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Highlights

¢ Dazomet and dimethyl disulfide fumigation suppress exogenous organic carbon (C) mineralization.
¢ Bacillus velezensis inoculation restores C mineralization and increases microbial respiration.

* Bacillus velezensis reshapes bacterial communities and strengthens bacterial interactions.

* Microbial remediation can restore soil function in intensive agricultural systems.

Abstract

Chemical fumigants such as dazomet (DZ) and dimethyl disulfide (DMDS) effectively suppress soil-borne pathogens
but there is uncertainty regarding the restoration of soil ecological functions in continuous cropping obstacles after
fumigation, such as microbe-mediated organic carbon cycling. However, the mechanism by which microbial remediation
measures enhance carbon mineralization activity after soil fumigation remains unclear. In this study, we conducted
microcosm experiments to investigate the impacts of Bacillus velezensis inoculation on exogenous organic carbon (EOC)
mineralization and bacterial community composition and interactions following chemical fumigation. Relative to fumigation
alone, B. velezensis addition increased cumulative EOC mineralization by 27% in DZ-treated soils and by 22% in DMDS-
treated soils. This enhancement was associated with the enrichment of core taxa and keystone species, which collectively
increased microbial activity. Structural equation modeling further confirmed that core taxa (OTU56, belonging to Bacillus)
induced positive interactions with indigenous species, which drove the observed enhancement in EOC mineralization.
We conclude that B. velezensis facilitates the rapid recovery of soil carbon mineralization after fumigation by selectively
reshaping the bacterial community and strengthening bacterial cooperative networks. This work provides a mechanistic
framework for microbially driven ecological restoration of fumigant-impacted continuous-cropping obstacle soils and informs
the development of sustainable soil-management practices in chemically challenged agroecosystems.

Keywords: continuous cropping obstacles, chemical fumigation, B. velezensis, microbial community structure, organic
carbon mineralization

1. Introduction severe yield losses of more than 50%, which threaten the
The long-term monoculture of economic crops often leads sustainability of intensive agricultural systems (Deng et al.
to a proliferation of soil-borne pathogens and a decline in 2021). Chemical fumigation with broad-spectrum agents,

soil physico-chemical and biological properties, resulting in such as dazomet (DZ) and dimethyl disulfide (DMDS), is
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commonly employed to alleviate these continuous cropping
obstacles by effectively eliminating pathogenic organisms
(Castellano-Hinojosa et al. 2022; Schulte-Uebbing et al.
2022). However, chemical fumigation also reduces soil
microbial diversity, posing challenges to the targeted
restoration of soil ecological functions in continuous cropping
obstacles (Xiong et al. 2024).

The biogeochemical carbon cycle constitutes a key
component of soil ecosystem functionality. Microbial
abundance and diversity are fundamental to soil health,
as their activities underpin critical processes like organic
matter decomposition, which directly influences soil fertility
and nutrient availability (Ibekwe et al. 2001; Bissett et al.
2013). Soil microbial communities exhibit dynamic changes
in response to environmental disturbances, such as chemical
fumigation, which significantly alter the microbial community
composition, reduce network complexity, and impair functional
potential (Castellano-Hinojosa et al. 2022). Specifically,
fumigation significantly reduces the abundance of key
functional microbial groups, including Bacillus, Pseudomonas,
and arbuscular mycorrhizal fungi. Such declines can disrupt
microbial-mediated residue decomposition processes,
ultimately impairing the organic carbon sequestration capacity
of the soil (Cao et al. 2024; Philippot et al. 2024). Recent
evidence has further suggested that a decrease in microbial
abundance and metabolic activity after fumigation slows
down the exogenous organic carbon (EOC) mineralization,
which is a direct indicator of microbial activity (Liang et al.
2017; Abs et al. 2024). Despite increasing recognition of
the ecological consequences of soil fumigation, current
research focuses on its effects on pathogen suppression and
crop productivity, and neglects the impacts on soil microbial
communities and carbon mineralization activity (Yan et al.
2025). This knowledge gap hinders the rapid restoration
of microbial C cycling functions in fumigated continuous
cropping soils. Therefore, exploring effective strategies for
microbial ecological restoration post-fumigation has scientific
and practical implications.

Various soil amendments (e.g., silicate minerals, biochar,
organic fertilizers) are employed after chemical fumigation to
restore impaired microbial diversity and ecological functions
(Fang et al. 2020). These non-biological amendments
primarily improve soil physicochemical parameters and
promote microbial recolonization (Chen et al. 2025; Jiang
et al. 2025). In contrast, biologically active amendments,
especially microbial inoculants, may offer a more direct
and efficient pathway for microbial community and function
reconstruction (Zargar et al. 2022). Bacillus spp. has
exhibited excellent capabilities in resisting abiotic stress (Li
et al. 2025), suppressing pathogens, and promoting soil
carbon cycling (Wang et al. 2018). For example, Bacillus
velezensis can produce extracellular enzymes and secondary
metabolites to enhance microbial activity and modulate
community interactions, thereby demonstrating potential
as a viable inoculant for post-fumigation recovery (Mosela
et al. 2022). However, the mechanisms by which Bacillus
inoculation restores carbon cycling functions (particularly soil
organic carbon (SOC) mineralization) in fumigated continuous
cropping soils remain largely unknown. Specifically, whether

Bacillus inoculation enhances carbon mineralization through
increasing microbial metabolic activity or restructuring the
microbial community and interactions remains unclear.

