 3 minutes, 28 cycles (16S rRNA) or
35 cycles (18S rRNA) of 30 seconds at 95 °C, 30 sec-
onds at 55 °C for annealing, 45 seconds at 72 °C for
elongation, and final extension at 72 °C for 10 min-
utes. The amplicons were purified using an AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA), eluted with Tris-HCI (pH 8.0), quan-
tified using the QuantiFluor™-ST system (Promega),
and sequenced on the Miseq platform (Illumina, San
Diego, CA, USA) at Shanghai Majorbio Bio-pharm
Technology Co., Ltd. (Shanghai, China).

Operational taxonomic units (OTUs) were defined
as units that show >97% similarity between gene
sequences in UPARSE (version 7.0.1090 http://
driveS.com/uparse/). To determine the taxonomy of
each 168 or 18S rDNA gene sequence, the Ribosomal
Database Project Classifier (version 2.11 http://sourc
eforge.net/projects/rdp-classifier/) was utilized. The
analysis was based on the Silva database (Releasel38
http://www.arb-silva.de) and the Unite algorithm
(Release 8.0 http://unite.ut.ee/index.php), using a
confidence threshold of 70%. The alpha diversity of
the microbial communities was evaluated in Mothur
(version v.1.30.2 https://mothur.org/wiki/calculators/)
in terms of the Sobs, Chao, Shannon, and Good’s
coverage indices.

The potential associations among the top 60 bac-
terial or fungal genera were explored. Associations
were assessed using the Spearman’s rank correla-
tion coefficient in the package ‘psych’ in R (R Core
Team 2019). Associations were considered significant
when [r1>0.5 and P<0.05. Microbial association
networks were constructed using microbial genera
as nodes, which were then connected by lines, called
‘edges’, indicating positive or negative associations
between the genera. To analyze the topology of these
microbial association networks in terms of modular-
ity, number of edges, and number of nodes, the ‘net-
workx’ package in Python (https://networkx.org/) was
utilized. Key microbial genera (‘hub members’) were
identified as those showing the highest degree (num-
ber of nodes directly connected with it), degree cen-
trality (node centrality and importance) and closeness
centrality (close distance between nodes).

Statistical analysis

All statistical analyzes were conducted using SPSS
22.0 (IBM, Chicago, IL, USA). A two-way analysis
of variance (ANOVA) was used to assess the effects
of soil P condition and microbial treatment, as well
as their interaction. Data were not transformed, as
they exhibited a normal distribution according to the
Shapiro-Wilk test and homogeneous variance accord-
ing to Levene’s test. Multiple comparisons of means
were determined using a Duncan test at ®=0.05. To
identify variation in the composition of the microbial
community, Principal Component Analysis (PCoA)
was conducted using the ‘vegan’ package in R, based
on the Bray-Curtis distances of OTUs.

Biomarkers that differed among soil treatments
were identified based on the size of the effect in linear
discriminant analysis (LEfSe). Groups were displayed
in cladograms from the domain to the family level,
with LEfSe confirming LDA scores of 2 or higher.
The Kruskal-Wallis H test was used to assess the sig-
nificance of differences in the relative abundance of
bacterial or fungal genera among treatments.

All histograms were generated using GraphPad
Prism 8.0 (GraphPad Software, San Diego, CA,
USA). Bar graphs indicating the relative abundance
of microbial phyla were created in R, and Gephi
(version 0.9.2) was used to visualize the microbial
networks.

Results

Effect of soil inoculation on seedling growth and
nutrient content

The interaction between microbial inoculation and
soil P conditions had a significant positive effect on
the component mass of P. edulis seedlings (P<0.01;
Fig. la and d and supplementary Table S2). Under
the P-deficient condition, the combined inoculation of
PSMs and AMF resulted in the highest shoot and root
mass. However, under the P-sufficient condition, the
microbial inoculation treatment did not have a signifi-
cant effect on shoot or root mass.

The concentration of N and P in the seedlings was sig-
nificantly influenced by microbial inoculation, irrespec-
tive of whether the soil was P-deficient or P-sufficient
(P<0.01; Fig. 1b and c and supplementary Table S2).
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Fig. 1 Effects of inoculating P-deficient (P5) or P-sufficient
(P20) soil with phosphate-solubilizing microorganisms
(PSMs), alone or together with arbuscular mycorrhizal fungi
(AMF), on the mass of shoots and roots (a), total nitrogen
content (b), total phosphorus content (¢) and morphology (d)

Under the P-sufficient condition, the PSMs significantly
increased the total N content of the roots. The combined
inoculation of PSMs and AMF resulted in the high-
est shoot N content in P. edulis seedlings, irrespective
of whether the soil P levels were deficient or sufficient.
Furthermore, this co-inoculation led to a peak in root N
content under the P-deficient condition. Conversely, the
root N content of seedlings subjected to combined PSMs
and AMF inoculation, though similar to those inoculated
solely with PSMs, exhibited a significant increase com-
pared to the control in the P-sufficient soil (Fig. 1b).

Under the P-deficient condition, PSMs significantly
increased the total P content in seedlings. Further-
more, a further increase was observed when PSMs
were combined with AMF (Fig. lc). Conversely,
when soil P levels were sufficient, PSMs significantly
increased the P content in plant roots. However, when
PSMs and AMFs were combined, there was a signifi-
cant increase in P content in the plant shoots.
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PSMs-P20

PSMs+AMF-P5 PSMs+AMF-P20

of Phyllostachys edulis seedlings. The values plotted on the
y-axis above the origin represent the plant shoots, while those
below represent the plant roots. Values are mean+ SE (n=3).
The bars marked with different letters differ significantly (Dun-
can’s test, a=0.05)

Effect of microbial inoculation on soil nutrient
content and enzyme activities

The nutrient status and OC concentration in both bulk
and rhizosphere soils at the end of the experiment
were generally unaffected by the interactions between
microbial inoculation and soil P conditions. However,
sometimes they significantly varied as the main effects
of microbial inoculation and/or soil P conditions (sup-
plementary Table S3). The effects of microbial inocu-
lation treatments on N concentration in both bulk and
rhizosphere soils remained non-significant under either
P-deficient or P-sufficient conditions (Fig. 2a). How-
ever, the initial soil P condition did influence N con-
centration in bulk soil under specific inoculation treat-
ment scenarios. Notably, in cases of the P-deficient
condition, bulk soil subjected to combined PSMs and
AMF co-inoculation exhibited a significant reduction
in N concentration. The OC concentration in bulk soil
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Fig. 2 Effects of inoculating P-deficient (P5) or P-suffi-
cient (P20) soil with phosphate-solubilizing microorgan-
isms (PSMs), alone or together with arbuscular mycorrhizal
fungi (AMF), on nitrogen (a), organic carbon (b), phospho-

showed considerable similarity, revealing no signifi-
cant differences among treatments. In contrast, within
the rhizosphere soil, there was a distinct peak in soils
inoculated with PSMs, regardless of the P-deficient or
P-sufficient soil. Importantly, it is noteworthy that the
discrepancy between the PSMs treatment and the con-
trol was not statistically significant in the P-sufficient
soil (Fig. 2b). Meanwhile, PSMs and particularly
PSMs+AMEF led to a lower concentration of P in rhizo-
sphere soil and a higher concentration of AP in bulk
soil at the end of the experiment, although the effects
of PSMs+AMF on the concentration of AP in the bulk

Soil avaliable phosphorus concentration (mg-Kg'1)

L L
= =
< <
+ +
(2] (2]
= =
n 7
a a

rus (c) and available phosphorus (d) in the bulk soil and the
rhizosphere soil of Phyllostachys edulis seedlings. Values are
mean + SE (n=23). The bars marked with different letters differ
significantly (Duncan’s test, a=0.05)

and rhizosphere soil were less pronounced under the
P-deficient condition (Fig. 2c and d).

