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Understanding the effects of bio-antimicrobial materials on plant growth and against
diseases and the relevant mechanisms are highly important for sustainable soil use
and plant safety production. This study explored the impacts and corresponding
mechanisms of the combined utilization of humic acid, chitosan, and Bacillus subtilis
(B. subtilis) on tomato growth and diseases occurrence through a greenhouse pot
experiment. The plant height, fresh weight, disease index, rhizosphere microbial
community, and root exudates composition of tomatoes were determined. With
the combined application of humic acid, chitosan and B. subtilis (HBC), the height
and fresh weight of tomato plants were significantly increased (p < 0.05), and
the incidence of plant diseases was decreased by 45.1%. In HBC treatment, the
diversity of fungal and bacterial communities was notably enhanced. The relative
abundances of Bacillus, Gemmatimonas, Neobacillus, Acinetobacter, Humicola
increased, while the relative abundances of Sphingomonas, especially soil-borne
plant pathogen Fusarium and Ralstonia, significantly decreased (p < 0.05). Besides
the increased diversity of root exudates, the content of phenolic acids, which are
allelochemicals related to continuous cropping disorder, decreased. The results of
cooccurrence network analysis indicated that the abundances of Eicosanoids, Fatty
acids and conjugates, and Flavonoid lycosides compounds in root exudates, which
are positively correlated with pathogenic bacteria, decreased in HBC treatment.
Results indicated HBC's synergistic effect on tomato growth and disease resistance
is related to its regulation of microbial community and root exudates. The study
results promote the development of biological control technology and highlight
its promising application in plant safety production.
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1 Introduction

Sustainable management of plant diseases plays a crucial role in ensuring food security.
The facility cultivation of tomato (Solanum lycopersicon L.), which is marked by intensity and
efficiency, constitutes an important means to guarantee the supply of fresh products and
achieve eflicient production of tomatoes (Jin et al., 2024). However, due to the particular
ecological environment of facility vegetable plots and the substantial input of fertilizers and
pesticides, the ecological balance of the soil in facility vegetable plots has been severely
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disrupted, leading to disturbances in the soil microflora, the
accumulation of pathogenic microorganisms, and the frequent
occurrence of soil-borne diseases such as wilt (Meshram and Adhikari,
2024; Yan et al., 2025). This seriously affected the sustainable
development of the facility tomato industry. Historically, several
management strategies have been implemented to manage tomato
soil-borne diseases, including the utilization of resistant cultivars,
chemicals (e.g., fungicides and soil fumigants), physical methods such
as soil solarisation and soil heating, cultural methods (e.g., crop
rotation field sanitation), and biological control (Spadaro and Gullino,
2005; Meshram and Adhikari, 2024; Kashyap et al., 2023). Among
these management strategies, chemical control remains the main
measure. However, improper use of chemical pesticides not only
reduces the efficacy, but also increases the tolerance of pathogenic
bacteria to chemical fungicides, further threatening the safe
production of tomato facilities (Zuo et al., 2024). Therefore, it is urgent
to develop an efficient and ecologically safe method to control soil-
borne diseases such as plant tomato wilt. The use of probiotics, as well
as bio-antimicrobial materials derived from natural material
ingredients, offers a promising environmentally friendly approach to
mitigating the occurrence of soil-borne diseases.

The survival and colonization of beneficial microorganisms in the
plant rhizosphere can promote growth and prevent diseases, serving
as an important measure for controlling soil-borne diseases (Tyagi
et al., 2024). In studies on induced systemic resistance, the most
frequently cited beneficial microorganisms are Trichoderma, Bacillus,
and Pseudomonas, and the most commonly used plant is Solanum
lycopersicon L. (Vieira et al., 2024). After the application of beneficial
microorganisms, the original community composition and structure
of soil microorganisms are affected, and the complexity of the
microbial co-occurrence network is significantly increased (Kong
et al,, 2019). The niche competition of beneficial microorganisms in
the crop rhizosphere, especially at ecological sites susceptible to
pathogen infection like crop root wounds, can significantly reduce the
infection effect of pathogenic fungi such as Fusarium oxysporum (lida
et al, 2022). Additionally, some beneficial microorganisms can
enhance plant disease resistance through metabolites (Kashyap et al.,
2022; Manzar et al., 2024). For example, Klebsiella M6 can stimulate
mango growth and induce plant systemic resistance by secreting IAA
and hydrogen cyanide (HCN) (Kumar et al., 2021). Although
probiotics play a significant role in promoting growth and preventing
disease, it is difficult for beneficial microorganisms to survive and
colonize in the plant rhizosphere. Thus, improving the survival and
colonization of beneficial bacteria is of great importance.

Humic acids (HAs) are a macromolecular organic substance
widely found in nature and is regarded as an effective biological
modifier (Muscolo et al., 2013; Ibrahim and Ramadan, 2015; Qiu
et al,, 2024). HAs possess an abundant micropore structure, a large
specific surface area, and exhibit a good adsorption effect on various
substances (i, 2002). It can be serve as a carrier of biocontrol bacteria
and promote the adsorption of biocontrol bacteria (Li, 2002). In
addition, HAs have excellent dispersion performance, which can
reduce the surface tension of the solution and has the characteristics
of dispersing and emulsifying polymer substances. They also have
good surface activity, which can improve the contact between
biocontrol bacteria and pathogenic bacteria and enhance the control
efficiency (Sun, 2017). The combined application of humic acid and
B. subtilis can significantly increase the yield of cucumber (Jiang et al.,
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2022b). HAs can improve the nutrient utilization efficiency of plants
by promoting physiological effects such as carbon and nitrogen
metabolism and secondary metabolic processes of plants. At the same
time, it can also induce systemic resistance in plants, facilitate the
growth of beneficial microbes, increase the complexity of microbial
network and inhibit the relative abundance of phytopathogenic fungi
(Wei et al., 2021; Jiang et al., 2022a; Jiang et al., 2022b). Given the
numerous functions of HAs as described above, it may have a good
effect as an additive of bio-antimicrobial agent.

Chitosan possesses excellent biological properties and shows
effectiveness against soil-borne pathogens (Badawy and Rabea, 2012).
Studies have demonstrated that chitosan can inhibit the growth of
pathogens and improve the structure and composition of microbial
communities in the inter-root soil (da Silva et al., 2021). However, the
solubility of chitosan significantly limits its antibacterial activity.
Enhancing the cationic properties of chitosan can improve its
solubility and enhance its antimicrobial activity (Hoque et al., 20165
Sahariah et al., 2018). Theoretically, the combined application of HAs
and chitosan can achieve improved antimicrobial activity as chitosan
is capable of generating positively charged cation groups through HAs.
Previous studies have shown that the combined application of humic
acid and chitosan can produce co-inhibition effect on Alternaria solani
growth, and this co-inhibition effect is associated with downregulated
genes expression correlated with mycelial growth (Qiu et al., 2024).
Under Laboratory culture condition, the community structure of soil
bacteria and fungi is changed with co-application of humic acid and
chitosan. In addition, the relative abundance of pathogens in the soil
is decreased, while the relative abundance of beneficial bacteria is
increased (Bao et al., 2022).