To investigate these gaps, we explored the role of
B. velezensis in restoring EOC mineralization and bacterial
community structure in chemically fumigated continuous
cropping soils. Using a controlled microcosm approach,
we examined the impacts of B. velezensis inoculation
following DZ and DMDS fumigation on bacterial diversity, co-
occurrence network properties, and carbon mineralization
dynamics. We hypothesized that: (i) Bacillus velezensis
inoculation increases the EOC mineralization rate in
fumigated soils, and (ii) this enhancement is driven by the
restructuring of bacterial community composition and the
promotion of cooperative interactions among keystone taxa.
Our findings offer mechanistic insight into microbe-mediated
carbon cycling recovery and provide a theoretical foundation
for integrating microbial amendments into sustainable
fumigation and soil restoration strategies.

2. Materials and methods
2.1. Site description and soil sampling

Soil sampling was conducted in March 2024 from a
greenhouse under continuous tomato monocropping in Cixi
City, Zhejiang Province, China (30°16°N, 121°14°E). The
study site has a climate characterized by an annual average
temperature of 16.0°C and precipitation of 1,272 mm. Prior
to collection, visible stones and plant debris were manually
removed from the soil surface. The topsoil (0—20 cm)
was carefully collected, sieved through a 2-mm mesh,
homogenized, and stored at 4°C for subsequent incubation
experiments. Soil physical and chemical properties were
analyzed, including pH, electrical conductivity (EC), SOC,
dissolved organic carbon (DOC), ammonium nitrogen (NH,"),
nitrate nitrogen (NO;"), and available phosphorus (Olsen-P).
The basic soil properties were as follows: SOC, 12.8 g kg'1;
DOC, 78.7 mg kg™'; NH,*, 1.0 mg kg™"; NO,~, 160.0 mg
kg™ Olsen P, 94.5 mg kg™"; EC, 640 pys cm™; and pH 7.5
(1:2.5 wiv).

2.2, Soil chemical fumigation and Bacillus inoculation

Soil samples were adjusted to 20% moisture content and
equilibrated for one week. Before fumigation, each 50-g soil
sample was placed in black plastic containers and mixed with
DZ (180 mg kg™ dry soil) or DMDS (128 mg kg™ dry soil).
The dosage was determined according to the recommended
field usage (375-450 kg ha™'), and control samples received
no fumigant (Prider and Williams 2014; Yan et al. 2019).
All containers were thoroughly mixed, sealed, and held
for 10 days to allow the fumigants to react. Following this
incubation, soils were aired in a fume hood for 10 days
to ensure complete volatilization of residual chemicals.
Previous studies have reported the complete removal of
residual fumigant in the soil following this procedure (Dungan
et al. 2003).

The recovery of soil organic carbon mineralization following
fumigation was assessed via an incubation experiment after
fumigation based on the following six treatments (with each
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performed in triplicate): (1) unfumigated continuous cropping
soil+"C-root exudates (CKR); (2) unfumigated continuous
cropping soil+"C-root exudates+B. velezensis (CKRB): (3)
DZ-fumigated continuous cropping soil+'*C-root exudates
(DZR); (4) DZ-fumigated continuous cropping soil+'*C-
root exudates+B. velezensis (DZRB); (5) DMDS-fumigated
continuous cropping soil+'°C-root exudates (DMDSR);
and (6) DMDS-fumigated continuous cropping soil+'C-
root exudates+B. velezensis (DMDSRB). In this study, the
suffixes “RB” and “R” indicate treatments with and without
B. velezensis inoculation, respectively. To simulate root
exudation during the crop growth period after fumigation,
we added a "*C-labelled substrate mixture (3.0 atom% "°C;
Cambridge Isotope Laboratories, Tewksbury, MA, USA)
consisting of glucose, oxalic acid, and alanine in a 65:30:5
mass ratio at a carbon input equivalent to 100% of the soil
microbial biomass C: 168.3 mg C kg™ for control soils,
140.4 mg C kg™ for DZ-treated soils, and 71.1 mg C kg™ for
DMDS-treated soils (Chowdhury et al. 2014; Cui et al. 2020).
In treatments with inoculation, B. velezensis was added
at 10’ CFU g™ dry soil (via a single inoculation on the Oth
day of incubation). Each 50-g soil sample was placed in a
250 mL plastic bottle prepared according to the specific
treatment conditions, then incubated in the dark at
25°C. Destructive sampling was performed on days 1, 3, 10,
and 30 to measure a suite of soil properties, encompassing
physicochemical characteristics, biochemical processes, and
microbial composition.

2.3. Sampling and analysis

Gas sampling and analysis Gas samples were collected
periodically (on days 1, 2, 4, 6, 8, 10, 12, 14, 16, 20, 25,
and 30) to monitor gas flux dynamics. Each soil sample
was partitioned into two aliquots for distinct analyses: one
for measuring CO, concentration and one for analyzing
3CO, abundance. A gas chromatograph (7890 B, Agilent
Technologies, California, USA) was used to measure CO,
concentration, and an isotope ratio mass spectrometer with
a GasBench (Picarro G2201-I, Picarro, Silicon Valley, USA)
was employed to determine the ™*C isotope ratio.

