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Abstract

Background and aims The interaction between
arbuscular mycorrhizal fungi (AMF) and rice roots is
essential for regulating nitrogen (N) uptake through
roots and AM fungal hyphae. However, the effects of
microbial community traits and activities in the rhizo-
sphere and hyphosphere on plant N uptake under var-
ying phosphorus (P) fertilization levels remain insuf-
ficiently understood.
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Methods This study used ’N-urea to assess N
fertilizer uptake and retention, and measured soil
chemical properties, soil enzyme activities, and the
diversity, composition, and network complexity of
bacterial and fungal communities within the root
compartment (RC) and hyphae-only compartment
(HC) for rice with and without AMF inoculation
across high- and low-P fertilization levels.

Results AMF inoculation significantly enhanced
urea-N accumulation in plants by 15.4—16.0% across
both P levels, likely due to increased root biomass
and AMF abundance. In RC soil, AMF inoculation
elevated protease and cellulase activities, possibility
by increasing the abundance of specific genera (e.g.,
Clostridium sp. and Cystobasidiales) and enhancing
fungal community complexity, which could boost
root biomass and °N uptake. Conversely, in HC soil,
AMF inoculation elevated protease, p-glucosidase,
and phosphatase activities, possibility by augmenting
the abundance of specific genera (e.g., Bacillus and
GS16), which could boost AMF abundance and "N
uptake through AM fungal hyphae. In low-P input
soil, AMF inoculation significantly increased the
complexity of microbial communities and enhanced
phosphatase and urease activities in HC soil, result-
ing increased AMF abundance and greater N uptake
through AM fungal hyphae. In contrast, in high-
P input soil, root N uptake might be predominant
due to increased root biomass facilitated by AMF
inoculation.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-025-07986-3&domain=pdf
https://doi.org/10.1007/s11104-025-07986-3
https://doi.org/10.1007/s11104-025-07986-3

Plant Soil

Conclusion Our findings underscore the importance
of rhizosphere and hyphosphere microbial communi-
ties and soil enzyme activities in optimizing N uptake
via roots and AM fungal hyphae.

Keywords Arbuscular mycorrhizal fungi - N
fertilizer uptake - Rhizosphere and hyphosphere
microbial community - Soil enzyme activity

Introduction

Rice (Oryza sativa L.) is among the most essential
cereal crops globally, serving as a staple food for over
half of the world’s population (Food and Agriculture
Organization of the United Nations 2024). China’s
staple crop production is marked by excessive appli-
cation of synthetic nitrogen (N) fertilizers and insuffi-
cient nitrogen use efficiency (NUE) (Liu et al. 2024).
Approximately 80-84% of the total nitrogen input for
staple crops in China is derived from synthetic ferti-
lizers, which constitute 54% of the national synthetic
nitrogen fertilizer usage (National Bureau of Statistics
2021; National Development and Reform Commis-
sion 2021; Sapkota et al. 2023). Notably, the NUE
of staple crop production in China ranges from 0.20
to 0.24 (Sapkota et al. 2023), significantly below the
global average of 0.42 (Zhang et al. 2015).The current
application of large quantities of nitrogen (N) ferti-
lizers in rice production has resulted in significant N
losses through ammonia volatilization, nitrous oxide
emissions, runoff, and leaching (Zhang et al. 2015).
Arbuscular mycorrhizal fungi (AMF), a ubiquitous
group of soil fungi, form symbiotic associations with
the roots of various crops (Yimer et al. 2024; Li et al.
2025; Sato et al. 2025). Historically, the lower rates
of AMF colonization and diversity were attributed to
paddy fields, causing earlier studies to often overlook
their diversity and ecological functions in these ecosys-
tems (Ilag et al. 1987; Lumini et al. 2011). However,
advancements in high-throughput sequencing tech-
nologies over the past decade have demonstrated that
AMF can effectively thrive in paddy wetland environ-
ments (Jiang et al. 2020). In this mutualistic associa-
tion, plants supply AMF with carbohydrates and lipids
as carbon sources for their metabolic needs (Balestrini
et al. 2020; Kakouridis et al. 2024). In return, AMF
facilitate the absorption of water and nutrients, includ-
ing N and phosphorus (P), from deeper soil strata
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through an extensive hyphal network, transporting
them to the roots for plant uptake (Smith et al. 2004).
Consequently, AMF plays a critical role as a biological
fertilizer in promoting sustainable agriculture.

Nitrogen is a vital nutrient essential for plant growth
and development. Roots and AM fungal hyphae repre-
sent two distinct strategies employed by plants for soil
N foraging (Veresoglou et al. 2012; Hestrin et al. 2019;
Wang et al. 2020). Increasing evidence underscored
the critical role of AMF in plant N uptake, transport,
and metabolism (Sun et al. 2024; Wang et al. 2025¢),
with studies indicating that the proportion of N sup-
plied by AM fungal hyphae to plants can range from
less than 10% to as much as 75% (Hui et al. 2022;
Xie et al. 2022; Shi et al. 2023). Research on N for-
aging strategies has focused on either the root system
(Wang et al. 2023¢c) or mycorrhizal fungi (Wu et al.
2021; Bicharanloo et al. 2023). However, relatively few
studies have examined the combined role of roots and
AM fungal hyphae in plant N acquisition (Zhang et al.
2019, 2022b; Yang et al. 2022).

The primary function of AMF has tradition-
ally been recognized as enhancing P acquisition in
host plants (Miiller and Harrison 2019; Wang et al.
2023a). Recent studies have shown that AMF could
recruit bacteria harboring phosphatase genes and
alter the bacterial community composition to increase
alkaline phosphatase (ALP) activity on their hyphal
surfaces (Zhang et al. 2018). Additionally, AM fun-
gal hyphae serves as "highways" for bacterial move-
ment, facilitating access to soil organic P patches and
improving the utilization of soil organic P (Jiang et al.
2021; Keyes et al. 2022). However, increased soil P
availability could reduce plant dependence on AMF,
shifting nutrient uptake from AM fungal hyphae to
direct acquisition by the root system (Lambers et al.
2015; Werner and Kiers 2015), particularly when P
is a limiting factor for plant growth in the soil envi-
ronment. Consequently, the effects of AMF on N
transformation and plant uptake might vary under
different P fertilization levels (Liu et al. 2021; Thaqi
et al. 2025). High levels of mineral P fertilizers may
enhance N uptake by plant roots, whereas low lev-
els of mineral P fertilizers may promote N uptake
via AM fungal hyphae. However, the influence of P
fertilizer levels on N uptake in AM-associated plants
remains poorly understood.