The interaction between inoculation treatment and
soil P conditions did not show any significant dif-
ferences in the activities of soil enzymes at either
sampling time point. However, the activities of soil
enzymes in the rhizosphere showed significant varia-
tion due to soil microbial inoculation (supplementary
Table S4). Inoculating with PSMs led to decreased
activities of fG and CBH in the rhizosphere soil at
T1, particularly under the P-deficient condition.
Additionally, the activity of ACP was lower at T2 for
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the PSMs-inoculated samples compared to those co-
inoculated with PSMs+AMF or the non-inoculated
control, irrespective of the soil’s P status (Table 1).

Diversity and composition of the soil microbial
community

The total sequences of 18 soil samples resulted in
958,860 bacterial sequence reads and 1,342,428 fun-
gal sequence reads, which corresponded to >97%

sequencing coverage. These sequences were used to
assess the alpha diversity of soil microbes (Table 2).
Under the P-deficient condition, the inoculation with
PSMs yielded the highest values of Sobs, Shannon
and Chao indices for fungal community within the
rhizosphere soil, and simultaneously increased Sobs
and Shannon indices for bacteria community, when
compared to the scenarios of co-inoculation with
PSMs+AMF or without live inoculation (control).
Notably, the Chao index of the bacterial community

Table 1 Activities of enzyme in rhizosphere soil from Phyllostachys edulis seedlings inoculated in different ways

Enzyme Timepoint Activity (IU-g™})

Control-P5 Control-P20 PSMs-P5 PSMs-P20 PSMs+AMF-P5 PSMs+AMF-P20
CBH T1 371+030A 3.57+054AB 2.76+034BC 232+0.14C  293+0.52 ABC 3.42+0.28 AB
T2 299+081 A 338+0.21A 320+048 A 245+0.19A 335+023A 2.78+0.84 A
oG T1 1.48+0.17 A 149+031 A 1.87+0.13 A  1.87+0.08 A 1.74+0.18 A 1.72+0.30 A
T2 1.27+0.03 B 1.75+0.16 A 1.75+£0.13 A  1.65+0.08 A 1.44+0.18 AB 1.46+0.31 AB
LAP T1 1.31+0.12 A 140+0.24 A 1.14+020A 132+030A 141+0.20 A 1.27+0.27 A
T2 1.57+0.09 A 149+0.24 A 1.46+020A 1.35+0.27 A 1.25+0.10 A 1.54+0.26 A
NAG T1 0.22+0.03A 0.17+0.05 A 0.20+0.04 A 0.23+0.02A 0.20+0.02 A 0.22+0.04 A
T2 0.22+0.02A 0.19+0.05 A 022+0.02A 0.232+0.03A 0.23+0.01 A 0.18+0.02 A
pBG T1 0.35+0.02A  0.32+10.01 AB 0.25+0.05C 0.26+0.02BC 0.30+0.04 ABC 0.24+0.02C
T2 0.27+0.04 A 0.25+0.03 A 0.23+0.03A 0.29+0.07A 0.27+0.04 A 0.32+0.04 A
ACP T1 0.33+0.04 A 032+0.04 A 0.27+0.07A  0.26+0.04 A 0.29+0.05 A 0.27+0.06 A
T2 0.27+0.02AB 0.30+0.01 AB 0.24+0.03 B 0.23+0.03 B 0.34+0.03 A 0.31+0.05 A
ALP T1 0.59+0.09A 0.67+0.10 A 0.61+0.02A 0.68+0.06 A  0.59+0.08 A 0.64+0.04 A
T2 0.65+0.05A 0.57+0.01 A 0.65+0.06 A 0.68+0.11 A  0.61+0.08 A 0.61+0.02 A
URE T1 570+£0.66 A 7.55+0.65A 732+047A 643+132A 651+1.18A 7.26+1.50 A
T2 6.09+0.84 A 622+1.38A 839+055A 6.77+140A 658+1.63 A 7.70+0.72 A

Values are mean =+ SE (n=3). Values with different letters in the same row differ significantly (ax=0.05)

T1 refers to the first-year growth spurt, while T2 refers to the second-year growth spurt

aG a-glucosidase, fG p-1,4-glucosidase, ACP acid phosphatase, ALP alkaline phosphatase, AMF arbuscular mycorrhizal fungi, CBH
cellobiohydrolase, LAP leucine aminopeptidase, NAG f-1,4-N-acetylglucosaminidase, PSMs phosphate-solubilizing microorgan-

isms, URE urease

Table 2 Coverage and

N ” Treatment Bacterial community Fungal community

diversity of bacterial

and fungal communities Sobs Shannon Chao Coverage Sobs Shannon Chao  Coverage

in rhizosphere soil after

different treatments Control-P5 1097 491 1404.17 0.99 256 2.83 270.19 0.99
Control-P20 1118 4.63 1499.22  0.99 260 241 296.30 0.99
PSMs-P5 1511 533 1827.94 0.99 369  3.03 395.94 0.99
PSMs-P20 1288 5.13 1494.83 0.99 266  2.74 279.58 0.99
PSMs+AMF-P5 1434 4.76 1851.04 0.99 251 230 300.61 0.99
PSMs+AMF-P20 1604 5.21 211779 0.98 306 2.13 388.10 0.99

AMF arbuscular mycorrhizal fungi, PSM phosphate-solubilizing microorganism
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in the rhizosphere soil, when solely inoculated with
PSMs, was slightly lower than that observed in the
rhizosphere soil co-inoculated with PSMs+AMEF,
although it remained higher than the control condi-
tion. Additionally, in cases where soil P was suffi-
cient, the combination of PSMs+AMF resulted in a
higher Sobs, Chao and Shannon indices for microbial
community compared to other treatments, except for a
lower Shannon index specifically observed for fungi.
Both microbial inoculation treatment and soil P
condition significantly influenced the bacterial com-
position (R=0.4008, P=0.001; Fig. 3a) and the fun-
gal composition (R=0. 0.4696, P=0.001; Fig. 3c)
of the rhizosphere soil. These variables did not alter
the dominant microbial phyla, although they did
alter their relative proportions (Fig. 3b and d). The
most abundant bacterial phyla were Proteobacteria,

a PCoA on OTU level b
R?=0.4008, P=0.001000
04 1 @ Control-P20
@ Control-P5
@ PSMs-P20
02 @ PSMs-P5

