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The synergistic application of coal gangue (CG) and microorganisms has
the potential to promote plant growth, yet the underlying mechanisms
remain inadequately understood. This study examined the effects of co-
applying Bacillus velezensis and CG on wheat growth through pot
experiments. The growth parameters of wheat, the physicochemical
properties of the soil, enzyme activity, and the microbial community
composition were assessed. The combined treatment led to a significant
enhancement in wheat growth, with plant height and root length increasing
by 32.1% and 35.4%, respectively. Soil nutrient status was markedly
improved, with increases in total nitrogen, total phosphorus, total
potassium, organic matter, and humic acid. Key soil enzyme activities
were also elevated. Microbial community analysis revealed an increase in
soil microbial richness and significant enhancements in the generation of
phytohormone IAA and ACC deaminase, which were 1.59 and 1.89 times
higher than in the control respectively. In conclusion, the combined
application of B. velezensis and CG promoted wheat growth by
synergistically improving soil fertility, enhancing enzyme activities, and
enriching beneficial microbial communities. This study provides a
theoretical foundation and a practical strategy for the agricultural utilization
of coal gangue and the remediation of infertile soils.
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INTRODUCTION

Coal gangue (CQG) is a heterogeneous rock mixture generated during coal mining
and processing. It represents a major solid waste that typically accounts for 10 to 20% of
raw coal production (Dong et al. 2024). Recent estimates suggest that global CG stockpiles
will exceed 9 billion metric tons by 2025, with China contributing more than 60% of this
volume. Open-air stockpiling exposes CG to long-term weathering and leaching, which
facilitates the mobilization of heavy metals into soils, leading to soil degradation and
erosion, thereby posing substantial environmental burdens (Han et al. 2018, Yang et al.
2023). Notably, the release of heavy metals and other toxic substances from weathered and
leached CG can directly alter the soil microbial habitat, thereby disrupting the diversity,
composition, and metabolic activities of soil microbial communities (Li ez al. 2014). For
instance, elevated concentrations of heavy metals can inhibit the growth and activity of
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functional microorganisms involved in nutrient cycling (e.g., nitrogen-fixing and
phosphorus-solubilizing bacteria) and organic matter decomposition. This, in turn, further
exacerbates soil degradation by reducing microbially driven soil fertility improvement
processes. Conventional landfilling methods are insufficient for mitigating this pollution
and can even introduce additional hazards, such as spontaneous combustion (Zhang et al.
2022). Therefore, the scientific treatment and resource utilization of CG have become
critical research priorities. In recent years, applications for CG have expanded to include
energy recovery, building material production, soil amendment, and the synthesis of high-
value chemical products (Gao et al. 2024). For instance, composite materials incorporating
CQG, fly ash, and trace triethanolamine composite material have been used to produce cost-
effective, high-performance concrete, offering a viable pathway for solid waste utilization
(Wang et al. 2025). The use of CG in land reclamation is particularly promising, as it
simultaneously addresses waste disposal and ecological restoration (Gao et al. 2001). In
such applications, CG can act as a soil conditioner to ameliorate soil structure,
permeability, water retention, and fertility, thereby promoting plant growth (Tang et al.
2024). One study has shown that composite technosols formulated with CG, biochar, and
microbial agents can significantly enhance maize growth (Liu ef al. 2024). Furthermore,
CG can modify the soil environment and shape distinct microbial communities involved in
beneficial processes including nitrogen fixation, phosphorus solubilization, and heavy
metal immobilization (Lu et al. 2024). For example, variations in polycyclic aromatic
hydrocarbon concentrations within CG have been shown to drive the ecological succession
of bacterial consortia, selectively enriching specialized Mycobacterium species while
suppressing others like Arthrobacter (Wu et al. 2023).

Bacillus velezensis (B. velezensis) is a Gram-positive, aerobic, and endospore-
forming bacterium that has attracted significant research interest, primarily due to its
considerable potential in biocontrol and plant growth promotion, as well as its adaptability

to the CG-modified soil environment, which is a core focus of this study (Fan et al. 2018,

Keshmirshekan ef al. 2024). This species exhibits a broad distribution, inhabiting a variety
of ecosystems, including soil, aquatic environments, and the rhizosphere (Kenfaoui et al.
2024). Many studies have demonstrated its multifunctional potential. For example, B.
velezensis strain A-27 effectively neutralizes nematode larvae and enriches beneficial
rhizobacteria, thereby controlling Meloidogyne incognita infestations and promoting
celery growth. Similarly, this growth-promoting effect is applicable to wheat, the crop
utilized in the present study (Yao et al. 2025). Furthermore, isolates from pear tree
rhizospheres have been confirmed to produce indole-3-acetic acid, significantly enhancing
barley root development (Elsoud et al. 2023). Genomic analysis of the potato-derived strain
B. velezensis DMW1 revealed 12 secondary metabolite gene clusters encoding at least
seven antagonistic compounds, demonstrating dual functionality against phytopathogens
such as Phytophthora sojae while promoting the growth of tomato and soybean seedlings
(Yu et al. 2023). Similarly, genomic sequencing of B. velezensis strains AOA1 and AKS2,
obtained from maize rhizospheres, revealed conserved gene clusters responsible for
synthesizing plant growth—promoting and antimicrobial metabolites, providing critical
insights into their molecular mechanisms (Babalola et al. 2024). Given that coal gangue
contains substantial amounts of insoluble nutrients and that B. velezensis possesses
well-documented abilities to solubilize such minerals, produce phytohormones, and
enhance soil enzyme activities, it is hypothesized in this work that co-applying B.
velezensis with coal gangue would synergistically improve soil fertility and promote crop
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growth. Therefore, the present study aimed to investigate this synergy using wheat as a
model crop, focusing on the mechanisms by which B. velezensis enhances the soil
amendment potential of coal gangue.

Concurrently, microbial agents are increasingly recognized for their cost-
effectiveness and low environmental impact in treating complex solid wastes (Shahrajabian
et al. 2023). Emerging evidence indicates that certain microbial consortia not only can
degrade organic pollutants in CG, but they also can facilitate their conversion into humic
acid, thereby enhancing soil organic matter (Liu et al. 2023). Notably, a microbial
activation strategy employing Stenotrophomonas maltophilia YZ1 has been shown to
effectively solubilize key nutrients, including phosphorus, potassium, and silicon, from CG
matrices (Zhu et al. 2022). Similarly, a study from the authors’ research group
demonstrated that B. velezensis facilitates the solubilization of available potassium and
phosphorus through organic acid secretion, thereby significantly enhancing alfalfa growth
in CG-amended soil matrices (Wang et al. 2024). Despite these promising findings, the
synergy between B. velezensis and CG, particularly in promoting gangue decomposition,
nutrient release, and rhizosphere microbiome restructuring, has remained unexplored. This
work provides a comprehensive evaluation of co-treatment effects on soil fertility,
enzymatic activity, phytohormone production, and microbiome assembly. To the authors’
knowledge, this is the first study to systematically examine their synergistic mechanisms
by integrating plant growth, soil physicochemical properties, enzyme activities, and
rhizosphere microbial dynamics within a single system.

The current study systematically investigated the synergistic mechanisms through
which the combined application of B. velezensis and CG promotes wheat growth.
Specifically, alterations in soil physicochemical characteristics, nutrient content,
enzymatic activities, and the diversity as well as structural composition of root-associated
bacterial communities were examined. The objectives of this study were as follows: (1) to
assess the synergistic effects on soil nutrient status and wheat growth; (2) to investigate the
influence on soil enzymatic functions and the synthesis of plant growth—enhancing
compounds; and (3) to examine the regulatory impact on the composition and potential
functions of the wheat rhizosphere microbiome. This comprehensive study aimed to
establish a theoretical basis and offer technical guidance for the practical implementation
of the integrated B. velezensis—CG strategy in sustainable agriculture and soil remediation.