Soil microorganisms are known to play a crucial
role in soil nutrient cycling (Delgado-Baquerizo et al.
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2016; Naylor et al. 2020). However, its activity and
functionality are often limited by a lack of carbon
(Demoling et al. 2007; Wan et al. 2015). This under-
scores the importance of soil zones rich in organic
carbon compounds, such as the rhizosphere, which
serve as critical hotspots for biogeochemical transfor-
mations involving microorganisms (Berendsen et al.
2012; Fan et al. 2025). Although AMF can deliver
N to their plant hosts, a synergistic feedback through
mycorrhizally-driven plant growth may also provide
resources for additional photosynthate production,
which can stimulate rhizosphere soil microbial com-
munities and activities that support continued plant
growth and nutrient uptake (Hestrin et al. 2019).
Recent studies have demonstrated that the interactions
between AMF and rice rhizosphere microbes signifi-
cantly influenced rice growth and soil structural prop-
erties (Brahmaprakash et al. 2017; Mitra et al. 2021;
Bao et al. 2022). Various microbial communities have
been shown to interact with AMF in the rice rhizo-
sphere, including bacteria and fungi (Mendes et al.
2013; Breidenbach et al. 2016). Compounds exuded
from rice roots (e.g., organic acids, amino acids, poly-
saccharides, and hormones) and microbial secretions
(e.g., volatile organic compounds [VOCs], 1-amino-
cyclopropane-1-carboxylate deaminase [ACCD], and
polysaccharides) play a critical role in sustaining the
symbiotic relationships among rice plants, AMF, and
soil microorganisms (Glick 2014; Kai et al. 2016;
Wang et al. 2025a).

Similar to the rhizosphere, AM fungal extraradi-
cal hyphae release carbon-rich exudates into the sur-
rounding soil, stimulating microbial growth and
recruiting distinct microbial communities to estab-
lish the hyphosphere microbiome, which facilitates
nutrient uptake (Wang et al. 2023b). Recent in situ
experiments have compared soil containing AM
hyphae with soil where AM fungi were excluded.
Using amplicon sequencing, these studies demon-
strated significant differences in bacterial commu-
nities between soil with AM hyphae and bulk soil
(Zhou et al. 2020a; Emmett et al. 2021; Zhang et al.
2022a). High-throughput stable isotope probing fur-
ther revealed that specific bacterial phyla associated
with AM hyphae assimilated the majority of car-
bon derived from AM fungi (Nuccio et al. 2022).
Additionally, a recent study found that mycorrhiza-
mediated recruitment of complete denitrifying Pseu-
domonas bacteria effectively reduced N,O emissions

from soil (Li et al. 2023). Collectively, these findings
underscored the critical role of interactions between
soil microbes and AMF in both the rhizosphere and
hyphosphere in regulating N uptake by plant roots
and AM hyphae (Duan et al. 2024).

Soil microorganisms do not exist in isolation but
instead form intricate ecological interaction networks
that sustain ecosystem functions (Wagg et al. 2019).
Co-occurrence networks are commonly employed
to evaluate interactions among microorganisms and
their responses to environmental changes (Ma et al.
2020). Studies have shown that AMF inoculation can
enhance the complexity and stability of soil microbial
networks in agricultural systems (Huang et al. 2024).
However, AMF inoculation may also reduce the com-
plexity of microbial community networks due to com-
petition between AMF and other microbes (Wang
et al. 2024). The overall impact of AMF inoculation
is shaped by factors such as environmental condi-
tions, community composition, and the functional
demands of the ecosystem. Nonetheless, it remains
unclear whether microbial network responses to AMF
inoculation are consistent in the rice rhizosphere and
hyphosphere under varying P fertilization levels.

Soil enzyme activities, which reflect the level of
soil microbial activity, are crucial for enhancing plant
N uptake (Nannipieri et al. 2018). AMF could alter
the structure and metabolic activity of soil microbial
communities, thereby affecting soil enzyme activ-
ity (Ye et al. 2015). Research has demonstrated that
AMF directly increased soil N availability by stimu-
lating the activity of soil enzymes, thereby support-
ing plant growth and N uptake (Zhang et al. 2016;
Qin et al. 2020a). However, in certain competitive
environments, AMF may inhibit soil enzyme activ-
ity, potentially limiting nutrient cycling (Zhou et al.
2020b). Overall, AMF could regulate soil N uptake
by influencing soil enzyme activity. Nonetheless, the
effects of AMF on soil enzyme activities related to
carbon, nitrogen, and phosphorus cycling are com-
plex and multifaceted, encompassing both stimula-
tory and inhibitory impacts. Importantly, the role of
rhizosphere and hyphosphere microbiomes, along
with soil enzyme activities, in facilitating N uptake in
mycorrhizal rice remains insufficiently explored.

To address these gaps, paddy soil was divided into
a root compartment (RC) and a hyphae-only com-
partment (HC). Two P input levels were applied, and
rice seedlings were cultivated with and without AMF

@ Springer



Plant Soil

inoculation under greenhouse conditions. To evalu-
ate N fertilizer uptake and retention in the rice-soil
system, 'N-urea was used. This study also exam-
ined the responses of soil chemical properties, soil
enzyme activities, the diversity, composition, and
network complexity of bacterial and fungal commu-
nities to AMF inoculation in RC and HC soils under
varying P fertilizer input levels. The primary objec-
tive is to identify the factors contributing to N ferti-
lizer uptake in RC and HC soils with AMF inocula-
tion. We hypothesized that AMF inoculation may
stimulate microbial growth and soil enzyme activities
by increasing root exudates and carbon-rich exudates
from AM fungal hyphae in the soil, thereby produc-
ing more nutrients to support plant growth in RC and
AMF growth in HC soils, ultimately improving N
uptake by roots and AM fungal hyphae.

Materials and methods
Soil collection and AMF inoculum

Soil samples were collected in May 2023, following
the wheat harvest, from a typical rice—wheat rota-
tion field in Changzhou, Jiangsu, China (31°46'48"
N, 119°57'0" E). The soils belonged to yellow mud
soil with high fertility, deriving from lacustrine
sediment. After collection, the soil was air-dried,
sieved through a 5-mm mesh, and homogenized for
use in the microcosm. Soil properties were deter-
mined including pH (6.39, 1:2.5 of soil-to-water
ratio), total organic carbon (TOC, 11.6 g kg‘l),
total nitrogen (TN, 1.10 g kg™"), alkali-hydro nitro-
gen (AN, 86.0 mg kg!), available phosphorus
(AP, 27.5 mg kg’l), and available potassium (AK,
131 mg kg™h).

Rhizophagus irregularis BGC BJ09, a model AMF
species, was commercially supplied by the Institute
of Plant Nutrition and Resources, Beijing Academy
of Agriculture and Forestry Sciences, China. Rhizo-
phagus irregularis was propagated on maize and then
the AMF inoculum consisted of cultured sands, colo-
nized root fragments, spores and hyphae.

Experimental design

A microcosm experiment was conducted in the
greenhouse at Jiangsu Academy of Agricultural
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Sciences (JAAS). Two factors were considered: two
levels of AM fungal inoculation, either rice root
inoculation or non-inoculation with Rhizophagus
irregularis, and two P input levels, either 18.8 mg
P kg! or 37.5 mg P kg™'. All treatments were rep-
licated three times. Initially, rice seeds (cv. Nan-
geng 46) were sterilized in 10% hydrogen perox-
ide (H,O,) for 10 min and then thoroughly rinsed
with deionized water. Three days post-germination,
0.5 kg of seedlings (fresh weight) were mixed with
12.5 g of AMF inoculum (Rhizophagus irregularis,
70 spores g~ '), which included culture media with
spores, hyphae, and colonized root pieces. Rice
seedlings inoculated with sterilized AMF inocu-
lum served as the control treatment without AMF
inoculation.

