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Enoki mushroom residue-based biochar
loaded with Bacillus megaterium YZS-M06
improves coastal sandy soil and promotes
Ipomoea pes-caprae growth
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Abstract

In this study, biochar was prepared from Flammulina velutipes residues, and then loaded with Bacillus megaterium
YZS-MO6, to construct a composite material (BCB treatment) with synergistic remediation function. The
improvement effect of this material on coastal sandy soil and its regulatory mechanism on the growth of Ipomoea
pes-caprae were investigated. The findings demonstrated that F. velutipes residue-based biochar loaded with B.
megaterium YZS-M06 (BCB) exerted a pronounced synergistic effect on the amelioration of chemical properties in
coastal sandy land. After 30 days of cultivation, BCB treatment significantly increased soil total nitrogen (0.65 g/
kg), total potassium (12.89 g/kg), and available potassium (81.75 mg/kg), as well as urease and phosphatase
activities by 221% and 210% relative to the control. It also optimized the soil bacterial community, markedly
enriching Bacillus from 46.58% to 57.85% relative abundance, reshaping microbial networks, and restructuring key
ecological diversity—function pathways. These combined improvements in soil physicochemical properties and
microbial structure effectively promoted /. pes-caprae growth. BCB treatment enhanced root length by 101% and
root number by 63%, activated leaf antioxidant systems, mitigated membrane lipid peroxidation, and boosted
osmolyte accumulation, thereby systematically strengthening the plant’s stress resistance. . velutipes residue-based
biochar loaded with B. megaterium YZS-M06, through the synergistic interaction of “biochar-functional bacteria’,
substantially improved soil chemical properties, optimized microbial community architecture, enhanced stress
tolerance of /. pes-caprae, and promoted plant growth. This study combines the resource utilization of agricultural
waste F. velutipes residues with functional microbial enhancement. Through the synergistic mechanism of biochar-
functional bacteria, the dual goals of coastal sandy soil improvement and plant growth promotion were achieved,
providing a new technical route and theoretical basis for ecological restoration in extreme habitats.
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Introduction

Coastal sandy land, as a distinctive ecosystem shaped
by the interaction between marine and terrestrial pro-
cesses, not only functions as a natural protective barrier
against storm surges and wind erosion but also plays
a pivotal role in sustaining biodiversity within coastal
zones (Douglas et al. 2025). Nevertheless, under the com-
bined pressures of global climate change and intensified
human activities, this ecosystem has been increasingly
threatened by severe ecological challenges, including soil
desertification, aggravated salinization, and progressive
nutrient depletion (Elise et al. 2023). Among the cur-
rently available soil amelioration approaches for coastal
sandy land, physical methods are characterized by high
economic costs and limited long-term sustainability,
chemical amelioration is prone to inducing secondary
environmental pollution, and biological strategies are
constrained by short microbial persistence and inade-
quate functional stability (Sun et al. 2025).

Biochar is a carbon-rich material produced through the
thermal degradation of biomass, including agricultural
and forestry wastes, under oxygen-limited conditions
(Hakimi et al. 2026; Navas-Romero et al. 2026). Owing
to its stable aromatic framework and highly developed
porous architecture, carbon sequestration is facilitated,
while heavy metals and organic pollutants in the environ-
ment are effectively adsorbed or immobilized (Li et al.
2025; Wang et al. 2026). Due to its distinctive physico-
chemical properties, biochar has been widely recognized
as a promising material for soil amelioration. Biochar

provides a new approach for soil improvement due to its
unique physical and chemical properties. The feedstock
of biochar determines its core properties and applica-
tion functions, forming a trade-off between stable carbon
sequestration and rapid nutrient supply (Xia et al. 2024).
Lignocellulose-based biochar exhibits excellent chemical
stability and long-term carbon sequestration potential,
owing to its high carbon content and low atomic H/C and
O/C ratios.

Additionally, the well-developed pore structure and
large specific surface area impart favorable soil water
retention capacity and enhanced pollutant adsorp-
tion performance (Enders et al. 2012). In recent years,
the global edible fungus industry has experienced rapid
expansion. In China, for example, total edible fungus
production reached 44.37 million tons in 2024, render-
ing the disposal of spent mushroom substrate an increas-
ingly prominent challenge (Atallah et al. 2021). Spent
mushroom substrate is primarily composed of lignocel-
lulose, abundant fungal proteins, microbial metabolites,
and incompletely utilized nutrients. Biochar derived
from spent mushroom substrate has been demonstrated
to function as an effective soil amendment (Deng et al.
2020). However, its standalone application has been
shown to be insufficient for sustaining long-term res-
toration of soil micro-ecology (Cui et al. 2021; Zhang
et al. 2022). Moreover, microorganisms play a key role
in nutrient transformation and stress alleviation (Soli-
man et al. 2025). In terms of enhancing nutrient cycling,
they secrete extracellular enzymes to decompose organic
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matter and synthesize humus, thereby releasing nutrients
and improving soil structure. For example, phosphate-
solubilizing and potassium-solubilizing bacteria secrete
organic acids or phosphatases to activate insoluble phos-
phorus and potassium minerals in soil into plant-avail-
able forms (Massucato et al. 2025).In terms of improving
crop salt tolerance, they maintain osmotic balance by
synthesizing compatible solutes and upregulating the
expression of related genes in plants, while expressing
Na*/H* antiporters to exclude excessive sodium ions and
maintain cellular ion homeostasis (Dindhoria et al. 2025).
In terms of comprehensively promoting plant growth
and health, rhizosphere growth-promoting bacteria and
endophytes can synthesize and regulate plant hormones
(e.g., auxin IAA), directly stimulating root develop-
ment to enhance nutrient uptake (Dindhoria et al. 2025).
Therefore, increasing attention has been paid to the
synergistic potential between biochar and microorgan-
isms. The unique porous structure of biochar enhances
soil aeration and provides nutrient resources and stable
microhabitats for microbial proliferation, thereby pro-
tecting microorganisms from adverse environmental
conditions, including drought, unfavorable pH levels, and
high salinity. Moreover, nutrient availability to microor-
ganisms can be improved by biochar amendment, soil
environmental conditions can be optimized, and the col-
onization of beneficial bacteria can be promoted (Deng
et al. 2023). Collectively, these findings support the supe-
rior effectiveness of integrated “biochar-functional bacte-
ria” strategies for soil amelioration.

Although numerous studies have investigated the
roles of biochar or functional microorganisms in soil
improvement, systematic research is still lacking on the
synergistic remediation strategy using edible mushroom
residue-derived biochar as a carrier for immobilizing
specific functional strains, especially in the special habi-
tat of coastal sandy land. On this basis, this study exam-
ined the ameliorative effects of Flammulina velutipes
residue-based biochar (FV-biochar) loaded with Bacillus
megaterium YZS-MO6 on coastal sandy land soil. The fol-
lowing hypotheses were proposed: (1) At the soil nutri-
ent level, E velutipes residue-based biochar loaded with
B. megaterium YZS-M06 would markedly improve soil
nutrient availability and enhance soil enzyme activities;
(2) At the soil micro-ecological level, the successful colo-
nization of functional bacteria would optimize soil bac-
terial community structure, facilitate the enrichment of
beneficial microorganisms, and regulate nutrient trans-
formation processes; (3) Under the synergistic amelio-
rative effects described above, the growth performance
and stress resistance of the pioneer plant Ipomoea pes-
caprae would be substantially enhanced. This study sup-
ports Sustainable Development Goal SDG 13 (Climate
Action), 14 (Life Below Water), and 15 (Life on Land) by
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enhancing plant growth, improving soil health, restoring
coastal ecosystems, and promoting sustainable biochar-
microbe interventions (Fegade 20244, b).

Materials and methods

Materials

The coastal sandy soil and I pes-caprae employed in
this study were collected from the Minjiang River Estu-
ary Wetland in Fujian Province, China (E 119° 36’ 28"-E
119°41’ 15", N 26° 01’ 08 "—N 26° 03’ 40"). Coastal sandy
soil was sampled from the surface layer (0-20 cm) of
the tidal flat within the wetland, air-dried, and passed
through a 10-mesh sieve prior to use. The basic physico-
chemical properties of the soil were as follows: Soil basic
properties: total nitrogen (TN) 0.11+0.38 g/kg, ammo-
nium nitrogen (NH,*-N) 0.14+0.31 mg/kg, nitrate nitro-
gen (NO;™-N) 0.05+0.03 mg/kg, available phosphorus
10.08 +0.02 mg/kg, available potassium 15.59 +4.39 mg/
kg, available sulfur 18.52+1.57 mg/kg, pH 5.75+0.42,
electrical conductivity (EC) 1.94+0.52 mS/cm. The soil
texture is loamy sand.

E velutipes residues (obtained from Fujian Wanchen
Biotechnology Group Co., Ltd.) were carbonized in a
tube furnace (OTF-1200X) at 700 °C under a CO, atmo-
sphere for 2 h. After natural cooling, the samples were
crushed, sieved through a 100-mesh sieve, washed with
deionized water, and dried at 80 °C to constant weight for
later use. The resulting biochar exhibited a pH of 10.38,
ash content of 40.97%, volatile matter of 9.38%, nitrogen
content of 1.82%, total carbon content of 52.41%, and
C/N ratio of 28.91, specific surface area of 148.92 m?*/g,
the volume of the hole is 0.099 cm®/g and an average pore
diameter of 2.28 nm.

B. megaterium YZS-M06 (CGMCC No. 20592) was
used as the test strain to prepare the microbial inoculum.
This strain was previously isolated by our research group
and exhibits phosphate-solubilizing, potassium-solubi-
lizing, and nitrogen-fixing capabilities. Inoculum prepa-
ration: A single colony of B. megaterium YZS-MO06 was
inoculated into nutrient broth medium and incubated
at 28 °C with shaking at 150 r/min for 48 h, the bacterial
suspension concentration was adjusted to 1x10° CFU/
mL using sterile deionized water. to obtain the B. megate-
rium YZS-MO6 inoculant.