PSMs+AMF-P20
© PSMs+AMF-P5

Control-P20

Control-P5

PSMs+AMF-P20

PSMs+AMF-P5

Actinobacteriota, Acidobacteriota and Bacteroidota,
whose relative abundance together accounted for
68-82% of the total bacterial community (supple-
mentary Table S5). The most abundant fungal phyla
were Ascomycota and ‘unclassified fungi’, their rela-
tive abundance accounting for 55-90% of the overall
fungal community. However, inoculation of PSMs
induced an elevation in the relative abundance of Bac-
teroidota, whereas Actinobacteriota demonstrated the
lowest relative abundance in soils with comparable P
levels. Furthermore, the combinedly co-inoculation
of PSMs+AMF led to an increased the relative abun-
dance of Actinobacteriota and Ascomycota within
the rhizosphere soil, while concurrently reducing the
relative abundance of Bacteroidota and ‘unclassified
fungi’, regardless of whether the initial soil P was
deficient or sufficient (supplementary Table S5).
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Fig. 3 Effects of inoculating P-deficient (P5) or P-sufficient
(P20) soil with phosphate-solubilizing microorganisms
(PSMs), alone or together with arbuscular mycorrhizal fungi
(AMF), on the composition and abundance of microbial com-
munities in the rhizosphere soil of Phyllostachys edulis seed-

lings. Principal component analysis (PCoA) on operational
taxonomic unit (OTU) level and microbial composition on
phylum level were determined for the bacterial community (a,
b) and the fungal community (c, d)
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In addition, the composition of bacterial and fun-
gal genera was also influenced by soil P conditions
and microbial inoculation treatments (supplementary
Fig. S1). Under conditions of soil P deficiency, the
inoculation treatments exhibited 62.4% shared bacte-
rial genera and 39.21% shared fungal genera in com-
parison to no live inoculation (control). Similarly, there
were 64.7% shared bacterial genera and 41.93% shared
fungal genera relative to control in the P-sufficient
soil. However, certain genera were exclusively shared
with the inoculation treatments irrespective of soil P
conditions. For instance, in the P-deficient soil, PSMs
(PSMs+AMF) treatment specifically featured 70 (56)
bacterial genera and 58 (39) fungal genera, respectively.
Notably, the bacterial genera Brevibacillus and Halo-
bacillus were exclusively found in the PSMs+AMF
treatment, while the fungal genus Arnium was uniquely
observed in the PSMs treatment.

The cladograms illustrated distinct groups, and
LEfSe confirmed LDA scores of 2 or greater (Fig. 4a
and b). In the P-sufficient soil, the PSMs treat-
ment exhibited significant enrichment in seven bac-
terial groups and one fungal group. These mainly
included Verrucomicrobiae (specifically within the
Pedosphaerales order and Terrimicrobiaceae family)
and Acidobacteriae (class to family), along with Pezizo-
mycotina (class to family). Similarly, the PSMs+AMF
treatment showed enrichment in six bacterial groups
and one fungal group, mainly encompassing Aci-
dimicrobiia (class to family except for Microtrichales
order), Thermoleophilia (class to family), and Tricho-
comaceae family. In contrast, the PSMs treatment led to
the enrichment of ten bacterial groups and one fungal
group in the P-deficient soil. These mainly included
Nitrospirota (phylum to family) and Spirochaetota (phy-
lum to family), as well as Trechisporales order. In the
same scenario, the PSMs+AMEF treatment resulted in
significant enrichment of five bacterial groups and one
fungal group. These mainly involved Actinobacteriota
(within the Actinobacteria class and specifically Micro-
coccales order to Micrococcaceae family), Dehalococ-
coidia (class to family), Paenibacillales (order to fam-
ily), and Stachybotryaceae family.

At the microbial genus level, the co-inoculation
of PSMs+AMF led to a significantly higher rela-
tive abundance of certain bacterial genera, such as
unclassified_f Micrococcaceae and Paenibacillus, as
well as fungal genera like Talaromyces, Aspergillus
and Fusicolla. This trend was observed across different
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soil P levels (Fig. 4c and d). Additionally, the inocula-
tion of PSMs resulted in a significantly higher relative
abundance of bacterial genera including Bryobacter,
norank_f Microscillaceae and norank_f Pedosphaer-
aceae, along with fungal genera Ciliophora, irrespective
of soil P status. In the P-deficient soil, the inoculation of
PSMs significantly increased the relative abundance of
bacterial genera norank_f Gemmatimonadaceae and of
fungal genera Shiraia and unclassified_f_Olpidiaceae;
conversely, the co-inoculation of PSMs+AMEF signifi-
cantly elevated the relative abundance of fungal genera
Penicillium and Neocosmospora.

The configuration of bacterial and fungal networks
within the rhizosphere soil was affected by both the
inoculation treatments and soil P conditions at the
end of the experiment (Fig. 5). Across all scenarios,
the bacterial and fungal networks exhibited the high-
est count of nodes and links in response to soil P
deficiency following PSMs treatment. Conversely,
the lowest modularity was observed within bacterial
genera treated with PSMs and fungal genera treated
with PSMs+AMF (Fig. 5b, h, and i). In the P-suffi-
cient soil, the bacterial and fungal networks showed
the highest number of links and the lowest modularity
after co-inoculating with PSMs+AMF (Fig. 5f and 1).

Moreover, the microbial inoculation treatments
and soil P conditions significantly affected the hub
members within bacterial networks. Notably, 48.3%
hub bacterial genera and 71.9% hub fungal genera
were exclusive to a single treatment (supplementary
Table S6 and Table S7). The highest number of specific
hub bacterial genera was observed in P-deficient soil
treated with PSMs+AMF, while for fungal networks,
it was in P-sufficient soil treated with PSMs+AMF.
Specifically, in the P-deficient soil, the bacterial gen-
era Pseudomonas, Paenibacillus and Bacillus, as well
as fungal genera Aspergillus were exclusively found as
hub genera in the PSMs+AMF treatment (Fig. 5c and
i; supplementary Table S7). Additionally, the hub fun-
gal genus Penicillium was detected in the fungal net-
work of P-deficient soil inoculated with PSMs or co-
inoculated with PSMs and AMF (Fig. 5h and i).

Discussion
Functional microorganisms in the soil, such as PSMs

and AMEF, play critical roles in enhancing plant nutri-
ent acquisition efficiency (Hansen et al. 2020). In
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Fig. 4 Effects of inoculating P-deficient (P5) or P-sufficient
(P20) soil with the combination of phosphate-solubilizing
microorganisms (PSMs) and arbuscular mycorrhizal fungi
(AMF) on microbes in the rhizosphere soil of Phyllostachys
edulis seedlings. Treatments are color-coded as defined at the
bottom of the figure. (a and b) Cladogram showing the phylo-
genetic distribution of the bacterial (a) and fungal (b) lineages.
The circles indicate phylogenetic levels from domain to family,
and the diameter of the circle is proportional to group abun-
dance. Distinctly colored nodes represent microbial groups
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that exhibit significant enrichment in their corresponding treat-
ment and significantly contribute to the differences observed
between treatments. Conversely, pale yellow nodes indicate the
opposite scenario, where there is no significant enrichment or
contribution to inter-treatment distinctions. (¢ and d) Relative
abundances of bacterial (c) and fungal (d) genera whose abun-
dance differed significantly among treatments. The top 15 gen-
era with the mean abundance totals were displayed. P-values

were calculated using the Kruskal-Wallis H test
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«Fig. 5 Networks of associations within microbial communi-
ties in the rhizosphere soil of Phyllostachys edulis seedlings at
the genus level. Networks for bacterial communities (fop two
rows) and fungal communities (bottom two rows) are shown
for the treatments indicated across the top of the figure. The
bacterial and fungal phyla in different microbial communities
are color-coded as indicated at the bottom of the figure. The
nodes are colored according to the genus. Edges in green, blue
or red indicate positive interactions; those in grey indicate neg-
ative interactions. The hub genera, whose abundance differed
significantly between the microbial inoculation treatments and
control samples, or that were part of the original inoculum, are
written in bold

the present study, we found that PSMs significantly
increased the TP content in plant roots, while when
we combined PSMs and AMF and added them to
the soil with low levels of P, even greater increases
in nutrient content and growth of plant shoots and
roots were observed. This phenomenon can be attrib-
uted to the establishment of mycorrhizal network by
AMF, which aids in the uptake of crucial mineral
nutrients including P, nitrogen, copper, zinc, and
others by plants. Additionally, the mycelia of AMF
contribute to this symbiotic relationship by releas-
ing carbon compounds that provide essential support
for the growth of PSMs (Cope et al. 2022; Singh and
Kapoor 1999). As a result, the presence of AMF pro-
vides an increased supply of carbon sources to PSMs,
thereby enhancing their energy resources. This, in
turn, empowers PSMs to efficiently convert insoluble
P from the surrounding environment into available
forms that can be efficiently utilized by plants and
mycorrhizal networks (Herman et al. 2012).