The soil was then supplemented with potas-
sium chloride (37.5 mg K kg™!) and calcium phos-
phate monobasic monohydrate (either 37.5 mg P
kg™ or 18.8 mg P kg'!). N fertilizer was applied as
5N-urea at a rate of 100 mg N kg™!. Subsequently,
3.0 kg dry weight (dw) of soil with fertilizer appli-
cation was transferred into rhizo-bags (30 pm nylon
mesh, diameter 10 cmXheight 20 cm), which were
placed in the center of polyvinyl chloride pots (diam-
eter 15 cm Xheight 23 cm). An additional 9.0 kg dw
of soil was added to fill the space outside the rhizo-
bags. The two-compartment microcosms consisted
of a root compartment (RC) and a hyphae-only com-
partment (HC), separated by rhizo-bags constructed
from 30 um nylon mesh (Fig. S1). Consequently, the
application rate of fertilizers were consistent between
the RC and HC soils. Finally, rice seedlings, with and
without AMF inoculation, were transplanted, with
three seedlings per pot. Following transplantation,
rice was cultivated under alternating wet and dry con-
ditions to provide an aerobic environment conducive
to AMF growth.

At maturity, 132 days after transplantation, rice
plants were removed from the rhizo-bags. Root
samples were separated from shoots, washed, and
weighed for root biomass analysis. Fine roots were
randomly collected for root mycorrhizal colonization
assessment. Remaining roots, shoots, and grains were
dried, weighed, and analyzed for plant biomass, tissue
N and P content, and '’N abundance. The soils from
RC and HC were sampled for analyses of soil chemi-
cal properties, soil enzyme activities, and bacterial
and fungal community structure.
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Mycorrhizal root colonization and AMF abundance
in RC and HC soils analysis

To assess mycorrhizal colonization of rice roots,
root fragments stored in 50% ethanol were cleared in
10% potassium hydroxide (KOH) and stained with
5% ink-vinegar, following the protocol described by
Vierheilig et al. (1998). The percentage of total myc-
orrhizal colonization and the frequency of hyphae,
arbuscules, and vesicles were determined using the
magnified intersections method, examining 100 inter-
sections per sample under a microscope at 200 X mag-
nification (Mcgonigle et al. 1990).

AMF abundances in RC and HC soils were
assessed by quantifying the copy numbers of the
AMF gene using the primer sets AMV4.5NF/
AMDGR (Lumini et al. 2010). The qPCR assays were
conducted in triplicate using a real-time PCR system
(ABI 7500, Applied Biosystems, USA). Gene stand-
ard curves were constructed based on gradient dilu-
tions of standard plasmids with known copy numbers.
To ensure accurate amplification, DNA extracts were
highly diluted to eliminate inhibition. Negative con-
trols without DNA templates were included in each
batch of gene amplification to ensure no contamina-
tion during qPCR. Additionally, gene quantification
for each sample was performed in three parallel real-
time PCR reactions, with reaction efficiencies greater
than 90% and correlation coefficients () greater than
0.99 being accepted. Target gene copy numbers for
each sample were calculated from the standard curves
and expressed on a soil dry weight basis (copies g~!
dw soil).

Plant biomass, plant N and P content, soil chemical
properties, and soil enzyme activities analysis

Root, shoot, and grain samples were initially oven-
dried at 105 °C for 30 min to halt plant metabolic
activity, then dried to a constant weight at 65 °C.
Subsequently, N and P concentrations in the root,
shoot, and grain samples were determined using an
elemental analyzer (Vario MICRO cube, Elementar,
Germany) and the molybdenum-antimony anti-spec-
trophotometric method, respectively. N and P concen-
trations are listed in supporting information Fig. S2.
The pH of RC and HC soils were measured by
mixing the soil with carbon dioxide-free water at
a soil-to-water ratio of 1:5 (w/v) using a pH meter

(XL60, Fisher Scientific, USA). Total organic carbon
(TOC) was measured using a TOC analyzer. Total
nitrogen (TN) was measured using an elemental ana-
lyzer (Vario MICRO cube, Elementar, Germany),
while alkali-hydrolyzable nitrogen (AN) was meas-
ured using the alkali solution diffusion method (Lu
2000). Available potassium (AK) was measured using
a flame photometer colorimetric method following
extraction with an ammonium acetate solution (1 mol
LY (Lu 2000), whereas available phosphate (AP)
was measured using a Mo-Sb colorimetric method
following extraction with a sodium bicarbonate solu-
tion (0.5 mol L") (Lu 2000). The N abundances in
root, shoot, grain, and RC and HC soils were deter-
mined using an isotope ratio mass spectrometer
(Finnigan MAT251, Thermo Fisher, Waltham, MA).

To explore the effect of soil microbial activity on
plant nitrogen fertilizer uptake, soil enzyme activities,
including P—1,4-glucosidase (B-G), cellulase, total
protease  (t-Pro), p—1,4-N-acetylglucosaminidase
(NAG), urease, nitrate reductase, and phosphatase,
were measured using reagent kits (Elisa) from Shang-
hai Ruifan Biological Technology Co. Ltd. For these
enzymes, f-G and cellulase primarily facilitate the
degradation of organic carbon compounds (Liu
et al. 2023), while t-Pro, NAG, urease, and nitrate
reductase are essential for N cycling in soil. These
enzymes perform distinct functions: t-Pro facilitates
the decomposition and transformation of proteins and
peptides; NAG hydrolyzes N-acetyl glucosaminides;
urease catalyzes the hydrolysis of urea; and nitrate
reductase enables the reduction of nitrate (NOs™) to
nitrite as part of N transformation processes in the
soil (Chen et al. 2023b). Phosphatase primarily func-
tions to hydrolyze organic phosphorus into inorganic
phosphorus, which can be readily absorbed by plants
(Chen et al. 2025).

[llumina MiSeq sequencing and processing of
sequence data

Genomic DNA from RC and HC soil samples was
extracted using a FastDNA SPIN Kit (MP Biomedi-
cals, Solon, OH, USA). The bacterial 16S rRNA gene
and fungal 18S rRNA gene were amplified using the
primer pairs 515F/907R and ITSIF/ITS2R, respec-
tively (Walters et al. 2016). To differentiate soil sam-
ples, each primer pair was barcoded with a unique
error-correcting eight-base barcode on both the
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forward and reverse primers. The amplification con-
ditions for the bacterial 16S rRNA gene and fungal
18S rRNA gene included: 25 pL SYBR® Premix Ex
Taq™ II (2x), 0.5 uL BSA (20 mg mL™"), 1 pL for-
ward primer (10 pM), 1 pL reverse primer (10 pM),
21.5 pL ddH,0, and 1 pL template DNA. The ther-
mal profile consisted of an initial denaturation step at
95 °C for 2 min, followed by 40 cycles of 95 °C for
30 s (denaturing), 60 °C for 30 s (annealing), 72 °C
for 1 min (extension), and a final extension step for
5 min at 72 °C. Following amplification, PCR prod-
ucts were purified using a universal DNA Purifica-
tion Kit (Qiagen, Germany) and DNA concentrations
were determined using SpectraMax M5 (Molecular
Devices) with PicoGreen. Equal amounts of PCR
products from different samples were mixed, puri-
fied, quantified, and sent to Shanghai Meiji Biotech
Limited Company (Shanghai, China) for Illumina
sequencing.