Based on the foregoing analysis, the combination of
bio-antimicrobial materials, namely humic acid, chitosan, and
probiotics, are hypothesized to hold crucial potential in promoting
growth and preventing diseases. Nevertheless, the actual impact of the
combined application of HAs, chitosan, and probiotics on tomato
growth and soil-borne pathogens remains ambiguous. In this study,
HAs, chitosan, and B. subtilis were combined to form a humic acid
compound preparation (HBC), which was then applied to the soil for
a pot experiment. The effects of HBC on tomato growth and soil-
borne pathogens were explored by examining the growth index,
disease index, structural changes in the rhizosphere soil microbial
community, and root exudate composition of tomatoes. The research
results offer a reference for the green control of soil-borne diseases in
vegetable fields and the safe production of vegetables.

2 Materials and methods

2.1 Materials

Surface soil (0-20 cm) of a vegetable field was collected from the
Huacheng Vegetable Cooperative in Wufeitang Village, Lishui District,
Nanjing City, Jiangsu Province (located at 119°0"15”E, 31°30"25"N). The
plots at the sampling sites had been continuously planted with tomatoes
for more than 3 years and had experienced severe blight in the previous
season (with a disease index ranging from 40 to 60% at the soil collection
location). The basic physicochemical properties of the collected soil are
as follows: pH value is 6.47; total nitrogen content is 1.88 g-kg™; total
phosphorus content is 1.90 g-kg™'; total potassium content is 11.40 g-kg™;
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alkaline hydrolyzed nitrogen is 124.12 mg-kg™'; available phosphorus is
479.05 mgkg™'; available potassium is 371.10 mg-kg™'; exchangeable
acid is 0.19 cmol-kg™; and soluble salt is 6.09 g-kg™'. Humic acids (HAs)
were extracted from swine manure sourced from Jiangxi. The swine
manure utilized for HAs extraction was air-dried and sieved to a particle
size of <0.25 mm. The sample was extracted using 0.1 M Na,P,0,-
NaOH with a weight-to-volume ratio (w/v) of 1:10. Further details can
be found in Wu et al. (2016). Purified HAs powders obtained by freeze-
drying (EYELA FDU-1200, Japan) were used to measure fungistatic
activity. The chitosan (CS) was obtained from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). The B. subtilis strain was
purchased from Agricultural Culture Collection of China (ACCC). The
B. subtilis was cultured overnight with LB (Luria-Bertani) medium.

2.2 Pot experiment

A pot experiment was performed in a greenhouse to evaluate the
effects of three types of bio-antimicrobial materials, namely humic
acid, B. subtilis, and chitosan, on tomato growth and disease. A total
of seven treatments were meticulously designed: control (CK),
B. subtilis alone (BS), humic acid alone (HA), chitosan alone (CS),
humic acid combined with B. subtilis (HB), humic acid combined with
chitosan (HC), and the combination of humic acid, B. subtilis, and
chitosan (HBC). For each treatment, four pots were utilized.

In the pot experiment, based on our previous research (Bao et al.,
2022; Qiu et al., 2024), the addition amounts of humic acid, chitosan,
and B. subtilis in soil were precisely set at 0.5 g-kg™', 2 gkg™, and 10°
colony-forming units per gram (cfu-g™"), respectively. Prior to sowing,
thoroughly mix the calculated the doses of humic acid, chitosan, and
B. subtilis, then evenly scatter the mixture into flowerpots containing
1.3 kilograms the soil. Use tools such as a small shovel to stir evenly to
ensure that the soil is in full contact with the additives. The disinfected
tomato seeds of the Cooperative 903 variety were induced to
germinate by being covered with moist gauze in a petri dish under an
ambient temperature ranging approximately from 25°C to
30°C. Subsequently, eight germinated seeds were sown into each pot
containing 1.3 kilograms of soil. One week after the establishment of
the experiment, the plants in each pot were thinned to four. Water
regularly to maintain soil water content was maintained at 60% of the
water holding capacity (WHC). At the 9th week, the end of the
flowering and fruiting period, the wilt disease index of tomatoes was
thoroughly investigated, and the plants were harvested. Meanwhile the
rhizosphere soil and root secretions of tomatoes were carefully
collected, and both the plant height and the fresh weight of the plants
were measured with precision.

2.3 Disease index

In the pot experiment, tomatoes had experienced severe wilt.
Tomato wilt is a typical soil-borne disease, mostly caused by
coinfection of pathogen complexes, such as Fusarium brachygibbosum,
Fusarium oxysporum and Ralstonia solanacearum (Liu et al., 2024).
Regarding the tomato disease index, in this study, it was not
distinguished which pathogen caused the wilt. The wilt disease index
(DI) of tomatoes under each treatment was investigated at the 9th
week. The disease severity in response to wilt disease was classified
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into five levels according to the leaf wilting ratio: grade 0: no leaves are
wilting; grade 1: less than 25% of leaves, branches and stem are wilting;
grade 2: 25 to 50% of leaves, branches and stem are wilting; grade 3:
50 to 75% of leaves, branches and stem are wilting; grade 4: 75 to 100%
of leaves, branches and stem are wilting. Then, the disease index (DI)
was calculated according to the following formula (Fang, 1998):

DI = [ (The number of diseased plants in this grade x Disease
grade) / (Total number of plants investigated x the highest disease
grade)] x 100 (1).

2.4 The rhizosphere soil and root exudates
collection

The methods of collecting rhizosphere soil and root exudates are
as follows (Yan et al., 2024): On the premise of ensuring the integrity
of plant roots, tomato plants were taken out of the pot. The soil
attached to the roots was gently shaken off by shaking the root
method. The rhizosphere soil with close adhesion was collected and
placed in a sterile bag and stored at —20°C. After the collection of
tomato plants was completed, the tomato roots were repeatedly rinsed
with ultra-pure water. Then, all four plants collected from each pot
were placed pot into a 500 mL plastic bottle wrapped with tin foil for
shading. 200 mL ultra-pure water was added to ensure that the tomato
roots were fully immersed in water while the stems and leaves were
exposed outside the bottle to continue photosynthesis. After standing
culture for 24 h, the plants were removed. The obtained solution was
extracted by ethyl acetate reflux extraction method. The obtained
sample was evaporated by rinsing with 2 mL methanol and stored at
—20°C. Substance identification and metabolic pathway annotation
were performed by ultra-high performance liquid chromatography-
mass spectrometry (UHPLC-MS) by Shanghai Biozeron Biological
Technology Co., Ltd.

2.5 Soil DNA extraction, PCR and
processing of the high throughput
sequencing data

The total genomic DNA of rhizosphere soil was extracted using the
FastDNA SPIN Kit for soil (MP Biomedicals, Santa Ana, CA, USA) in
according to the manufacturer’s instructions. The extracted soil DNA was
dissolved in 60pL of Tris-EDTA buffer, quantified with a
spectrophotometer and stored at —20°C until further use. PCR
amplification was carried out with primer sets 341F (CCTACGGG
NGGCWGCAG) and 806R (CCTACGGGNGGCWGCAG) targeting the
V3-V4 region of the bacterial 16S rRNA gene, and ITS5 (5"- GGAAG
TAAAAGTCGTAACAAGG-3) and ITS2 (5-GCTGCGTTCTTC
ATCGATGC-3') targeting the fungal ITS gene. The amplifed PCR
products were sequenced on the Illumina MiSeq PE300 platform
(lumina Inc., USA). QIIME2 (version 2020.8)" (Bolyen et al., 2019) was
utilized for analyzing raw sequencing data. Reads with length less than
200 bp or with average quality scores less than 25 were removed, resulting
in 1,875,767 high-quality sequences of the bacterial 16S rRNA gene and

1 https://giime2.org/
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Plant height (A), fresh weight (B) and disease severity (C) of tomato under different treatments. Error bars represent the standard deviations of the mean
of four independent cultures. CK, control; BS, B. subtilis; HA, humic acid; CS, chitosan; HB, humic acid and B. subtilis; HC, humic acid with chitosan;
HBC, humic acid, B. subtilis and chitosan. Different letters indicate a significant difference (Duncan'’s test, p < 0.05).