The prepared B. megaterium YZS-MO6 inoculant was
combined with E velutipes residue-based biochar (steril-
ized at 121 °C for 20 min) at a bacteria-to-biochar ratio
of 1:10 (v/w) in 250 mL Erlenmeyer flasks. The mixture
was thoroughly agitated at 25 °C and 150 r/min for 24 h,
followed by centrifugation at 25 °C and 1,500 r/min for
15 min. After removal of the supernatant, the precipitate
was freeze-dried (D2F-6020) for 48 h and subsequently
pulverized to obtain the E velutipes residue biochar-
based inoculant (Chantorn et al. 2022).
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Experimental design

The experiment comprised four treatments: control
(CK, root irrigation with 6 mL of water only), biochar
only (BC, application of 6 g FE velutipes residue-based
biochar only, with a biochar-to-soil mixing ratio of 2%
(w/w)), bacterial agent only (B, application of 6 mL B.
megaterium YZS-MO6 bacterial agent only, with a bacte-
rial agent-to-soil mixing ratio of 2% (v/w)), and biochar-
based bacterial agent (BCB, application of 6 g E velutipes
residue biochar-based bacterial agent, with a biochar-
based bacterial agent-to-soil mixing ratio of 2% (w/w)).

Current-year I pes-caprae plants were selected, and
stem cuttings of uniform length between nodes were
prepared, with each cutting retaining two nodes. To
ensure morphological consistency, buds and leaves at
the morphologically lower end were removed simultane-
ously. The cuttings were subsequently transplanted into
cultivation pots (specifications: 9x8x7 cm, containing
300 g coastal sandy soil per pot) under the corresponding
treatments, with five I pes-caprae seedlings established
per pot. Each treatment consisted of ten replicate pots to
ensure adequate sample availability for destructive sam-
pling while preserving experimental reliability. Biochar
and biochar-based inoculants were evenly incorporated
into the soil in powder form rather than applied as sur-
face amendments. Deionized water was applied every 2
days with a small and frequent watering regime to ensure
complete water infiltration without waterlogging, so as to
avoid soil nutrient leaching caused by leakage.

Growth indices of I pes-caprae were determined at
15 d and 30 d after the above treatments, respectively.
Destructive sampling was conducted to collect newly
formed leaves and rhizosphere soil samples. Treatment
codesat 15d: CK_1,BC_1, B_1, BCB_1; Treatment codes
at 30 d: CK_2, BC_2, B_2, BCB_2. Each pot was regarded
as an independent replicate. Newly formed leaves from
5 plants in each pot were combined into one leaf sample
for that pot. Meanwhile, rhizosphere soil samples were
collected from the same pot. Leaf and soil samples were
homogenized separately and used as the final samples
for each treatment, with three replicate pots per treat-
ment used for analysis. Newly emerged leaves were har-
vested for the determination of leaf antioxidant enzyme
activities, while the rhizosphere soil of 1. pes-caprae was
simultaneously collected according to the following pro-
cedures: after I pes-caprae plants were carefully removed
from the soil, loosely attached bulk soil was gently shaken
off and discarded. Subsequently, the root system was
placed into a sterile self-sealing bag and gently agitated
to detach soil adhering to the root surface into the bag,
which was defined as rhizosphere soil. For rhizosphere
soil samples obtained from each treatment group, one
portion was stored at 4 °C for soil enzyme activity analy-
sis; a second portion was rapidly frozen in liquid nitrogen
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and preserved at —80 °C for subsequent DNA extraction;
and the remaining portion was air-dried at room temper-
ature for the determination of soil chemical properties.

Determination of soil chemical properties and enzyme
activities

Soil chemical properties were determined (three repli-
cates per sample) (Gu et al. 2019; Liu et al. 2024). APwas
extracted using the HCIO,—H,SO, digestion method,
and the contents of AP and total phosphorus (TP) were
quantified using a SAN+ +continuous flow analyzer
(Skalar, Netherlands). AKwas extracted with 1.0 mol L™}
CH3;COONH, solution, and its concentration was mea-
sured using a PinAAcle 900 H flame atomic absorption
spectrometer (PERKINELMER, USA). Prior to nitro-
gen analysis, soil samples were pretreated with 0.5 mol
L™! HCI to eliminate inorganic carbonates, after which
NH,*-N and NO;—N contents were determined using
the indophenol blue method and the nitrosalicylic acid
method, respectively. AS content was determined by bar-
ium sulfate turbidimetry. Total nitrogen (TN) and total
potassium (TK) were extracted using the HNO;-HF-
HCI digestion method and subsequently measured by an
inductively coupled plasma optical emission spectrom-
eter (AVIO 200).

Soil urease (S-UE) activity was determined using
indophenol blue colorimetry (Guo et al. 2012), soil acid
phosphatase (S-ACP) activity was quantified by phenol
colorimetry (Hou et al. 2020), and soil leucine aminopep-
tidase (S-LAP) activity was measured using p-nitroani-
line colorimetry (Saiya-Cork et al. 2002).

Soil DNA extraction and microbial sequencing analysis

An accurately weighed 0.5 g soil sample was subjected
to DNA extraction using the E.Z.N.A.° Soil DNA Kit
(Omega Bio-tek, USA); after the extracted DNA met the
quality criteria (total amount>15 pg, concentration>50
ng-uL™"), the V3-V4 hypervariable regions of the bacte-
rial 16 S rRNA gene were amplified with the universal
bacterial primers 338 F (5'-ACTCCTACGGGAGGCA
GCAG-3') and 806R (5-GGACTACHVGGGTWTC-
TAAT-3') in a 50 uL PCR reaction system consisting of
5 uL of 10x PCR buffer, 5 uL of 2 mmol-L™* dN'TPs, 1 puL
of DNA polymerase, 1.5 pL each of forward and reverse
primers, 50 ng of DNA template, and the remaining vol-
ume supplemented with double-distilled water, with the
PCR cycling program set as follows: initial denaturation
at 94 °C for 10 min, followed by 35 cycles of denaturation
at 94 °C for 30 s, annealing at 56 °C for 30 s and exten-
sion at 72 °C for 30 s, and a final extension step at 72 °C
for 10 min; each sample was amplified in triplicate with
a no-template control (NTC) included in the system,
the quality of PCR amplicons was then assessed using
the QuantiFluor™-ST Blue Fluorescence Quantification
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System (Promega, USA), and qualified amplicons were
sequenced on the Illumina MiSeq platform by Majorbio
Bio-pharm Technology Co., Ltd. (Shanghai, China).

Determination of growth indicators and leaf antioxidant
enzyme activities of Ipomoea pes-caprae

Growth indicators of I pes-caprae were determined
(with three replicates per sample). The entire plant was
thoroughly washed, surface moisture was carefully blot-
ted dry, and fresh weight was recorded. Subsequently,
the plant material was placed in a kraft paper bag and
oven-dried at 75 °C until a constant weight was achieved,
after which the dry weight was measured. The numbers
of shoots and roots of 1. pes-caprae were quantified by
direct counting, whereas shoot length, plant height, and
root length were measured using a ruler.

Determination of enzyme activities in fresh leaves of 1
pes-caprae (3 replicates). Leaf catalase (CAT) activity was
quantified using the ammonium molybdate method (Lian
et al. 2023), leaf peroxidase (POD) activity was deter-
mined using the guaiacol method (Hu et al. 2023), and
leaf superoxide dismutase (SOD) activity was assessed
based on the xanthine and xanthine oxidase reaction sys-
tem that generates superoxide anion (O,"), which reacts
with water-soluble tetrazolium salt-1 to form water-sol-
uble yellow formazan (Qiu et al. 2023). Additionally, leaf
malondialdehyde (MDA) content was determined via the
condensation reaction between MDA and thiobarbituric
acid under acidic and high-temperature conditions (Xu
et al. 2023), and leaf soluble sugar content was measured
using the anthrone colorimetric method (Du et al. 2023).

Statistical analysis
Excel 2019 and SPSS 23.0 were used for data preprocess-
ing and variance analysis of plant growth parameters,
antioxidant enzyme activities, soil chemical properties,
and soil enzyme activity indicators, followed by post-hoc
comparisons (One-way ANOVA + Fisher LSD, p <0.05).
Flash v1.2.11 software was applied for paired-end
sequence assembly to obtain complete gene sequences
(Mago¢ and Salzberg 2011). RDP Classifier v2.13 soft-
ware was employed for operational taxonomic unit
(OTU) clustering and annotation to acquire taxonomic
information of the sequences (Wang et al. 2007). Usearch
v11 software was utilized to enumerate OTUs and calcu-
late microbial relative abundance (Edgar 2010), whereas
Qiime v1.9.1 software was used to generate microbial
absolute abundance tables. Principal component analy-
sis based on OTU counts was performed using the vegan
package (v2.7-2) in R v4.5.1 (analyzed via the FactoMineR
method), and graphical visualization was conducted
using the ggplot2 v3.3.3 package (v3.3.3) in R v4.5.1
(Warton et al. 2012). Spearman correlation analysis was
conducted using the stats package (v4.5.1) in R v4.5.1,
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with visualization carried out through the pheatmap
package (v1.0.13) in R v4.5.1. Functional prediction of
bacterial communities was performed using FAPROTAX
v1.2.1. Topological characteristic indices were calculated
using the ggClusterNet package (v2.0) in R v4.5.1 (Ma et
al. 2016), and co-occurrence network visualization was
conducted using the ggNetView package (v0.1.0). Partial
least squares path modeling (PLS-PM) structural equa-
tion model fitting was performed using the plspm pack-
age (v0.4.9) in R v4.5.1.

Results

Effects of FV-biochar loaded with Bacillus megaterium on
soil chemical properties and enzyme activities

Soil chemical properties

Soil chemical indicators were significantly enhanced
under BCB treatment, with substantial increases
observed relative to CK treatment at both 15 and 30
days. However, the magnitude of increases in TP and
ammonium nitrogen decreased over time, whereas the
enhancements in AK and nitrate nitrogen were fur-
ther intensified (Fig. 1, Table S1). For nitrogen, the total
nitrogen content under BCB treatment was significantly
higher than that under CK (0.10, 0.20 g/kg, p<0.05)
at 15 d (0.43 g/kg) and 30 d (0.65 g/kg). Ammonium
nitrogen peaked at 15 d (0.60 mg/kg), which was signifi-
cantly higher than that under other treatments. Nitrate
nitrogen was significantly higher than that under CK
(0.09, 0.05 mg/kg, p<0.05) at 15 d (0.24 mg/kg) and 30
d (0.15 mg/kg). For phosphorus, total phosphorus under
BCB treatment was significantly higher than that under
CK (49.93, 56.60 mg/kg, p<0.05) at 15 d (162.33 mg/kg)
and 30 d (124.91 mg/kg). Available phosphorus was sig-
nificantly higher than that under CK (8.19, 8.69 mg/kg,
p<0.05) at 15 d (9.83 mg/kg) and 30 d (9.52 mg/kg). For
potassium, available potassium under BCB treatment
was significantly higher than that under other treatments
at 15 d (50.42 mg/kg). At 30 d, both total potassium
(12.89 g/kg) and available potassium (81.75 mg/kg)
reached the highest values, which were significantly
higher than those under B (6.58 g/kg, 47.06 mg/kg) and
CK (5.20 g/kg, 23.77 mg/kg, p<0.05). For sulfur, avail-
able sulfur under BCB treatment was significantly higher
than that under CK (17.46, 12.94 mg/kg, p<0.05) at 15 d
(42.94 mg/kg) and 30 d (29.96 mg/kg).