Data processing and statistical analyses

The total urea-N (g N pot™!) uptake by the plant for
each pot was calculated for plant components (root,
shoot, and grain) using the following equation:

(ape —ape0)  m
X
ape(urea) 1000

Nurea = conx

where “N_.,” (g N pot™!) represents the mass of N
derived from urea in root, shoot, and grain for each
pot, "con" is the total N content (mg N g™!) in root,
shoot, and grain, "ape" (%) is the '°N atom percentage
excess for the N pool, "ape0" is the '°N natural abun-
dance for the N pool, and "ape (urea)" is the '°N atom
percentage excess for urea, and “m” is the biomass of
root, shoot, and grain (g). Additionally, the total urea-
N retention in soil for each pot was calculated simi-
larly based on the weight of RC and HC soils.

Raw sequences were quality-screened and trimmed
using the Quantitative Insights into Microbial Ecol-
ogy (QIIME) package. After removing low-quality or
ambiguous reads, the sequences were clustered into
amplicon sequence variants (ASVs) using DEBLUR.
The representative sequences, defined as the most
abundant sequences, were assigned taxonomy using
the SILVA database (v138.1) for the 16S rRNA gene
and the UNITE database (v9.0) for the 18S rRNA
gene. An ASV table was then generated to record the
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abundance and taxonomy of each ASV in each sam-
ple. An averaged, rounded, rarefied ASV table was
created to minimize differences in sequencing depth
across samples. Alpha diversity indices, including
Shannon and Chao, were calculated using Mothur
(v1.30.2) to assess the diversity of bacterial and fun-
gal communities in soils with different treatments.
Based on the ASV matrix, principal component
analysis (PCoA) was performed to assess differences
in overall bacterial and fungal community composi-
tion between RC and HC soils with different treat-
ments. Significant differences in the major genera of
microbial community composition in RC or HC soils
between treatments with and without AMF inocula-
tion were assessed using Welch’s test with false dis-
covery rate (FDR) correction.

We conducted a co-occurrence network analy-
sis using “ggClusterNet” of R (version 4.2.0) based
on Spearman’s correlation matrices to evaluate the
complexity of community co-occurrence networks
(Wen et al. 2022). Genera present in at least three
subsamples within each treatment were included to
ensure accuracy. Spearman correlation scores were
calculated, and only robust (Spearman’s r>0.8) and
statistically significant (p<0.05) correlations were
kept. The Benjamini and Hochberg FDR was applied
to adjust p-values. Network topological parameters,
including nodes, edges, and degrees, were extracted
using the igraph package. Network visualization was
performed using Gephi (version 0.10.1, https://gephi.
org/).

To investigate the differences in soil enzyme activ-
ities, the data were analyzed using Z-score normali-
zation, calculated as (actual value—mean)/standard
deviation, as described by Delgado-Baquerizo et al.
(2016). A one-way analysis of variance (ANOVA)
with the post hoc Duncan’s multiple comparisons was
conducted to test for significant differences (p <0.05)
in mycorrhizal root colonization, AMF abundance,
plant properties (plant biomass and N content), soil
chemical properties (pH, TOC, TN, AN, AP, and
AK), and soil enzyme activities (-G, cellulase, t-Pro,
NAG, urease, nitrate reductase, and phosphatase),
and bacterial and fungal alpha diversity.

To investigate the influence of plant and soil
properties on plant nitrogen uptake (PNU), we con-
ducted spearman correlation analyses to establish
links among urea-N uptake of the total plant (PNU),
urea-N retention in soil (SNR), plant biomass, soil
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chemical properties, soil enzyme activities, and
soil bacterial and fungal properties (alpha diversity
based on the Chao and Shannon indices, beta diver-
sity based on PCoAl, and network based on edges).
Based on the results of the correlation analyses, the
importance of factors influencing plant nitrogen ferti-
lizer uptake (PNU) was determined using the "rfPer-
mute" package in R (version 4.2.0) based on Random
forest (RF) model (Chen et al. 2021). The random-
ness of a RF algorithm with cross-validation metrics
is demonstrated by the random selection of training
samples for each tree and the random determination
of the split attribute set for each node within the tree.
All statistical analyses were conducted using IBM
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SPSS Statistics version 23.0, and data processing was
performed with Microsoft Excel. Diagrams were gen-
erated using Origin 2021 and R software.

Results

Plant biomass and N fertilizer distribution in plant
and soil

Compared to rice without AMF inoculation, AMF
inoculation did not significantly affect the bio-
mass of shoots and grains, but increased root bio-
mass by 34.5%-41.7%, urea-N content in roots

rice root with AMF inoculation; HP: high-P fertilizer input;
LP: low-P fertilizer input; RC: rhizosphere compartment; HC:
hyphosphere compartment. Different lowercase letters indi-
cated significant (p<0.05) differences for plant (root, shoot
and grain), or RC soil, or HC soils among various treatments
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Table 1 Chemical characteristics of rhizosphere compartment
(RC) and hyphosphere compartment (HC) soils under two
phosphorus (P) fertilizer input levels for rice cultivation with

and without arbuscular mycorrhizal fungi (AMF) inoculation
at the rice maturity stage (n=3)

Treatments pH Soil organic Total nitrogen (TN)  Alkali-hydro Available Available
carbon (SOC) nitrogen (AN)  phosphate potassium
(AP) (AK)
(gkg-1) (gkg-1) (mg kg—1) (mg kg—1) (mg kg—1)
RCsoil Control HP 5.77+0.08"  11.9+0.18° 1.09 +0.00° 74.6 +1.05° 22.8+1.42®°  115+1.00°
LP 5.84%0.09* 1224025  1.09+0.00" 74.4+2.65° 20.4+0.69°  110+1.00°
AMF HP 584+0.03" 12.6+0.14°  1.13+0.00° 83.8+3.31° 20.1£1.51° 112+2.08%
LP 589+0.09° 132+040°  1.12+0.01* 85.2+3.59° 2354125  957+252¢
HCsoil Control HP  6.02+0.09° 11.2+0.17% 1.10+0.01° 78.2+£6.65 20.1£1.37%  133+4.04°
LP  6.12+0.01® 11.4+0.06°  1.10+0.01* 62.8+4.76° 18241.26°  125+2.00°
AMF HP 6.16+0.08®° 11.3+0.16°  1.10+0.02° 81.9+5.73 21.6+0.63°  146+2.50°
LP  6.17+0.08  11.2+0.20°  1.08+0.00 78.2+5.95 29.9+0.06°  138+3.21°

Control: rice root without AMF inoculation; AMF: rice root with AMF inoculation; HP: soil with high-P fertilizer input; LP: soil
with low-P fertilizer input. Different lowercase letters indicated significant (p <0.05) differences in RC/HC soils among various treat-

ments

by 36.1%-44.2%, urea-N content in shoots by
14.4%-24.3%, and total plant urea-N uptake by
15.4%-16.0% in soils with two P input levels (Fig. 1-
a, b and c). Additionally, AMF inoculation sig-
nificantly increased urea-N retention in HC soil by
11.3%-12.8% for both P input levels, but had no sig-
nificant effect in RC soil (Fig. 1-d).

Regardless of AMF inoculation, the urea-N con-
tent in roots, shoots, and whole plants, as well as
the residual urea-N content in HC soil, was slightly
higher in treatments with high-P fertilizer input com-
pared to those with low-P fertilizer input (Fig. 1-b
and c). However, no significant difference in root bio-
mass was observed between the two P input levels for
rice cultivation without AMF inoculation. After AMF
inoculation, root biomass with high-P fertilizer input
was significantly higher than that with low-P fertilizer
input (Fig. 1-a). These results suggested that AMF
inoculation enhanced plant N fertilizer uptake by
increasing N uptake in roots and shoots and elevating
urea-N retention in HC soil, with higher N uptake by
plants under high-P fertilizer input compared to low-P
fertilizer input.