We found that inoculating P-deficient soil with
PSMs led to higher OC and AP content in the
rhizosphere soil compared to co-inoculation with
PSMs+AMF. This suggests that P deficiency can
stimulate the activities of PSMs, leading to increased
secretion of organic compounds such as organic acids
that can dissolves insoluble soil P (Guifiazi et al.
2010; Kaur et al. 2016). However, it is important
to recognize that different species of bacteria rarely
work together, so the negative interactions of PSMs
could predominate (Palmer and Foster 2022). This
would result in the mass proliferation of PSMs to
compete for available P for microbial biomass, leav-
ing less for plants to absorb (Richardson and Simpson
2011). Thus, the interactions of PSMs could also be
critical for their function in P activation, which needs
to be further explored and analyzed. Moreover, in the

absence of mycorrhizal hyphae, most of the available
P generated by PSMs may remain in the soil rather
than be taken up by plant roots (Burke et al. 2018).
In contrast, the presence of AMF may result in lower
levels of OC in the soil with PSMs+AMF, which can
enhance AMF-driven decomposition and improve N
uptake by seedlings (Hodge and Fitter 2010).

Conversely, we observed that inoculating P-suffi-
cient soil with either PSMs or PSMs+AMEF resulted
in a decrease in P concentration in the rhizosphere
soil. It can be contributed to that under P-sufficient
conditions, the PSMs or PSMs+AMF do not sub-
stantially activate P sources for plant absorption,
but instead, these microbes may assimilate a portion
of the soil P for their own growth and metabolism
(Achat et al. 2010; Chen and Xiao 2023).

As expected, the application of the microbial
inoculation treatment exhibited a more pronounced
influence on nutrient concentration in the rhizosphere
soil when compared to the bulk soil. This observa-
tion aligns with the principle that the rhizosphere
constitutes the primary zone of interaction among
microorganisms, soil, and plants (Gamalero et al.
2003). Microbes in the rhizosphere soil of seedlings,
especially functional soil microorganisms such as
AMF and plant growth-promoting microorganism
(e.g., phosphate-solubilizing bacteria, phosphate-
solubilizing fungi, nitrogen-fixing bacteria, etc.), can
communicate with plants by exchanging signals and/
or materials (Andrino et al. 2021; Khan et al. 2013),
indirectly or directly affecting the physicochemical
properties of the rhizosphere soil (Chaudhary et al.
2020; Lynch and Ho 2005). Our results showed that
microbial inoculation treatments significantly affected
enzymes activities in the rhizosphere soil that metab-
olize C and N at T1 (supplementary Table S4). In the
absence of live inoculation, fG and CBH activities in
the rhizosphere soil were higher when the soil P was
deficient than when it was sufficient, likely reflecting
the increased root production of organic acids, amino
acids, and carbohydrates under P-deficient condi-
tions (Carvalhais et al. 2011). Building upon previous
researches, it becomes evident that a P-deficient soil
triggers plants to enhance their nutrient and energy
uptake mechanisms, leading to the up-regulation of
these specific enzymes (Lopez-Arredondo et al. 2014;
Olander and Vitousek 2000).

However, when compared to the no live inocula-
tion control in the current study, the inoculation with
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PSMs significantly down-regulated these enzymes in
the rhizosphere soil at T1 under the P-deficient condi-
tion. This suggests that PSMs inoculation could poten-
tially contributed to mitigating P stress within plant,
which could reduce substrates for enzymatic hydroly-
sis in root exudates and hence, soil enzyme activities.
In contrast, inoculating with PSMs+AMF gradually
improved the efficiency of soil P activation through
plant-microbe interactions that continue, resulting in
the highest ACP activity in the rhizosphere soil and the
highest TP content of P. edulis seedlings at T2. This
finding is contrast to a study that reported a peak in
soil ACP activity in the Artemisia annua rhizosphere
70 days after transplantation, followed by a steady
decrease (Ma et al. 2021). This contrast may indicate
that inoculating the soil with functional microbes
may improve P absorption and utilization primarily
during the first year of growth in the case of annual
plants, but mainly during the second year in the case
of woody plants. The beneficial effects of AMF may
take longer due to the time needed for the formation
and development of the mycelial network that can har-
vest AP from a larger soil volume, as well as the time
needed for other beneficial microbes to accumulate in
the rhizosphere (Ferrol et al. 2019; Xavier and Ger-
mida 2003). Our experiments support our first hypoth-
esis that PSMs, especially when co-inoculated with
AMF and particularly under the P-deficient condition,
can improve nutrient uptake by P. edulis seedlings by
changing enzyme activities and nutrient status in rhizo-
sphere soil.

The modifications observed in the microbial com-
munities within rhizosphere soils were closely associ-
ated with the beneficial impacts of microbial inocula-
tion, especially when AMF was co-inoculated with
PSMs (Vazquez et al. 2000). In this study, the applica-
tion of microbial inoculation significantly influenced the
diversity and composition of the microbial community
(Fig. 3), resulting notably in a substantial increase in the
abundance of beneficial microbial genera. Specifically,
inoculating the soil with PSMs resulted in a significantly
higher recruitment of the bacterial genera “norank_f_
Gemmatimonadaceae” under the P-deficient condition.
In contrast, co-inoculation with PSMs and AMF led to
a significant recruitment increase of the bacterial genera
Paenibacillus, as well as the fungal genera Talaromyces
and Aspergillus, in the rhizosphere soil of P. edulis seed-
lings, regardless of whether the soil P was deficient or
not. These genera have been recognized for their ability
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to promote plant growth by producing antibiotics, sidero-
phores, or enzymes (Doilom et al. 2020; Jin et al. 2022;
Khan et al. 2008). Furthermore, several specific bacterial
and fungal genera were exclusively present in the micro-
bial inoculation treatments (supplemental Fig. S1). The
co-inoculation with PSMs and AMF recruited a total of
56 bacterial genera exclusively found in the rhizosphere
soil, with plant growth-promoting bacteria Brevibacillus
and Halobacillus accounting for 27.25% of these genera
(Tiwari et al. 2019). These findings align with our sec-
ond hypothesis that PSMs, particularly co-inoculation
with AMF, possesses the capacity to enhance the recruit-
ment of plant growth-promoting microorganisms into the
rhizosphere. These microorganisms, in turn, provide C
sources and energy for AMF, allowing them to interact
with AMF and plants (Lioussanne et al. 2010; Marschner
etal. 1997).

Among the hub members of the microbial associa-
tion networks in rhizosphere microbial communities,
some were growth-promoting microorganism (e.g.,
Paenibacillus, Bacillus and Aspergillus) exclusively
recruited into the rhizosphere in microbial inocula-
tion treatments, particularly in the PSMs+AMF treat-
ment under P-deficient conditions, while some were
bacterial genera already in the original inoculum,
such as Burkholderia, Pseudomonas and Penicillium.
This may imply that the composition of the original
inoculum and recruited growth-promoting microor-
ganism could influence microbe-microbe interactions,
leading to the expression of complementary traits that
alleviate stress to P for plants (Paredes et al. 2018).