The incorporation of exogenous '*C into '*CO, was
quantified using the equation:

13 _(atom% "*CO,),—(atom% ">CO,),,
excess “COyumpe= 100 1)
XCOssample

where (atom% '"*CO,), represents the °*CO, atom percentage
in the labeled reference, (atom% '*CO,),, represents that in
the unlabeled reference, and CO,g,n,e indicates the CO,-C
measured in the experimental sample. Cumulative EOC
mineralization was quantified by summing the total CO,-C
evolved during each incubation interval over the entire
experimental period. The cumulative mineralization rate (%)
was determined as the ratio of the total mineralized C to the
initial amount of EOC added. Methane (CH,) emissions from
the soil were deemed negligible (contributing less than 1% of
the total CO, equivalents) and were excluded from the total
greenhouse gas emission calculations.
Soil physicochemical properties Measurement of soil pH

and EC was performed using a Mettler Toledo Seveneasy pH
meter (Mettler Toledo Seveneasy, Greifensee, Switzerland)
at soil-to-water ratios of 1:2.5 and 1:5, respectively. For the
analysis of DOC, NH,", and NO;", soil samples were extracted
with 0.5 mol L™ K,SO,, followed by quantification with a total
organic carbon (TOC) analyzer (Multi N/C 3100; Analytik
Jena, Freistaat Thiringen, Germany) and an AutoAnalyzer
continuous flow system (Seal Analytical, Freistaat Thiringen,
Germany). Following extraction with 0.5 mol L™' NaHCO, (pH
8.5), Olsen-P was quantified using the same continuous flow
analyzer.

Microbial biomass carbon (MBC) and nitrogen (MBN)
were determined by the chloroform fumigation-extraction
method (Brookes et al. 1985; Wu et al. 1990). Two 10 g soll
subsamples were processed in parallel: one non-fumigated
(extracted directly with 0.5 mol L™ K,SO, at a 1:4 soil-to-
solution ratio) and one fumigated (exposed to chloroform for
24 hin the dark before identical extraction). TOC and TON in
the extracts were quantified using a TOC analyzer. MBC and
MBN were calculated as the difference between fumigated
and non-fumigated samples, applying conversion factors of
0.45 and 0.54, respectively.

Enzymatic activity assay We analyzed the activities of
extracellular enzymes involved in C cycling (B-glucosidase,
B-cellobiohydrolase, B-xylosidase), N cycling (N-acetyl-3-
glucosaminidase), and P cycling (alkaline phosphatase)
(Sinsabaugh and Follstad Shah 2012; Ge et al. 2017). Soil
extracts were prepared by suspending fresh soil samples
in 0.5 mol L™" NaHCO, solution. Microplate assays were
performed by dispensing 200 uL of the soil extract into each
well of a 96-well microplate and adding enzyme-specific
4-methylumbelliferyl substrates. Following a 4-h incubation
at 25°C, the reactions were terminated by adding 10 pL of
1 mol L™ NaOH. Fluorescence measurement was performed
on a BioTek Synergy H1 microplate reader (Vermont, USA)
using excitation/emission wavelengths of 365 and 450 nm.
Enzyme activity was calculated and expressed as nmol of
4-methylumbelliferone released per gram of dry soil per hour.

2.4. Partitioning CO, sources

The stable carbon isotope ratios of glucose and CO, were
reported relative to the Pee Dee Belemnite (PDB) standard
using & (%o) notation and subsequently converted to atomic
percentages (atom%). The 5'°C value was calculated using
the following equation:

8"°C=(Ryampie/RV-PDB-1)x1,000 2)
where the ">C/"C ratios of the sample and the Vienna PDB
standard are represented by R, and Rv-PDB, respectively.

The quantities of "°C-glucose derived from DOC and MBC
in the glucose-amended treatments, as well as the quantities
of °CO, efflux, were determined by applying the following
equation:
CO.. = (atom% "*CO,,—atom% "*Ciya

247 (atom% "Cy—atom% °Cy,

CO,qy, Which represents the fraction of CO, derived from
added glucose, was quantified using an end member mixing
model. The model incorporated the atomic percentage of *C
in CO, from the glucose-amended samples (atom% 13Cglu) and

xCOZtotaI (3)
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from the control (atom% "C,,;), whereas CO,, corresponds
to the total CO, produced during glucose treatment (Philippot
et al. 2024).

2.5. Carbon use efficiency (CUE) and microbial meta-
bolic entropy calculations

CUE was calculated according to the following equation (Del
Giorgio and Cole 1998):

CUE="C-MBC/("*C-MBC+"C-C0Q,) (4)

The microbial metabolic quotient (qCO,), where *C-MBC
is glucose-derived microbial biomass carbon and "*C-CO, is
glucose-originated CO,, was calculated using the equation
below:

qCO, (ug CO,-C h™" mg™" MBC)=r/MBC (5)
where r is the respiration rate (ug CO,-C h™") and MBC the
microbial biomass carbon (mg). CUE and qCO, quantify
the efficiency of microbial biomass carbon utilization and the
specific respiration rate, respectively, making them essential
metrics for assessing microbial metabolism and soil carbon
dynamics.

2.6. DNA extraction and microbial community analysis

To prevent microbial death caused by fumigation from
affecting DNA sequencing, we blocked the residual DNA with
propidium monoazide before extracting the DNA to prevent
amplification (Carini et al. 2016). We placed 0.3 g of soil in
a plastic transparent tube and added 600 pL of phosphate
buffer solution (pH=7.4). Propidium monoazide was added to
the sample in the dark at a final concentration of 40 uL L™ (Wei
et al. 2021). The plastic transparent tube was vortexed in the
dark for 4 min, then vortexed under a 650-W halogen lamp for
4 min; this process was repeated for four cycles. To ensure
quality for downstream analysis, soil DNA was extracted
using the Easy PowerSoil Kit (Qiagen, Germany) according to
the manufacturer’s instructions. All extracted DNA exhibited
spectrophotometric concentrations of 10-40 ng uL™" and
260/280 ratios of 1.8-2.0.