AMF colonization and AMF abundance

Compared to rice cultivation without AMF inocula-
tion, AMF inoculation significantly increased the
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AMF colonization rate from 13.1% to 30.6% (Fig. 2-
a, ¢ and d). However, AMF inoculation had no signifi-
cant effect on AMF abundance in RC soil, and signifi-
cantly increased AMF abundance by 35.8%-37.6% in
HC soil across both P input levels (Fig. 2-b).

After rice with AMF inoculation, high-P fertilizer
input slightly reduced AMF abundance in HC soil by
11.4% compared to low-P fertilizer input (Fig. 2-b).
No significant difference in AMF colonization rate
was observed between the two P fertilizer input lev-
els for rice with AMF inoculation (Fig. 2-a). These
results suggested that AMF inoculation could elevate
AMF abundance in HC soil, with higher AMF abun-
dance under low-P fertilizer input, potentially enhanc-
ing plant N fertilizer uptake via AM hyphae.

Soil chemical properties and soil enzyme activities

In RC soil, AMF inoculation significantly increased
the concentrations of soil organic carbon (SOC),
total nitrogen (TN), and alkali-hydrolyzed nitro-
gen (AN) for soils with both P fertilizer inputs, and
available phosphate (AP) concentration for soil with
low-P fertilizer input, but decreased AP concentra-
tion for soil with high-P fertilizer input and avail-
able potassium (AK) concentration for soils with
both P fertilizer inputs (Table 1). In contrast, AMF
inoculation significantly increased pH, AP, and AK
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Fig. 2 Root morphology, and arbuscular mycorrhizal fungi
(AMF) abundance in soils of RC and HC for rice cultivation
without and with AMF inoculation at the rice maturity stage.
a: root colonization by AMF; b, the copy numbers of the AMF
gene in soil; ¢, d: AM fugal hyphae and vesicles at 200 X mag-
nification in rice roots. Control: rice root without AMF inoc-

concentrations for HC soils with both P fertilizer
inputs.

For soil enzyme activity, AMF inoculation signifi-
cantly increased the activities of p—1,4-glucosidase
(B-G), cellulase, and total protease (t-Pro), but
decreased nitrate reductase activity in RC soil with
both P fertilizer inputs (Fig. 3-a). In HC soil, AMF
inoculation increased the activities of -G, t-Pro, and
phosphatase for soils with both P fertilizer inputs, and
the activities of urease and nitrate reductase for soil
with low-P fertilizer input (Fig. 3-b).

After rice with AMF inoculation, low-P fertilizer
input significantly elevated the concentrations of SOC
and AP, and the activities of t-Pro and nitrate reduc-
tase, but decreased AK concentration, the activities

ulation; AMF: rice root with AMF inoculation; HP: high-P
fertilizer input; LP: low-P fertilizer input; RC: rhizosphere
compartment; HC: hyphosphere compartment. Different low-
ercase letters indicated significant (p <0.05) differences in rice
root, or RC soil, or HC soils among various treatments

of B-G and cellulase in RC soil compared to high-P
fertilizer input. Conversely, low-P fertilizer input ele-
vated HC soil pH, AP concentration, and phosphatase
activity, but decreased AK concentration, and activi-
ties of B-G and t-Pro for rice with AMF inoculation.

Bacterial and fungal community diversity,
composition, and co-occurrence network analysis

No significant differences in alpha-diversity, as meas-
ured by the Chao and Shannon indices, were observed
in the bacterial and fungal communities across vari-
ous treatments in RC and HC soils (Fig. S3). At the
amplicon sequence variant (ASV) level, principal
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Fig. 3 The enzyme activity involved in C, N, and P cycling
in paddy soils of RC (a) and HC (b) under two phosphorus
(P) fertilizer input levels for rice cultivation with and with-
out arbuscular mycorrhizal fungi (AMF) inoculation at the
rice maturity stage. The data of soil enzyme activities were
calculated as (actual value—mean)/standard deviation. Con-
trol: rice root without AMF inoculation; AMF: rice root with

coordinates analysis (PCoA) indicated that bacterial
and fungal communities in RC soil were significantly
different from those in HC soil (Fig. S4). For bacteria,
AMF inoculation caused a slight shift in community
composition in both RC and HC soils across the two
P fertilizer inputs, but these changes were not statisti-
cally significant (p >0.05) (Fig. 4-a and b). However,
significant differences in bacterial community com-
position were observed between high and low-P ferti-
lizer input treatments in HC soils with AMF inocula-
tion. For fungi, AMF inoculation significantly altered
community compositions in both RC and HC soils,
with clear separation between high and low P input
treatments, regardless of AMF inoculation (Fig. 4-c
and d).

At the phylum level, the predominant bacte-
rial communities were composed of Firmicutes
(19.5%—28.0%) and Chloroflexi (20.6%—23.9%),
followed by Proteobacteria, Acidobacteriota, Bacte-
roidota, Actinobacteriota, Desulfobacterota, Myxo-
coccota, and Planctomycetota (Fig. 4-¢). The major
fungal communities were dominated by Ascomy-
cota (41.02%—73.52%), followed by Mortierellomy-
cota, Fungi_phy_Incertae_sedis, Basidiomycota, and
Rozellomycota (Fig. 4-f). These phyla include 573
bacterial genera and 293 fungal genera.
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AMF inoculation; HP: high-P fertilizer input; LP: low-P fer-
tilizer input; RC: rhizosphere compartment; HC: hyphosphere
compartment; t-Pro: total protease; B-G: f—1,4-glucosidase;
NAG: f-1,4-N-acetylglucosaminidase. Different lowercase
letters indicated significant (p <0.05) differencesin RC/HC soil
among various treatments

Compared to rice without AMF inoculation, AMF
inoculation significantly altered the relative abun-
dance of microbial genera in both RC and HC soils.
Specifically, AMF inoculation increased the rela-
tive abundance of bacterial genera such as Clostrid-
ium_sensu_stricto_9 in RC soil and Bacillus in HC
soil, as well as fungal genera such as Cystobasid-
ium in RC soil and GS16 in HC soil. Conversely, it
decreased the relative abundance of bacterial genera
such as BSVI3 in RC soil and fungal genera such
as Sarocladium in RC soil and Scolecobasidium in
HC soil (Fig. S5). Furthermore, RC soil exhibited a
higher relative abundance of bacterial genera such
as Anaerolinea and Anaeromyxobacter and fungal
genera such as Penicillium and Stellatospora com-
pared to HC soil, while HC soil had a higher relative
abundance of bacterial genera such as Clostridium_
sensu_stricto_10 and Hydrogenispora and fungal
genera such as Fungi_gen_Incertae_sedis and Conde-
nascus (Fig. S6).