Conclusion

Phosphate-solubilizing microorganisms, especially in
combination with AMF, demonstrate the potential to
enhance nutrient uptake in P. edulis seedlings by induc-
ing changes in enzyme activities and nutrient status
within the rhizosphere soil. These effects appears to be
more pronounced during the second year of P. edulis
seedling growth and involve alterations in the composi-
tion and interactions among bacterial and fungal mem-
bers of the rhizosphere microbial community. Notably,
the co-inoculation with PSMs and AMF appears to
recruit a greater number of microorganisms that promote
plant growth, leading to positive impacts on enzyme
activities and nutrient status. Consequently, this co-
inoculation strategy benefits P. edulis seedlings growth,
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particularly when they are cultivated in P-deficient soil.
Our findings offer insights into the mechanisms through
which functional soil microbes regulate P uptake and
underscore the potential of employing PSMs and AMF
for sustainable agriculture and forestry practices. Future
research endeavors could delve into the exchange of sub-
stances in addition to mineral nutrient elements between
P. edulis and PSMs or PSMs+AMEF to optimize sustain-
able agricultural practices.

Acknowledgments We gratefully acknowledge the executive
editor and anonymous reviewers for their insightful comments.
We express our sincere gratitude to Dr. Chapin Rodriguez for
his valuable help in English editing, and we would like to thank
Majorbio Bio-Pharm Technology (Shanghai, China) for their
technical assistance with DNA sequencing.

Author contributions WS and YX designed the study and
co-wrote the manuscript. YX and FW performed the experi-
ments, analyzed the data and commented on previous versions
of the manuscript. SY and YZ participated in data collection
and analysis. YY and WS supervised the study and commented
on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding This work was supported by the National Natural
Science Foundation of China (32271971, 32171879), the Natu-
ral Science Foundation of Zhejiang Province (LY22C160004)
and the Cooperation Project between Zhejiang Province and
the Chinese Academy of Forestry (2020SY07).

Data availability All data generated or analysed during this
study are included in this published article and its supplemen-
tary information files.

Declarations

Competing interests The authors declare that they have no
known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

References

Achat DL, Morel C, Bakker MR, Augusto L, Pellerin S, Gallet-
Budynek A, Gonzalez M (2010) Assessing turnover of micro-
bial biomass phosphorus: combination of an isotopic dilu-
tion method with a mass balance model. Soil Biol Biochem
42:2231-2240. https://doi.org/10.1016/j.s0ilbio.2010.08.023

Allison SD, Vitousek PM (2005) Responses of extracellular
enzymes to simple and complex nutrient inputs. Soil Biol
Biochem 37:937-944.  https://doi.org/10.1016/j.soilbio.
2004.09.014

Andrino A, Guggenberger G, Sauheitl L, Burkart S, Boy J
(2021) Carbon investment into mobilization of min-
eral and organic phosphorus by arbuscular mycorrhiza.

Biol Fertil Soils 57:47-64. https://doi.org/10.1007/
s00374-020-01505-5

Aslani Borj M, Etesami H, Alikhani HA (2022) Silicon
improves the effect of phosphate-solubilizing bacterium
and arbuscular mycorrhizal fungus on phosphorus con-
centration of salinity-stressed alfalfa (Medicago sativa L.).
Rhizosphere 24:100619. https://doi.org/10.1016/j.rhisph.
2022.100619

Battini F, Grgnlund M, Agnolucci M, Giovannetti M, Jakobsen
1 (2017) Facilitation of phosphorus uptake in maize plants
by mycorrhizosphere bacteria article. Sci Rep 7:4686.
https://doi.org/10.1038/s41598-017-04959-0

Burke DJ, Klenkar MK, Medeiros JS (2018) Mycorrhizal net-
work connections, water reduction, and neighboring plant
species differentially impact seedling performance of two
forest wildflowers. Int J Plant Sci 179:314-324. https://
doi.org/10.1086/696686

Carvalhais LC, Dennis PG, Fedoseyenko D, Hajirezaei MR,
Borriss R, Von Wirén N (2011) Root exudation of sug-
ars, amino acids, and organic acids by maize as affected
by nitrogen, phosphorus, potassium, and iron deficiency. J
Plant Nutr Soil Sci 174:3—-11. https://doi.org/10.1002/jpln.
201000085

Chaudhary DR, Rathore AP, Sharma S (2020) Effect of halo-
tolerant plant growth promoting rhizobacteria inoculation
on soil microbial community structure and nutrients. Appl
Soil Ecol 150:103461. https://doi.org/10.1016/j.apsoil.
2019.103461

Chen C, Xiao W (2023) The global positive effect of phos-
phorus addition on soil microbial biomass. Soil Biol Bio-
chem 176:108882. https://doi.org/10.1016/j.50ilbio.2022.
108882

Cope KR, Kafle A, Yakha JK, Pfeffer PE, Strahan GD, Garcia
K, Subramanian S, Biicking H (2022) Physiological and
transcriptomic response of Medicago truncatula to colo-
nization by high- or low-benefit arbuscular mycorrhizal
fungi. Mycorrhiza 32:281-303. https://doi.org/10.1007/
s00572-022-01077-2

Doilom M, Guo JW, Phookamsak R et al (2020) Screen-
ing of phosphate-solubilizing Fungi from air and soil in
Yunnan, China: four novel species in aspergillus, Gong-
ronella, Penicillium, and Talaromyces. Front Microbiol
11:585215. https://doi.org/10.3389/fmicb.2020.585215

Falciani R, Novaro E, Marchesini M, Gucciardi M (2000)
Multi-element analysis of soil and sediment by ICP-MS
after a microwave assisted digestion method. J Anal At
Spectrom 15:561-565. https://doi.org/10.1039/b000742k

Ferrol N, Azcoén-Aguilar C, Pérez-Tienda J (2019) Review:
arbuscular mycorrhizas as key players in sustainable
plant phosphorus acquisition: an overview on the mecha-
nisms involved. Plant Sci 280:441-447. https://doi.org/10.
1016/j.plantsci.2018.11.011

Gamalero E, Fracchia L, Cavaletto M, Garbaye J, Frey-Klett P,
Varese GC, Martinotti MG (2003) Characterization of func-
tional traits of two fluorescent pseudomonads isolated from
basidiomes of ectomycorrhizal fungi. Soil Biol Biochem
35:55-65. https://doi.org/10.1016/S0038-0717(02)00236-5

Gosling P, Hodge A, Goodlass G, Bending GD (2006) Arbus-
cular mycorrhizal fungi and organic farming. Agric Eco-
syst Environ 113:17-35. https://doi.org/10.1016/j.agee.
2005.09.009

@ Springer


https://doi.org/10.1016/j.soilbio.2010.08.023
https://doi.org/10.1016/j.soilbio.2004.09.014
https://doi.org/10.1016/j.soilbio.2004.09.014
https://doi.org/10.1007/s00374-020-01505-5
https://doi.org/10.1007/s00374-020-01505-5
https://doi.org/10.1016/j.rhisph.2022.100619
https://doi.org/10.1016/j.rhisph.2022.100619
https://doi.org/10.1038/s41598-017-04959-0
https://doi.org/10.1086/696686
https://doi.org/10.1086/696686
https://doi.org/10.1002/jpln.201000085
https://doi.org/10.1002/jpln.201000085
https://doi.org/10.1016/j.apsoil.2019.103461
https://doi.org/10.1016/j.apsoil.2019.103461
https://doi.org/10.1016/j.soilbio.2022.108882
https://doi.org/10.1016/j.soilbio.2022.108882
https://doi.org/10.1007/s00572-022-01077-2
https://doi.org/10.1007/s00572-022-01077-2
https://doi.org/10.3389/fmicb.2020.585215
https://doi.org/10.1039/b000742k
https://doi.org/10.1016/j.plantsci.2018.11.011
https://doi.org/10.1016/j.plantsci.2018.11.011
https://doi.org/10.1016/S0038-0717(02)00236-5
https://doi.org/10.1016/j.agee.2005.09.009
https://doi.org/10.1016/j.agee.2005.09.009