Using primers 515F (5-GTGCCAGCMGCCGCGGTAA-3")
and 806R (5'-GGACTACHVGGGTWTCTAAT-3"), the V4—
V5 region of the bacterial 16S rRNA gene was amplified
as described by Walters et al. (2016). Sequencing of
the amplicons was conducted using the lllumina MiSeq
PE250 platform (lllumina, USA) at Novogene Bioinformatics
Technology Co., Ltd. (Tianjin, China). Raw reads were
processed using the QIIME 2 pipeline, with demultiplexing
and quality filtering performed via the q2-demux plugin.
Denoising and chimera removal were performed using
DADAZ2 to generate high-quality sequences (Callahan
et al. 2016). An OTU table was constructed for microbial
community analysis following sequence classification against
the SILVA database and clustering at 97% similarity into
33023 OTUs (Quast et al. 2012).

2.7. Bacterial strain and identification

Bacillus velezensis NBU-X21, isolated from dryland
agricultural soil, has been deposited in China General
Microbiological Culture Collection Center (CGMCC
No. 27616; deposited June 12, 2023). For molecular

identification, the genomic DNA of strain NBU-X21 was
amplified with the universal 16S rDNA primers 27F and
1492R. The 25 yL PCR mixture contained 1.0 yL of DNA
template (20 ng pL™"), 1.5 uL of each primer, 7.0 L of PCR
Mix, and ddH,O to volume. The thermal cycling protocol
comprised initial denaturation at 95°C for 5 min; 30 cycles of
95°C for 30 s, 58°C for 30 s, and 72°C for 100 s; and a final
extension at 72°C for 7 min. The resulting amplicons were
purified and sequenced, and the sequences were analyzed
via BLAST against the NCBI database. A phylogenetic
tree constructed using MEGA software, combined with
physiological and biochemical characterization, confirmed the
identity of strain NBU-X21 as B. velezensis.

2.8. Identification of core species

The identification of core species was performed using an
integrated approach that combined network topology and
differential abundance analyses. A microbial co-occurrence
network was first constructed based on OTU correlations
using the “igraph” package in R. Keystone species were
determined by Zi-Pi analysis. Based on their topological
features, nodes were classified as: module hubs (Zi=2.5,
Pi<0.62), connectors (Zi<2.5, Pi=0.62), or network hubs
(Zi=2.5, Pi=0.62). All such nodes were defined as keystone
species because of their crucial roles in maintaining network
structure. To focus on treatment-specific keystones, OTUs
shared between the DZ and CK groups were removed using
Venn diagram analysis, retaining only DZ-specific taxa.
Independently, differential species under RB treatment were
identified, and OTUs that were DZ-specific keystones and
RB-responsive differential species were defined as core
species, representing taxa that are structurally important
within the microbial network and responsive to treatment
interventions.

2.9. Statistical analyses

Multiple regression analyses were conducted using the
R package “MuMIn” to evaluate the effects of different
environmental variables (SOC, DOC, B-glucosidase,
B-cellobiohydrolase, MBC, pH, EC, Olsen P, NH,",
NO;", richness, Shannon index, and abundance) on EOC
mineralization (Appendix A). The best-fitting model was
selected from all-subsets regression based on the lowest
akaike information criterion (AIC) value, identifying the most
influential predictors. Data analysis was performed in R.
Alpha diversity and principal coordinate analysis (PCoA)
based on Bray-Curtis distance were conducted using the
“vegan” package. Differential species were identified by linear
discriminant analysis effect size (LEfSe) with the “microeco”
package; correlation analysis between mineralization rates
and physicochemical indicators, as well as Venn diagrams,
were implemented with “pheatmap” and “venn”, respectively.
A co-occurrence network was visualized in Gephi 0.9.2, with
Zi-Pi analysis performed via the “BiocManager” ecosystem.
The relative contributions of factors to carbon mineralization
were quantified using structural equation modeling in
“piecewiseSEM”. Analysis of variance was applied to
determine statistical significance, with levels denoted as
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" P<0.05, ", P<0.01, and ", P<0.001

3. Results

3.1. EOC mineralization

EOC mineralization was substantially suppressed by
chemical fumigation but subsequently recovered following
B. velezensis inoculation. Specifically, cumulative EOC
mineralization in DZ-treated soils (DZR) and DMDS-treated
soils (DMDSR) decreased by 22.2 and 32.0% relative to
the non-fumigated control (CKR), respectively. In contrast,
B. velezensis application increased EOC mineralization by
22.2 and 15.9% (in DZRB and DMDSRB compared to DZR
and DMDSR, respectively) (Fig. 1). Notably, DZRB treatment
restored EOC mineralization to control levels, whereas CKRB
showed no significant difference from CKR (Fig. 1).

The microbial C metabolic characteristics were similar to
the EOC mineralization results. On day 1, CUE in DZRB
and DMDSRB declined by 42.2 and 46.3%, respectively,
compared with that in DZR and DMDSR (Appendix B).
Concurrently, qCO, in DZRB and DMDSRB increased by
46.5 and 183.2%, respectively, compared to that in DZR
and DMDSR (Appendix B). Bacillus velezensis inoculation
effectively alleviated the inhibitory effects of chemical
fumigation on soil carbon mineralization, promoting the
recovery of microbial metabolic activity and carbon turnover
efficiency.