EXPERIMENTAL

Origins of Coal Gangue, Soil, and Bacterial Strain

The coal gangue (CG) employed for this investigation was sourced from an open-
air dumping area at the Baojucai Coal Mine (37.856°N, 109.483°E), located in Yulin City,
within China’s Shaanxi Province. Adjacent farmland in the same region provided the
surface soil samples, which were taken from a depth of 0 to 20 cm. The initial
physicochemical properties of the soil were determined prior to the experiment, and the
data are provided in the supplementary material. Following collection, samples were
immediately placed into sterilized polyethylene containers and conveyed to the laboratory
under controlled environmental conditions. Prior to utilization, the coal gangue underwent
air-drying, mechanical crushing, and sieving through a 2 mm mesh. Soil samples were also
air-dried at ambient temperature. Visible organic debris and gravel were manually
extracted from these samples before the soil was passed through a 2 mm sieve for
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subsequent use in pot trials. This study utilized the bacterial strain Bacillus velezensis,
which was isolated and characterized in the authors’ laboratory prior to this research. The
16S rRNA gene sequence of this strain has been deposited in the GenBank database under
accession number PQ277052.

Pot Experiments

The pot experiments were performed using standardized plastic pots, each filled
with 500 cm? of soil substrate. Four treatments were established: CK (Control, soil only),
CG (Soil amended with coal gangue), B (Soil inoculated with B. velezensis), and CBG
(Soil with both coal gangue and B. velezensis). Each treatment was replicated three times,
with three independent pots per treatment (a total of 12 pots). After overnight cultivation
of B. velezensis in Lysogeny Broth (LB) liquid medium at 30 °C with shaking at 180 rpm
for 18 h to reach the logarithmic growth phase, a 5 mL aliquot of the bacterial suspension
(adjusted to 1.0 x 10®* CFU/mL with sterile deionized water) was introduced into each pot
in the B and CBG treatments. To eliminate potential interference from residual components
of the culture medium, an equal quantity of sterilized LB broth was administered to the
control groups (CK and CG). All pots were placed outdoors, exposed to natural temperature
and light conditions under ambient conditions (average daytime temperature 22 + 3 °C,
natural photoperiod). Forty wheat seeds were sown uniformly in each pot, and the soil
moisture was maintained at approximately 60% of field water capacity by regular watering
throughout the growth period. Germination and growth of wheat were observed and
recorded regularly from the start of sowing. After two months of cultivation, the wheat
plants were harvested, and growth parameters such as germination rate, root length, plant
height, and fresh weight were recorded respectively.

Soil Physicochemical Property Analysis

Soil samples were obtained from the wheat rhizosphere of each pot using a five-
point sampling method. After thorough homogenization, the composite samples were
transferred to sterile, sealed bags and stored at 4 °C in the dark. Visible gravel and plant
debris were manually removed prior to subsequent processing. A portion of the fresh soil
was promptly utilized for microbial diversity analysis, while the remaining sample was air-
dried, ground, and sieved through a 2-mm mesh for physicochemical analysis. The soil’s
physicochemical properties were determined according to standard protocols previously
described (Lu 2000), which are consistent with the following ISO and Chinese national
standards. Soil pH was determined potentiometrically using a glass electrode (ISO
10390:2005), and organic matter content was quantified using the potassium dichromate
titration method, in accordance with GB/T 7857-2014. Available nitrogen was determined
by the alkaline hydrolysis diffusion method (ISO 14255:1998), and total nitrogen was
analyzed using the semi-micro Kjeldahl method (ISO 11261:1995). For phosphorus
analysis, total phosphorus was measured after digestion with HCIO+H.SO. (ISO
14869-2:2002), and available phosphorus was assessed via extraction with sodium
bicarbonate solution (ISO 11263:1994), followed by measurement through the
molybdenum-antimony spectrophotometric method. Both total and available potassium
were determined by flame photometry, with total potassium analyzed following NaOH
fusion (ISO 14869-2:2002), and available potassium extracted with ammonium acetate
(ISO 23470:2018).
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Determination of Soil Plant Hormones and ACC Deaminase Activity

IAA concentration in soil was determined following the Salkowski colorimetric
assay (Glickmann and Dessaux 1995). For the extraction, 1.0 g of fresh soil was combined
with 80 mL of sterile deionized water and agitated vigorously on a vortex mixer for 30
min. Following centrifugation at 12,000 x g for 10 min, the supernatant was collected and
passed through a 0.22 um filter membrane to yield a clarified soil extract. Next, 100 pL of
this filtrate was combined with an equivalent volume of Salkowski reagent (composed of
FeCls and HC1O4) within a light-protected centrifuge tube. This mixture was then incubated
at room temperature, shielded from light, for a duration of 30 min. Absorbance of the final
colored solution was read at 530 nm using a spectrophotometer.

The activity of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase was
determined with a colorimetric method (Penrose and Glick 2003). The soil supernatant (1
mL) was treated with 800 pL of a 0.56 mol/L hydrochloric acid solution, followed by 300
puL of 2,4-dinitrophenylhydrazine (DNPH) solution (2 g/L). The above solution was
incubated in the dark at 30 °C for 30 min in a water bath to allow conversion of a-
ketobutyrate to its phenylhydrazone derivative. Next, 2 mL of 2 mol/L NaOH was
introduced, and the solution was vortexed and allowed to stand for 5 min, resulting in a
color change from yellow to reddish-brown. Absorbance was measured at 540 nm using a
UV-Vis spectrophotometer. The protein content in the soil samples was determined using
the Coomassie Brilliant Blue G-250 method (Bradford 1976). The specific activity of ACC
deaminase (U/mg) was calculated by dividing the enzyme activity (U) by the total protein
mass (mg).

Soil Enzyme Activity Measurement

The analysis of soil enzyme activities was conducted to evaluate the impact of
microbial treatments and coal gangue additions on soil health. Protease activity was
analyzed using the Folin-Ciocalteu method (Ladd and Butler 1972). Briefly, a soil extract
was incubated with a casein substrate at 40 °C for 20 min. After stopping the reaction,
Folin-Ciocalteu reagent was added, and the released tyrosine was quantified by
determining the optical absorbance at a wavelength of 660 nm. Amylase activity was
measured using the iodometric method (Schinner ef al. 2012). In brief, soil extract was
incubated with a starch substrate at 40 °C for 30 min. After stopping the reaction, iodine
solution was added to react with residual starch, forming a blue complex. Absorbance was
recorded at 660 nm. The activity of phosphatase was determined employing the disodium
phenyl phosphate assay (Eivazi and Tabatabai 1977). Soil samples were incubated with
disodium phenyl phosphate substrate at 37 °C for 2 h.

The released phenol was quantified by measuring absorbance at 510 nm after
reaction with a colorimetric reagent. The measurement of urease activity was conducted
via the phenol-sodium hypochlorite colorimetric method (Kandeler and Gerber 1988). Soil
samples were incubated with a urea substrate at 25 °C for 12 h. The ammonium nitrogen
released was measured at 578 nm after reaction with phenol and sodium hypochlorite to
form a blue indophenol complex. Laccase activity was quantified following the established
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) method (Bourbonnais et al.
1995), utilizing ABTS as the substrate. The enzymatic reaction proceeded for 3 min at 25
°C within a pH 4.5 buffer. The resulting oxidation was tracked by recording the absorbance
at a wavelength of 420 nm.
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Analysis of Soil Microbial Community

A commercial soil DNA extraction kit was used to extract soil DNA, following the
protocol provided by the manufacturer. The resulting DNA served as the template for
polymerase chain reaction (PCR) amplification of the bacterial 16S rRNA gene V3-V4
region using primers 338F (5-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-
GGACTACHVGGGTWTCTAAT-3"). PCR was conducted under the following thermal
cycling conditions: initial denaturation at 95 °C for 3 min; 35 cycles of denaturation at
95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 45 s, followed by a
final extension at 72 °C for 10 min and a final hold at 10 °C. The amplicons were then
examined by 2% agarose gel electrophoresis, purified with a gel extraction kit, and
quantified. Purified amplicon libraries were sequenced on an Illumina NextSeq 2000
platform. Raw sequencing reads were subsequently processed using the QIIME2 pipeline.