To elucidate the impact of AMF on bacterial and
fungal community structures, co-occurrence net-
works and their topological properties were con-
structed using Spearman correlations (Fig. 5). The
results showed that AMF inoculation significantly
decreased the average edge number of the bacte-
rial community network and increased the average
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Fig. 4 Principal Compo-
nent Analysis (PCoA) of
bacterial (a, b) and fungal
(¢, d) community at the
ASYV level, and the com-
munity compositions of
bacterial (e) and fungal (f)
at the phylum level in soils
of rhizosphere compart-
ment (RC) and hyphosphere
compartment (HC) under
two phosphorus (P) ferti-
lizer input levels for rice
cultivation with and without
arbuscular mycorrhizal
fungi (AMF) inoculation.
Control: rice root without
AMF inoculation; AMF:
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edge number of the fungal community network in
RC soils across both P fertilizer input levels com-
pared to rice without AMF inoculation (Fig. 5-a;
c¢), indicating the reduced network complexity of
the bacterial community and the increased network
complexity of the fungal community. In HC soils,

the response of microbial network complexity to
AMF inoculation varied with P fertilizer input lev-
els (Fig. 5-b), indicating a significant decrease in
network complexity of both bacterial and fungal
communities under high-P fertilizer input, but an
increase under low-P fertilizer input.
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Fig. 5 Microbial co-occurrence network at the genus level of
bacteria (a, b) and fungi (¢, d) in soils of rhizosphere compart-
ment (RC) and hyphosphere compartment (HC) under two
phosphorus (P) fertilizer input levels for rice cultivation with

Fig. 6 Relative impor-
tance of plant properties,
soil chemical properties,
soil enzyme activities and
microbial properties in
impacting plant N fertilizer
uptake. t-Pro: total protease;
TN: total nitrogen; AN:
Alkali-hydro nitrogen;
F-network: network com-
plexity of Fungal com-
munity based on the edge;
SOC: soil organic carbon;
B-G: p—1,4-glucosidase;
AP: available phosphate;
AK: Available potassium;
SNR: N fertilizer retention
in soil. The significant sta-

Root
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TN

F-network

Cellulase

AMF colonization

SOC

(a) RC soil

and without arbuscular mycorrhizal fungi (AMF) inoculation.
Control: rice root without AMF inoculation, AMF: rice root
with AMF inoculation; HP: high-P fertilizer input; LP: low-P
fertilizer input

(b) HC soil

tistical results were labeled 0o 2
(*p<0.05, **p<0.01)

Relationships among plant properties, soil chemical
properties, soil enzyme activities, and soil microbial
properties

The spearman correlation analyses showed that
PNU was significantly positively correlated with
TN, SOC, AN, t-Pro, cellulose, fungal network
(F-network), and root AMF colonization in RC
soils (p <0.05) (Fig. S7-a). In HC soils, PNU was
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significantly positively correlated with soil nitro-
gen retention (SNR), AP, AK, t-Pro, -G, and AMF
abundance (p <0.05) (Fig. S7-b).

Based on the correlation results, a random forest
algorithm was employed to rank the importance of
factors affecting nitrogen fertilizer uptake (Fig. 6).
We found that root biomass was the most important
factor influencing N fertilizer uptake in RC soil,
followed by t-Pro, AN, TN, AN, fungal network,
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and cellulose (Fig. 6-a). In HC soil, AMF abun-
dance was the most important factor affecting N
uptake, followed by p-G, AK, and SNR (Fig. 6-b).

Discussion

Our results showed that AMF inoculation enhanced
plant N fertilizer uptake by increasing N uptake in
roots and shoots and elevating urea-N retention in HC
soil, with higher N uptake by plants and urea-N reten-
tion in HC soil with high-P fertilizer input compared
to low-P fertilizer input (Fig. 1). Moreover, root bio-
mass in RC soil and AMF abundance in HC soil were
the most important factors influencing N fertilizer
uptake (Fig. 6). In addition, our findings suggested
that soil microbial communities and enzyme activities
in the rhizosphere and hyphosphere played a vital role
in N uptake via roots and AM fungal hyphae.

The role of root and AM fungal hyphae on plant N
fertilizer uptake

Plant roots and their associated AMF are two pri-
mary pathways for nutrient acquisition from soil
(Sun et al. 2024). Enhanced plant N acquisition may
occur through direct root uptake or, in the case of AM
plants, through a combination of direct root uptake
and AM fungal hyphal uptake and transfer to plants
(Yang et al. 2022). In this study, AMF inoculation
significantly increased urea-N uptake in the rice-
soil system (Fig. 1-c), possibly due to the combined
effects of direct root uptake and AM fungal hyphal
uptake. Our observation that the root systems of rice
with AMF inoculation were consistently larger than
those without AMF inoculation (Fig. 1-a), in line
with previous studies (Hestrin et al. 2019), suggested
that a more extensive root network facilitates the
uptake of mineralized nutrients. In RC soil, we also
found a positive relationship between root biomass
and N fertilizer uptake, but no significant difference
in AMF abundance between rice with and without
AMF inoculation (Fig. S7-a), indicating that roots
might be the primary pathway for plant N acquisi-
tion in the rhizosphere with limited N sources, which
might not support AMF growth. The random forest
model identified root biomass as the most impor-
tant factor influencing N fertilizer uptake in RC soil

(Fig. 7-a), further emphasizing the role of roots in N
fertilizer uptake in the rhizosphere.

AM fungal hyphae can acquire and transfer N from
soils to plants, serving as another crucial pathway
for N fertilizer uptake (Xue et al. 2024; Wang et al.
2025c). In HC soil, a positive relationship between
AMF abundance and N fertilizer uptake (Fig. S7-
b) suggested that increased AMF abundance may
enhance rice N acquisition. The random forest model
also identified AMF abundance as the most impor-
tant factor influencing urea N uptake in HC soil
(Fig. 6-b), further underscoring the role of AM fun-
gal hyphae in plant N acquisition. AMF growth could
increase N fertilizer uptake via direct transfer of more
N to the plant (Hodge et al. 2010), but AMF could
also assimilate N fertilizer into their biomass (Rillig
and Steinberg 2002). For rice with AMF inoculation,
the higher N fertilizer retention in HC soil might be
attributed to AMF assimilation, which might incorpo-
rate soil N into their biomass to prevent urea-N loss,
and the subsequent degradation of microbial biomass
can release assimilated N for plant uptake (Zhou
et al. 2002), thereby indirectly enhancing N fertilizer
uptake by AM fungal hyphae. Our study observed
that urea N retention in HC soil was also an important
factor influencing N fertilizer uptake (Fig. 6-b), sup-
porting our hypothesis.