464

Plant Soil (2024) 497:449-466

Gu Y, Ros GH, Zhu Q, Zheng D, Shen J, Cai Z, Xu M, De
Vries W (2023) Responses of total, reactive and dissolved
phosphorus pools and crop yields to long-term fertiliza-
tion. Agric Ecosyst Environ 357:108658. https://doi.org/
10.1016/j.agee.2023.108658

Guan F, Xia M, Tang X, Fan S (2017) Spatial variability of
soil nitrogen, phosphorus and potassium contents in Moso
bamboo forests in Yong’an City, China. Catena 150:161—
172. https://doi.org/10.1016/j.catena.2016.11.017

Guifazi LB, Andrés JA, Del Papa MF, Pistorio M, Rosas SB
(2010) Response of alfalfa (Medicago sativa L.) to single
and mixed inoculation with phosphate-solubilizing bacte-
ria and Sinorhizobium meliloti. Biol Fertil Soils 46:185—
190. https://doi.org/10.1007/s00374-009-0408-5

Gulati A, Sharma N, Vyas P, Sood S, Rahi P, Pathania V,
Prasad R (2010) Organic acid production and plant
growth promotion as a function of phosphate solubiliza-
tion by Acinetobacter rhizosphaerae strain BIHB 723
isolated from the cold deserts of the trans-Himalayas.
Arch Microbiol 192:975-983. https://doi.org/10.1007/
$00203-010-0615-3

Han J, Xia D, Li L, Sun L, Yang K, Zhang L (2009) Diversity
of culturable bacteria isolated from root domains of moso
bamboo (Phyllostachys edulis). Microb Ecol 58:363-373.
https://doi.org/10.1007/s00248-009-9491-2

Hansen V, Bonnichsen L, Nunes I, Sexlinger K, Lopez SR,
van der Bom FJT, Nybroe O, Nicolaisen MH, Jensen
LS (2020) Seed inoculation with Penicillium bilaiae
and Bacillus simplex affects the nutrient status of winter
wheat. Biol Fertil Soils 56:97-109. https://doi.org/10.
1007/s00374-019-01401-7

He Y, Tang Y, Lin L, Shi W, Ying Y (2023) Differential
responses of phosphorus accumulation and mobiliza-
tion in Moso bamboo (Phyllostachys edulis (Carriere)
J. Houz) seedlings to short-term experimental nitrogen
deposition. Ann For Sci 80:10. https://doi.org/10.1186/
$13595-023-01176-w

Herman DJ, Firestone MK, Nuccio E, Hodge A (2012) Inter-
actions between an arbuscular mycorrhizal fungus and a
soil microbial community mediating litter decomposition.
FEMS Microbiol Ecol 80:236-247. https://doi.org/10.
1111/j.1574-6941.2011.01292.x

Hinsinger P, Brauman A, Devau N, Gérard F, Jourdan C,
Laclau JP, Le Cadre E, Jaillard B, Plassard C (2011)
Acquisition of phosphorus and other poorly mobile
nutrients by roots. Where do plant nutrition models
fail? Plant Soil 348:29-61. https://doi.org/10.1007/
s11104-011-0903-y

Hodge A, Fitter AH (2010) Substantial nitrogen acquisition
by arbuscular mycorrhizal fungi from organic material
has implications for N cycling. Proc Natl Acad Sci U
S A 107:13754-13759. https://doi.org/10.1073/pnas.
1005874107

Huang G, Xu Y, Wu Q (2021) Mycorrhiza-improved P acquisition
of host plants : a mini-review. GSC Biol Pharm Sci 14:062—
067. https://doi.org/10.30574/gscbps.2021.14.3.0063

Iannucci A, Canfora L, Nigro F, De Vita P, Beleggia R
(2021) Relationships between root morphology, root
exudate compounds and rhizosphere microbial com-
munity in durum wheat. Appl Soil Ecol 158:103781.
https://doi.org/10.1016/j.aps0il.2020.103781

@ Springer

Jin J, Krohn C, Franks AE et al (2022) Elevated atmospheric
CO, alters the microbial community composition and
metabolic potential to mineralize organic phosphorus in
the rhizosphere of wheat. Microbiome 10:1-17. https://
doi.org/10.1186/s40168-021-01203-w

Kalamulla R, Karunarathna SC, Tibpromma S, Galappaththi
MCA, Suwannarach N, Stephenson SL, Asad S, Salem
ZS, Yapa N (2022) Arbuscular mycorrhizal fungi in sus-
tainable agriculture. Sustain 14:12250. https://doi.org/
10.3390/5u141912250

Kaur C, Selvakumar G, Ganeshamurthy AN (2016) Organic
acids in the rhizosphere: their role in phosphate disso-
lution. In: Singh DP, Singh HB, Prabha R (eds) Micro-
bial inoculants in sustainable agricultural productivity.
Springer, New Delhi, pp 1-308

Khan Z, Kim SG, Jeon YH, Khan HU, Son SH, Kim YH
(2008) A plant growth promoting rhizobacterium, Pae-
nibacillus polymyxa strain GBR-1, suppresses root-knot
nematode. Bioresour Technol 99:3016-3023. https://doi.
org/10.1016/j.biortech.2007.06.031

Khan MS, Ahmad E, Zaidi A, Oves M (2013) Functional
aspect of phosphate-solubilizing bacteria: importance in
crop production. In: Maheshwari DK, Saraf M, Aeron
A (eds) Bacteria in agrobiology: crop productivity.
Springer, Berlin Heidelberg, pp 237-265

Lambers H, Ahmedi I, Berkowitz O et al (2013) Phospho-
rus nutrition of phosphorus-sensitive Australian native
plants: threats to plant communities in a global biodiver-
sity hotspot. Conserv Physiol 1:cot010. https://doi.org/
10.1093/conphys/cot010

Lioussanne L, Perreault F, Jolicoeur M, St-Arnaud M (2010)
The bacterial community of tomato rhizosphere is modi-
fied by inoculation with arbuscular mycorrhizal fungi
but unaffected by soil enrichment with mycorrhizal
root exudates or inoculation with Phytophthora nicotia-
nae. Soil Biol Biochem 42:473-483. https://doi.org/10.
1016/j.s0ilbi0.2009.11.034

Lépez-Arredondo DL, Leyva-Gonzdlez MA, Gonzélez-
Morales SI, Lépez-Bucio J, Herrera-Estrella L (2014)
Phosphate nutrition: improving low-phosphate tolerance
in crops. Annu Rev Plant Biol 65:95-123. https://doi.
org/10.1146/annurev-arplant-050213-035949

Lynch JP, Ho MD (2005) Rhizoeconomics: carbon costs of
phosphorus acquisition. Plant Soil 269:45-56. https://
doi.org/10.1007/s11104-004-1096-4

Ma J, Ma Y, Wei Z et al (2021) Effects of arbuscular myc-
orrhizal fungi symbiosis on microbial diversity and
enzyme activities in the rhizosphere soil of Artemisia
annua. Soil Sci Soc Am J 85:703-716. https://doi.org/
10.1002/52j2.20229