1,876,217 high-quality sequences of the fungal ITS gene. Clustering of
sequences into operational taxonomic units (OTUs) at a 97% nucleotide
similarity level was performed using UCLUST. Generally, the sequences
were clustered into 14,063 bacterial amplicon sequence variants (ASV's)
and 932 ASVs after excluding singletons and rarefying them to an even
sequencing depth (100,000 sequences per sample for bacteria and 50,000
sequences per sample for fungi). The 16S rRNA and fungal ITS gene
sequences were annotated by Silva database version 138> and the UNITE
database version v8.3 respectively. The raw 16S rRNA sequences and I'TS
sequences were submitted to the NCBI Sequence Read Archive (SRA)
under the accession numbers SRP 14610143.

2.6 Data analysis

The fresh weight, plant height, and disease index of tomato under
different treatments were analyzed using IBM Statistical Product and
Service Solutions (SPSS, version 25.0) via one-way analysis of variance
(ANOVA) with a significance level of p < 0.05. The data were visualized
using Origin Pro 2024b. R 4.1.3 software was used to statistical
analyses. Principal coordinate analysis (PCoA) on the ASVs and root
exudates was analyzed using the “ggplot2,” “ade4,” and “vegan” package
in R software. The relative abundances of fungi and bacteria at different
taxonomic levels and the relative abundances of root exudates were
calculated using the “ggplot2” package in R software, respectively. The
a-diversity of microbial communities and root exudates among

2 https://www.arb-silva.de/
3 https://unite.ut.ee/
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different treatment samples was analyzed using the “vegan” package in
R software. The differential ASV in microbial communities were
screened using the “edgeR” package in R software. The Spearman
correlation coefficients between ASV's with relative abundance greater
than 0.01% were calculated, and the p values were corrected using the
false discovery rate (FDR) method. Only the highly significant
(p <0.001) mutual relationships were retained. The co-occurrence
networks, subnetworks of different samples, and pathogen-beneficial
microbe networks were constructed using the “igraph” package in R
software. The topological characteristics of the subnetworks in each
treatment were statistically analyzed, and the co-occurrence network
diagrams were visualized using the Gephi program (version 0.9.3).

3 Results

3.1 Variations of tomato growth and
disease severity under different treatments

In comparison with the CK treatment, the HC and the HBC
treatments significantly increased plant height of tomatoes (p < 0.05),
and HBC notably enhanced the fresh weight biomass (p < 0.05), while
there was no significant difference observed under other treatments
(Figures 1A,B). Additionally, in contrast to the CK treatment, the HA,
HB, HC and HBC treatments significantly reduced the disease index
of tomato wilt (p < 0.05). Among these, the disease index under the
HBC treatment was the lowest, being 45.1% lower than that of CK
(Figure 1C). The disease index in HA, HB and HC was 29.0, 25.8 and
35.5% lower than that of the CK treatment, respectively. There was no
significant difference (p > 0.05) in the disease indexes among HA, HB,
HC and HBC treatments.
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3.2 Composition and diversity of soil
microbial Community in Tomato
Rhizosphere

The relative abundance of bacterial communities was calculated
at the genus level. The results indicated that the composition of
bacterial communities in each treatment was similar (Figure 2A).
Sphingomonas, Cronobacter, Candidatus
Saccharimonas, Enterobacteriaceae_Unclassified, Gemmatimonas,

Sphingomicrobium,

Escherichia, Bacillus, Neobacillus, Bartonella, Acinetobacter and
Mesorhizobium were the dominant bacteria in tomato rhizosphere
under different treatments. Compared with the CK treatment, with
the addition of bio-antimicrobial materials, the relative abundances of
Gemmatimonas, Escherichia, Neobacillus, Bacillus and Acinetobacter
increased, while the relative abundances of Sphingomonas, Bartonella
and Mesorhizobium decreased. These effects on bacterial communities
were more pronounced in the HBC treatment. At the genus level, the
fungal communities in each treatment were mainly composed of
Ascobolus, Humicola, Botryotrichum, Pseudaleuria, Mortierella,
Fusarium, Ovatospora, and Purpureocillium, among which Ascobolus
and Humicola were dominant. Compared to the CK treatment, the
addition of bio-antimicrobial materials increased the relative
abundances of Humicola, Botryotrichum, Ovatospora and
Purpureocillium, and decreased the relative abundances of Mortierella

and Fusarium (Figure 2B).

10.3389/fmicb.2025.1574765

The relative abundances of Alternaria, Fusarium and Ralstonia in
tomato rhizosphere soil were analyzed (Figure 2C). Fusarium and
Ralstonia, which are typical soil-borne pathogens, can cause tomato
wilt. It was found that compared with the CK treatment, the relative
abundances of Fusarium significantly decreased in all treatments with
bio-antimicrobial materials. The relative abundances of Ralstonia
significantly decreased (p < 0.05) in the HBC treatment, while there
was no significant difference in other treatments. The bio-antimicrobial
materials had no significant effect on Alternaria. Bacillus, a typical
beneficial bacterium in soil, was also analyzed. It was found that the
relative abundance of Bacillus significantly increased (p < 0.05) in HC
and HBC treatments compared with the CK treatment.

The microbial richness of tomato rhizosphere soil was calculated
(Figures 3A,B). Compared with the CK treatment, the richness of
bacterial and fungal community in the HBC treatment significantly
increased (p < 0.05). This indicated that the humic acid compound
preparation improved the diversity of microbial community in tomato
rhizosphere soil.

Principal coordinate (PCoA) analysis was conducted to explore
the clustering differences of tomato rhizosphere microbial
communities under different treatments. The results showed that the
first and second axes explained 21.68 and 10.14% variation in the soil
bacterial community, respectively. Moreover, the bacterial community
structure in CS, HA, HC and HBC was significantly different from
that in CK (p <0.05) (Figures 3C,E). The first and second axles

FIGURE 2
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FIGURE 3
Diversity, clustering difference and significance of bacterial (A,C,E) and fungal (B,D,F) communities in tomato rhizosphere under different treatments.
CK, control; BS, B. subtilis; HA, humic acid; CS, chitosan; HB, humic acid and B. subtilis; HC, humic acid with chitosan; HBC, humic acid, B. subtilis and
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explained 31.62 and 20.30% of the variation in the soil fungal
community, respectively. And the fungal community structure in HC
and HBC was significantly different from that in CK (p < 0.05)
(Figures 3D,F). The results demonstrated that the humic acid
compound preparation (humic acid, chitosan and B. subtilis) had
effect the
community structure.

significant

on tomato rhizosphere microbial

3.3 Diversity and composition of root
exudates of tomato

The relative abundance of tomato root exudates under different
treatments was analyzed. The results revealed that compared with the
CK treatment, the relative abundance of Carboximidic acids and fatty
amides increased, while the Lineolic acids and derivatives, Fatty acids
and conjugates, Monorady Iglycerols, and Amines and Eicosanoids
compounds decreased in the HA and HBC treatments (Figure 4A).
The richness of tomato root exudates was calculated (Figure 4B). It
was found that the richness of root exudates increased under
bio-antimicrobial materials treatment compared with the CK
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treatment, indicating that the bio-antimicrobial materials improved
the diversity of tomato root exudates.