Other treatments also resulted in improvements in soil
nutrient status to varying extents. Among these, B treat-
ment generally exhibited superior performance relative
to BC treatment for most indicators, particularly demon-
strating greater increases in TK, TN, and AK at 30 days.
BC treatment showed moderate enhancement of certain
indicators, such as TP and ammonium nitrogen at 15
days. However, the overall magnitude and persistence of
these effects were comparatively limited.
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Fig. 1 Effects of FV-biochar loaded with Bacillus megaterium on soil chemical indicator contents. a Represents the soil chemical indicators of the CK, BC,
B, and BCB treatments at 15 days; b Represents the soil chemical indicators of the CK, BC, B, and BCB treatments at 30 days. Different lowercase letters in

the figure indicate significant differences among groups (p < 0.05)
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Fig. 2 Effects of FV-biochar loaded with Bacillus megaterium on soil enzyme activities. a Represents the soil enzyme activity indicators of the CK, BC, B,
and BCB treatments at 15 days; b Represents the soil enzyme activity indicators of the CK, BC, B, and BCB treatments at 30 days. Different lowercase letters

in the figure indicate significant differences among groups (p < 0.05)

Soil enzyme activities

Soil enzyme activities, including S-UE, S-ACP, and
S-LAP, were significantly enhanced under BCB treat-
ment (Fig. 2, Table S2). At 15 and 30 days of BCB treat-
ment, S-UE activities reached 58.13 U/g and 42.39 U/g,
respectively, corresponding to increases of 228% and
221% relative to CK. S-LAP activities were recorded at
0.42 U/g and 1.32 U/g, representing increases of 83% and

154%, respectively. S-ACP activities increased to 4235.48
U/g and 4949.05 U/g, with increases of 119% and 210%,
respectively, demonstrating that BCB treatment con-
sistently and markedly elevated all three soil enzyme
activities.

Across the remaining treatments, the B treatment
exhibited significantly greater enhancement of all
three enzyme activities than the BC treatment, with
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particularly pronounced improvements observed for
S-UE and S-ACP. Although BC treatment resulted in
measurable increases in enzyme activities, the overall
magnitude of enhancement was lower than that achieved
by B treatment. Therefore, the overall effectiveness of the
treatments on soil enzyme activities followed the order:
BCB>B > BC>CK.

Effects of FV-biochar loaded with Bacillus megaterium on
soil micro-ecology

Quality of bacterial community sequencing

Sequencing results showed that a total of 1,792,238 raw
reads were obtained for the V3-V4 region, which were
filtered to 1,571,199 reads after sequence quality control
and optimization. After removing unclassified taxa, a
total of 33 phyla, 83 classes, 167 orders, 205 families, 359
genera, and 829 species were detected. As shown in the
rarefaction curve (Fig. S1), the number of detectable spe-
cies gradually plateaued with increasing sequence num-
bers per sample, indicating that the detected species were
sufficient to represent the bacterial community composi-
tion in the samples.

Changes in soil bacterial abundance and activity

Alpha diversity analysis (Table S3) indicated that Rich-
ness, Shannon, Pielou, and Chaol indices were signifi-
cantly reduced under the BCB_1 treatment compared
with the CK_1 treatment (p <0.05), and this pattern was
maintained at 30 days. A comparable trend was observed
for the B treatment. However, by day 30, the effects on
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Richness and Chaol indices were no longer statisti-
cally significant (p>0.05). Throughout the experimental
period, no significant variations in alpha diversity indi-
ces were detected under the CK treatment, In the prin-
cipal component analysis (PCA), in which the confidence
ellipses for days 15 and 30 under CK nearly overlapped
(Fig. 3), indicating the absence of significant differences
in rhizosphere bacterial community structure within the
CK treatment during the experimental cycle. In contrast,
significant shifts in bacterial community composition
were detected across all other treatment groups.

Changes in soil microbial community structure

Distinct effects of the different treatments on soil micro-
bial community structure were observed, with BCB
treatment preferentially enriching Firmicutes and Bacil-
lus. From day 15 to day 30 across all treatments, at the
phylum level (Fig. 4a, Table S4), Proteobacteria main-
tained a relatively high abundance under BC treatment
(45.81%—45.00%), whereas the relative abundance of Fir-
micutes under BCB treatment increased from 43.34% to
49.77%. In contrast, Actinobacteriota exhibited a decline
under CK treatment (15.66%—13.13%), and Cyanobacte-
ria decreased under BCB treatment (11.86%—6.58%), no
significant differences were observed in the above phylum
changes (p<0.05). At the genus level (Fig. 4b, Table S5),
Bacillus was enriched under BCB treatment significantly
(46.58%—57.85%, p<0.05), Sphingomonas exhibited a
slight increase under CK treatment (12.86%—14.00%),
Lysobacter declined under BC treatment significantly

(e)

50 A

Group
e (K1
® BCB_I
B_1
BC_1
CK 2
® BCB2
e B2
e BC2

=25 4

—40 0 40 80
PCA1 (11.04%)

Fig.3 Alpha diversity and beta diversity. a Shows the richness index of bacterial communities under CK, BC, B, and BCB treatments; b Shows the Shannon
index of bacterial communities under CK, BC, B, and BCB treatments; ¢ Shows the Pielou index of bacterial communities under CK, BC, B, and BCB treat-
ments; d Shows the Chao1 index of bacterial communities under CK, BC, B, and BCB treatments; e Shows the principal component analysis of bacterial
communities under CK, BC, B, and BCB treatments. “*" indicates significant differences between groups, p < 0.05; “**"indicates significant differences be-
tween groups, p < 0.01;"***"indicates significant differences between groups, p < 0.001; “****"indicates significant differences between groups, p < 0.0001;



Yuan et al. Bioresources and Bioprocessing (2026) 13:76

o 0% . Proteobacteria
2 T i ?
10%

2 s A
. \ :
_se, Firmicutes
:

+ Peripherals

(‘K:'] : \ \ N R
N \ b e 8 G
- A\ W 0% o~
- bt JERE I IS
e ; i

Page 8 of 17

® Peripherals ® Connectors ®  Module hubs,

Connectors

@

*  Module hubs

08 0.1 02 03 04

Pi Pi

(f) @ Peripherals ® Connectors ® Module hubs
3

NN N . :
SN [ it .
BCB_| - I/ Actinobacteriota o
uv% N ~— o 9 { :
"4 —_— \\ //u‘
Q) 7/ \\ |
\ \ \ i"( Bacteroidota a
B 1 \ \ N, :
o
5 \ *'- %  Cyanobacteria 3
Bei 7 g = w0 ™ Acidobacteriota |
- v oo % Chloroflexi e
CK_1
(b) Genus BCB_2 Bacillus (e)
eaus B2 o 5%
/‘, — \(" Sphingomonas 3
BC2 % Lysobacter
/ | '
\ \ Arthrobacter
5 5 W =, 1
CK2 ’\ o o Microvirga -
72 IN]
===  Ramlibacter n :
BCB ]\“ . = W Fuvisolibacter !
A 7 Massilia . :
. Y, ~ Leplolyngbya EcFYyyy-00 | i
BL1 / Ensifer 2 :
0.1 0.0
BC_I e = 10%

others

CK_1

Fig.4 Top 10 relative abundance at phylum and genus levels and ZiPi keystone species analysis. a Represents the abundance of dominant bacterial phyla
in the bacterial community under CK, BC, B, and BCB treatments; b Represents the abundance of dominant bacterial genera in the bacterial community
under CK, BC, B, and BCB treatments; ¢ Shows the screening situation of core bacterial genera under CK treatment; d Shows the screening situation of
core bacterial genera under BC treatment; e Shows the screening situation of core bacterial genera under B treatment; f Shows the screening situation

of core bacterial genera under BCB treatment

(11.75%—8.43%, p<0.05), and Arthrobacter increased
under BC treatment (8.10%—9.10%).

Microbial co-occurrence network analysis based on
Zi-Pi parameters indicated that soil microbial commu-
nity structure was differentially influenced by the vari-
ous treatments (Fig. 4). The network associated with CK
treatment was relatively simple and predominantly com-
posd of peripheral nodes (98.3%), with only four mod-
ule hubs and ten connectors identified. By comparison,
B treatment enhanced inter-module connectivity, as
evidenced by a 60% increase in the number of connec-
tors to 16, despite a reduction in module hubs to three,
suggesting that its primary influence was associated
with facilitating inter-module interactions rather than
reinforcing intra-module organization. In contrast, BC
treatment promoted the formation of core nodes within
modules, with the number of module hubs increasing to
seven while maintaining fourteen connectors, thereby
substantially enhancing network complexity and stabil-
ity. Notably, BCB treatment exhibited synergistic effects
rather than simple additive effects, reshaping the func-
tional roles of keystone species and generating new key-
stone taxa, such as Caulobacter (serving as a module hub
under BCB treatment while remaining a peripheral node
in other treatments), ultimately resulting in a network

structure that was more optimized with respect to both
module regulation and inter-module coordination.