Data Analysis

Results are reported as the mean + standard deviation for all measurements,
including soil physicochemical properties, enzyme activities, and wheat growth
parameters. Data analysis was conducted with SPSS Statistics, version 26.0. Differences
among the four treatment groups were evaluated via one-way analysis of variance
(ANOVA), considering results significant at P<0.05. A Student’s t-test was employed to
determine significant differences between bacterial treatments and their corresponding
controls. All graphical representations were created using Origin (2018) software.

RESULTS AND DISCUSSION

Characterization of Coal Gangue

Table 1 displays the chemical composition of CG. The main constituents of CG
included silica (47.6%) and alumina (19.9%), with smaller amounts of iron oxide (1.97%),
potassium oxide (2.21%), and other elements. This composition confirms that CG is rich
in silicon and contains essential plant nutrients, including potassium, phosphorus, iron,
calcium, and magnesium, which aligns with previous findings (Wen et al. 2013; Liu et al.
2025). However, the potassium (K) and phosphorus (P) in CG are mainly present in
insoluble forms, such as in annite and monetite (Fig. 1), rendering them largely unavailable
for direct plant uptake. To overcome this limitation, this study investigated the use of B.
velezensis to solubilize these fixed nutrients through its metabolic activity, thereby
enhancing the agricultural utility of coal gangue.

Table 1. The Main Chemical Elements of Raw CG

Component Content (wt%)
SiO2 47.6
Al2O3 19.9
Fe203 1.97
Ca0o 1.86
K20 2.21
SOs3 0.77
MgO 1.23
TiO2 0.84
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Fig. 1. XRD pattern of raw coal gangue

Effects of Treatments on Wheat Growth

The growth-promoting effects of B. velezensis and coal gangue were evaluated
through a pot experiment with four treatments: soil only (CK), soil amended with CG only
(CG), soil inoculated with B. velezensis only (B), and the combined application of CG and
B. velezensis (CBQG). Phenotypic analysis revealed that the CBG treatment resulted in
superior wheat growth compared to all other groups (Fig. 2a). The germination rate was
lowest in the CG group (54.89+0.81%) and highest in the CBG group (71.42+0.35%),
representing a 22.4% increase over the CK group (58.33+1.26%) (Fig. 2b). The B.
velezensis -only treatment (B) also improved germination (68.12+0.35%) compared to the
control. Significant differences in plant height and root length were observed across
treatments (Fig. 2¢, Fig. 2d).

While the CG group showed only minor, non-significant improvements over CK
(plant height: 228.46+10.76 mm vs. 222.38+8.82 mm; root length: 72.88+3.04 mm vs.
71.3243.53 mm, the B and CBG treatments induced substantial growth. Plant height and
root length in the B group (271.42+2.68 mm and 78.81+2.22 mm, respectively) were
significantly greater than in CK. The CBG combination yielded the most pronounced
effect, producing the tallest plants (293.74+3.44 mm) and longest roots (96.58 +2.66 mm)
of any treatment.

A similar trend was observed for biomass accumulation (Fig. 2e). The fresh weight
of the CG group (228.42+2.52 g/plant,) was significantly lower than that of CK
(231.3342.58 g/plant, p < 0.001), indicating that CG alone inhibited growth. In contrast,
both the B (313.4843.70 g/plant) and CBG (371.56+3.71 g/plant) treatments significantly
enhanced biomass relative to CK (p < 0.001). The CBG treatment was the most effective,
resulting in a 35% increase in biomass. In summary, comprehensive analysis of
germination rate, plant height, root length, and biomass confirms that the synergistic
application of B. velezensis and coal gangue (CBG) most effectively promotes wheat
growth and development.

Wang et al. (2026). “Wheat growth promotion,” BioResources 21(2), 5329-5350. 5335



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

CK B CG CBG

g

@

(o)
Germinati
2823
(g)
Above-ground height (mm)
3
a

56 220
54
Ck ¢c6 B CBG CK €6 B CBG
100 — 0] e
95 @ 360+
E 0 - E‘;::« P
£ z
58 — 2300
d % 80 . e 2280
275 . Ea0f  ocum
70 : 240 |
65 2204
CK €6 B CBG CkK €6 B CBG

Fig. 2. Wheat growth parameters after two months of cultivation. (a) Representative photographs
showing phenotypic differences among the four treatment groups. (b) Seed germination percent
(%). (c) Shoot height (mm). (d) Root length (mm). (e) Fresh weight per plant (g). CK (Control, soil
only), CG (Soil amended with coal gangue), B (Soil inoculated with B. velezensis), and CBG (Soil
with both coal gangue and B. velezensis). Statistical significance (p-values) is shown above the
brackets indicating the compared groups.

Soil Physicochemical Properties

Key physicochemical properties of soils from the four treatment groups were
systematically measured (Fig. 3). Soils amended solely with coal gangue (CG) or B.
velezensis (B) showed improved water retention, with moisture contents of 0.914+0.06%
and 1.28+0.08%, respectively. Notably, the combined application of CG and strain B.
velezensis (CBG) resulted in the highest moisture content (1.9+0.11%), representing a
5.76-fold increase over the control (CK, 0.334+0.03%) (p < 0.01). Soil pH values were
lower in the CG (7.49+0.05), B (7.8840.06), and CBG (7.33+0.04) treatments compared to
CK (8.03+0.07), indicating that both microbial inoculation and CG amendment can shift
alkaline soils toward a more neutral pH, which is more conducive to wheat growth (Ping
et al. 2020). Nutrient analysis revealed a consistent trend across treatments: CBG > CG >
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B > CK. The CBG treatment produced the highest concentrations of total potassium (TK:
33.96+0.72 g/kg), total phosphorus (TP: 0.29+0.02 g/kg), and total nitrogen (TN: 0.48+

0.03 g/kg). The CG (TK: 32.89+0.58 g/kg, TP: 0.24+0.02 g/kg, TN: 0.39+0.03 g/kg,) and

B (TK: 32.56+£0.65 g/kg, TP: 0.21+0.02 g/kg; TN: 0.17+£0.02 g/kg) treatments showed
moderate improvements, while the CK group had the lowest nutrient levels (TK:
31.42+0.49 g/kg, TP: 0.1940.01 g/kg, TN: 0.14+0.01 g/kg). Soil organic matter (SOM) and
dissolved organic carbon (DOC) were also greatest under the CBG treatment (SOM:
71.09£3.26 g/kg; DOC: 33.82+1.84 mg/L), dramatically exceeding the levels in CK (SOM:
3.62+0.21 g/kg; DOC: 7.21+£0.34 mg/L). Analysis of humic substances showed that the
CBG treatment resulted in the highest contents of humic acid (HA, 0.69+0.04 g/kg) and
fulvic acid (FA, 0.4+0.03 g/kg), with a HA/FA ratio of 1.73, indicating enhanced
humification. The humin content was also highest in the CBG group (0.29+0.02 g/kg).
Consequently, the cation exchange capacity (CEC) followed the same pattern, with the
CBG treatment achieving the highest value (4.71£0.19 cmol/kg), compared to 4.03+0.18
cmol/kg in CK.
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Fig. 3. Key physicochemical properties of soils from the four treatment groups. (a) Soil organic
matter (OM) and total potassium (TK); (b) Total nitrogen (TN) and total phosphorus (TP); (c)
dissolved organic carbon (DOC) and pH; (d) Cation exchange capacity (CEC) and moisture
content; (e) Humic acid (HA), humin (HM), and fulvic acid (FA). Statistical significance (p-values)
is shown above the brackets indicating the compared groups, and “NE” denotes no significant
difference between groups.

Analysis of Soil Phytohormones and ACC Deaminase Activity

Auxin, particularly indole-3-acetic acid, is a key phytohormone that regulates plant
growth and development, especially root and shoot formation (Lobo et al. 2022). As shown
in (Fig. 4a), soil [AA content differed significantly among treatments, following the order
CBG > B > CG> CK. The CBG and B treatments exhibited the highest IAA concentrations
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(21.86+1.25 pg/mL and 20.99+1.18 pg/mL, respectively), representing 1.58-fold and 1.53-
fold increases relative to CK (13.76+0.82 pg/mL). Although the CG treatment (15.31+1.05
pg/mL) also elevated IAA levels compared with CK, its effect was notably weaker than
that of the B. velezensis -inoculated groups. These findings suggest that the introduction of
strain B. velezensis was the primary factor enhancing soil IAA production, while coal
gangue likely provided precursors that further facilitated the biosynthesis of [AA.