3.2. Bacterial diversity and community composition

Chemical fumigation significantly altered soil bacterial
diversity and community structure. DZ and DMDS treatments
reduced the bacterial richness from that in the non-
fumigated control (Fig. 2-A). The addition of B. velezensis
further decreased the richness in DZ-fumigated continuous
cropping soil, but slightly increased the richness in DMDS-

35f
30

25¢F

20t /yf
K CKR

Cumulative mineralization (%)

15 & CKRB
f —/—DZR
1ok —A—DZRB
DMDSR
DMDSRB
K 5 10 15 20 25 30

Incubation time (d)

Fig. 1 Effect of Bacillus application on relative exogenous
organic carbon (EOC) mineralization rates after chemical
fumigation. CKR, unfumigated soil+'*C-root exudates; CKRB,
unfumigated soil+"3C-root exudates+B. velezensis; DZR,
DZ-fumigated soil+'3*C-root exudates; DZRB, DZ-fumigated
soil+3C-root exudates+B. velezensis; DMDSR, DMDS-fumigated
soil+'3C-root exudates; DMDSRB, DMDS-fumigated soil+'*C-root
exudates+B. velezensis. Symbols represent mean values and error
bars represent standard errors.

fumigated continuous cropping soil. Principal coordinate
analysis revealed a clear separation in microbial communities
between the fumigated treatment and the control, confirming
that fumigation induced a strong shift in microbial community
composition (Fig. 2-B).

To assess how B. velezensis inoculation influenced
community recovery, we compared the bacterial community
composition and differential species with and without
B. velezensis addition in fumigated continuous cropping soils.
In DZ, Pseudomonadota was the dominant phylum (29—
31%), whereas Bacillota accounted for 11-24%. Over time,
B. velezensis inoculation reduced the relative abundance
of Bacillota in DZ soil from 24 to 11% but increased the
abundance of Acidobacteriota by 2.6% (Fig. 2-C; Appendix C).
In DMDS treatment, Pseudomonadota remained the dominant
phylum (Fig. 2-D). However, we observed no significant
difference in the abundance of species with and without
Bacillus inoculation. Overall, these results suggest that
B. velezensis modulates the recovery of microbial community
post-fumigation by selectively enriching taxa associated
with organic carbon turnover. Specifically, B. velezensis
inoculation reshaped the post-fumigation bacterial community
structure and promoted the enrichment of functional taxa
involved in carbon cycling.

3.3. Factors influencing EOC mineralization

To determine the relative importance of soil properties,
microbial diversity, and activity on EOC mineralization,
we constructed multiple regression models for fumigated
continuous cropping soils with and without B. velezensis
inoculation. Both models explained a high proportion of the
variability in cumulative EOC mineralization (R?=0.87, without
inoculation; R?=0.88 with inoculation; Fig. 3-A and C).

In both models, microbial activity was the dominant driver,
accounting for approximately half of the explained variation
(50.2% without B. velezensis and 50.8% with B. velezensis;
Fig. 3-A and C). Microbial diversity, as indicated by the
Shannon index, was the second important factor. Notably,
the contribution of microbial diversity increased by 8.2%
after B. velezensis inoculation, indicating that restoration
and restructuring of the microbial community explain the
enhanced C mineralization. Other soil parameters (e.g., pH,
moisture, and nutrient content) together accounted for <25%
of cumulative EOC mineralization variability. These results
suggest that microbial activity and diversity are the primary
determinants of EOC mineralization, with B. velezensis
inoculation amplifying the role of microbial diversity in driving
carbon turnover.

3.4. Microbial co-occurrence network analysis

According to microbial network analysis, DMDS fumigation
did not alter the bacterial community composition; therefore,
we only describe the results for DZ-treated soils with
and without B. velezensis inoculation. DZRB treatment
increased the number of nodes and edges by 8.5 and 33.9%,
respectively, and the proportion of positive correlations
by 3.4% relative to DZ treatment alone (Fig. 4-A and B).
Network robustness, assessed by the change in connectivity
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DMDS-fumigated soil+'*C-root exudates+B. velezensis. R, root exudates; RB, root exudates and B. velezensis.
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after the random removal of 5-25% of nodes, improved by
1.8-7.1% in DZRB, indicating greater community stability
after microbial remediation. Network stability, negative
cohesion, and positive cohesion also increased in DZRB
(Fig. 4-E-G), further indicating tighter network integration
with Bacillus inoculation. Next, we identified keystone taxa
and conducted module analysis. Modules 2 and 3 contained
the most OTU numbers in the DZR and DZRB treatments,
respectively (Fig. 4-C and D). Bacillota dominated both
modules and occupied 48.0% and 45.8% of the sequences
in module 2 (DZR) and module 3 (DZRB), respectively. In
addition, the identified keystone taxa, defined by high within-
module connectivity (Zi) and between-module links (Pi), were
all classified as connectors in the Zi—Pi diagram (Appendix D).
Bacillus velezensis inoculation enhanced the structural

complexity and stability of the fumigated soil microbial
network, indicating improved community connectivity and
resilience following remediation.