Contribution analysis of soil amelioration

To comprehensively examine the interactions among soil,
microorganisms, and plants, PLS-PM was employed in
this study. Five latent variables, including alpha diver-
sity, beta diversity, growth, stress resistance, and soil
factors, were established, and previously measured soil,
plant, and bacterial indicators were screened accord-
ing to manifest variable loadings (>0.7) to construct the
structural model. The results demonstrated that, in com-
parison with the CK treatment (Fig. 5a), the BCB treat-
ment (Fig. 5b) markedly altered the relationships among
multiple pathways. Specifically, the effects of alpha
diversity—beta diversity, alpha diversity—growth, beta
diversity—growth, beta diversity—stress resistance, and
growth—stress resistance shifted from negative to posi-
tive. In contrast, the relationship between beta diversity
and soil factors changed from a positive to a negative
influence. As illustrated in Fig. 5¢ and d, the direction
of the influence of alpha diversity on beta diversity dif-
fered entirely between the two treatments. Under the
BCB treatment, a positive effect was observed, with a
path coefficient of 0.279, whereas a significant negative
effect was detected under the CK treatment (-0.830).
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With respect to the soil factor pathway, alpha diversity
under the BCB treatment exerted a significant positive
direct effect on soil factors (1.014, p<0.01). Although a
stronger direct effect was observed under the CK treat-
ment (1.580), its total effect was lower than that of the
BCB treatment due to offsetting by a negative indirect
effect mediated through beta diversity. Additionally, soil
factors under the BCB treatment promoted plant growth
(1.366), whereas this pathway exhibited a stronger effect
under the CK treatment (1.600). Simultaneously, growth
exerted a positive influence on stress resistance under the
BCB treatment (0.417), while a negative influence was
observed under the CK treatment (- 0.652).
Concurrently, based on analyses of network topological
characteristics (Table S6) and network structure (Fig. 6),
the highest degree of centralization (0.08) was observed
under the BCB_1 treatment. With increasing cultivation
time, the degree of centralization increased to varying
extents across all treatments except CK. With respect
to modularity, relatively high values were recorded for
the B_1 and BC_1 treatments, at 9.47 and 9.65, respec-
tively. Notably, the modularity of the B_2 treatment fur-
ther increased to 9.64. In contrast, network modularity
under the CK treatment exhibited a pronounced decline

with extended cultivation time, decreasing from an initial
value of 8.62 to 7.91.

To elucidate the effects of B. megaterium YZS-MO06 on
soil chemical properties, plant growth and stress resis-
tance, and functional bacterial communities, Mantel tests
were applied to evaluate correlations between this strain
and the aforementioned indicators (Fig. 7). Functional
prediction analysis results, based on the Kruskal-Wallis
rank-sum test and Tukey—Kramer multiple comparisons
(p<0.05) with false discovery rate correction, indicated
that B. megaterium exhibited significant positive correla-
tions (p <0.05) with multiple microbial functions, includ-
ing methanol oxidation, fumarate respiration, predatory
or exoparasitic activity, and anoxygenic photoautotrophy.
Further analysis demonstrated that, among the different
treatments, the BC treatment displayed the strongest
associations with these functions, and that these correla-
tions progressively intensified over time (Fig. 7).

Effects of FV-biochar loaded with Bacillus megaterium on
the growth and physiological characteristics of Ipomoea
pes-caprae

Growth performance of Ipomoea pes-caprae

As illustrated in Fig. 8 and Table S7, at both 15 and 30
days, all treatments resulted in higher values than the
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CK treatment with respect to bud number, bud length,
plant height, root number, and root length of I pes-
caprae, with the overall performance ranking as BCB>B
> BC>CK. At 15 days of treatment, the BCB treatment
produced the highest values across all growth indicators,
with bud number, bud length, plant height, root number,
and root length significantly increased by 133%, 273%,
31%, 100%, and 45%, respectively, relative to the CK treat-
ment (p<0.05). At 30 days, the BCB treatment remained
the most effective, with significant increases of 68%, 74%,
28%, 63%, and 101% in bud number, bud length, plant
height, root number, and root length, respectively, com-
pared with the CK treatment (p <0.05).

At 15 days, the B treatment significantly increased
bud number, bud length, and plant height of I pes-cap-
rae by 88.9%, 125%, and 21.6%, respectively, relative to
the CK treatment (p<0.05). Similarly, the BC treatment
resulted in significant increases in bud number and bud
length of 77.8% and 98.0%, respectively, compared with
the CK treatment (p <0.05). By 30 days, the B treatment
led to significant increases in bud number, root number,
and root length relative to the CK treatment, with incre-
ments of 57.9%, 42.1%, and 60.6%, respectively (p <0.05).
Similarly, the BC treatment significantly increased bud

number, root number, and root length by 26.3%, 26.3%,
and 32.1%, respectively, compared with the CK treatment
(p<0.05) (Table S7) .

Antioxidant enzyme activities and stress resistance of
Ipomoea pes-caprae leaves

The accumulation of osmotic adjustment substances
and the antioxidant enzyme system in 1. pes-caprae were
significantly enhanced under BCB treatment, thereby
improving stress resistance. The results indicated that
BC, B, and BCB treatments all significantly increased
soluble sugar content as well as SOD, POD, and CAT
activities in I pes-caprae, whereas MDA content was
significantly reduced (p<0.05) (Fig. 8, Table S8). At 15
days, soluble sugar content and SOD, POD, and CAT
activities under BCB treatment were increased by 20%,
105%, 247%, and 4%, respectively, relative to CK treat-
ment, while MDA content was significantly decreased by
82% (p<0.05). By 30 days, these physiological indicators
under BCB treatment were further strengthened, with
soluble sugar content and SOD and POD activities signif-
icantly increased by 208%, 123%, and 42%, respectively,
compared with CK treatment, whereas MDA content
was significantly reduced by 42% (p <0.05). Collectively,
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BCB treatment exhibited superior performance in pro-
moting osmotic adjustment substance accumulation and
enhancing the antioxidant enzyme system of 1. pes-cap-
rae relative to B and BC treatments.

Discussion

This study adopts a green approach by converting agri-
cultural waste into biochar and combining it with benefi-
cial B. megaterium, applying the the principles of waste
prevention, use of renewable feedstocks, and environ-
mentally friendly biological catalysis as proposed and
clarified in the recent study (Fegade 2024c).

FV-biochar loaded with Bacillus megaterium improves soil
fertility and ecological functions

Studies have shown that BCB treatment can effectively
improve soil chemical properties. Specifically, soil total
potassium, total nitrogen, total phosphorus, ammonium
nitrogen, nitrate nitrogen, available phosphorus, avail-
able potassium, and available sulfur were all significantly
higher than those in the CK treatment, BC treatment,
and B treatment. The results of this study are also con-
sistent with those reported by Teng et al. (2024) regard-
ing the improvement of soil nutrients. Biochar loaded
with microorganisms is superior to biochar alone and
functional bacteria alone in improving soil chemical
properties. Hou et al. (2025) found in coastal saline-alkali
soil that biochar combined with Azotobacter chroococ-
cum further increased soil available nitrogen content by
12.8% compared with the single inoculant treatment.
This enhancement may be attributed to the capacity of
microorganisms to metabolically produce nitrogenase,
phosphatase, nuclease, or organic acids, thereby facili-
tating nitrogen fixation and phosphorus solubilization
(Olaniyan et al. 2022). Additionally, biochar increases
soil cation exchange capacity and strengthens interac-
tions with microorganisms, promoting nutrient reten-
tion through effective adsorption and reducing leaching
losses of nutrients such as N, P, and K, Lu et al. found in a
soil column leaching experiment that biochar application
reduced soil phosphorus leaching loss by 20.5%—47.1%
(Lu et al. 2021). Therefore, biochar loaded with micro-
organisms is able to exert synergistic effects between the
two components, facilitating nutrient uptake and utiliza-
tion by plants and ultimately contributing to improved
soil fertility (Md. Nasir Hossain et al. 2020).

Soil enzyme activity serves as an indicator of microbial
activity and nutrient transformation processes (Meena
et al. 2024). In this study, soil enzyme activity was effec-
tively enhanced by E velutipes residue-based biochar
loaded with B. megaterium. This enhancement may be
attributed to the ability of biochar to stimulate micro-
bial metabolism and elevate microbial activity by sup-
plying intrinsic carbon sources and nutrients to the soil
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matrix (Luo et al. 2020). Additionally, microorganisms
such as plant growth-promoting rhizobacteria contrib-
ute to increased soil enzyme activity by providing sub-
strates for enzymatic reactions and facilitating organic
matter decomposition (Azeem et al. 2021). Previous
studies have indicated that biochar loaded with micro-
organisms can elevate soil nutrient levels and microbial
diversity, thereby promoting enzyme activity (Jabborova
et al. 2024). On the one hand, biochar, characterized by
a porous structure, high specific surface area, and abun-
dant surface functional groups, provides a favorable
habitat and protective microenvironment for micro-
organisms, thereby supporting microbial colonization,
persistence, and metabolic activity. On the other hand,
microorganisms directly participate in the transforma-
tion and release of soil nutrients, including nitrogen,
phosphorus, and potassium, through the secretion of
metabolic products such as nitrogenase, phosphatase,
nuclease, and organic acids, while biochar can adsorb
these enzymes and metabolites, thereby extending their
functional longevity in soil. Meanwhile, as a typical plant
growth-promoting rhizobacterium, B. megaterium can
dissolve insoluble phosphate in soil by secreting organic
acids (e.g., gluconic acid), convert unavailable phospho-
rus into available forms absorbable by plants, and pro-
duce extracellular enzymes such as phosphatase and
nuclease, which directly participate in the mineralization
of organic phosphorus, thereby improving the bioavail-
ability of soil nutrients (Sojka et al. 2025). Compared with
previous studies using B. megaterium alone (Yang et al.
2025), the immobilization technology adopted in this
study further enhanced the colonization ability and enzy-
matic stability of microorganisms, thus exhibiting a more
significant effect in improving soil fertility.