A similar trend was observed for ACC deaminase activity, a key enzyme that
cleaves the ethylene precursor ACC to reduce plant stress and promote root development
(Herpell ef al. 2023). As shown in (Fig. 4b), ACC deaminase activity followed a trend
consistent with IAA content (CBG > B > CG > CK). The CG treatment (1.84+0.13 U/mg)
increased enzyme activity by 1.14-fold compared with CK (1.62+0.09 U/mg), indicating
that coal gangue may improve the microenvironment for microbial metabolism. However,
B. velezensis inoculation resulted in more pronounced effects, with activities of 2.84+0.16
U/mg (B) and 3.06+£0.18 U/mg (CBG). Notably, The CBG group showed the highest
activity, being 1.89-, 1.66-, and 1.08-fold greater than the CK, CG, and B groups,
respectively. These results clearly demonstrate a synergistic effect between B. velezensis
and coal gangue in enhancing soil ACC deaminase activity and, consequently, promoting
wheat growth.
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Fig. 4. Phytohormone content and ACC deaminase activity in soil. (a) IAA concentration. (b) ACC
deaminase activity. Data are presented as the mean % standard error (SE). Statistical significance
(p-values) is shown above the brackets indicating the compared groups.

Analysis of Soil Enzyme Activities

The assessment of soil enzyme activities represents a key biological method for
evaluating fertility, as these enzymes are responsible for breaking down exogenous organic
matter and promoting nutrient cycling, thereby providing essential nutrients for plant
growth (Dick and Tabatabai 1992). The present investigation quantified the activities of
several important enzymes, such as urease and protease, amylase, phosphatase, and
laccase, which were measured in soil samples. While the individual application of coal
gangue (CQG) or B. velezensis (B) led to modest, non-significant increases in urease and
protease activities, the combined treatment (CBG) significantly enhanced the activities of
most enzymes, particularly amylase, phosphatase, and laccase. The CBG treatment resulted
in the highest observed activities. Protease activity was increased by 1.21-fold (12.81+0.74

U/mL to 15.46+0.89 U/mL) (Fig. 5a), and urease activity by 1.18-fold (0.68+0.05 mg/d/g
to 0.80+0.06 mg/d/g) (Fig. 5b), indicating a more active conversion of organic nitrogen
and an accelerated nitrogen cycle (Kuscu 2019). Amylase activity rose by 1.54-fold (2.76
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+0.19 U/mL to 4.26 +0.28 U/mL) (Fig. 5c), reflecting enhanced decomposition of

carbohydrates and more active soil microbial metabolism (Damaris et al. 2019). Most
notably, phosphatase activity increased by 4.25-fold (0.28+0.02 mg/d/g to 1.19+0.08

mg/d/g) (Fig. 5d), highlighting the increased secretion of phosphatase by soil
microorganisms. This significant rise indicates enhanced conversion of organic phosphorus
compounds to available phosphorus, thereby supporting plant phosphorus requirements
(Guo et al. 2023). Furthermore, laccase activity increased by 1.99-fold (from 648.89+32.67

U/L to 1288.26+58.41 U/L) (Fig. Se). As a key oxidoreductase, laccase plays a central role

in soil carbon cycling, particularly by catalyzing the oxidative decomposition of
recalcitrant aromatic compounds such as lignin. In summary, while both the B. velezensis
microbial agent and coal gangue individually promoted soil enzyme activity, the
synergistic application of B. velezensis and coal gangue (CBG) most effectively enhanced
soil enzyme activities. The improved soil environment created by CG likely provided a
favorable habitat for the inoculated bacteria, which in turn secreted higher levels of
enzymes, driving a more efficient nutrient cycle including nitrogen cycling, carbohydrate
decomposition, phosphorus availability, and the breakdown of recalcitrant organic matter.
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Fig. 5. Comparative analysis of soil enzyme activities. Activities of (a) protease, (b) urease, (c)
amylase, (d) phosphatase, and (e) laccase are shown for the CK, CG, B, and CBG treatment
groups. Statistical significance (p-values) is shown above the brackets indicating the compared
groups, and “NE” denotes no significant difference between groups.

Rhizosphere Soil Bacterial Diversity

To evaluate the effects of combined application of coal gangue and B. velezensis
on the diversity of bacterial communities in rhizosphere soil, this study conducted a
diversity analysis of bacterial communities in rhizosphere soil across different treatment
groups. Specifically, in terms of species richness (Fig. 6a, Fig. 6b), the combined treatment
group of B. velezensis and coal gangue (CBG) exhibited the highest Ace index (3523.04,)
and Chaol index (3623.81), which were significantly greater than those of the CK group
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(Ace: 3092.38; Chaol: 3081.24) (p < 0.05). The treatment groups with coal gangue alone

(CG) and B. velezensis inoculation alone (B) also showed higher indices compared to the
CK group (CG: Ace 3270.85, Chaol 3188.13; B: Ace 3340.28, Chaol 3342.85), although
the increases were considerably lower than those observed in the CBG group. These results
indicate that while the individual application of coal gangue or B. velezensis could enhance
soil bacterial species richness to some extent, the combined treatment (CBG) demonstrated
the most pronounced promotive effect on rhizosphere microbial diversity, suggesting a
clear synergistic effect.

Differences in the alpha diversity indices of microbial communities were also
observed among the four treatment groups (CK, CG, B, and CBG). The variation in the
Shannon index (Fig. 6¢) indicated that, compared with the control group (CK), species
diversity exhibited a stepwise decline in the treatments with coal gangue addition alone
(CQ), B. velezensis inoculation alone (B), and the combined treatment (CBG). The decline
in the Shannon index, despite increases in species richness (Ace and Chaol) and evenness
(Simpson), can be attributed to the greater sensitivity of the Shannon index to changes in
rare or low-abundance taxa. The combined CBG treatment likely reduced the proportion
of rare, transient, or functionally redundant species while selectively enriching specific
beneficial genera. This shift toward a more simplified and functionally optimized
community structure, dominated by a few well-adapted taxa, may lead to a lower Shannon
index even when overall richness and evenness increase. The Simpson index (Fig. 6d)
showed that, consistent with the previously observed increases in species richness (Ace
and Chaol indices), the combined CBG treatment (0.00867) exerted the strongest
promotive effect on enhancing the evenness of the rhizosphere bacterial community
relative to the CK group. When B. velezensis was applied alone (B, 0.00641), it also led to
an improvement in community evenness, although this effect was less pronounced
compared to the combined treatment. In contrast, the CG treatment (0.00411) did not
significantly enhance community evenness and even showed a slight negative effect. Taken
together, the combined treatment not only significantly increased species richness but also
promoted a more balanced species distribution, collectively shaping a rhizosphere
microbial community with greater structural complexity, potentially higher functional
stability, and enhanced resilience.
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Composition of Rhizosphere Bacterial Communities

Through Venn diagram analysis, a total of 4,824 OTUs were identified across the
four treatment groups (CBG, B, CG, and CK) (Fig. 7a). The number and proportion of
unique OTUs specific to each treatment group were as follows: the control group (CK)
contained the highest number of unique OTUs (3,216), accounting for 66.7% of the total
OTUs; the coal gangue treatment group (CG) had 3,034 unique OTUs (62.9%); the B.
velezensis inoculant treatment group (B) contained 2,927 unique OTUs (60.7%); while the
combined treatment group (CBG) possessed the fewest unique OTUs (2,831), representing
59.7% of the total. Regarding shared OTUs, 860 OTUs (17.83%) were common to any two
treatment groups, and 989 OTUs (20.50%) were shared among any three treatment groups.
Notably, 1,504 OTUs (31.2% of the total) were consistently present across all four
treatment groups. These results indicate that the different treatments led to varying degrees
of reduction in OTU richness. Despite the distinct treatment conditions, a substantial
portion of the microbial taxa exhibited a similar response, forming a stable core microbiota
that underpins this soil ecosystem.