Mider P, Kaiser F, Adholeya A et al (2011) Inoculation of
root microorganisms for sustainable wheat-rice and
wheat-black gram rotations in India. Soil Biol Biochem
43:609-619. https://doi.org/10.1016/j.s0ilbio.2010.11.
031

Magallon-Servin P, Antoun H, Taktek S, de-Bashan LE (2020)
Designing a multi-species inoculant of phosphate rock-
solubilizing bacteria compatible with arbuscular mycor-
rthizae for plant growth promotion in low-P soil amended
with PR. Biol Fertil Soils 56:521-536. https://doi.org/10.
1007/s00374-020-01452-1


https://doi.org/10.1016/j.agee.2023.108658
https://doi.org/10.1016/j.agee.2023.108658
https://doi.org/10.1016/j.catena.2016.11.017
https://doi.org/10.1007/s00374-009-0408-5
https://doi.org/10.1007/s00203-010-0615-3
https://doi.org/10.1007/s00203-010-0615-3
https://doi.org/10.1007/s00248-009-9491-2
https://doi.org/10.1007/s00374-019-01401-7
https://doi.org/10.1007/s00374-019-01401-7
https://doi.org/10.1186/s13595-023-01176-w
https://doi.org/10.1186/s13595-023-01176-w
https://doi.org/10.1111/j.1574-6941.2011.01292.x
https://doi.org/10.1111/j.1574-6941.2011.01292.x
https://doi.org/10.1007/s11104-011-0903-y
https://doi.org/10.1007/s11104-011-0903-y
https://doi.org/10.1073/pnas.1005874107
https://doi.org/10.1073/pnas.1005874107
https://doi.org/10.30574/gscbps.2021.14.3.0063
https://doi.org/10.1016/j.apsoil.2020.103781
https://doi.org/10.1186/s40168-021-01203-w
https://doi.org/10.1186/s40168-021-01203-w
https://doi.org/10.3390/su141912250
https://doi.org/10.3390/su141912250
https://doi.org/10.1016/j.biortech.2007.06.031
https://doi.org/10.1016/j.biortech.2007.06.031
https://doi.org/10.1093/conphys/cot010
https://doi.org/10.1093/conphys/cot010
https://doi.org/10.1016/j.soilbio.2009.11.034
https://doi.org/10.1016/j.soilbio.2009.11.034
https://doi.org/10.1146/annurev-arplant-050213-035949
https://doi.org/10.1146/annurev-arplant-050213-035949
https://doi.org/10.1007/s11104-004-1096-4
https://doi.org/10.1007/s11104-004-1096-4
https://doi.org/10.1002/saj2.20229
https://doi.org/10.1002/saj2.20229
https://doi.org/10.1016/j.soilbio.2010.11.031
https://doi.org/10.1016/j.soilbio.2010.11.031
https://doi.org/10.1007/s00374-020-01452-1
https://doi.org/10.1007/s00374-020-01452-1

Plant Soil (2024) 497:449-466

465

Marschner P, Crowley DE, Higashi RM (1997) Root exudation
and physiological status of a root-colonizing fluorescent
pseudomonad in mycorrhizal and non-mycorrhizal pepper
(Capsicum annuum L.). Plant Soil 189:11-20. https://doi.
org/10.1023/A:1004266907442

Mayak S, Tirosh T, Glick BR (2004) Plant growth-promoting
bacteria that confer resistance to water stress in tomatoes
and peppers. Plant Sci 166:525-530. https://doi.org/10.
1016/j.plantsci.2003.10.025

Morales A, Alvear M, Valenzuela E, Castillo CE, Borie F
(2011) Screening, evaluation and selection of phosphate-
solubilising fungi as potential biofertiliser. J Soil Sci Plant
Nutr 11:89-103. https://doi.org/10.4067/S0718-95162
011000400007

Mora-Macias J, Ojeda-Rivera JO, Gutiérrez-Alanis D et al
(2017) Malate-dependent Fe accumulation is a critical
checkpoint in the root developmental response to low
phosphate. Proc Natl Acad Sci U S A 114:E3563-E3572.
https://doi.org/10.1073/pnas.1701952114

Mpanga IK, Nkebiwe PM, Kuhlmann M, Cozzolino V, Pic-
colo A, Geistlinger J, Berger N, Ludewig U, Neumann
G (2019) The form of n supply determines plant growth
promotion by p-solubilizing microorganisms in maize.
Microorganisms 7:38. https://doi.org/10.3390/microorgan
isms7020038

Murphy J, Riley JP (1962) A modified single solution method
for the determination of phosphate in natural waters. Anal
Chim Acta 26:678—681. https://doi.org/10.1016/S0003-
2670(00)88444-5

Naseby DC, Lynch JM (1997) Rhizosphere soil enzymes as
indicators of perturbations caused by enzyme substrate
addition and inoculation of a genetically modified strain
of Pseudomonas fluorescens on wheat seed. Soil Biol Bio-
chem 29:1353-1362

Nelson DW, Sommers LE (1983) Total carbon, organic car-
bon and organic matter. In: Page AL, Miller RH, Keeney
DR (eds) Methods of soil analysis. Part 2, chemical and
microbiological properties. American Society of Agron-
omy, Madison, pp 534-580

Ohyama T, Ito M, Kobayashi K et al (1991) Analytical proce-
dures of N, P, K contents in plant and manure materials
using H,SO,-H,0, Kjeldahl digestion method. Bull Fac
Agric Niigata Univ 43:111-120 (In Japanese with English
summary)

Olander LP, Vitousek PM (2000) Regulation of soil phos-
phatase and chitinase activity by N and P availability.
Biogeochemistry 49:175-190. https://doi.org/10.1023/A:
1006316117817

Palmer JD, Foster KR (2022) Bacterial species rarely work
together. Science 376:581-582. https://doi.org/10.1126/
science.abn5093

Paredes SH, Gao T, Law TF et al (2018) Design of synthetic
bacterial communities for predictable plant phenotypes.
PLoS Biol 16:2003962. https://doi.org/10.1371/journal.
pbio.2003962

R Core Team (2019) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Raymond NS, Jensen LS, Miiller Stover D (2018) Enhancing
the phosphorus bioavailability of thermally converted
sewage sludge by phosphate-solubilising fungi. Ecol Eng
120:44-53. https://doi.org/10.1016/j.ecoleng.2018.05.026

Rezaei-Chiyaneh E, Mahdavikia H, Subramanian S, Alipour H,
Siddique KHM, Smith DL (2021) Co-inoculation of phos-
phate-solubilizing bacteria and mycorrhizal fungi: effect
on seed yield, physiological variables, and fixed oil and
essential oil productivity of ajowan (Carum copticum L.)
under water deficit. J Soil Sci Plant Nutr 21:3159-3179.
https://doi.org/10.1007/s42729-021-00596-9

Richardson AE, Simpson RJ (2011) Soil microorganisms medi-
ating phosphorus availability. Plant Physiol 156:989-996.
https://doi.org/10.1104/pp.111.175448

Ryu CM, Murphy JF, Mysore KS, Kloepper JW (2004) Plant
growth-promoting rhizobacteria systemically protect
Arabidopsis thaliana against cucumber mosaic virus by a
salicylic acid and NPR1-independent and jasmonic acid-
dependent signaling pathway. Plant J 39:381-392. https://
doi.org/10.1111/j.1365-313X.2004.02142.x