FV-biochar loaded with Bacillus megaterium can optimize
soil micro-ecology

FV-biochar loaded with Bacillus megaterium YZS-M06
synergistically drives optimization of soil bacterial
communities

By integrating the findings of this study with existing
literature, the significant inhibitory effect of E velutipes
residue-based biochar loaded with B. megaterium on the
alpha diversity of bacterial communities in the I pes-
caprae rhizosphere was determined to be a reproducible
phenomenon rather than an isolated case. Consistently,
Wang et al. (2025) in an investigation of the effects of
different carbon materials on rice rhizosphere bacterial
communities, reported that biochar-type materials gen-
erally reduce community richness and evenness. This pat-
tern is in agreement with the present results, in which BC
treatment failed to induce significant changes, whereas
BCB treatment markedly altered community struc-
ture, indicating that the synergistic interaction between
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biochar and B. megaterium YZS-MO06 represents a pri-
mary driver of community optimization. Mechanistically,
this response may be attributed to the rapid coloniza-
tion of functional microorganisms introduced by F velu-
tipes residue-based biochar loaded with B. megaterium
within the rhizosphere. Such colonization suppresses
the proliferation of certain indigenous microbial popula-
tions through intensified competition for nutrients and
ecological niches, thereby resulting in reduced commu-
nity evenness and richness (Wu et al. 2020). In contrast,
the relatively narrow gradient of microbial community
shifts induced by BC treatment in the surrounding soil,
with effects largely confined to the regulation of environ-
mental parameters such as pH and inorganic nitrogen,
was insufficient to substantially modify overall commu-
nity structure. This observation indicates that the regu-
latory role of biochar is primarily manifested through
modulation of soil physicochemical properties rather
than through direct restructuring of microbial composi-
tion. Furthermore, the attenuated influence of the B_2
treatment on Richness and Chaol indices suggests that
the ecological effects of a single microbial strain may be
progressively buffered by environmental adaptation over
time (Schuster et al. 2001).

Specific responses of microbial community composition at
phylum and genus levels and keystone species

Distinct treatments exerted differentiated shaping effects
on soil microbial community structure. At the phylum
level, the sustained high abundance of Proteobacteria
under BC treatment and the significant enrichment of
Firmicutes under BCB treatment suggested that dis-
tinct dominant phyla were selectively favored through
treatment-induced alterations in soil microenvironmen-
tal conditions or nutrient availability. Among them, the
increase in Firmicutes (with its dominant genus Bacil-
lus also significantly enriched) in the BCB treatment
was mainly derived from the introduction of exogenous
microbial agents. Meanwhile, the microenvironment
created by biochar may also favor the colonization and
growth of this bacterial community to a certain extent,
which jointly contributed to the significant increase in
its abundance. More importantly, co-occurrence network
analysis based on Zi-Pi parameters demonstrated pro-
nounced treatment-specific effects from the perspective
of ecological network topology. Under CK treatment, a
relatively simple network structure dominated by periph-
eral nodes was observed, reflecting a lower level of con-
nectivity within microbial communities under minimally
disturbed conditions. In contrast, B treatment resulted in
a substantial increase in the number of connectors, con-
sistent with previous findings indicating that microbial
inoculants can function as “bridges” facilitating interspe-
cies communication among distinct functional modules
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(Lei et al. 2020). This pattern may arise from the estab-
lishment of novel interactions between inoculated strains
and indigenous microbial populations, thereby enhanc-
ing inter-module connectivity. Conversely, BC treatment
led to a significant increase in the number of module
hubs, strongly supporting the concept that biochar can
promote the formation of critical core species within
modules by offering diversified microhabitats through
its porous structure (Lei et al. 2019). Furthermore, BCB
treatment reshaped the composition of keystone species,
resulting in the emergence of Caulobacter as a new mod-
ule hub. It was postulated that biochar, acting as a physi-
cal carrier, enhanced the colonization and persistence
of B. megaterium YZS-MO06, thereby generating a more
favorable microenvironment for its proliferation. Simul-
taneously, biochar-mediated regulation of soil chemical
properties and the biological functions contributed by B.
megaterium YZS-MO6 interacted synergistically, collec-
tively constructing a network architecture characterized
by improved balance in module regulation and inter-
module coordination, and exhibiting greater theoretical
stability.

FV-biochar loaded with Bacillus megaterium reshapes key
ecological pathways and drives functional optimization of
rhizosphere microbial communities

Relative to the CK treatment, BCB treatment resulted
in the reversal of several key pathway relationships from
negative to positive, including alpha diversity—beta
diversity, alpha diversity—growth, and beta diversity—
stress resistance. This transformation indicated that
niche optimization was achieved under BCB treatment
through the promotion of community functional differ-
entiation, which is consistent with previous reports on
the synergistic enhancement of plant growth by biochar-
loaded functional bacteria (Wang et al. 2025). Network
analysis further demonstrated that E velutipes residue-
based biochar loaded with B. megaterium YZS-MO6
exhibited the highest degree of centralization (0.082)
at 15 days of treatment, with centralization showing an
overall increasing trend over time. Meanwhile, modu-
larity characteristics displayed divergent evolutionary
patterns among treatments, thereby driving functional
reorganization of microbial communities through the
selective enrichment of key taxa and optimization of
microbial interaction network architecture (Lin et al.
2016). A distinctive outcome of this study was that BCB
treatment not only modified the magnitude of path coef-
ficients but also reversed the direction of critical eco-
logical pathways. This form of “relationship reshaping”
exhibited clear advantages over treatments involving bio-
char or microbial inoculants applied individually.
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Synergistic mechanisms of growth promotion and stress
resistance between FV-biochar loaded with Bacillus
megaterium

FV-biochar loaded with Bacillus megaterium significantly
enhanced growth promotion effects

BCB treatment performed the best in terms of the
growth indices of I pes-caprae, indicating a clear syner-
gistic growth-promoting effect between biochar and B.
megaterium. The porous structure of biochar provides
an ideal habitat for B. megaterium (Zhang et al. 2025),
significantly prolonging the active duration of functional
bacteria in soil. Studies have shown that loading bacilli
onto biochar can effectively avoid the adverse effects of
water-soluble inhibitors in biochar, thereby maintaining
an extremely high bacterial density over a long period.
This provides a reasonable explanation for why BCB
treatment still retained growth-promoting activity at 30
days in the present study (Nakahara et al. 2025). The car-
rier effect of biochar goes far beyond physical protection.
By optimizing the microecology;, it significantly improves
the survival rate and persistence of functional bacteria.
Consequently, BCB treatment significantly increased the
root length and root number of I pes-caprae by 101%
and 63%, respectively, and was significantly superior to
the single treatments. The same synergistic effect has
been reported in studies using bacteria-derived biochar
for the remediation of contaminated soil, where biochar
as a microbial carrier exerted a more long-lasting bio-
logical effect (Cheng et al. 2025). The synergistic growth-
promoting effect of the BCB treatment was reflected in
multiple aspects, which is consistent with previous find-
ings in similar systems. Regarding root development, the
BCB treatment resulted in a root length 0f 9.17 cm and a
root number of 10.33 at 30 days, which were significantly
increased by 101% and 63% compared with CK, and also
significantly better than the BC and B treatments. This
result is highly consistent with the study by Liu et al. on
rice, who reported that the combined application of bio-
char and phosphate-solubilizing bacteria significantly
increased total root length, root surface area, and root
tip number, and increased available phosphorus con-
tent in the culture solution by 309% compared with the
control (Liu et al. 2022), indicating that biochar as a car-
rier indirectly optimized root architecture by improving
phosphorus availability in the rhizosphere. Tahir et al.
(2022) also confirmed that biochar as a microbial car-
rier could increase plant dry weight by 62% under saline-
alkali soil conditions. Although the nutrient contents in
plant tissues were not directly determined in this study,
the optimized root architecture (significant increases
in root length and root number) generally implies a
larger absorption surface area. Yang et al. (2022) also
demonstrated that the application of microbial inocu-
lants improved the bioavailability of phosphorus and
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potassium by altering the soil bacterial community com-
position (significantly increasing the relative abundance
of Bacillus and Paenibacillus).

Synergistic activation of leaf antioxidant enzyme activities
and alleviation of membrane lipid peroxidation

The enhancement of antioxidant enzyme activities in 1
pes-caprae under BCB treatment indicated that F velu-
tipes residue-based biochar in combination with B.
megaterium YZS-MO06 effectively strengthened stress
resistance in I pes-caprae. Previous studies have dem-
onstrated that the application of biochar-based Bacillus
subtilis inoculants can increase plant SOD activity by up
to 3.5-fold (This study showed a 2.23-fold increase com-
pared with the control), indicating that synergistic inter-
actions between biochar and beneficial microorganisms
are capable of activating systemic resistance responses
in plants. In this study, BCB treatment was shown to
concurrently enhance the activities of multiple key anti-
oxidant enzymes, including SOD, POD, and CAT, while
markedly reducing MDA content, These results indicate
that BCB treatment may effectively alleviate oxidative
damage by activating the plant’s antioxidant defense sys-
tem. Moreover, the observed alleviation of membrane
lipid peroxidation damage may not only be attributed
to elevated antioxidant enzyme activities but may also
benefit from improvements in the rhizosphere micro-
environment (Zhang et al. 2025). Synergistic interactions
between biochar and microorganisms may mitigate envi-
ronmental stressors that induce oxidative stress at the
source by buffering fluctuations in environmental pH and
adsorbing harmful substances (Zhao et al. 2020). Col-
lectively, these processes demonstrate the dual enhance-
ment effects of “induction” and “buffering” exerted by the
biochar carrier and functional microorganisms in regu-
lating plant physiological status.

Synergistic effects enhancing stress resistance

On the one hand, microbial metabolism itself may
directly contribute to osmotic regulatory substances.
For example, previous studies have confirmed that
strains such as B. megaterium are capable of secreting
low-molecular-weight organic acids (e.g., pyruvate and
malate) as well as plant hormones (e.g., indole-3-ace-
tic acid) during metabolic processes (Kang et al. 2023).
These compounds function not only as intermediates in
sugar metabolism but also as signaling molecules that
stimulate plants to synthesize increased levels of soluble
sugars (Glick 2012). On the other hand, synergistic inter-
actions between biochar and functional bacteria substan-
tially improve soil fertility. It has been demonstrated that
biochar loaded with functional bacteria can effectively
increase soil organic matter, alkali-hydrolyzable nitrogen,
and AK contents, thereby establishing a robust material
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basis for enhanced carbon fixation and metabolic activ-
ity in plants (Warren and Butler 2024). As essential
osmotic regulatory substances and energy sources, the
pronounced accumulation of soluble sugars not only
directly maintains cellular osmotic homeostasis but also
supplies the necessary substrates for extensive biosynthe-
sis of the aforementioned antioxidant enzymes (Bolouri-
Moghaddam et al. 2010). Regulation at the metabolic
level, together with reinforcement of the antioxidant sys-
tem, collectively constitutes the physiological foundation
through which BCB treatment enhances the stress resis-
tance of I pes-caprae and supports sustained superior
performance.