3.5. Correlations between bacterial core species and
soil properties

To identify the differential species based on the B. velezensis-
induced network characteristics, we performed LEfSe
analysis for the DZRB co-occurrence network and identified
two core OTUs (OTU56, Ferdinandcohnia, phylum Bacillota;
and OTU181, Niallia, phylum Bacillota). However, as
OTU181 was observed before and after Bacillus inoculation,
we focus on OTU56 here (Appendix E). We also observed
a significant positive correlation between OTU83 and EOC
mineralization (Fig. 5-E). Correlation heat mapping revealed
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that OTU56 was significantly positively correlated with DOC
(Fig. 5-A). Furthermore, within the DZRB network, the
modules harboring these core taxa (module 3) exhibited
strong positive associations with DOC (Fig. 5-B). The
correlation between OTU83 and soil physicochemical
properties was the opposite to that with OTU56, indicating
a significant negative correlation with DOC (Fig. 5-A). In
contrast, regression analyses showed that cumulative EOC
mineralization was significantly and negatively correlated
with the relative abundance of OTU56 (Fig. 5-C), suggesting
that a higher module or core taxa dominance corresponds
to faster C turnover. In addition, OTU83 displayed a
significant positive correlation with the EOC mineralization
rate (Fig. 5-D), highlighting its importance in substrate
decomposition. The abundance of OTU56 was significantly
positively correlated with "*C-substrate use efficiency,
whereas OTU83 abundance showed no significant correlation
with *C-substrate use efficiency (Fig. 5-E and F). Despite
this, we observed a significant negative correlation between
OTU83 and OTU56 (Fig. 5-G and H).

According to network analysis in DZ-fumigated continuous
cropping soil without B. velezensis (DZR), module 2 was

positively associated with DOC but negatively correlated
with cumulative EOC mineralization (Appendix F). However,
the core taxa (OTU10) were not significantly correlated with
either the mineralization rate or physicochemical parameters
(Appendix F), indicating that B. velezensis inoculation
reshaped the entire network structure and also altered
key species—function relationships. Overall, B. velezensis
inoculation modified the microbial network architecture and
key taxa composition, thereby enhancing the functional
associations between core species and soil carbon dynamics.

3.6. Structural equation modeling of EOC mineraliza-
tion drivers

To elucidate the impact of Bacillus application on EOC
mineralization in DZ-fumigated continuous cropping soil, two
structural equation models were constructed to quantify the
contributions of various factors (Fig. 6-A-D). Both models
fit the data well, explaining 95% and 91% of the variance in
cumulative EOC mineralization with and without B. velezensis
inoculation, respectively (Fig. 6-A and C). In soils without
Bacillus inoculation, soil nutrient availability was the principal
positive driver of EOC mineralization (standardized path
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coefficient=+0.98); the microbial co-occurrence network
also showed a positive contribution (+0.15) (Fig. 6-A).
Overall, nutrients had the largest total effect (+0.99) on EOC
mineralization (Fig. 6-B), underscoring the importance of
substrate supply for driving soil C turnover.

Bacillus velezensis inoculation (DZRB) led to a shift in
the relative importance of biotic factors. Nutrients had a
strong positive influence (+0.79), but microbial diversity
(+0.14) and key taxa abundance (+0.17) had significant
positive effects on EOC mineralization (Fig. 6-C). Notably,
microbial diversity displayed the greatest total effect (+0.86)
among all factors (Fig. 6-D), indicating that restructuring
of the bacterial community after inoculation substantially
increased C mineralization activity. This transition from
negative to positive biotic contributions after B. velezensis
addition highlights the role of the inoculant in fostering
a more functionally cohesive and active microbial
assemblage, enhancing soil C cycling beyond that
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4. Discussion

4.1. Bacillus velezensis restores fumigation-
suppressed soil microbial activity

Chemical fumigation with DZ and DMDS sharply inhibited
EOC mineralization (Fig. 1), confirming that broad-spectrum
fumigants disrupt microbial-mediated C turnover (Sennett
et al. 2022). In our study, cumulative EOC mineralization
declined by 22.2% and 32.0% under DZ- and DMDS-
fumigated treatments, which aligns with previous reports
of reduced soil CO, emissions and impaired substrate
degradation following fumigation (Sennett et al. 2022). The
difference in mineralization caused by the two fumigants
may be attributed to their different fumigation targets.
DMDS tends to inhibit nematodes and fungi, whereas DZ
exerts stronger inhibition on bacteria (Yan et al. 2025).

N
=}

. [ Direct effect
S— Indirect effect
Total effect

o
©

I
=

Standardized effects from SEM
o
»

0.2
0.152\ oTu10 0.982"™ H H
0.0 =
|
—-0.007
. R?=0.95 - -0.
M = Positive effect 02 (;\Q\ @@ ?}‘\\ &
N X O
& & N &
0072 S EOC = Negative effect . 'Z}b\ ,z;f C’,\\Q @G“'Q
- mineralization «60\ 0@-"? @ ®
RS
o . ~ &
x?=0.175, P=0.676 ~
Fisher's C=0.643, P=0.725
C D
Microbial
diversity 1.0
0.666° Richness|Shannont 0.806" z _ - Pr\lg?l?etc?fﬁfcetct
Re=0.44 Re=0g2 | 0605 Re=0.65 2 08 [ Total effect
Network parameters 0.106 il i 2
i 0276 ore specie Soil nutrient = 06l
Postivie connectednesst <« Olsen-Pt DOCI 8
Negative connectedness t OTUS6 N\ NH; t  NO;| % 04l
K
R=0.38 l —0619" 1\ o33 5 o2t
| ©
Key specie 0.794° 2 4o m@m L] ﬂ ﬂ
0.138 \ o M
OoTuU83 02
it o S = & & &
. R=0.91 10.169 =P Positive effect &@\ &Q}Q} §®0 Q@O\o Q?»(’\
) & C N ) &
0245 \ =55 =P Negative effect ob@ ‘_be‘ %& o <@ {_@ﬂ
mineralization o @0‘
AN &

x?=0.898, P=0.343
Fisher's C=1.713, P=0.425
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Inoculation with B. velezensis post-fumigation restored the C
mineralization activity; specifically, DZRB treatment restored
EOC mineralization to control levels, whereas DMDSRB
treatment only recovered 15.9% of EOC mineralization
activity (Fig. 1).