Singh S, Kapoor KK (1999) Inoculation with phosphate-solu-
bilizing microorganisms and a vesicular-arbuscular myc-
orrhizal fungus improves dry matter yield and nutrient
uptake by wheat grown in a sandy soil. Biol Fertil Soils
28:139-144. https://doi.org/10.1007/s003740050475

Smith SE, Smith FA (2011) Roles of arbuscular mycorrhizas
in plant nutrition and growth: new paradigms from cellu-
lar to ecosystem scales. Annu Rev Plant Biol 62:227-250.
https://doi.org/10.1146/annurev-arplant-042110-103846

Song X, Zhou G, Jiang H, Yu S, Fu J, Li W, Wang W, Ma Z,
Peng C (2011) Carbon sequestration by Chinese bam-
boo forests and their ecological benefits: assessment of
potential, problems, and future challenges. Environ Rev
19:418-428. https://doi.org/10.1139/a11-015

Sood SG (2003) Chemotactic response of plant-growth-pro-
moting bacteria towards roots of vesicular-arbuscular
mycorrhizal tomato plants. FEMS Microbiol Ecol 45:219—
227. https://doi.org/10.1016/S0168-6496(03)00155-7

Su M, Meng L, Zhao L, Tang Y, Qiu J, Tian D, Li Z (2021)
Phosphorus deficiency in soils with red color: insights
from the interactions between minerals and microorgan-
isms. Geoderma 404:115311. https://doi.org/10.1016/j.
geoderma.2021.115311

Tiwari S, Prasad V, Lata C (2019) Bacillus: plant growth pro-
moting bacteria for sustainable agriculture and environ-
ment. In: Singh JS, Singh DP (eds) New and future devel-
opments in microbial biotechnology and bioengineering.
Elsevier, Amsterdam, pp 43-55

Vazquez MM, César S, Azcon R, Barea JM (2000) Interactions
between arbuscular mycorrhizal fungi and other microbial
inoculants (Azospirillum, Pseudomonas, Trichoderma) and
their effects on microbial population and enzyme activities
in the rhizosphere of maize plants. Appl Soil Ecol 15:261-
272. https://doi.org/10.1016/S0929-1393(00)00075-5

Wang X, Shen J, Liao H (2010) Acquisition or utilization,
which is more critical for enhancing phosphorus effi-
ciency in modern crops? Plant Sci 179:302-306. https://
doi.org/10.1016/j.plantsci.2010.06.007

Wang Y, Zhao X, Guo Z, Jia Z, Wang S, Ding K (2018)
Response of soil microbes to a reduction in phosphorus
fertilizer in rice-wheat rotation paddy soils with varying
soil P levels. Soil Tillage Res 181:127-135. https://doi.
org/10.1016/j.stil1.2018.04.005

Xavier LJC, Germida JJ (2003) Bacteria associated with Glo-
mus clarum spores influence mycorrhizal activity. Soil

@ Springer


https://doi.org/10.1023/A:1004266907442
https://doi.org/10.1023/A:1004266907442
https://doi.org/10.1016/j.plantsci.2003.10.025
https://doi.org/10.1016/j.plantsci.2003.10.025
https://doi.org/10.4067/S0718-95162011000400007
https://doi.org/10.4067/S0718-95162011000400007
https://doi.org/10.1073/pnas.1701952114
https://doi.org/10.3390/microorganisms7020038
https://doi.org/10.3390/microorganisms7020038
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1023/A:1006316117817
https://doi.org/10.1023/A:1006316117817
https://doi.org/10.1126/science.abn5093
https://doi.org/10.1126/science.abn5093
https://doi.org/10.1371/journal.pbio.2003962
https://doi.org/10.1371/journal.pbio.2003962
https://doi.org/10.1016/j.ecoleng.2018.05.026
https://doi.org/10.1007/s42729-021-00596-9
https://doi.org/10.1104/pp.111.175448
https://doi.org/10.1111/j.1365-313X.2004.02142.x
https://doi.org/10.1111/j.1365-313X.2004.02142.x
https://doi.org/10.1007/s003740050475
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1139/a11-015
https://doi.org/10.1016/S0168-6496(03)00155-7
https://doi.org/10.1016/j.geoderma.2021.115311
https://doi.org/10.1016/j.geoderma.2021.115311
https://doi.org/10.1016/S0929-1393(00)00075-5
https://doi.org/10.1016/j.plantsci.2010.06.007
https://doi.org/10.1016/j.plantsci.2010.06.007
https://doi.org/10.1016/j.still.2018.04.005
https://doi.org/10.1016/j.still.2018.04.005

466

Plant Soil (2024) 497:449-466

Biol Biochem 35:471-478. https://doi.org/10.1016/
S0038-0717(03)00003-8

Xiao D, Che R, Liu X, Tan Y, Yang R, Zhang W, He X, Xu
Z, Wang K (2019) Arbuscular mycorrhizal fungi abun-
dance was sensitive to nitrogen addition but diversity
was sensitive to phosphorus addition in karst ecosystems.
Biol Fertil Soils 55:457-469. https://doi.org/10.1007/
s00374-019-01362-x

Xie MM, Zou YN, Wu QS, Zhang ZZ, Kuca K (2020) Single
or dual inoculation of arbuscular mycorrhizal fungi and
rhizobia regulates plant growth and nitrogen acquisition in
white clover. Plant Soil Environ 66:287-294. https://doi.
org/10.17221/234/2020-PSE

Xing Y, Shi W, Zhu Y, Wang F, Wu H, Ying Y (2021) Screen-
ing and activity assessing of phosphorus availability
improving microorganisms associated with bamboo rhizo-
sphere in subtropical China. Environ Microbiol 23:6074—
6088. https://doi.org/10.1111/1462-2920.15633

Yue Z, Chen C, Liu Y et al (2023) Phosphorus solubilizing
Bacillus altitudinis WR10 alleviates wheat phospho-
rus deficiency via remodeling root system architecture,

@ Springer

enhancing phosphorus availability, and activating the
ASA-GSH cycle. Plant Soil. https://doi.org/10.1007/
s11104-023-06180-7

Zhang H, Wu X, Li G, Qin P (2011) Interactions between
arbuscular mycorrhizal fungi and phosphate-solubilizing
fungus (Mortierella sp.) and their effects on Kostelelzkya
virginica growth and enzyme activities of rhizosphere and
bulk soils at different salinities. Biol Fertil Soils 47:543—
554. https://doi.org/10.1007/s00374-011-0563-3

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.1016/S0038-0717(03)00003-8
https://doi.org/10.1016/S0038-0717(03)00003-8
https://doi.org/10.1007/s00374-019-01362-x
https://doi.org/10.1007/s00374-019-01362-x
https://doi.org/10.17221/234/2020-PSE
https://doi.org/10.17221/234/2020-PSE
https://doi.org/10.1111/1462-2920.15633
https://doi.org/10.1007/s11104-023-06180-7
https://doi.org/10.1007/s11104-023-06180-7
https://doi.org/10.1007/s00374-011-0563-3

	Enhancing Phyllostachys edulis seedling growth in phosphorus-deficient soil: complementing the role of phosphate-solubilizing microorganisms with arbuscular mycorrhizal fungi
	Abstract 
	Background and aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Plant culture, inoculants, and experimental design
	Sample collection
	Determination of plant mass and nutrient concentrations
	Soil chemical and biological properties
	Analysis of soil microbial communities
	Statistical analysis

	Results
	Effect of soil inoculation on seedling growth and nutrient content
	Effect of microbial inoculation on soil nutrient content and enzyme activities
	Diversity and composition of the soil microbial community

	Discussion
	Conclusion
	Acknowledgments 
	References