Conclusion

This study reveals the synergistic mechanism of E velu-
tipes residue-derived biochar loaded with B. megaterium
YZS-MO06 in enhancing the growth and stress resistance
of the coastal plant I pes-caprae. It innovatively inte-
grates the resource utilization of agricultural waste with
microbial soil improvement technology, and constructs
a composite material with both ecological restoration
and plant growth-promoting functions. The growth of
I pes-caprae was significantly promoted by F velutipes
residue-based biochar loaded with B. megaterium YZS-
MO06 through synergistic interactions between biochar
and functional bacteria. This synergy was reflected in the
provision of a stable survival microenvironment for B.
megaterium by biochar, while B. megaterium YZS-M06
facilitated the growth of I pes-caprae via optimization
of soil micro-ecology. With respect to stress resistance,
BCB treatment activated the leaf antioxidant enzyme
system and alleviated membrane lipid peroxidation dam-
age, while simultaneously promoting the accumulation
of osmotic adjustment substances through metabolic
regulation. Additionally, BCB treatment drove functional
optimization of rhizosphere microbial communities
by regulating bacterial community structure, reshap-
ing microbial network relationships, and optimizing key
ecological functional pathways. Collectively, these effects
elucidate the physiological and ecological mechanisms
underlying the superiority of BCB treatment over single
treatments in promoting plant growth and enhancing
stress resistance. In future research, based on the findings
of this study, we will conduct field control experiments
and establish long-term monitoring plots to further
verify the universality of these conclusions in complex
coastal environments, we will also address the current
data gap by including soil organic matter measurements
in future investigations, so as to provide theoretical basis
and technical support for the development of green
remediation materials derived from agricultural and for-
estry wastes combined with functional microorganisms.

Page 15 of 17

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/540643-026-01073-w.

[ Supplementary Material 1 ]

Acknowledgements

We thank the Fujian Minjiang Estuary Wetland National Nature Reserve
Management Office for their strong support.This research was supported by
the Science and Technology Project of the Fuzhou Institute of Oceanography
(2025F21), Research Project of Fashu Foundation (MFK25011) and Minjiang
University Talent Introduction Pre-research Project (33004328).

Author contributions

Zongsheng Yuan: Writing - review & editing, Supervision, Project
administration, Funding acquisition. Jie Yang and Si-fan Wang: Writing —
original draft, Methodology, Formal analysis, Data curation. Xun Dong:
Software, Methodology, Formal analysis, Data curation. Xiao-ling Wang:
Writing —review & editing, Methodology. Fang Liu: Writing — review & editing,
Supervision, Project administration, Funding acquisition, Conceptualization.

Data availability
Raw sequence data have been deposited in the National Genomics Data
Center (NGDC) under accession number CRA035806.

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.

Author details

'Fujian Key Laboratory on Conservation and Sustainable Utilization
of Marine Biodiversity, Fuzhou Institute of Oceanography, College of
Geography and Oceanography, Minjiang University, Fuzhou 350108,
Fujian, China

2College of Environment and Safety Engineering, Fuzhou University,
Fuzhou 350108, Fujian, China

3College of Life Sciences, Fujian Agriculture and Forestry University,
Fuzhou 350002, Fujian, China

“College of Resources and Environment, Fujian Agriculture and Forestry
University, Fuzhou 350002, Fujian, China

Received: 23 January 2026 / Revised: 30 April 2026 / Accepted: 4 May 2026
Published online: 26 May 2026

References

Atallah E, Zeaiter J, Ahmad MN, Leahy JJ, Kwapinski W (2021) Hydrothermal
carbonization of spent mushroom compost waste compared against tor-
refaction and pyrolysis. Fuel Process Technol 216:106795. https://doi.org/10.1
016/j.fuproc.2021.106795

Azeem M, Hassan TU, Tahir M, Ali A, Jeyasundar PGSA, Hussain Q, Bashir S,
Mehmood S, Zhang Z (2021) Tea leaves biochar as a carrier of Bacillus cereus
improves the soil function and crop productivity. Appl Soil Ecol 157:103732.
https://doi.org/10.1016/j.apsoil.2020.103732

Bolouri-Moghaddam MR, Roy KL, Xiang L, Rolland F, Ende WVD (2010) Sugar signal-
ling and antioxidant network connections in plant cells. Febs J 277:2022—
2037. https://doi.org/10.1111/j.1742-4658.2010.07633.x

Chantorn S, Aekkawatchai N, Kasinsak K, Oontawee S (2022) Preservation of
Paenibacillus polymyxa BTKO1 and Bacillus subtilis BTK07 as lignocellulolytic
bacterial starters for industrial applications: physicochemical conditions,
enzyme stability, freeze-drying processes and cryoprotection. Biocatal Agr
Biotech 42:102326. https://doi.org/10.1016/j.bcab.2022.102326

Cheng J, Sun Q, Liu L (2025) Modified biochar-immobilized Bacillus spp. for the
release of nutrients and its response to soil microbial community activity and


https://doi.org/10.1186/s40643-026-01073-w
https://doi.org/10.1186/s40643-026-01073-w
https://doi.org/10.1016/j.fuproc.2021.106795
https://doi.org/10.1016/j.fuproc.2021.106795
https://doi.org/10.1016/j.apsoil.2020.103732
https://doi.org/10.1111/j.1742-4658.2010.07633.x
https://doi.org/10.1016/j.bcab.2022.102326

Yuan et al. Bioresources and Bioprocessing (2026) 13:76

structure. Ind Crop Prod 225:120466. https://doi.org/10.1016/j.indcrop.2025
120466

CuiQ Xia J, Yang H, Liu J, Shao P (2021) Biochar and effective microorganisms pro-
mote Sesbania cannabina growth and soil quality in the coastal saline-alkali
soil of the Yellow River Delta, China. Sci Total Environ 756:143801. https://doi.
org/10.1016/j.scitotenv.2020.143801

Deng B, ShiY, Zhang L, Fang H, Gao Y, Luo L, Feng W, Hu X, Wan S, Huang W, Guo
X, Siemann E (2020) Effects of spent mushroom substrate-derived biochar on
soil CO, and N,O emissions depend on pyrolysis temperature. Chemosphere
(Oxford) 246:125608. https://doi.org/10.1016/j.chemosphere.2019.125608

Deng ZH, Wang JW, He YH, Zhuo T, Fei T, Haijie L, Zhansheng W, Xiongfang A
(2023) Biochar-based Bacillus subtilis inoculant for enhancing plants disease
prevention: microbiota response and root exudates regulation. Biochar 5.
https://doi.org/10.1007/542773-023-00284-0

Dindhoria K, Ali A, Lepcha A, Kumar R (2025) Molecular mechanisms underlying
salt tolerance and plant growth promotion in wheat requlated by Halobacil-
lus marinus SL2 and Halomonas elongata DM6. Pedosphere. https://doi.org/1
0.1016/j.pedsph.2025.09.006

Douglas EJ, Lam-Gordillo O, Hailes SF, Lohrer AM, Cummings VJ (2025) Simulated
heatwave alters intertidal estuary greenhouse gas fluxes. Nat Commun
16:10507. https://doi.org/10.1038/541467-025-65519-z

Du L, Huang X, Ding L, Wang Z, Tang D, Chen B, Ao L, Liu Y, Kang Z, Mao H (2023)
TaERF87 andTaAKS1 synergistically regulateTaP5CS1 /TaP5CR1 -mediated
proline biosynthesis to enhance drought tolerance in wheat. New Phytol
237:232-250. https://doi.org/10.1111/nph.18549

Edgar RC (2010) Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26:2460-2461. https://doi.org/10.1093/bioinformatics/btq461

Elise L, Auriane J, Myriam C, Judith K, Franck L, Valérie D (2023) A review of
knowledge on the impacts of multiple anthropogenic pressures on the soft-
bottom benthic ecosystem in mediterranean coastal lagoons. Estuar Coast
46:2190-2207. https://doi.org/10.1007/512237-023-01188-9

Enders A, Hanley K, Whitman T, Joseph S, Lehmann J (2012) Characterization of
biochars to evaluate recalcitrance and agronomic performance. Bioresource
Technol 114:644-653. https://doi.org/10.1016/j.biortech.2012.03.022

Fegade SL (2024a) Assessment of greenness of catalytic deoxygenation of crop oil
for green diesel production. Clean Circ Bioecon 8:100091. https://doi.org/10.
1016/j.clcb.2024.100091

Fegade SL (2024b) Green hydrocarbons and fuels from municipal polymer waste
co-fed with natural gas using a batch catalytic slurry process. Green Technol
Sustain 2:100099. https://doi.org/10.1016/j.grets.2024.100099

Fegade SL (2024c) Red chemistry: principles and applications. Next Sustain
4:100048. https://doi.org/10.1016/j.nxsust.2024.100048

Glick BR (2012) Plant growth-promoting bacteria: mechanisms and applications.
Scientifica 2012:1-15. https://doi.org/10.6064/2012/963401

Gu YB, Meng DL, Yang S, Xiao NW, Li ZY, Liu ZH, Li LZ, Zeng XX, Zeng SR, Yin HQ
(2019) Invader-resident community similarity contribute to the invasion
process and regulate biofertilizer effectiveness. J Clean Prod 241:118278. http
s://doi.org/10.1016/j.jclepro.2019.118278

Guo H, Yao J, Cai MM, Qian Y, Guo Y, Richnow HH, Blake RE, Doni S, Ceccanti B
(2012) Effects of petroleum contamination on soil microbial numbers, meta-
bolic activity and urease activity. Chemosphere 87:1273-1280. https://doi.org
/10.1016/j.chemosphere.2012.01.034

Hakimi MI, Farid MAA, Norrrahim MNF, Zakaria MR, Shirai Y, Hassan MA, Yusoff MZM
(2026) Tailored biochar from oil palm trunk via controlled carbonization for
efficient dye adsorption. Bioresources Bioprocess 13(1):24. https://doi.org/10.
1186/540643-026-01013-8

Hou Q Wang WX, Yang Y, Hu J, Bian C, Jin L, Li G, Xiong X (2020) Rhizosphere
microbial diversity and community dynamics during potato cultivation. Eur J
Soil Biol 98:103176. https://doi.org/10.1016/j.ejs0bi.2020.103176