However, for rice without AMF, root AMF colo-
nization rates remained between 11.8% and 14.4%,
likely due to the presence of native AMF in paddy
soil. In flooded paddy fields, the waterlogged environ-
ment and high fertilizer application rates can restrict
the growth of native AMF (Lumini et al. 2011),
thereby possibly reducing their contribution to nutri-
ent uptake. In contrast, exogenous AMF inoculation
during the rice seedling stage significantly increased
root colonization rates (Fig. 2-a), possibly because
the exogenous AMF species Rhizophagus irregula-
ris can rapidly colonize rice root systems earlier than
native AMF, ultimately enhancing N fertilizer uptake
by plants. After mycorrhizal rice is transplanted into
paddy soil, native AMF and exogenous AMF can
establish synergistic interactions that expand the
hyphal network and enhance nutrient absorption in
rice (Yao et al. 2008). However, they may also com-
pete for root space and nutrient resources, which
can reduce the colonization efficiency of exogenous
AMF and diminish the contribution of mycorrhizae to
N uptake in crops (Herrera et al. 1993; Klironomos
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et al. 2003). The effects of exogenous AMF inocula-
tion on N fertilizer uptake in the presence of native
AMF are influenced by the colonization ability, func-
tional traits of the exogenous AMF, and their interac-
tions with native AMF (Yao et al. 2008; Martignoni
et al. 2021). In general, the use of multiple AMF
species is more suitable for agricultural applications,
as it offers broader ecological adaptability and func-
tionality, particularly in complex environments or
long-term agricultural production systems (Shu et al.
2022). However, under specific conditions or for tar-
geted applications, a single AMF species may exhibit
greater efficiency (Shu et al. 2022). Consequently, the
selection of an appropriate AMF inoculation strategy
should be carefully tailored to farmland conditions,
crop requirements, and desired outcomes. Further
field studies involving diverse AMF species are nec-
essary to validate these findings. Moreover, the func-
tional experiments involving the inoculation of exog-
enous AMF in the absence of native AMF can more
clearly distinguish the contributions of native and
exogenous AMF to plant N uptake.

The role of soil microorganisms and soil enzyme
activities on plant N fertilizer uptake

Interactions between plant-microbe and microbe-
microbe are common phenomena in agricultural eco-
systems, playing a crucial role in promoting nutrient
uptake (Duan et al. 2024; Ge et al. 2025). A synergis-
tic feedback loop through mycorrhizally-driven plant
growth can provide resources for additional photo-
synthate production, which in turn stimulates rhizo-
sphere soil microbial communities and soil enzyme
activities that support continued plant growth (Hes-
trin et al. 2019; Qin et al. 2020a; Alsherif et al. 2024).
In rhizosphere soil, we found that AMF inoculation
slightly altered the bacterial community composition
and significantly increased the relative abundance
of Clostridium species (Fig. S5-a), which are known
to facilitate the degradation of soil organic mat-
ter (Shanh et al. 2014). Furthermore, AMF inocula-
tion substantially modified the fungal community
composition and enhanced the complexity of fungal
networks in RC soil (Fig. 4-f; 5-c), potentially by
increasing the abundance of specific fungal genera,
such as Cystobasidium (Fig. S5-c), which are asso-
ciated with promoting plant growth (Ramos-Garza
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et al. 2016). These changes in bacterial and fungal
communities, along with the increased complex-
ity of fungal networks in RC soil, may enhance the
activities of protease and cellulase (Fig. 3-a), which
could lead to greater N availability to support plant
growth, potentially improving root uptake of N ferti-
lizer. Additionally, a random forest model identified
protease activity, cellulase activity, and fungal net-
work complexity in RC soil as key factors influencing
N fertilizer uptake, underscoring the critical role of
rhizosphere microbial communities and soil enzyme
activities in N acquisition.

However, AMF inoculation was also found to
decrease the relative abundance of certain bacterial
genera and reduce the complexity of the bacterial
community network in RC soil (Fig. 5-a; Fig. S5-a).
This reduction may be attributed to increased com-
petition for nutrients between AMF and soil bacteria,
which can adversely affect bacterial communities and
diminish microbial activity in rhizosphere soil (Zhang
et al. 2022b). Furthermore, the observed decrease in
nitrate reductase activity in RC soil (Fig. 3) may be
closely linked to the reduced relative abundance of
specific bacterial genera and the simplified bacte-
rial community network. However, this reduction
in nitrate reductase activity could potentially lower
nitrogen loss through denitrification in rhizosphere
soil (Bardon et al. 2016), thereby indirectly enhanc-
ing nitrogen fertilizer efficiency.

Similar to the microbiome in the rhizosphere, the
hyphosphere hosts a distinct microbiome that plays a
critical role in nutrient acquisition through the myc-
orrhizal pathway (Wang et al. 2023b; 2025b). In HC
soil, AMF inoculation significantly increased the
relative abundance of specific bacterial and fungal
genera, such as Bacillus and GS16 (Fig. S5-b and d).
This enhancement could boost soil enzyme produc-
tion and the decomposition of soil organic matter,
thereby supporting AMF growth and increasing AMF
abundance, ultimately improving N fertilizer reten-
tion and uptake by AM fungal hyphae. Additionally,
the observed increase in the activities of p-G, pro-
tease, and phosphatase in HC soil for rice with AMF
inoculation (Fig. 3-b) further supported the hypoth-
esis that AMF inoculation could enhance soil enzyme
activities by altering soil microbial communities. Fur-
thermore, a random forest model identified -G activ-
ity in HC soil as a key factor influencing nitrogen fer-
tilizer uptake (Fig. 6-b), emphasizing the importance
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of soil enzyme activities in nitrogen acquisition by
AM fungal hyphae.

The complementary functions of rhizosphere and
hyphosphere microbiomes work synergistically to
support nutrient uptake in mycorrhizal plants (Bao
et al. 2022; Duan et al. 2024). Rhizosphere micro-
biomes primarily interact directly with plant roots,
whereas hyphosphere microbiomes collaborate with
mycorrhizal fungi to facilitate nutrient absorption
(Andrade et al. 1997; Zhou et al. 2020a; Qin et al.
2022; Johnson et al. 2023). In this study, the bacte-
rial and fungal community compositions in RC soil
differed significantly from those in HC soil following
AMF inoculation in rice cultivation (Fig. S4). The
relative abundance of key bacterial genera (Anaero-
linea and Anaeromyxobacter), which are involved
in organic matter decomposition (Chen et al. 2023a;
Xu et al. 2023), and major fungal genera (Penicil-
lium), known for promoting plant growth (Yang et al.
2025), were significantly higher in RC soil compared
to HC soil (Fig. S6). These findings suggested that
AMF inoculation could enhance soil organic matter
decomposition and plant growth in RC soil, thereby
improving N uptake by plants. Moreover, AMF inoc-
ulation might primarily enhance the decomposition
of soil organic matter (Xiao et al. 2025) in HC soil
by increasing the relative abundance of key bacterial
genera (Clostridium sensu stricto 10 and Hydrogenis-
pora) (Fig. S6-a), which are known to play critical
roles in organic matter decomposition (Zhou et al.
2021, 2022). This process could support nutrient
availability for AMF growth in HC soil and improved
N uptake by AM fungal hyphae. Consequently, the
combined functions of rhizosphere and hyphosphere
microbiomes may enhance N uptake in rice cultiva-
tion with AMF inoculation.

This study successfully demonstrated the impact
of soil microbiomes and enzyme activities in RC
and HC soils on N fertilizer uptake in rice cultiva-
tion with AMF inoculation using a two-compartment
system. However, the potential cross-talk between
mobile microbes or soluble exudates in RC and HC,
particularly in flooded soils, cannot be excluded.
Microbiomes in the root chamber and hyphal cham-
ber can establish synergistic interactions through the
exchange of metabolic products (Bonfante et al. 2009;
Smith 2010). However, the exchange of substances
between the chambers may also intensify competi-
tion among certain microorganisms (Joanne et al.