Principal coordinate (PCoA) analysis was conducted to explore
the clustering differences of tomato root exudates under different
treatments. The results showed that the first and second axes explained
35.27 and 18.81% of the variation in root exudates, respectively.
Moreover, the root exudates structure under bio-antimicrobial
materials treatment was significantly different from that in the CK
treatment (p < 0.05) (Figures 4C,D).

3.4 Co-occurrence network analysis
between rhizosphere microbial community
and root exudates of tomato

In this study, the topological characteristics of the co-occurrence
network between the rhizosphere microbial community and root
exudates of tomato under different treatment were analyzed (Table 1).
It was found that the connectivity, average degree and average path
length of the networks under each treatment showed no significant
differences, indicating that the bio-antimicrobial materials had no
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Composition (A), diversity (B), clustering difference (C) and Significance (D) of tomato root exudates under different treatments. CK, control; BS, B.
subtilis; HA, humic acid; CS, chitosan; HB, humic acid and B. subtilis; HC, humic acid with chitosan; HBC, humic acid, B. subtilis and chitosan.

TABLE 1 Topological characteristics of microbe-exudate interaction
network under different treatments.

Treatment Connectivity Average Average
degree path
length
CK 0.02 +0.00 2 4.88+0.55b 297+0.18a
BF 0.02 +0.00 2 701+£0.97ab | 296+0.04a
cs 0.03 4 0.00 930+1.16ab | 285+032a
HA 0.03 +0.00 2 593+1.39b 294+043a
HC 0.04 +0.01 2 1606 +632a | 250+0.07a
HB 0.02 +0.00 2 674+126ab | 3.16+0.10a
HBC 0.02 +0.00 2 561 +1.52b 273+0.24a

Different letters in the same column indicate significant differences (Duncan’ test, p<0.05).

Frontiers in Microbiology

07

significant effect on the interaction between the rhizosphere microbial
community and that of tomato.

To further explore the antimicrobial mechanism of bio-antimicrobial
materials, the relationship between root exudates and three typical
pathogens of Alternaria, Fusarium and Ralstonia was investigated. The
subnetwork of pathogens and root exudates associated with them were
separated from the co-occurrence network (Figure 5). It was shown that
root exudates were mostly positively correlated with pathogens. Among
the root exudates, Eicosanoids, Fatty acids and conjugates, Flavonoid
glycosides, Amino acids, peptides, and analogs of Carbohydrates and
carbohydrate conjugates were highly connected to pathogens. The
abundances of Eicosanoids, Fatty acids and conjugates and flavonoid
glycosides decreased significantly in the HA and HBC treatments. The
results indicated that humic acid and humic acid compound preparation
(HBC) had an effect on the content of tomato root exudates.
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FIGURE 5
The interaction network between rhizosphere main pathogenic microorganisms and root exudates (A); Relative abundance of exudates under each
treatment (%) (B) CK, control; BS, B. subtilis; HA, humic acid; CS, chitosan; HB, humic acid and B. subtilis; HC, humic acid with chitosan; HBC, humic
acid, B. subtilis and chitosan. Different letters indicate a significant difference (Duncan's test, p < 0.05).

Discussion

The combined application of bio-antimicrobial materials humic acid,
chitosan, and B. subtilis (HBC) represents a significant advancement in
the realm of sustainable agriculture, particularly in promoting plant
growth and combating soil - borne diseases. This study delves deeper
into the underlying mechanisms and far - reaching impacts of HBC to
enhance the understanding of this innovative approach.

4.1 Impact on plant growth and disease
inhibition

In this study, it was found that under HBC treatment, tomato
height and fresh weight increased significantly, and the disease
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index of tomato wilt was notably reduced. This indicated that the
combined application of humic acid, chitosan and B. subtilis could
promote tomato growth and inhibit soil-borne diseases. Previous
studies have shown that B. subtilis, as a well - known plant -
growth - promoting rhizobacterium (PGPR), offers multiple
advantages. B. subtilis can alleviate abiotic stress on plants by fixing
nitrogen biologically, increasing phosphorus, producing iron
carrier, and promoting the production of enzymes and
phytohormones (Anguiano Cabello et al., 2019; Jabborova et al.,
2024; Rathod et al., 2024). B. subtilis not only promotes overall
plant growth but also primes the plant’s defense mechanisms
against pathogens. For example, B. subtilis has been used to
suppress black spot disease of ‘Korla’ fragrant pear fruit caused by
fungal pathogen and elicit systemic resistance in tomato plants
against wilt pathogens (Akram et al., 2021; Wang et al., 2023). This
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ability to confer multi - stress tolerance is likely to contribute to the
improved growth of tomatoes under HBC treatment.

Chitosan is a natural elicitor used for stimulating plant growth
and inducing plant defense (Suwanchaikasem et al., 2024). Chitosan
can increase the content of ascorbic acid and glutathione, the biomass
of maize, and enhance drought resistance (Liu et al., 2023). Moreover,
chitosan can form a physical barrier on the plant surface, preventing
the entry of pathogens. When combined with other biocontrol agents
like B. subtilis, this barrier - forming ability may be further enhanced,
providing a more robust defense against soil - borne diseases. The
combination of chitosan and other biocontrol agents such as beneficial
bacteria and fungi can be used to manage plant yield and diseases
(Agbodjato et al., 2016; Suwanchaikasem et al., 2024).

In addition, HAs can increase rhizosphere population and
chemotaxis, bacteria attachment and survival on the plant surface, as
well as endophytic colonization, enhance nutrient use efficiency, aid
assimilation, and promote plant growth (Olivares et al., 2017). Humic
acids and H. seropedicae can increase growth by modulating the
content of organic acids in leaf tissue and attenuating the symptoms
of the bacterial spot (da Silva et al., 2021). The combination of humic
acid and chitosan can produce a co-inhibition effect on pathogen
Alternaria solani growth (Qiu et al., 2024).

In this study, the combined application of HBC had a more
pronounced effect on tomato growth and disease inhibition compared
to individual treatments. This synergistic effect may be attributed to
the complementary actions of these components. Humic acid can
serve as a carrier for B. subtilis, facilitating its attachment and
colonization in the rhizosphere. The presence of chitosan may enhance
the antimicrobial activity of B. subtilis by altering the cell - wall
permeability of pathogens (Badawy and Rabea, 2012). Together, they
create a more conducive environment for tomato growth, reducing the
disease index of tomato wilt by 45.1% and increasing plant height and
fresh weight significantly.