At the genus level, the treatments induced significant shifts in the abundance of key
taxa including Arthrobacter, Thermomicrobiales, and Sphingomonas (Fig. 7b).
Arthrobacter was the most abundant genus across all groups, with its relative abundance
significantly enhanced in the CBG treatment (9.14%). This was 1.78-, 3.89-, and 1.20-fold
higher than in the CK (5.13%), CG (2.35%), and B (7.63%) groups, respectively,
demonstrating a clear synergistic effect between coal gangue and B. velezensis in enriching
this genus. Given its known role in producing ACC deaminase and [AA, this enrichment
likely contributed directly to the observed wheat growth promotion (Roy and Kumar 2020).
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Thermomicrobiales is an order of thermophilic bacteria known for promoting organic
matter degradation in high-temperature environments (Wu et al. 2009). The relative
abundance of Thermomicrobiales was highest in the CG group (6.55%), suggesting coal
gangue enriched these thermophilic decomposers. However, its abundance was lower in
the CBG group (4.8%), indicating that B. velezensis inoculation mitigated this specific
selective pressure. Similarly, the Sphingomonas, an a-proteobacterial genus with pollutant-
degrading abilities (Luo et al. 2019), was most abundant in the CG group (4.20%) but
decreased to 3.10% in the CBG group. This reduction suggests that the B. velezensis
inoculant may have inhibited the over-enrichment of Sphingomonas by altering the
microecological balance or competitive interactions within the soil. Furthermore, the
combined treatment influenced taxa linked to plant growth and soil health. The abundance
of Oxalobacteraceae, a family known to promote root development (Yu et al. 2021), was
notably present in the CBG and CG groups. The response pattern of Vicinamibacteraceae,
a key functional group in soil carbon cycling, serves as a sensitive indicator of soil
ecological status (Francis ef al. 2021). Its abundance was suppressed by CG alone but
enriched in B. velezensis—inoculated treatments (B and CBG), suggesting that the inoculant
promotes a more stable and healthy soil microbiome.
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Fig. 7. Analysis of bacterial community composition. (a) Venn diagram illustrating shared and
unique operational taxonomic units (OTUs) across the four treatment groups. Relative abundance
of the dominant bacterial genera within the rhizosphere microbial community for each treatment:
(b) CK, (c) B, (d) CG, and (e) CBG.
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Fig. 8. Schematic illustration of the proposed mechanism underlying the synergistic effects of B.
velezensis and CG on wheat growth
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This study demonstrated a significant synergistic effect of B. velezensis and CG
(CBG treatment) on promoting wheat growth (Fig. 8). The addition of CG improved soil
structure and water retention, while B. velezensis produced IAA and ACC deaminase,
promoting root development. Enhanced enzyme activities, including urease (converting
urea to NH4"), amylase (degrading starch into reducing sugars), and phosphatase (releasing
PO+* from organic P), drove nutrient cycling, while soil pH decreased from 8.03 (CK) to
7.33 (CBG), improving nutrient availability. The CBG treatment enriched beneficial
genera (Arthrobacter, Oxalobacteraceae) and suppressed stress indicators (7hermo-
microbiales), thereby reshaping the rhizosphere microbiome. Together, these effects
enhanced wheat growth, increasing germination, height, root length, and biomass.

The results demonstrate that B. velezensis significantly enhanced nutrient cycling
and enzymatic processes within the CG-soil system. The combined treatment (CBG) led to
substantial increases in soil organic matter, total nitrogen, phosphorus, potassium,
dissolved organic carbon, and humic acid, indicating a profound improvement in overall
soil fertility. While CG alone contributed mineral elements and improves water retention,
the addition of B. velezensis further amplified these benefits, particularly by increasing the
availability of phosphorus and potassium. This enhancement is primarily attributed to its
ability to solubilize fixed minerals (Wang et al. 2024), consistent with established evidence
that B. velezensis secretes metabolites like organic acids and chelators to weather insoluble
phosphate and silicate compounds in soil, thereby sustainably releasing plant-available
nutrients such as phosphorus (Mani ef al. 2024). Previous studies have similarly reported
that B. velezensis Ag75 improves crop phosphorus absorption through efficient phosphorus
solubilization, thereby reducing reliance on chemical fertilizers (Mosela et al. 2022).
Concurrently, the B. velezensis inoculation markedly elevated key soil enzyme activities.
The significant increase in phosphatase activity directly correlates with the enhanced
phosphorus solubilization. Similarly, the promoted activities of protease and urease
accelerated the mineralization of organic nitrogen, ensuring a more readily available
nitrogen supply for the plant (Hayat er al. 2025; Zhang et al. 2025). The synergistic
enhancement of these enzymes optimized the transformation and availability of both
nitrogen and phosphorus. Furthermore, the observed increases in amylase and laccase
activities indicate a reinforced soil carbon cycle. Elevated amylase activity suggests a
heightened metabolism of labile organic carbon, while the boost in laccase, a key enzyme
in lignin degradation, points to an enhanced capacity to break down recalcitrant organic
matter, facilitating humus formation and nutrient cycling (Theuerl et al. 2010; Gougoulias
etal. 2014).

The high-throughput sequencing results demonstrate that B. velezensis, in synergy
with (CG), played a crucial role in regulating and reshaping the structure and function of
the rhizosphere bacterial community. The addition of CG alone resulted in a reduction in
soil bacterial diversity, as well as an increase in the relative abundance of drought-tolerant
and thermophilic bacterial groups, such as Thermomicrobiales. This indicates the
biological stress exerted on the soil microenvironment during the early stages of coal
gangue addition (Zhu et al. 2023). However, the inoculation with B. velezensis effectively
mitigated this stress, significantly reducing the relative abundance of Thermomicrobiales
and fostering the enrichment of beneficial bacterial genera with specific ecological
functions. Among the taxa that showed notable enhancement was Sphingomonas, which is
involved in organic pollutant degradation (White et al. 1996). Others included

Streptomyces, which is known for its biocontrol potential, and nutrient-cycling bacteria
such as Vicinamibacterales and Oxalobacteraceae, which play key roles in carbon and
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phosphorus transformations (Barka et al. 2016). Notably, the effect of strain B. velezensis
on the microbial community was not limited to a simple increase in taxonomic richness;
rather, it promoted a more functionally efficient and streamlined community structure.
Venn analysis revealed a lower total number of bacterial genera in the combined CBG (Soil
with both coal gangue and B. velezensis) treatment (2,831) compared to the control CK
(3,216), suggesting B. velezensis mediates a functional selection and structural
optimization of the indigenous microbiota, likely through competitive exclusion and other
ecological mechanisms (Song et al. 2021; Zhang et al. 2025). The authors propose that B.
velezensis influences the soil microbial community through two primary mechanisms: (1)
it accelerates the degradation of CG through its metabolic activity, releasing trace elements
that improve the soil's chemical environment, and (2) directly modulating the growth of
other microorganisms. In summary, the directed remodeling of the bacterial community
structure in CG-amended soil by B. velezensis constitutes a key mechanism behind its soil
improvement and plant growth-promoting effects.

While this study provides robust evidence for the synergistic benefits of B.
velezensis and CG, several limitations should be acknowledged. First, the pot experiments
were conducted under controlled outdoor conditions, which may not fully capture the
complexity of field environments. Second, the long-term effects of repeated CBG
application on soil health and heavy metal accumulation remain unknown, as coal gangue
may contain trace metals that could leach over extended periods. Future research should
therefore focus on: (i) field-scale trials across different soil types and climatic regions to
assess practical applicability; (i1) long-term monitoring of soil metal dynamics and
microbial stability. Addressing these aspects will further strengthen the B. velezensis—CG
partnership as a sustainable strategy for waste management and agricultural reclamation.

CONCLUSIONS

1. This study demonstrated that the combined application of B. velezensis and coal
gangue synergistically enhanced wheat growth by comprehensively improving soil
properties and functions.