Hou J, Tang J, Zhang X, Zhang S, Zhang Q (2025) Combined improvement of
coastal saline-alkali soils by biochar and Azotobacter chroococcum: effects
and mechanisms. Appl Soil Ecol 212:106214. https://doi.org/10.1016/j.apsoil
.2025.106214

Hu X, Shen S, Wu J, Liu J, Wang H, He J, Yao Z, Bai Y, Zhang X, Zhu Y, Li G, Zhao J,
You X, Xu J, JiY, Li D, Pu M, Zhao Z, Zhou S, Zhang J, Huang Y, Li Y, Ning Y, Lu
Y, Huang F, Wang W, Fan J (2023) A natural allele of proteasome maturation
factor improves rice resistance to multiple pathogens. Nat Plants 9:228-237.
https://doi.org/10.1038/541477-022-01327-3

Jabborova D, Singh PK, Saharan BS, Ahmed N, Kumar S, Duhan JS (2024) Biochar
and AMF Improve Growth, Physiological Traits, Nutrients of Turmeric and Soil
Biochemical Properties in Drought Stress. Agr Res 13:802-813. https://doi.org
/10.1007/540003-024-00735-5

Page 16 of 17

Kang Q Xiuhong Y, Zuxu Z, Jiawei X, Ke F, Jiayi L, Fei X, Xingguang D, Dawei Z,
Honghui L (2023) Mitochondrial alternative oxidase enhanced ABA-mediated
drought tolerance in Solanum lycopersicum. J Plant Physiol 280:153892.
https://doi.org/10.1016/J.JPLPH.2022.153892

Lei W, Bruchmann J, Ruiping JL, Levkin PA, Schwartz T (2019) Biofilm bridges
forming structural networks on patterned lubricant-infused surfaces. Adv Sci
6:1900519. https://doi.org/10.1002/advs.201900519

Lei W, Krolla P, Schwartz T, Levkin PA (2020) Bacterial bridges: controlling geometry
and flow through bacterial bridges on patterned lubricant-infused surfaces
(pLIS) (Small 52/2020). Small 16. https://doi.org/10.1002/smll.202070279

LiM, Ling C, Zhao L, Hu L, Li H, Zhang L (2025) Surface Fe"O induced highly selec-
tive phenol polymerization via proton-coupled electron transfer. J Am Chem
Soc. https://doi.org/10.1021/JACS.5C09972

Lian Q LiuW, Ma D, Liang Z, Tang Z, Cao J, He C, Xia D (2023) Precisely orientating
atomic array in one-dimension tellurium microneedles enhances intrinsic
piezoelectricity for an efficient piezo-catalytic sterilization. ACS Nano
17:8755-8766. https://doi.org/10.1021/acsnano.3c02044

Lin Q, De Vrieze J, He G, Li X, Li J (2016) Temperature regulates methane produc-
tion through the function centralization of microbial community in anaero-
bic digestion. Bioresource Technol 216:150-158. https://doi.org/10.1016/j.bi
ortech.2016.05.046

Liu SN, Du HT, Huang YW (2022) Effects of biochar application and phosphorus-
solubilizing bacteria on rice seedling growth and rhizosphere phosphorus
availability under phosphorus stress. Chin J Ecol 41:1560-1569. https://doi.or
9/10.13292/j.1000-4890.202208.022

Liu ZX, Gu HD, Yao Q Jiao F, Hu XJ, Liu JJ, Jin J, Liu XB, Wang GH (2024) Soil pH and
carbon quality index regulate the biogeochemical cycle couplings of carbon,
nitrogen and phosphorus in the profiles of Isohumosols. Sci Total Environ
922:171269. https://doi.org/10.1016/j.scitotenv.2024.171269

LuY, Wu YC,Wang YC, Ana W, Jielina, KeSunb, Wang X (2021) Effects of biochar
addition on the abundance, speciation, availability, and leaching loss of soil
phosphorus. Sci Total Environ 758:143657. https://doi.org/10.1016/j.scitoten
v.2020.143657

Luo G, Xue C, Jiang Q, Xiao Y, Zhang F, Guo S, Shen Q, Ling N (2020) Soil Carbon,
Nitrogen, and Phosphorus Cycling Microbial Populations and Their Resis-
tance to Global Change Depend on Soil C:N:P Stoichiometry. Msystems 5.
https://doi.org/10.1128/msystems.00162-20

Ma B, Wang H, Dsouza M, Lou J, He Y, Dai Z, Brookes PC, Xu J, Gilbert JA (2016)
Geographic patterns of co-occurrence network topological features for soil
microbiota at continental scale in eastern China. Isme J 10:1891-1901. https/
/doi.org/10.1038/ismej.2015.261

Magoc T, Salzberg SL (2011) FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics 27:2957-2963. https://doi.org/1
0.1093/bioinformatics/btr507

Massucato LR, Silva MB, Mosela M, Watanabe LS, Afonso L, Marcos AW, Nogueira
AF, de Sousa NV, Fendrich RC, Faria MV, Gongalves LS (2025) Enzymatic Activ-
ity and Organic Acid Profile of Phosphate-Solubilizing Bacterial Inoculants
and Their Agronomic Effectiveness in Soybean. Microorganisms 13:2016.
https://doi.org/10.3390/microorganisms13092016

Md. Nasir Hossain S, Mahmudul H, Jasim U, Subramaniam S (2020) Impact of appli-
cation of Trichoderma and biochar on growth, productivity and nutritional
quality of tomato under reduced N-P-K fertilization. Annals Agricultural Sci
65:107-115. https://doi.org/10.1016/j.20a5.2020.06.003

Meena SN, Sharma SK, Singh P, Meena BP, Ram A, Meena RL, Singh D, Meena RB,
Nogiya M, Jain D, Kumar K (2024) Comparative analysis of soil quality and
enzymatic activities under different tillage based nutrient management prac-
tices in soybean-wheat cropping sequence in Vertisols. Sci Rep-Uk 14:6840.
https://doi.org/10.1038/541598-024-54512-z

Nakahara H, Someya N, Maeda Y, Kubota M (2025) Inoculation methods that
enhance the survival of Bacillus strains in rice husk biochar for use as bacterial
carriers. Int Microbiol 10-1007. https://doi.org/10.1007/510123-025-00737-5

Navas-Romero AL, Sénchez E, Zabaleta R, Torres E, Viviana N, Fernandez-Maldo-
nado, Riveros-Gémez M, Patricia B, Germéan M, Paula Fabani M, Rosa R (2026)
Conversion of anaerobic digestates into biochar for sustainable fodder
production in soilless agriculture. Bioresources Bioprocess 13(1):49. https://do
i.0rg/10.1186/540643-026-01014-7

Olaniyan FT, Alori ET, Adekiya AO, Ayorinde BB, Daramola FY, Osemwegie OO,
Babalola OO (2022) The use of soil microbial potassium solubilizers in potas-
sium nutrient availability in soil and its dynamics. Ann Microbiol 72. https://d
0i.0rg/10.1186/513213-022-01701-8

QiuJ, Chen', Liu Z, Wen H, Jiang N, Shi H, Kou Y (2023) The application of zinc
oxide nanoparticles: An effective strategy to protect rice from rice blast and


https://doi.org/10.1016/j.indcrop.2025.120466
https://doi.org/10.1016/j.indcrop.2025.120466
https://doi.org/10.1016/j.scitotenv.2020.143801
https://doi.org/10.1016/j.scitotenv.2020.143801
https://doi.org/10.1016/j.chemosphere.2019.125608
https://doi.org/10.1007/S42773-023-00284-0
https://doi.org/10.1016/j.pedsph.2025.09.006
https://doi.org/10.1016/j.pedsph.2025.09.006
https://doi.org/10.1038/s41467-025-65519-z
https://doi.org/10.1111/nph.18549
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1007/S12237-023-01188-9
https://doi.org/10.1016/j.biortech.2012.03.022
https://doi.org/10.1016/j.clcb.2024.100091
https://doi.org/10.1016/j.clcb.2024.100091
https://doi.org/10.1016/j.grets.2024.100099
https://doi.org/10.1016/j.nxsust.2024.100048
https://doi.org/10.6064/2012/963401
https://doi.org/10.1016/j.jclepro.2019.118278
https://doi.org/10.1016/j.jclepro.2019.118278
https://doi.org/10.1016/j.chemosphere.2012.01.034
https://doi.org/10.1016/j.chemosphere.2012.01.034
https://doi.org/10.1186/s40643-026-01013-8
https://doi.org/10.1186/s40643-026-01013-8
https://doi.org/10.1016/j.ejsobi.2020.103176
https://doi.org/10.1016/j.apsoil.2025.106214
https://doi.org/10.1016/j.apsoil.2025.106214
https://doi.org/10.1038/s41477-022-01327-3
https://doi.org/10.1007/s40003-024-00735-5
https://doi.org/10.1007/s40003-024-00735-5
https://doi.org/10.1016/J.JPLPH.2022.153892
https://doi.org/10.1002/advs.201900519
https://doi.org/10.1002/smll.202070279
https://doi.org/10.1021/JACS.5C09972
https://doi.org/10.1021/acsnano.3c02044
https://doi.org/10.1016/j.biortech.2016.05.046
https://doi.org/10.1016/j.biortech.2016.05.046
https://doi.org/10.13292/j.1000-4890.202208.022
https://doi.org/10.13292/j.1000-4890.202208.022
https://doi.org/10.1016/j.scitotenv.2024.171269
https://doi.org/10.1016/j.scitotenv.2020.143657
https://doi.org/10.1016/j.scitotenv.2020.143657
https://doi.org/10.1128/msystems.00162-20
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.3390/microorganisms13092016
https://doi.org/10.1016/j.aoas.2020.06.003
https://doi.org/10.1038/s41598-024-54512-z
https://doi.org/10.1007/s10123-025-00737-5
https://doi.org/10.1186/s40643-026-01014-7
https://doi.org/10.1186/s40643-026-01014-7
https://doi.org/10.1186/s13213-022-01701-8
https://doi.org/10.1186/s13213-022-01701-8

Yuan et al. Bioresources and Bioprocessing (2026) 13:76

abiotic stresses. Environ Pollut 331:121925. https://doi.org/10.1016/j.envpol.
2023.121925

Saiya-Cork KR, Sinsabaugh RL, Zak DR (2002) The effects of long term nitrogen
deposition on extracellular enzyme activity in an Acer saccharum forest soil.
Soil Biol Biochem 34:1309-1315. https://doi.org/10.1016/50038-0717(02)00
074-3