In the regression and structural equation modeling (Figs. 3
and 6), microbial activity explained over 50% of EOC
mineralization changes, whereas the remaining portion was
explained by microbial diversity and soil nutrients (Hui et al.
2018; Shu et al. 2023). Notably, the contribution of microbial
diversity increased from 25.9% in fumigated continuous
cropping soils to 34.1% following Bacillus inoculation,
indicating that the role of community composition becomes
increasingly critical (Zhu et al. 2018; Wu et al. 2026).
Together, these results demonstrate that B. velezensis
accelerates the recovery of C mineralization functions by
simultaneously enhancing microbial mineralization rates and
reshaping the community structure (Fig. 7).

4.2. Bacillus velezensis mediates the restructuring of
soil bacterial communities and interactions among
keystone taxa

Chemical fumigation with DZ and DMDS significantly reduced
bacterial richness and altered community composition
(Fig. 2-A), consistent with previous findings that broad-
spectrum fumigants simplify microbial assemblages and
disrupt key functional groups (Fang et al. 2020). This
decline in richness reflects the strong selective pressure of
fumigation, which eliminates sensitive taxa while allowing
resistant or opportunistic species to persist. In DZ-fumigated
continuous cropping soils, inoculation with B. velezensis
further reduced richness (Fig. 2-A), likely by occupying
ecological niches and promoting competitive exclusion
of certain indigenous bacteria. Notably, this treatment
selectively enriched taxa involved in carbon turnover, with
Acidobacteriota increasing by 2.6% (Fig. 2-C; Appendix C).
Acidobacteriota harbor genes encoding enzymes capable
of degrading complex carbohydrate polymers (Kalam
et al. 2020). Together, these phyla contribute to carbon
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mineralization, suggesting that B. velezensis promotes C
mineralization by selectively enhancing the abundance
of efficient decomposers. These shifts indicate that
fumigation combined with targeted microbial inoculation can
restructure microbial communities toward functionally active
but specialized assemblages, potentially influencing soil
carbon processing and nutrient dynamics. Concurrently, the
proportion of Pseudomonas declined, reflecting antagonistic
interactions, as B. velezensis secretes lipopeptides that
suppress competing Proteobacteria (Mawarda et al. 2022;
Pan et al. 2025). In DMDS-treated soils, Bacillus-mediated
remediation did not significantly affect species abundance,
possibly because DMDS primarily targets fungi and
nematodes and has a relatively smaller impact on bacterial
populations (Yan et al. 2025). This selective reshaping of the
community structure underpins the importance of accelerated
EOC turnover.

Network analysis further revealed that B. velezensis
enhanced the complexity and cooperation of bacterial
interactions in DZ soils (Fig. 4). Compared to fumigation
alone, the network of DZ-fumigated soils with Bacillus
inoculation treatment (DZRB) exhibited 8.5% more nodes,
33.9% more edges, and a 3.4% increase in positive
correlations. These features indicate a more integrated
and resilient microbial community (Zhao et al. 2022; Guo
et al. 2024). Random node-removal tests demonstrated
1.8%-7.1% greater robustness, indicating that inoculation
with B. velezensis stabilizes the community structure under
perturbation (Trabelsi and Mhamdi 2013; Zegeye et al.
2019). Moreover, key “connector” OTUs spanned multiple
modules (Appendix D), indicating that B. velezensis fosters
cross-taxon linkages rather than isolated clusters. The
increase in Bacillota keystone OTUs from 16.7 to 27.4%
after inoculation further emphasized that B. velezensis
recruits more core decomposers. By combining LEfSe and
co-occurrence analyses, we identified two core species
(OTUS56: Ferdinandcohnia and OTU181: Niallia) that were
uniquely enriched after B. velezensis inoculation (Appendix
G). OTU56 showed strong positive correlations with DOC
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Fig. 7 Conceptual framework showing the effect of Bacillus velezensis inoculation on microbial communities and organic carbon
mineralization in fumigated soil. Fumigation suppresses exogenous carbon mineralization and decreases bacterial abundance and
weakens their interactions in soil. The subsequent addition of B. velezensis restored the external carbon mineralization ability, increased

the abundance of soil bacteria, and strengthened bacteria interactions.
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but negative correlations with cumulative EOC mineralization
(Fig. 5-A and C), suggesting that the proliferation of
B. velezensis accelerates substrate turnover and lowers
residual C pools. In contrast, the core taxa in fumigation-
only soils (OTU10) showed no significant link to C dynamics,
highlighting that B. velezensis inoculation creates novel
functional associations between keystones and ecosystem
processes (Sun et al. 2022). Finally, a positive correlation
between OTUS83 (Cavicella) and *C-substrate mineralization
rates (Fig. 5-D) underscored how inoculation selectively
amplifies indigenous decomposers beyond the inoculant
itself. Together, these findings demonstrate that B. velezensis
modifies post-fumigation bacterial communities by (i)
selectively enriching efficient decomposers, (ii) suppressing
competitors, and (iii) reorganizing the network structure to
strengthen cooperative interactions among keystone taxa

(Fig. 7).