2. The combined application of B. velezensis and coal gangue (CBG treatment)
exerted the most significant promotional effect on wheat growth. Compared with
the control group, it effectively improved germination rate, plant height, root length,
and fresh weight of wheat.

3. The addition of coal gangue alone had no significant effect on wheat growth and
may even have caused slight inhibition during the early stage. In contrast,
co-application with B. velezensis effectively alleviated the adverse effects of coal
gangue, optimized the soil environment, and created favorable conditions for wheat
growth.

4. The synergistic effect of B. velezensis and coal gangue not only improved the soil
microenvironment, but it also promoted healthy wheat growth, thereby providing a
practical technical pathway for the resource utilization of coal gangue and the
high-quality production of wheat.

Wang et al. (2026). “Wheat growth promotion,” BioResources 21(2), 5329-5350. 5344



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

ACKNOWLEDGMENTS

This work received financial support through Grant No. 2025-CXY-007 from the
Science and Technology Plan Project of Yulin City and National Natural Science
Foundation of China (42202206).

Conflicts of Interest
The authors state that there are no competing financial interests or personal
relationships which could have potentially affected this research.

Data Availability
The data presented in this study are available upon request from the corresponding
author.

Use of Generative Al

During the preparation of this manuscript, the authors used the DeepSeek Al tool
to assist with grammar checking and improving textual fluency. In the Discussion section,
it also helped refine the logical flow of content concerning “CG improving soil physical
structure” and “Bacillus velezensis shaping the soil microbial community.” The authors
have thoroughly reviewed and revised all Al-generated content and take full responsibility
for the final manuscript.

REFERENCES CITED

Babalola, O. O., Akanmu, A. O., and Ayangbenro, A. S. J. M. R. A. (2024). “Draft
genome sequence of Bacillus velezensis strains AOA1 and AKS2, the potential plant
growth-promoting rhizobacteria,” Microbiology Resource Announcements 13(4),
article e00877-23. https://doi.org/10.1128/mra.00877-23

Barka, E. A., Vatsa, P., Sanchez, L., Gaveau-Vaillant, N., Jacquard, C., Klenk, H.-P.,
Clément, C., Ouhdouch, Y., and van Wezel, G. P. (2016). “Taxonomy, physiology, and
natural products of Actinobacteria,” Microbiology and Molecular Biology Reviews
80(1), 1-43. https://doi.org/10.1128/MMBR.00019-15

Bourbonnais, R., Paice, M. G., Reid, I. D., Lanthier, P., and Yaguchi, M. (1995). “Lignin
oxidation by laccase isozymes from Trametes versicolor and role of the mediator 2,2'-
azinobis(3-ethylbenzthiazoline-6-sulfonate) in kraft lignin depolymerization,”
Applied and Environmental Microbiology 61(5), 1876-1880.
https://doi.org/10.1128/aem.61.5.1876-1880.1995

Bradford, M. M. (1976). “A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding,” Analytical
Biochemistry 72(1-2), 248-254. https://doi.org/10.1016/0003-2697(76)90527-3

Damaris, R. N., Lin, Z., Yang, P., and He, D. (2019). “The rice alpha-amylase, conserved
regulator of seed maturation and germination,” International Journal of Molecular
Sciences 20(2), article 450. https://doi.org/10.3390/ijms20020450

Dick, W. A., and Tabatabai, M. A. (1992). “Significance and potential uses of soil
enzymes,” Soil Biology and Biochemistry 24(12), 1307-1312.
https://doi.org/10.1016/0038-0717(92)90152-U

Wang et al. (2026). “Wheat growth promotion,” BioResources 21(2), 5329-5350. 5345


https://doi.org/10.1128/mra.00877-23
https://doi.org/10.1128/MMBR.00019-15
https://doi.org/10.1128/aem.61.5.1876-1880.1995
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.3390/ijms20020450
https://doi.org/10.1016/0038-0717(92)90152-U

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Dong, Y., Lu, H., and Lin, H. (2024). “Comprehensive study on the spatial distribution of
heavy metals and their environmental risks in high-sulfur coal gangue dumps in
China,” Journal of Environmental Sciences 136, 486-497.
https://doi.org/10.1016/j.jes.2023.09.022

Eivazi, F., and Tabatabai, M. A. (1977). “Phosphatases in soils,” Soil Biology and
Biochemistry 9(3), 167-172. https://doi.org/10.1016/0038-0717(77)90070-0

Elsoud, M. M. A., Hasan, S. F., Elhateir, M. M. B., and Abd El-Aziz, A. R. M. (2023).
“Optimization of indole-3-acetic acid production by Bacillus velezensis isolated from
Pyrus rhizosphere and its effect on plant growth,” Biocatalysis and Agricultural
Biotechnology 50, article 102714. https://doi.org/10.1016/j.bcab.2023.102714

Fan, B., Wang, C., Song, X., Ding, X., Wu, L., Wu, H., Gao, X., and Borriss, R. (2018).
“Bacillus velezensis FZB42 in 2018: The gram-positive model strain for plant growth
promotion and biocontrol,” Frontiers in Microbiology 9, article 2491.
https://doi.org/10.3389/fmicb.2018.02491

Francis, B., Urich, T., Mikolasch, A., Teeling, H., and Amann, R. (2021). “North Sea
spring bloom-associated Gammaproteobacteria fill diverse heterotrophic niches,”
Environmental Microbiome 16(1), 15. https://doi.org/10.1186/s40793-021-00385-y

Gao, G., Li, G., Gao, B., and Zhu, S. (2001). “Study on function of coal gangue
obstruction on sand soil improvement,” Journal of Soil and Water Conservation
15(1), 102-104.

Gao, L., Liu, Y., Xu, K., Bai, L., Guo, N., and Li, S. (2024). “A short review of the
sustainable utilization of coal gangue in environmental applications,” RSC Advances
14(53), 39285-39296. https://doi.org/10.1039/d4ra06071g

Glickmann, E., and Dessaux, Y. (1995). “A critical examination of the specificity of the
Salkowski reagent for indolic compounds produced by phytopathogenic bacteria,”
Applied and Environmental Microbiology 61(2), 793-796.
https://doi.org/10.1128/AEM.61.2.793-796.1995

Gougoulias, C., Clark, J. M., and Shaw, L. J. (2014). “The role of soil microbes in the
global carbon cycle: Tracking the below-ground microbial processing of plant-
derived carbon for manipulating carbon dynamics in agricultural systems,” Journal of
the Science of Food and Agriculture 94(12), 2362-2371.
https://doi.org/10.1002/jsfa.6577

Guo, Y., Sun, Y., Fan, D., Wang, S., Agathokleous, E., Zhu, Y., and Han, J. (2023). “New
insights into the role of soil properties in driving cadmium-induced hormesis in soil
alkaline phosphatase under vegetation cover change,” Science of the Total
Environment 892, article 164798. https://doi.org/10.1016/j.scitotenv.2023.164798

Han, J., Liu, X.-B., Yang, W.-W.,, Liu, J.-P., and Research, T. (2018). “Research of
comprehensive utilization of coal gangue,” Desalination and Water Treatment —
Environmental Research (Proceedings), pmsms, article 24927.
https://doi.org/10.12783/dtetr/pmsms2018/24927

Hayat, S., Li, P., Menhas, S., Liu, W., and Hayat, K. (2025). “Exploring the nutrient
nexus in environmental systems: Nitrogen and phosphorus cycling, removal,
recovery, and management,” Environmental Research 2025, article 122162.
https://doi.org/10.1016/j.envres.2025.122162

Herpell, J. B., Alickovic, A., Diallo, B., Schindler, F., and Weckwerth, W. (2023).
“Phyllosphere symbiont promotes plant growth through ACC deaminase production,”
The ISME Journal 17(8), 1267-1277. https://doi.org/10.1038/s41396-023-01428-7