4.2 Influence on soil microbial
communities

The structural and functional characteristics of soil microbial
communities play a crucial role in regulating soil health and plant
growth. Microbiomes significantly enhance plant health by facilitating
nutrient accessibility, promoting growth under stresses conditions,
providing a natural defense against diseases and pests, and improving
soil quality (Kwak et al., 2018; Gachara et al., 2024). The unbalanced
proliferation of pathogens and other microorganisms in tomato
rhizosphere soil can lead to the occurrence of tomato diseases. Key
beneficial microbial groups can inhibit the growth of many pathogens
and effectively control the occurrence of soil-borne diseases (van der
Voort et al,, 2016). HBC treatment led to significant changes in the
relative abundances of various microbial groups in the
tomato rhizosphere.

In this study, with the addition bio-antimicrobial materials, the
increase in the relative abundance of Gemmatimonas, Neobacillus,
Bacillus, Acinetobacter, and Humicola is a key finding.
Gemmatimonas was positively correlated with crop yield, which has
been associated with the degradation of complex organic matter in
the soil, releasing nutrients that are readily available to plants

(Zhang et al., 2022). Its increased abundance in the HBC treatment
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may contribute to improved soil fertility and plant nutrient uptake.
Neobacillus has shown remarkable potential in controlling plant
wilt diseases and other plant wilt diseases. It can produce
extracellular enzymes such as chitinases and glucanases, which can
break down the cell walls of pathogenic fungi like Rhizoctonia
solani and Fusarium oxysporum. Moreover, as Neobacillus has the
function of protease production, which may help in the degradation
of proteins in the soil, making nitrogen more accessible to plants,
reducing the use of fertilizer and improving crop yield (Tan et al.,
2024). Bacillus, which are typical beneficial bacteria, play an
important role in plant growth and resistance to pathogens
(Kashyap et al., 2021; Vieira et al., 2024). Acinetobacter can be used
as biofertilizer in agricultural production. Patel et al. (2022) found
that Acinetobacter can improve the growth of sugarcane under
salinity stress by producing IAA, soluble phosphate, potassium and
zing, and fixating of atmospheric nitrogen. Humicola has biological
protective effect and growth-promoting effect. Studies have shown
that Humicola can have antimicrobe activity against many plant
pathogens such as fungi and bacteria by secreting some secondary
metabolic substances, such as auxin and aloe saponin II
(Moghaddam et al., 2020).

Conversely, the relative abundances of pathogenic microorganisms
such as Sphingomonas and Fusarium decreased under HBC
treatment. Fusarium often causes wilt in plants, while Sphingomonas
can cause bacterial white leaf blight in the plant Paliurus spina-christi
(Deldavleh et al.,, 2013). Additionally, in HBC, the relative abundance
of Bacillus increased significantly, the relative abundance of Fusarium
and Ralstonia significantly decreased. HBC had effect on both fungal
and bacterial pathogen suppression. It suggests that the combined
action of HBC components may disrupt the growth and survival of
these pathogens. Possibly because B. subtilis produces antimicrobial
substances, combinated with the allelopathic effects of humic acid and
chitosan, it may inhibit the growth and reproduction of these
pathogens. The significant increase in the diversity of fungal and
bacterial communities under HBC treatment is also noteworthy. A
more diverse microbial community is generally more stable and
resilient, which can better resist pathogen invasion. The presence of a
diverse range of beneficial microorganisms can out - compete
pathogens for resources, occupy ecological niches, and prevent
pathogen colonization. This positive regulation of the microbial
community structure by HBC enhances the soil’s ability to suppress
diseases and support plant growth.

4.3 Regulation of root exudates

Root exudates play a significant role in regulating the structure and
function of rhizosphere microorganisms. The HBC treatment had a
profound impact on the composition and secretion of tomato root
exudates. The increase in the diversity of root exudates under HBC
treatment is a significant finding. Studies have shown that carboximidic
acids compounds can exhibit good broad-spectrum antibacterial
activity, with an antibacterial rate reaching 81.2% in vitro. The combined
application of carboximidic acids compounds and phosphate fertilizer
can improve the utilization efficiency of phosphorus, promote the
absorption of nutrients and increase the productivity of plants (Dang
etal., 2023). In the context of HBC, this may lead to enhanced nutrient
uptake by tomatoes, promoting their growth.
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Conversely, the content of allelopathic compounds such as
phenolic acids decreased under HBC treatment. Phenolic acids are
known to have autotoxic effects on plants and can disrupt the balance
of the rhizosphere microbial community. They can affect the
composition of soil microflora and physiological metabolism, induce
the growth of soil-derived pathogenic fungi and toxin production,
which in turn affects plant growth and health (Chen et al., 2014; Wu
etal, 2015; Zhao et al,, 2018; Jin et al., 2020). They have an inhibitory
effect on the growth of rhizosphere microorganisms and can inhibit
the activity of extracellular enzymes (such as urease and sucrase, etc.)
of soil microorganisms (Cui et al., 2022). For example, the secretion
of rho-hydroxybenzoic acid/phthalic acid and vanillin reduced the
number of beneficial rhizosphere bacteria such as Bacillus,
Streptomyces and Lysobacter, leading to an unbalanced rhizosphere
microbial community structure (Zhou and Wu, 2018; Hua et al., 2019;
Liu et al., 2022). By reducing the secretion of these allelopathic
compounds, HBC treatment helps to maintain a healthy rhizosphere
microbial community.

The co - occurrence network analysis revealed that the contents of
eicosanoids, fatty acids and conjugates, and flavonoid glycosides,
which were positively correlated with pathogen communities,
decreased in root exudates under HBC treatment. This may indicate
that HBC can effectively disrupt the communication and interaction
between root exudates and pathogens. It is possible that the
components of HBC interfere with the signaling pathways that
regulate the production and secretion of these pathogen - associated
compounds in the roots.

In conclusion, the combined application of humic acid, chitosan,
and B. subtilis (HBC) exerts a multifaceted influence on tomato
growth and disease prevention and control. It promotes plant growth
through various mechanisms. It suppresses soil - borne diseases by
regulating the soil microbial community structure and reducing the
secretion of allelopathic and pathogen - associated compounds in root
exudates. Future research should focus on further elucidating the
molecular mechanisms underlying these effects and optimizing the
formulation and application of HBC for more efficient and sustainable
agricultural practices.

5 Conclusion

In this study, the combined application of humic acid, chitosan
and B. subtilis could significantly co-promote the growth of tomato
plants, co-inhibit plant diseases, increase the diversity of the soil
microbial community and root exudates, and reduce the relative
abundances of soil-borne fungi in tomato rhizosphere soil.
Additionally, the combined application of humic acid, chitosan and
B. subtilis also reduces the secretion of allelopathic phenolic acid
compounds and inhibits the secretion of compounds positively
correlated with soil-borne pathogens in tomato vegetable fields. Our
study indicates the great potential of humic acid compound
preparation in combating soil-borne pathogens. Subsequently, the
mechanism behind the synergistic effects of humic acids, chitosan,
and B. subtilis on disease suppression will be further explored.
Additionally, field tests will be carried out to broaden its
practical application.

Frontiers in Microbiology

10.3389/fmicb.2025.1574765

Data availability statement

The raw 16S rRNA sequences and ITS sequences were submitted
to the NCBI Sequence Read Archive (SRA) under the accession
number SRP 14610143.