2011). A more recent study has implemented buffer
zones or air gaps within compartments to reduce the
exchange of substances between RC and HC (Jiang
et al. 2020; Wang et al. 2023b). Future experiments
should include these new technologies to more effec-
tively study microbial cooperation and competition
between both compartments. Additionally, the micro-
cosm experiment in this study was constructed with
field-collected soils and their corresponding micro-
bial communities, but the greenhouse conditions can-
not fully simulate the complex ecological environ-
ment and dynamic processes of the field. The realistic
environmental conditions are crucial for capturing
the emergent properties of mycorrhizal collectives.
Therefore, whenever possible, further research should
be conducted in the field to investigate the mecha-
nisms by which AMF inoculation influences N uptake
in rice, using on-site field trials (Wang et al. 2023b).

Effect of P fertilizer input level on plant N uptake

Previous studies have indicated that high levels of
P fertilizer input can reduce AMF colonization in
roots, thereby negatively impacting nutrient uptake
(Qin et al. 2020b). Contrary to previous findings, our
study found no significant difference in AMF coloni-
zation rates between high- and low-P fertilizer input
levels in rice with AMF inoculation (Fig. 2-a). This
discrepancy may be attributed to the flooded envi-
ronment, which plays a critical role in shaping AMF
colonization in rice fields (Vallino et al. 2014). AMF
are aerobic organisms that depend on oxygen for
their growth and functionality. However, the water-
logged conditions typical of paddy fields significantly
reduce soil oxygen levels, creating anaerobic envi-
ronments. These anaerobic conditions likely con-
strain AMF activity and proliferation (Lumini et al.
2011), thereby diminishing their capacity to respond
to varying phosphorus fertilizer application rates.
Additionally, higher AMF abundance was observed
in HC soil under low-P fertilizer input compared to
high-P fertilizer input (Fig. 2-b), suggesting that the
flooded environment may not significantly impact the
growth of AM fungal hyphae in soil. Following AMF
inoculation, the noticeably lower root biomass under
low-P fertilizer input could potentially reduce plant N
uptake. However, compared to high-P fertilizer input,
there was no significant decrease in plant urea-N

@ Springer



Plant Soil

uptake under low-P fertilizer input, which might be
attributed to the higher AMF abundance in HC soil,
enhancing N uptake by AM fungal hyphae. Further-
more, higher total plant P content was observed under
low-P fertilizer input compared to high-P fertilizer
input (Fig. S2), further supporting the enhanced role
of AM fungal hyphae in nutrient uptake under low P
input conditions.

Interestingly, rice plants inoculated with AMF
under high-P fertilizer input exhibited slightly higher
accumulation of urea-N compared to those under
low-P fertilizer input (Fig. 2-c), potentially due to
increased root biomass. For rice with AMF inocula-
tion, roots appear to remain a critical pathway for N
uptake. Recent studies have found that the percentage
contribution of AMF to rice >N uptake was approxi-
mately 40% under N-NO;~ supply conditions (Wang
et al. 2020), indicating that the mycorrhizal pathway
contributes less than 50% to plant N acquisition.
These findings further emphasized that roots played
a more dominant role in N uptake in AMF-inoculated
plants. Compared to low-P fertilizer input, higher
B-G and cellulose activities, along with lower nitrate
reductase activity in RC soil under high P input, sug-
gested increased N availability and reduced N loss
(Abdelmagid et al. 1987; Nevins et al. 2020), which
could provide more N sources for rice root growth
and enhance root N fertilizer uptake. Consequently,
the relative contributions of root uptake and AM fun-
gal hyphal uptake to plant N acquisition in soils after
rice cultivation with AMF inoculation may differ
between the two P input levels. However, this study
did not quantify the relative contributions of root
uptake and AM fungal hyphal uptake to rice N acqui-
sition. Moreover, the carbon (C) supply from the host
plant is considered a key factor triggering N uptake in
the symbiosis (Sun et al. 2024). Future studies should
quantify AMF-mediated N uptake while simultane-
ously accounting for their C consumption by the host
plant. This can be achieved by tracing the flow of C
from plants into soil using *C stable isotope labeling
(e.g., '3C02) and identifying key microbial consum-
ers of plant-derived C through stable isotope probing
(SIP)-enabled metagenomic sequencing (Kakouridis
et al. 2024).

Additionally, we observed that the complexity of the
microbial network in HC soil varied between high-and
low-P fertilizer input levels. The reduced complex-
ity of the bacterial and fungal community network in
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HC soil under high-P fertilizer input might be attrib-
uted to the decreased dependency of plants on AMF,
which weakens AMF activity and symbiotic relation-
ships (Mitra et al. 2021), thereby diminishing their
facilitation of other microorganisms. In contrast, under
low P conditions, plants rely more heavily on AMF
for nutrient acquisition, which enhances AMF activity
and interactions with other microorganisms (Kahiluoto
et al. 2001), thereby increasing the complexity of the
bacterial and fungal community network in HC soil.
This increased complexity under low-P fertilizer input
might promote the activities of phosphatase and urease
(Fig. 3-b), facilitating the production of nutrients such
as available phosphorus to support AMF growth and
potentially increasing N uptake by AM fungal hyphae.

However, the reduced complexity of microbial
community networks can negatively impact ecosys-
tem functions and weaken resistance to disturbances
(Chen et al. 2022). In this study, AMF inoculation
reduced the complexity of bacterial community net-
works in RC soil and decreased the complexity of
bacterial and fungal community networks in HC soil
under high P input (Fig. 5). The potential benefits or
drawbacks of reduced microbial network complex-
ity on paddy field ecosystems warrant further inves-
tigation. This experiment, conducted in glasshouse
pots, was limited by sampling at only one time,
which restricted the sample size. We acknowledge
that relying solely on network correlation analysis
can lead to spurious associations, particularly with
low replicate numbers. Furthermore, the relation-
ship between enzyme activity, microbial community
shifts, and ecosystem functions is complex (Zak
et al. 2003). Increases in protease or -glucosidase
activity do not necessarily indicate enhanced min-
eralization or improved nutrient uptake by AMF. In
our study, enzyme activity and microbial commu-
nity shifts serve as indirect indicators of potential
soil nutrient cycling and changes in microbial eco-
logical processes. We recognize that these indica-
tors should be supplemented with direct evidence,
such as measurements of mineralization rates or
actual nutrient uptake by AMF, to more compre-
hensively elucidate their ecological functions.
Future studies should increase the sample size and
employ structural equation modeling (SEM) or path
analysis to test causal relationships among micro-
bial traits, enzyme activities, AMF colonization,
and nitrogen uptake. Additionally, these findings
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should be validated through functional experiments
or experimental manipulations using stable isotope
tracing techniques or by directly quantifying AMF
nutrient uptake efficiency. This approach will more
clearly validate the contributions of enzyme activity
and microbial shifts to ecosystem functions.

Conclusions

This study demonstrated the effects of AMF on N
fertilizer translocation and uptake, as well as the
microbial process involved in the rice-soil system
following AMF inoculation under different P ferti-
lizer input levels. These results suggested that AMF
inoculation was an effective strategy for increasing
rice N uptake through both root and AM hyphal
pathways by enhancing root biomass and AMF
abundance of HC soil. Under AMF inoculation
condition, high-P fertilizer input might increase N
uptake via root biomass enhancement, while low-P
fertilizer input could promote N uptake through AM
fungal hyphae by stimulating AMF growth. Changes
in the microbial community and increases in soil
enzyme activities were key factors in promoting N
uptake of root and AM fungal hyphae. These find-
ings enrich our understanding of the interactions
among AMF, roots, and the microbiome in enhanc-
ing N fertilizer utilization and reducing N loss.
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