Wang et al. (2026). “Wheat growth promotion,” BioResources 21(2), 5329-5350. 5346


https://doi.org/10.1016/j.jes.2023.09.022
https://doi.org/10.1016/0038-0717(77)90070-0
https://doi.org/10.1016/j.bcab.2023.102714
https://doi.org/10.3389/fmicb.2018.02491
https://doi.org/10.1186/s40793-021-00385-y
https://doi.org/10.1039/d4ra06071g
https://doi.org/10.1128/AEM.61.2.793-796.1995
https://doi.org/10.1002/jsfa.6577
https://doi.org/10.1016/j.scitotenv.2023.164798
https://doi.org/10.12783/dtetr/pmsms2018/24927
https://doi.org/10.1016/j.envres.2025.122162
https://doi.org/10.1038/s41396-023-01428-7

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Kandeler, E., and Gerber, H. (1988). “Short-term assay of soil urease activity using
colorimetric determination of ammonium,” Biology and Fertility of Soils 6(1), 68-72.
https://doi.org/10.1007/BF00257924

Kenfaoui, J., Dutilloy, E., Benchlih, S., Lahlali, R., Ait-Barka, E., and Esmaeel, Q.
(2024). “Bacillus velezensis: A versatile ally in the battle against phytopathogens—
insights and prospects,” Applied Microbiology and Biotechnology 108(1), article 439.
https://doi.org/10.1007/s00253-024-13255-7

Keshmirshekan, A., de Souza Mesquita, L. M., and Ventura, S. P. (2024). “Biocontrol
manufacturing and agricultural applications of Bacillus velezensis,” Trends in
Biotechnology 42(8), 986-1001. https://doi.org/10.1016/j.tibtech.2024.02.003

Kuscu, I. S. (2019). “Changing of soil properties and urease-catalase enzyme activity
depending on plant type and shading,” Environmental Monitoring and Assessment
191(3), article 178. https://doi.org/10.1007/s10661-019-7304-8

Ladd, J. N., and Butler, J. H. A. (1972). “Short-term assays of soil proteolytic enzyme
activities using proteins and dipeptide derivatives as substrates,” Soil Biology and
Biochemistry 4(1), 19-30. https://doi.org/10.1016/0038-0717(72)90038-7

Li, J., and Wang, J. (2019). “Comprehensive utilization and environmental risks of coal
gangue: A review,” Journal of Cleaner Production 239, article 117946.
https://doi.org/10.1016/j.jclepro.2019.117946

Liu, C., Gu, W., Cui, F., Zhang, Y., Yang, Y., Qiu, F., Yuan, C., Cheng, H., and Li, M.
(2025). “Research progress and prospects on resource utilization of coal gangue for
soil remediation in China,” Chinese Science and Technology 53(6), 125-140.
https://doi.org/10.12438/cst.2025-0335

Liu, C., Ma, S., Wang, X., Ou, Y., and Du, H. (2023). “Biodegradation of organic
compounds in the coal gangue by Bacillus sp. into humic acid,” Biodegradation
34(2), 125-138. https://doi.org/10.1007/s10532-022-10007-0

Liu, X., Zhang, J., Li, Q., and Liang, W. (2024). “Preparation of technosol based on coal
gangue and its impact on plant growth in coal mining area,” Journal of Cleaner
Production 467, article 142998. https://doi.org/10.1016/j.jclepro.2024.142998

Li, Z.,Ma, Z , T. J. van der Kuijp, Yuan, Z , and Huang, L (2014). “A review of soil heavy

metal pollution from mines in China: pollution and health risk assessment, ” Science of
the Total Environment 468, 843-853.

Lobo, L. L. B., de Andrade da Silva, M. S. R., Castellane, T. C. L., Carvalho, R. F., and
Rigobelo, E. C. (2022). “Effect of indole-3-acetic acid on tomato plant growth,”
Microorganisms 10(11), article 2212.
https://doi.org/10.3390/microorganisms10112212

Lu, R. (2000). The Analysis Method of Soil Agricultural Chemistry, China Agricultural
Science and Technology Press, Beijing.

Lu, Z., Wang, H., Wang, Z., Liu, J., Li, Y., Xia, L., and Song, S. (2024). “Critical steps in
the restoration of coal mine soils: Microbial-accelerated soil reconstruction,” Journal
of Environmental Management 368, article 122200.
https://doi.org/10.1016/j.jenvman.2024.122200

Luo, Y., Wang, F., Huang, Y., Zhou, M., Gao, J., Yan, T., Sheng, H., and An, L. (2019).
“Sphingomonas sp. Cra20 increases plant growth rate and alters rhizosphere
microbial community structure of Arabidopsis thaliana under drought stress,”
Frontiers in Microbiology 10, article 1221. https://doi.org/10.3389/fmicb.2019.01221

Wang et al. (2026). “Wheat growth promotion,” BioResources 21(2), 5329-5350. 5347


https://doi.org/10.1007/BF00257924
https://doi.org/10.1007/s00253-024-13255-7
https://doi.org/10.1016/j.tibtech.2024.02.003
https://doi.org/10.1007/s10661-019-7304-8
https://doi.org/10.1016/0038-0717(72)90038-7
https://doi.org/10.1016/j.jclepro.2019.117946
https://doi.org/10.12438/cst.2025-0335
https://doi.org/10.1007/s10532-022-10007-0
https://doi.org/10.1016/j.jclepro.2024.142998
https://doi.org/10.3390/microorganisms10112212
https://doi.org/10.1016/j.jenvman.2024.122200
https://doi.org/10.3389/fmicb.2019.01221

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Mani, G., Senthilkumar, R., Venkatesan, K., Leema, J. T. M., Rangamaran, V. R.,
Balachandran, K. R. S., and Gopal, D. (2024). “Halophilic phosphate-solubilizing
microbes (Priestia megaterium and Bacillus velezensis) isolated from Arabian Sea
seamount sediments for plant growth promotion,” Current Microbiology 81(12), 405.
https://doi.org/10.1007/s00284-024-03890-8

Mosela, M., Andrade, G., Massucato, L. R., de Aratijjo Almeida, S. R., Nogueira, A. F., de
Lima Filho, R. B., Zeffa, D. M., Mian, S., Higashi, A. Y., and Shimizu, G. D. (2022).
“Bacillus velezensis strain Ag75 as a new multifunctional agent for biocontrol,
phosphate solubilization and growth promotion in maize and soybean crops,”
Scientific Reports 12(1), article 15284. https://doi.org/10.1038/s41598-022-19515-8

Penrose, D. M., and Glick, B. R. (2003). “Methods for isolating and characterizing ACC
deaminase-containing plant growth-promoting rhizobacteria,” Physiologia Plantarum
118(1), 10-15. https://doi.org/10.1034/j.1399-3054.2003.00086.x

Ping, L., Mart, B., Natasja, V., Yan-ni, S., Yong-jun, Z., Zi-ming, W., and Kees Jan, V.
(2020). “Liming reduces soil phosphorus availability but promotes yield and P uptake
in a double rice cropping system,” Journal of Integrative Agriculture 19(11), 2807-
2814. https://doi.org/10.1016/S2095-3119(20)63222-1

Roy, P., and Kumar, A. (2020). “Arthrobacter,” in: Beneficial Microbes in Agro-Ecology,
Elsevier, Amsterdam, pp. 3-11.

Schinner, F., Ohlinger, R., Kandeler, E., and Margesin, R. (2012). Methods in Soil
Biology, Springer Science & Business Media, Berlin, Germany.