Author contributions

CQ: Conceptualization, Data curation, Formal analysis,
Funding acquisition, Investigation, Methodology, Writing -
original draft, Writing - review & editing, Visualization. YB:
Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Writing - review & editing. DL: Formal analysis,
Funding acquisition, Writing - review & editing. MY: Data
curation, Formal analysis, Investigation, Writing - review &
editing. GL: Formal analysis, Methodology, Writing - review &
editing. KL: Writing - review & editing. SW: Formal analysis,
editing. MW: Project
administration, Writing - review & editing. ZL: Funding

Resources, Writing - review &

acquisition, Project administration, Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This research was
financially supported by the grants from National Natural Science
Foundation of China (32071642), Zhenjiang City Science and
Technology Plan (NY2022021), National Natural Science
Foundation of China (42207371), Jiangsu Province Higher
Vocational Colleges Teacher Professional Leader High-end
Research and Study Project (2023TDFX013).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by
the publisher.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1574765
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Qiu et al.

References

Agbodjato, N. A., Noumavo, P. A, Adjanohoun, A., Agbessi, L., and Baba-Moussa, L.
(2016). Synergistic effects of plant growth promoting Rhizobacteria and chitosan on
in vitro seeds germination, greenhouse growth, and nutrient uptake of maize (Zea mays
L.). Biotechnol. Res. Int. 2016:7830182. doi: 10.1155/2016/7830182

Akram, W., Ahmad, A, Yasin, N. A., Anjum, T., Ali, B., Fatima, S., et al. (2021).
Mechanical strengthening and metabolic re-modulations are involved in protection
against Fusarium wilt of tomato by B. subtilis IAGS174. J. Plant Interact. 16, 411-421.
doi: 10.1080/17429145.2021.1966107

Anguiano Cabello, J. C., Flores Olivas, A., Olalde Portugal, V., Arredondo Valdés, R.,
and Laredo Alcald, E. 1. (2019). Evaluation of Bacillus subtilis as promoters of plant
growth. Rev. Biol. Cienc. 6:¢418. doi: 10.15741/revbio.06.e418

Badawy, M. E. I, and Rabea, E. I. (2012). Characterization and antimicrobial activity
of water-soluble N-(4-carboxybutyroyl) chitosans against some plant pathogenic
bacteria and fungi. Carbohydr. Polym. 87, 250-256. doi: 10.1016/j.carbpol.2011.07.054

Bao, Y., Yan, M., Wu, M, Li, G., Liu, K., and Li, Z. (2022). Humic acid combined with
chitosan regulates bacterial communities in tomato facility soil. J. Agro-Environ. Sci. 41,
2772-2778. doi: 10.11654/jaes.2022-1063

Bawa, I. (2016). Management strategies of Fusarium wilt disease of tomato
incited by Fusarium oxysporum f. sp. lycopersici (Sacc.) a review. Int. J. Adv. Res.
5,32-42.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A, Abnet, C. C., Al-Ghalith, G. A.,
etal. (2019). Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat. Biotechnol. 37:1091. doi: 10.1038/s41587-019-0252-6

Chen, M. N,, Li, X, Yang, Q. L., Chi, X. Y,, Pan, L. J., Chen, N,, et al. (2014). Dynamic
succession of soil bacterial community during continuous cropping of Peanut (Arachis
hypogaea L.). PLoS One 9:¢101355. doi: 10.1371/journal.pone.0101355

Cui, J., Zhang, E., Zhang, X., Wang, Q,, and Liu, Q. (2022). Effects of 2,4-di-tert-
butylphenol at different concentrations on soil functionality and microbial community
structure in the Lanzhou lily rhizosphere. Appl. Soil Ecol. 172:104367. doi:
10.1016/j.aps0il.2021.104367

da Silva, A. P. S., Olivares, E L., Sudré, C. P, Peres, L. E. P, Canellas, N. A., da
Silva, R. M., et al. (2021). Attenuations of bacterial spot disease Xanthomonas
euvesicatoria on tomato plants treated with biostimulants. Chem. Biol. Technol. Agric.
8:9. doi: 10.1186/s40538-021-00240-9

Dang, L. V., Hung, N. N,, Toan, L. P,, and Ngoc, N. P. (2023). Influence of dicarboxylic
acid polymer in enhancing the growth and productivity of sweet potato (Ipomoea
batatas L.) in acidic soil. Peer] 11:14803. doi: 10.7717/peer;j.14803

Deldavleh, M., Bahmani, K., and Harighi, B. (2013). Bacterial leaf blight of chridt's
thorn in Iran: a new disease caused by sphingomonas. J. Plant Pathol. 95, 75-78.
doi: 10.4454/jpp.v95i1.018

Fang, Z. D. (1998). Plant Pathology and Entomology Research Methods (In
Chinese). Beijing: China Agriculture Press.

Gachara, G., Kenfaoui, J., Suleiman, R., Kilima, B., Taoussi, M., Aberkani, K., et al.
(2024). The role of soil microbiome in driving plant performance: An overview based
on ecological and ecosystem advantages to the plant community. J. Crop Health 76, 3-17.
doi: 10.1007/s10343-023-00935-2

Hoque, J., Adhikary, U., Yadav, V., Samaddar, S., Konai, M. M., Prakash, R. G., et al.
(2016). Chitosan derivatives active against multidrug-resistant Bacteria and pathogenic
Fungi: evaluation as topical antimicrobials. Mol. Pharm. 13, 3578-3589. doi:
10.1021/acs.molpharmaceut.6b00764

Hua, C. P, Xie, Z. K., Wu, Z. J., Zhang, Y. B., Guo, Z. H., Qiu, Y,, et al. (2019). The
physiological and biochemical effects of phthalic acids and the changes of rhizosphere
Fungi diversity under continuous cropping of Lanzhou lily (lilium davidii var. unicolor).
HortScience 54, 253-261. doi: 10.21273/HORTSCI13527-18

Ibrahim, E. A., and Ramadan, W. A. (2015). Effect of zinc foliar spray alone and
combined with humic acid or/and chitosan on growth, nutrient elements content and
yield of dry bean (Phaseolus vulgaris L.) plants sown at different dates. Sci. Hortic. 184,
101-105. doi: 10.1016/j.scienta.2014.11.010

lida, Y., Ogata, A., Kanda, H., Nishi, O., Sushida, H., Higashi, Y., et al. (2022).
Biocontrol activity of nonpathogenic strains of Fusarium oxysporum: colonization on
the root surface to overcome nutritional competition. Front. Microbiol. 13:826677. doi:
10.3389/fmicb.2022.826677

Jabborova, D., Davranov, K., Jabbarov, Z., Enakiev, Y., Abdrakhmanov, T., Datta, R.,
etal. (2024). Impact of growth-promoting Endophytic Bacteria on Ginger Plant growth.
Indian ]. Microbiol. 2024, 1-10. doi: 10.1007/s12088-024-01379-3

Jiang, N., Wu, M., Li, G., Li, P, Liu, M., and Li, Z. (2022a). Comparative effects of two

humic substances on microbial dysbiosis in the rhizosphere soil where cucumber
(Cucumis sativus L.) is grown. Land Degrad. Dev. 33, 1944-1953. doi: 10.1002/1dr.4275

Jiang, N., Wu, M., Li, G., Petropoulos, E., Sun, F, Wang, X., et al. (2022b). Humic
substances suppress by regulating soil microbial community in the rhizosphere of
cucumber (Cucumis sativus L.). Appl. Soil Ecol. 174:104389. doi: 10.1016/j.aps0il.2022.
104389