Schuster RL, Bucknam RC, Mota M (2001) Evaluacion de la estabilidad de un dique
de deslizamiento de tierra inducido por el Huracan Mitch en El Rio La Lima,
Sierra de las Minas, Guatemala oriental. Lateral Revista De Cultura 3. https://d
0i.0rg/10.3133/0fr01120_spanish

Sojka M, Kiruba NJM, Winiarski J, Saeid A (2025) Substrate-specific interactions of
dual-consortia system of Bacillus megaterium and Pseudomonas putida for
optimized nutrient recovery. Chem Biol Technol Ag 12:164. https://doi.org/10
.1186/540538-025-00878-9

Soliman S, Rezk A, Rocha Fl, Rodriguez-Ramos JC, Manoharan B, Wang Y, Han Z,
Hale L, El-kereamy A (2025) Strigolactone GR24 modulates citrus root archi-
tecture and rhizosphere microbiome under nitrogen and phosphorus defi-
ciency. BMC Plant Biol 25:1569. https://doi.org/10.1186/512870-025-07515-5

Sun J, Zhao X, Ji S,Wang L, Chen Q, Zhai Y, Li L, Liu F (2025) Sustainable landfill
barrier system: chitosan-modified bentonite with microbial self-healing for
groundwater protection in arid regions. J Clean Prod 535:147134. https://doi.
0rg/10.1016/jjclepro.2025.147134

Tahir M, Shahid M, Nawaz F, Ahmad |, ljaz M, Farooq AB, U, Akram M, Khalid U,
Naggash T, Mehmood S, Mubeen M, Sarfaraz M, Abbas Y (2022) Efficacy of
organic-based carrier material for plant beneficial rhizobacteria application
in okra under normal and salt-affected soil conditions. J Appl Microbiol
133:943-959. https://doi.org/10.1111/jam.15589

Teng M, Zhao X, Zhou L, Yan H, Zhao L, Sun J, Li Y, Zhu W, Wu F (2024) An
integrated analysis of the fecal metabolome and metagenome reveals the
distinct effects of differentially charged nanoplastics on the gut microbiota-
associated metabolites in mice. Sci Total Environ 906:167287. https://doi.org/
10.1016/j.scitotenv.2023.167287

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl Envi-
ron Microb 73:5261-5267. https://doi.org/10.1128/AEM.00062-07

Wang B, LiW, Xue N, Xi R, Wang Y, Fang L, Wang Q, Liang X, Xiao Y, Yang X, Wu X
(2025) Co-application of biochar and compost enhanced soil carbon seques-
tration in urban green space. Front Microbiol 16:1707894. https://doi.org/10.3
389/fmicb.2025.17078%4

Wang Z, Zhang M, Qian X, NiY, Zhou X, Yang J (2026) Mechanistic insights into
promoted biogas production and reduced antibiotic resistance genes'risks of
dry anaerobic digestion of organic wastes with biochar addition. Biore-
sources Bioprocess 13(1):7. https://doi.org/10.1186/540643-025-01003-2

Page 17 of 17

Warren CR, Butler OM (2024) Phosphorus drives adaptive shifts in membrane lipid
pools and synthesis between soils. Soil Biol Biochem 192:109387. https://doi.
0rg/10.1016/j.50ilbio.2024.109387

Warton DI, Wright ST, Wang Y (2012) Distance-based multivariate analyses con-
found location and dispersion effects. Methods Ecol Evol 3:89-101. https://do
i.0rg/10.1111/j.2041-210X.2011.00127 x

Wu H, Qin X, Wu H, Li F, Lin W (2020) Biochar mediates microbial communities and
their metabolic characteristics under continuous monoculture. Chemo-
sphere 246:125835. https://doi.org/10.1016/j.chemosphere.2020.125835

Xia F, Zhang Z, Zhang Q, Huang HC, Zhao XH (2024) Life cycle assessment of
greenhouse gas emissions for various feedstocks-based biochars as soil
amendment. Sci Total Environ 911:168734. https://doi.org/10.1016/j.scitoten
v.2023.168734

XuJ, Xu J, ShiT, Zhang Y, Chen F, Yang C, Guo X, Liu G, Shao D, Leong KW, Nie G
(2023) Probiotic-Inspired nanomedicine restores intestinal homeostasis in
colitis by regulating redox balance, immune responses, and the gut microbi-
ome. Adv Mater 35:2207890. https://doi.org/10.1002/adma.202207890

Yang W, Zhao YN, Yang Y, Zhang MS, Mao XX, Guo YJ, Li XY, Tao B, Qi YZ, Ma L, Liu
WJ, Di Li BW H J (2022) Co-application of biochar and microbial inoculants
increases soil phosphorus and potassium fertility and improves soil health
and tomato growth. J Soil Sediment 23:947-957. https://doi.org/10.1007/511
368-022-03347-0

Yang ZY, Tian YH, Zhao JZ, Liu J, Lin XL, Xi YB, Wang H, Kong FG, Zhang FS, Qiu XQ
(2025) Effect of lignin carbon material on phosphorus solubilisation perfor-
mance of Bacillus megaterium. Int J Biol Macromol 290:138858. https://doi.org
/10.1016/j.ijbiomac.2024.138858

Zhang P, Xue B, Le J, Hui X, Beixing L, Hongwen S (2022) Amelioration effects of
coastal saline-alkali soil by ball-milled red phosphorus-loaded biochar. Chem
Eng J 431:133904. https/doi.org/10.1016/j.cej.2021.133904

Zhang X, Cai X, Hu X, Zong C, Lin H, Shen L, Teng J, Li B, Zhao L, Zhang M (2025)
Magnesium-enriched biochar as a multifunctional carrier: unlocking pro-
ductivity and stability in the algal-bacterial symbiosis system. Chem Eng J
524:169278. https://doi.org/10.1016/j.cej.2025.169278

Zhao L, Xiao D, Liu'Y, Xu H, Cao X (2020) Biochar as simultaneous shelter, adsor-
bent, pH buffer, and substrate of Pseudomonas citronellolis to promote
biodegradation of high concentrations of phenol in wastewater. Water Res
172:115494. https://doi.org/10.1016/j.watres.2020.115494

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


https://doi.org/10.1016/j.envpol.2023.121925
https://doi.org/10.1016/j.envpol.2023.121925
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.3133/ofr01120_spanish
https://doi.org/10.3133/ofr01120_spanish
https://doi.org/10.1186/s40538-025-00878-9
https://doi.org/10.1186/s40538-025-00878-9
https://doi.org/10.1186/s12870-025-07515-5
https://doi.org/10.1016/j.jclepro.2025.147134
https://doi.org/10.1016/j.jclepro.2025.147134
https://doi.org/10.1111/jam.15589
https://doi.org/10.1016/j.scitotenv.2023.167287
https://doi.org/10.1016/j.scitotenv.2023.167287
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.3389/fmicb.2025.1707894
https://doi.org/10.3389/fmicb.2025.1707894
https://doi.org/10.1186/s40643-025-01003-2
https://doi.org/10.1016/j.soilbio.2024.109387
https://doi.org/10.1016/j.soilbio.2024.109387
https://doi.org/10.1111/j.2041-210X.2011.00127.x
https://doi.org/10.1111/j.2041-210X.2011.00127.x
https://doi.org/10.1016/j.chemosphere.2020.125835
https://doi.org/10.1016/j.scitotenv.2023.168734
https://doi.org/10.1016/j.scitotenv.2023.168734
https://doi.org/10.1002/adma.202207890
https://doi.org/10.1007/s11368-022-03347-0
https://doi.org/10.1007/s11368-022-03347-0
https://doi.org/10.1016/j.ijbiomac.2024.138858
https://doi.org/10.1016/j.ijbiomac.2024.138858
https://doi.org/10.1016/j.cej.2021.133904
https://doi.org/10.1016/j.cej.2025.169278
https://doi.org/10.1016/j.watres.2020.115494

	﻿Enoki mushroom residue-based biochar loaded with ﻿Bacillus megaterium﻿ YZS-M06 improves coastal sandy soil and promotes ﻿Ipomoea pes-caprae﻿ growth
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Materials
	﻿Experimental design
	﻿Determination of soil chemical properties and enzyme activities
	﻿Soil DNA extraction and microbial sequencing analysis
	﻿Determination of growth indicators and leaf antioxidant enzyme activities of ﻿Ipomoea pes-caprae﻿
	﻿Statistical analysis

	﻿Results
	﻿Effects of FV-biochar loaded with ﻿Bacillus megaterium﻿ on soil chemical properties and enzyme activities
	﻿Soil chemical properties
	﻿Soil enzyme activities


	﻿Effects of FV-biochar loaded with ﻿Bacillus megaterium﻿ on soil micro-ecology
	﻿Quality of bacterial community sequencing
	﻿Changes in soil bacterial abundance and activity
	﻿Changes in soil microbial community structure
	﻿Contribution analysis of soil amelioration

	﻿Effects of FV-biochar loaded with ﻿Bacillus megaterium﻿ on the growth and physiological characteristics of ﻿Ipomoea pes-caprae﻿
	﻿Growth performance of Ipomoea pes-caprae
	﻿Antioxidant enzyme activities and stress resistance of Ipomoea pes-caprae leaves

	﻿Discussion
	﻿FV-biochar loaded with ﻿Bacillus megaterium﻿ improves soil fertility and ecological functions
	﻿FV-biochar loaded with ﻿Bacillus megaterium﻿ can optimize soil micro-ecology
	﻿FV-biochar loaded with ﻿Bacillus megaterium﻿ YZS-M06 synergistically drives optimization of soil bacterial communities
	﻿Specific responses of microbial community composition at phylum and genus levels and keystone species
	﻿FV-biochar loaded with ﻿Bacillus megaterium﻿ reshapes key ecological pathways and drives functional optimization of rhizosphere microbial communities


	﻿Synergistic mechanisms of growth promotion and stress resistance between FV-biochar loaded with ﻿Bacillus megaterium﻿
	﻿FV-biochar loaded with ﻿Bacillus megaterium﻿ significantly enhanced growth promotion effects
	﻿Synergistic activation of leaf antioxidant enzyme activities and alleviation of membrane lipid peroxidation
	﻿Synergistic effects enhancing stress resistance

	﻿Conclusion
	﻿References