4.3. Bacillus velezensis inoculation increases exog-
enous organic carbon mineralization via interaction
with indigenous microorganisms

Chemical fumigation impaired soil EOC mineralization
mainly by reducing bacterial diversity and altering community
composition, which diminished the overall microbial metabolic
capacity (Fig. 2-A). In contrast, inoculation with B. velezensis
rapidly restored the respiration rates (Fig. 1) and reconfigured
the community structure and network (Figs. 3 and 6), thereby
driving elevated EOC mineralization.

By orchestrating community-wide diversity restructuring,
targeted enrichment of essential decomposers, and
comprehensive network reconfiguration, B. velezensis
markedly accelerated soil C mineralization through
an integrated mechanism. First, the contribution of
microorganisms to mineralization increases after inoculation.
In detail, meta-analyses have reported a 41% decline in
CO, efflux following diversity reduction (Nielsen et al. 2011;
de Graaff et al. 2015). The model of unfumigated soils
showed a modest negative effect of diversity loss on EOC
mineralization (path coefficient=—0.07; Fig. 6-C). Upon
B. velezensis addition, changes in diversity exerted a strong
positive effect (+0.24; Fig. 6-C), demonstrating that selective
reassembly around efficient decomposers can compensate
for initial losses and amplify C cycling rates (Malik et al. 2018;
Liu et al. 2025). Second, enrichment of core decomposers
promotes rapid turnover of the substrate (Zhu et al. 2022;
Liang et al. 2024). In detail, LEfSe and network analysis
identified a highly connected taxa (OTU56, Ferdinandcohnia),
whose abundance is positively correlated with DOC but
negatively correlated with cumulative EOC mineralization
(Fig. 5). These core taxa may have specialized metabolic
capabilities for degrading organic carbon. Moreover, OTU56
further induces the enrichment of key species OTU83
(Fig. 5-H), which is beneficial for C mineralization (Fig. 5-D).
Therefore, B. velezensis created a streamlined alliance for
optimizing C dioxide production through targeted enrichment
(Qiao et al. 2024). Third, network reorganization underpins
cooperative interactions. In detail, inoculation increased
network complexity (nodes=8.5%, edges=33.9%) and the

share of positive interaction correlations (3.4%; Fig. 4-A
and B), fostering a more cooperative microbial assemblage.
Enhanced positive cohesion underpins more efficient C flow
through trophic networks, as cooperative interactions reduce
competition for limited substrates and facilitate the cross-
feeding of metabolic byproducts. The connector keystone
OTUs spanned multiple modules (Appendix D), suggesting
that B. velezensis acts as a nexus, bridging indigenous
taxa into cohesive functional guilds that expedite EOC
mineralization. Finally, although B. velezensis effectively
accelerates C mineralization, its focus on specific taxa
reduces overall species richness, a trade-off that may affect
long-term soil resilience. Combining B. velezensis with
other microbial inoculants or physicochemical amendments
could balance rapid functional recovery with biodiversity
conservation. Accordingly, field trials under variable
conditions are essential to validate these mechanisms and
safeguard soil health.

Our results reveal a short-term trade-off, B. velezensis
inoculation in DZ-fumigated soil reduced taxonomic richness
while markedly increasing EOC mineralization. This pattern
is consistent with dominance by a few highly efficient
decomposers that accelerate immediate substrate turnover
but simultaneously reduce functional redundancy, potentially
lowering the community’s buffering capacity against future
disturbances (Chen et al. 2022). Consequently, rapid
functional recovery may not equate to long-term resilience;
soils dominated by specialist taxa may be more vulnerable to
environmental fluctuations or subsequent stressors (Barnett
and Shade 2024; de Mills et al. 2025). To manage this
trade-off, we recommend strategies that combine targeted
inoculants with diversity-supporting measures — for example,
multi-strain consortia integrating decomposer specialists with
generalist or keystone-support taxa, and organic amendments
(e.g., biochar or compost) that enhance recolonization and
habitat heterogeneity (Zhu et al. 2024; Zhou et al. 2026).
Finally, we emphasize the need for field-scale, longitudinal
studies to determine whether functional gains persist and
whether taxonomic richness and redundancy recover over
time, thereby ensuring that short-term remediation does not
incur long-term ecosystem costs.

5. Conclusion

In this study, we demonstrated that: 1) chemical fumigation
with dazomet (DZ) and dimethyl disulfide (DMDS) significantly
suppresses exogenous organic carbon (EOC) mineralization
by disrupting microbial diversity, community composition,
and metabolic activity, and 2) inoculation with B. velezensis
effectively counteracts these inhibitory effects in DZ-treated
soils, fully restoring EOC mineralization rates and enhancing
microbial respiration. Mechanistically, B. velezensis drives a
targeted reassembly of the bacterial community, selectively
enriching efficient decomposers (Acidobacteriota) and
core species (OTU56: Ferdinandcohnia, OTU181: Niallia),
while suppressing competing taxa such as Pseudomonas.
Network analysis revealed that inoculation with B. velezensis
increases co-occurrence complexity, positive inter-taxon
correlations, and keystone connectivity, thereby fostering
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a more cooperative and robust microbial consortium.
Structural equation modeling confirmed that B. velezensis
inoculation increased the contribution of microbial diversity
to EOC mineralization. Our results underscore the potential
of microbial inoculants for rapid soil function recovery
post-fumigation. Future studies should combine B. velezensis
with complementary biotic or physicochemical amendments
and validate its performance under field conditions. This
study advances our understanding of microbial ecological
restoration and provides a blueprint for integrating biological
amendments into sustainable soil health management
following chemical fumigation.
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