Frontiers in Microbiology

10.3389/fmicb.2025.1574765

Jin, X.,, Wu, F, and Zhou, X. (2020). Different toxic effects of ferulic and
hydroxybenzoic acids on cucumber seedling growth were related to their different
influences on rhizosphere microbial composition. Biol. Fertil. Soils 56, 125-136. doi:
10.1007/s00374-019-01408-0

Jin, X., Zhu, X, Ji, J., Li, M., Xie, X., and Zhao, B. (2024). Online diagnosis platform
for tomato seedling diseases in greenhouse production. Int. J. Agric. Biol. Eng. 17, 80-89.
doi: 10.25165/j.ijabe.20241701.8433

Kashyap, A. S., Manzar, N., Meshram, S., and Sharma, P. K. (2023). Screening
microbial inoculants and their interventions for cross-kingdom management of wilt
disease of solanaceous crops- a step toward sustainable agriculture. Front. Microbiol.
14:1174532. doi: 10.3389/fmicb.2023.1174532

Kashyap, A. S., Manzar, N., Nebapure, S. M., Rajawat, M. V. S., Deo, M. M., Singh, J. P,,
etal. (2022). Unraveling microbial volatile elicitors using a transparent methodology for
induction of systemic resistance and regulation of antioxidant genes at expression levels
in chili against bacterial wilt disease. Antioxidants 11:404. doi: 10.3390/antiox11020404

Kashyap, A. S., Manzar, N., Rajawat, M. V. S., Kesharwani, A. K., Singh, R. P,
Dubey, S. C,, et al. (2021). Screening and biocontrol potential of Rhizobacteria native to
Gangetic Plains and hilly regions to induce systemic resistance and promote plant
growth in Chilli against bacterial wilt disease. Plants 10:2125. doi:
10.3390/plants10102125

Kong, Z. Y., Wu, Z. ], Glick, B. R,, He, S. Y., Huang, C., and Wu, L. (2019). Co-
occurrence patterns of microbial communities affected by inoculants of plant growth-
promoting bacteria during phytoremediation of heavy metal contaminated soils.
Ecotoxicol. Environ. Saf. 183:109504. doi: 10.1016/j.ecoenv.2019.109504

Kumar, G., Lal, S., Maurya, S. K., Bhattacherjee, A. K., Chaudhary, P, Gangola, S., et al.
(2021). Exploration of Klebsiella pneumoniae M6 for paclobutrazol degradation, plant
growth attributes, and biocontrol action under subtropical ecosystem. PLoS One
16:€0261338. doi: 10.1371/journal.pone.0261338

Kwak, M. J., Kong, H. G., Choi, K., Kwon, S. K, Song, J. Y,, Lee, J., et al. (2018).
Rhizoshere microbiome structure alters to enable wilt resistance in tomato. Nat.
Biotechnol. 36, 1100-1109. doi: 10.1038/nbt.4232

Li, S. (2002). Humic acids and pesticides: research application and prospect. Humic
Acid 2,17-25. doi: 10.19451/j.cnki.issn1671-9212.2002.02.005

Liu, H.,, Yuan, Q., Wei, C,, Jiao, Q., Xu, Z., Zhang, J., et al. (2023). Effects of exogenous
chitosan on maize root architecture classification and physiological parameters under
drought stress. J. Henan Agricul. University. 16, 646-656. doi: 10.16445/j.cnki.1000-2340.
20230411.001

Liu, J., Deng, S., Chang, W,, Yu, D., and Wang, H. (2024). Development of a
multiplex PCR assay for the detection of tomato wilt caused by coinfection of
Fusarium brachygibbosum, Fusarium oxysporum, and Ralstonia solanacearum based
on comparative genomics. Plant Dis. 108, 1128-1138. doi: 10.1094/PDIS-05-23-
0962-SR

Liu, Q. W,, Zhang, L. H., Wang, L., Wu, Q. C,, Li, K., and Guo, X. W. (2022). Autotoxin
affects the rhizosphere microbial community structure by influencing the secretory
characteristics of grapevine roots. Front. Microbiol. 13:953424. doi:
10.3389/fmicb.2022.953424

Manzar, N., Kashyap, A. S., Roy, M., Sharma, P. K., and Srivastava, A. K. (2024).
Exploring Trichoderma diversity in the Western Ghats of India: phylogenetic analysis,
metabolomics insights and biocontrol efficacy against Maydis leaf blight disease. Front.
Microbiol. 15:1493272. doi: 10.3389/fmicb.2024.1493272

Meshram, S., and Adhikari, T. B. (2024). Microbiome-mediated strategies to manage
major soil-borne diseases of tomato. Plants 13:23. doi: 10.3390/plants13030364

Moghaddam, M. S. H., Safaie, N., Soltani, J., and Pasdaran, A. (2020). Endophytic
association of bioactive and halotolerant Humicola fuscoatra with halophytic plants, and
its capability of producing anthraquinone and anthranol derivatives. Anton. Leeuw. Int.
J. Gen. Mol. Microbiol. 113, 279-291. doi: 10.1007/s10482-019-01336-x

Muscolo, A., Sidari, M., and Nardj, S. (2013). Humic substance: relationship between
structure and activity. Deeper information suggests univocal findings. J. Geochem.
Explor. 129, 57-63. doi: 10.1016/j.gexplo.2012.10.012

Olivares, F. L., Busato, J. G., de Paula, A. M., Lima, L. D., Aguiar, N. O., and
Canellas, L. P. (2017). Plant growth promoting bacteria and humic substances: crop
promotion and mechanisms of action. Chem. Biol. Technol. Agric. 4:30. doi:
10.1186/540538-017-0112-x

Patel, P, Gajjar, H., Joshi, B., Krishnamurthy, R., and Amaresan, N. (2022). Inoculation
of salt-tolerant sp (RSC9) improves the sugarcane (sp. hybrids) growth under salinity
stress condition. Sugar Tech 24, 494-501. doi: 10.1007/s12355-021-01043-w

Qiu, C,, Bao, Y, Yan, M,, Li, G., Liu, K., Wu, M., et al. (2024). Transcriptome analysis
reveals the humic acids and chitosan suppressing Alternaria solani growth. J. Appl.
Microbiol. 135:131. doi: 10.1093/jambio/Ixae131

Rathod, K., Rana, S., Dhandhukia, P, and Thakker, J. N. (2024). From sea to soil:
marine Bacillus subtilis enhancing chickpea production through in vitro and in vivo
plant growth promoting traits. Braz. J. Microbiol. 55, 823-836. doi: 10.1007/s42770-
023-01238-1