Shahrajabian, M. H., Cheng, Q., and Sun, W. (2023). “Using bacteria and fungi as plant
biostimulants for sustainable agricultural production systems,” Recent Patents on
Biotechnology 17(3), 206-244. https://doi.org/10.2174/1872208316666220513093021

Song, C., Jin, K., and Raaijmakers, J. M. (2021). “Designing a home for beneficial plant
microbiomes,” Current Opinion in Plant Biology 62, article 102025.
https://doi.org/10.1016/j.pbi1.2021.102025

Tang, T., Wang, Z., Chen, L., Wu, S., Liu, Y., and Research, P. (2024). “Opportunities,
challenges and modification methods of coal gangue as a sustainable soil
conditioner—A review,” Environmental Science and Pollution Research 31(48),
58231-58251. https://doi.org/10.1007/s11356-024-34895-2

Theuerl, S., Dorr, N., Guggenberger, G., Langer, U., Kaiser, K., Lamersdorf, N., and
Buscot, F. (2010). “Response of recalcitrant soil substances to reduced N deposition
in a spruce forest soil: Integrating laccase-encoding genes and lignin decomposition,”
FEMS Microbiology Ecology 73(1), 166-177. https://doi.org/10.1111/5.1574-
6941.2010.00877.x

Wang, C., Zhang, L., Liang, B., Wang, J., and Wu, P. (2025). “Study on the influence of
coal-based solid waste on performance optimization of roadway pavement concrete,”
Scientific Reports 15(1), article 33133. https://doi.org/10.1038/s41598-025-18523-8

Wang, Z., Liu, M., Liu, X., Bao, Y., Wang, Y., and Microbiology, E. (2024).
“Solubilization of K and P nutrients from coal gangue by Bacillus velezensis,”
Applied and Environmental Microbiology 90(11), article e01538-24.
https://doi.org/10.1128/aem.01538-24

Wen, X., Zeng, F., and Zhang, H. (2013). “Geochemical characteristics of the coal
gangues from the Du’erping coal mine, Xishan coalfield, North China,” Chinese
Journal of Geochemistry 32(2), 227-234. https://doi.org/10.1007/s11631-013-0626-2

Wang et al. (2026). “Wheat growth promotion,” BioResources 21(2), 5329-5350. 5348


https://doi.org/10.1007/s00284-024-03890-8
https://doi.org/10.1038/s41598-022-19515-8
https://doi.org/10.1034/j.1399-3054.2003.00086.x
https://doi.org/10.1016/S2095-3119(20)63222-1
https://doi.org/10.2174/1872208316666220513093021
https://doi.org/10.1016/j.pbi.2021.102025
https://doi.org/10.1007/s11356-024-34895-2
https://doi.org/10.1111/j.1574-6941.2010.00877.x
https://doi.org/10.1111/j.1574-6941.2010.00877.x
https://doi.org/10.1038/s41598-025-18523-8
https://doi.org/10.1128/aem.01538-24
https://doi.org/10.1007/s11631-013-0626-2

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

White, D. C., Sutton, S. D., and Ringelberg, D. B. (1996). “The genus Sphingomonas:
Physiology and ecology,” Current Opinion in Biotechnology 7(3), 301-306.
https://doi.org/10.1016/S0958-1669(96)80034-6

Wu, D., Raymond, J., Wu, M., Chatterji, S., Ren, Q., Graham, J. E., Bryant, D. A., Robb,
F., Colman, A., and Tallon, L. J. (2009). “Complete genome sequence of the aerobic
CO-oxidizing thermophile Thermomicrobium roseum,” PLoS ONE 4(1), article
e4207. https://doi.org/10.1371/journal.pone.0004207

Wu, Y., Xi, B., Fang, F., Kou, B., Gang, C., Tang, J., Tan, W., Yuan, Y., and Yu, T. (2023).
“Insights into relationships between polycyclic aromatic hydrocarbon concentration,
bacterial communities and organic matter composition in coal gangue site,”
Environmental Research 236, article 116502.
https://doi.org/10.1016/j.envres.2023.116502

Yang, S., Chen, J., Liu, L., Wang, K., Guo, J., Feng, Q., and Chen, Y. (2023).
“Characteristics of coal gangue and present situation and prospect of coal gangue
resource utilization in China,” in International Conference on Environmental
Pollution and Governance, Springer, Singapore.

Yao, Y., Wang, L., Zhai, H., Dong, H., Wang, J., Zhao, Z., and Xu, Y. (2025). “Bacillus
velezensis A-27 as a potential biocontrol agent against Meloidogyne incognita and
effects on rhizosphere communities of celery in field,” Scientific Reports 15(1),
article 1057. https://doi.org/10.1038/s41598-024-83687-8

Yu, C., Chen, H., Zhu, L., Song, Y., Jiang, Q., Zhang, Y., Ali, Q., Gu, Q., Gao, X., and
Borriss, R. (2023). “Profiling of antimicrobial metabolites synthesized by the
endophytic and genetically amenable biocontrol strain Bacillus velezensis DMW1,”
Microbiology Spectrum 11(2), article e00038-23.
https://doi.org/10.1128/spectrum.00038-23

Yu, P, He, X., Baer, M., Beirinckx, S., Tian, T., Moya, Y. A., Zhang, X., Deichmann, M.,
Frey, F. P., and Bresgen, V. (2021). “Plant flavones enrich rhizosphere Oxalobactera-
ceae to improve maize performance under nitrogen deprivation,” Nature Plants 7(4),
481-499. https://doi.org/10.1038/s41477-021-00897-y

Zhang, K., Yin, R., Yang, H., Zhao, J., Liu, J., and Zhou, W. (2025). “Decoupling control
of dielectric permittivity and breakdown strength in GNS/PVDF nanocomposites via
introducing insulating MgO interlayer,” Applied Materials Today 46, article 102868.
https://doi.org/10.1016/j.apmt.2025.102868

Zhang, K., Zhou, W., Lin, N, Li, C., Fan, J., Zhao, J., Jia, Y., and Yuan, M. (2025). “Fine
assembly of TiO: on the surface of Si particles leading to enhanced dielectric
performance of PVDF composites,” Materials Today Chemistry 45, article 102644.
https://doi.org/10.1016/j.mtchem.2025.102644

Zhang, X., Wei, F., Bin, H., and Shugao, Q. (2024). “Isolation and screening of soil
phosphate-solubilizing bacteria and their phosphate solubilization mechanisms in the
Mu Us Desert,” Transactions of the Chinese Society of Agricultural Engineering
40(11), 109-118. https://doi.org/10.11975/j.issn.1002-6819.202401185

Zhang, Y., Zhang, Y., Shi, X., Liu, S., Shu, P., and Xia, S. (2022). “Investigation of
thermal behavior and hazards quantification in spontaneous combustion fires of coal
and coal gangue,” Science of the Total Environment 843, article 157072.
https://doi.org/10.1016/j.scitotenv.2022.157072

Wang et al. (2026). “Wheat growth promotion,” BioResources 21(2), 5329-5350. 5349


https://doi.org/10.1016/S0958-1669(96)80034-6
https://doi.org/10.1371/journal.pone.0004207
https://doi.org/10.1016/j.envres.2023.116502
https://doi.org/10.1038/s41598-024-83687-8
https://doi.org/10.1128/spectrum.00038-23
https://doi.org/10.1038/s41477-021-00897-y
https://doi.org/10.1016/j.apmt.2025.102868
https://doi.org/10.1016/j.mtchem.2025.102644
https://doi.org/10.11975/j.issn.1002-6819.202401185
https://doi.org/10.1016/j.scitotenv.2022.157072

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Zhu, Q., Ruan, M., Hu, Z., Miao, K., and Ye, C. (2023). “The relationship between acid
production and the microbial community of newly produced coal gangue in the early
oxidation stage,” Microorganisms 11(11), article 2626.
https://doi.org/10.3390/microorganisms11112626

Zhu, X., Gong, W., Li, W., Bai, X., and Zhang, C. (2022). “Reclamation of waste coal
gangue activated by Stenotrophomonas maltophilia for mine soil improvement:
Solubilizing behavior of bacteria on nutrient elements,” Journal of Environmental
Management 320, 115865. https://doi.org/10.1016/j.jenvman.2022.115865

Article submitted: December 21, 2025; Peer review completed: March 28, 2026; Revised
version received and accepted: April 20, 2026; Published: April 29, 2026.

DOI: 10.15376/biores.21.2.5329-5350

APPENDIX

Supplementary Information

Table S1. Physicochemical Properties of the Sandy Soil

Component pH Organic Total Available Available  Dissolved Cation Moisture
matter(g/kg) nitrogen phosphorus potassium organic exchange content
(a/kg) (g/kg) (9/kg) carbon capacity (%)
(mg/kg) (cmol/kg)
Content 8.24 3.77+0.32 0.14+0.03 0.18+0.02 30.24+3.2 7.16+0.12 3.74+0.02 0.14+0.02
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