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1574765
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1155/2016/7830182
https://doi.org/10.1080/17429145.2021.1966107
https://doi.org/10.15741/revbio.06.e418
https://doi.org/10.1016/j.carbpol.2011.07.054
https://doi.org/10.11654/jaes.2022-1063
https://doi.org/10.1038/s41587-019-0252-6
https://doi.org/10.1371/journal.pone.0101355
https://doi.org/10.1016/j.apsoil.2021.104367
https://doi.org/10.1186/s40538-021-00240-9
https://doi.org/10.7717/peerj.14803
https://doi.org/10.4454/jpp.v95i1.018
https://doi.org/10.1007/s10343-023-00935-z
https://doi.org/10.1021/acs.molpharmaceut.6b00764
https://doi.org/10.21273/HORTSCI13527-18
https://doi.org/10.1016/j.scienta.2014.11.010
https://doi.org/10.3389/fmicb.2022.826677
https://doi.org/10.1007/s12088-024-01379-3
https://doi.org/10.1002/ldr.4275
https://doi.org/10.1016/j.apsoil.2022.104389
https://doi.org/10.1016/j.apsoil.2022.104389
https://doi.org/10.1007/s00374-019-01408-0
https://doi.org/10.25165/j.ijabe.20241701.8433
https://doi.org/10.3389/fmicb.2023.1174532
https://doi.org/10.3390/antiox11020404
https://doi.org/10.3390/plants10102125
https://doi.org/10.1016/j.ecoenv.2019.109504
https://doi.org/10.1371/journal.pone.0261338
https://doi.org/10.1038/nbt.4232
https://doi.org/10.19451/j.cnki.issn1671-9212.2002.02.005
https://doi.org/10.16445/j.cnki.1000-2340.20230411.001
https://doi.org/10.16445/j.cnki.1000-2340.20230411.001
https://doi.org/10.1094/PDIS-05-23-0962-SR
https://doi.org/10.1094/PDIS-05-23-0962-SR
https://doi.org/10.3389/fmicb.2022.953424
https://doi.org/10.3389/fmicb.2024.1493272
https://doi.org/10.3390/plants13030364
https://doi.org/10.1007/s10482-019-01336-x
https://doi.org/10.1016/j.gexplo.2012.10.012
https://doi.org/10.1186/s40538-017-0112-x
https://doi.org/10.1007/s12355-021-01043-w
https://doi.org/10.1093/jambio/lxae131
https://doi.org/10.1007/s42770-023-01238-1
https://doi.org/10.1007/s42770-023-01238-1

Qiu et al.

Sahariah, P, Médsson, M., and Meyer, R. L. (2018). Quaternary Ammoniumyl chitosan
derivatives for eradication of biofilms. Biomacromolecules 19, 3649-3658. doi:
10.1021/acs.biomac.8b00718

Spadaro, D., and Gullino, M. L. (2005). Improving the efficacy of biocontrol agents
against soilborne pathogens. Crop Prot. 24, 601-613. doi: 10.1016/j.cropro.2004.11.003

Sun, Z. (2017). Preparation of water dispersing granules for mixed biological
pesticides (Tr8 and B67). Shenyang: Shenyang Agricultural University.

Suwanchaikasem, P, Idnurm, A., Selby-Pham, J., Walker, R., and Boughton, B. A.
(2024). The impacts of chitosan on plant root systems and its potential to be used for
controlling fungal diseases in agriculture. J. Plant Growth Regul. 43, 3424-3445. doi:
10.1007/s00344-024-11356-1

Tan, Z., Guo, X., Tan, X,, Liang, Q., and Peng, G. (2024). New Neobacillus
mesonae FJAT-13985ND]J36 strain is preserved in Guangdong microbiological
culture collection center, used for preventing and treating rice sheath blight and
plant blight by inhibiting Rhizoctonia solani, and Fusarium oxysporum and
producing protease. China patent application CN117925438-A.

Tyagi, A., Tamang, T. L., Kashtoh, H., Mir, R. A., Mir, Z. A., Manzoor, S., et al. (2024).
A review on biocontrol agents as sustainable approach for crop disease management:
applications, production, and future perspectives. Horticulturae 10:805. doi:
10.3390/horticulturae10080805

van der Voort, M., Kempenaar, M., van Driel, M., Raaijmakers, J. M., and Mendes, R.
(2016). Impact of soil heat on reassembly of bacterial communities in the rhizosphere
microbiome and plant disease suppression. Ecol. Lett. 19, 375-382. doi: 10.1111/ele.12567

Vieira, M. E. O., Nunes, V. V,, Calazans, C. C., and Silva-Mann, R. (2024). Unlocking
plant defenses: harnessing the power of beneficial microorganisms for induced systemic
resistance in vegetables - a systematic review. Biol. Control 188:105428. doi:
10.1016/j.biocontrol.2023.105428

Wang, X,, Xie, S., Mu, X,, Guan, B,, Hu, Y,, and Ni, Y. (2023). Investigating the
resistance responses to Alternaria brassicicola in 'Korla' fragrant pear fruit induced by a
biocontrol strain Bacillus subtilis Y2. Postharvest Biol. Technol. 199:112293. doi:
10.1016/j.postharvbio.2023.112293

Frontiers in Microbiology

12

10.3389/fmicb.2025.1574765

Wei, S., Li, G, Li, P, Qiu, C,, Jiang, C., Liu, M, et al. (2021). Molecular level changes
during suppression of Rhizoctonia solani growth by humic substances and relationships
with chemical structure. Ecotoxicol. Environ. Saf. 209:111749. doi: 10.1016/j.ecoenv.
2020.111749

Wu, M., Song, M. Y,, Liu, M., Jiang, C. Y., and Li, Z. P. (2016). Fungicidal activities
of soil humic/fulvic acids as related to their chemical structures in greenhouse
vegetable fields with cultivation chronose-quence. Sci. Rep. 6:32858. doi:
10.1038/srep32858

Wu, L., Wang, J., Huang, W,, Wu, H,, Chen, J., Yang, Y., et al. (2015). Plant-microbe
rhizosphere interactions mediated by root exudates under consecutive monoculture. Sci.
Rep. 5:15871. doi: 10.1038/srep15871

Yan, X., Ahmad, S., Manzar, N., Zhang, Y., Jaworski, C. C., Kashyap, A. S., et al. (2025).
Enhancement of Streptomyces aureoverticillatus HN6 through mutagenesis for improved
biocontrol of banana wilt disease: an WGS approach. Chem. Biol. Technol. Agric. 12:12.
doi: 10.1186/540538-025-00732-y

Yan, M., Wu, M., Liu, M., Li, G,, Liu, K., Qiu, C,, et al. (2024). Comparative analysis
on root exudate and rhizosphere soil bacterial assembly between tomatoes and
peppers infected by Ralstonia. Chem. Biol. Technol. Agric. 11:5. doi: 10.1186/s40538-
024-00561-5

Zhang, X., He, T., Zhang, C., Tian, M., Li, X.,, Wu, M,, et al. (2022). Effects of
Arbuscular Mycorrhizal Fungi on soil N_20 emissions during maize growth periods.
Sci. Agric. Sin. 55, 2000-2012. doi: 10.3864/j.issn.0578-1752.2022.10.010

Zhao, Y., Cheng, Y., Ma, Y,, Chen, C., Xu, E, and Dong, X. (2018). Role of phenolic
acids from the rhizosphere soils of as a double-edge sword in the occurrence of root-rot
disease. Molecules 23:819. doi: 10.3390/molecules23040819

Zhou, X., and Wu, E (2018). Vanillic acid changed cucumber (Cucumis sativus L.)
seedling rhizosphere total bacterial, and spp. communities. Sci. Rep. 8:4929. doi:
10.1038/541598-018-23406-2

Zuo, W,, Zhao, Y., Qi, P,, Zhang, C., Zhao, X, Wu, S,, et al. (2024). Current-use
pesticides monitoring and ecological risk assessment in vegetable soils at the provincial
scale. Environ. Res. 246:118023. doi: 10.1016/j.envres.2023.118023

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1574765
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1021/acs.biomac.8b00718
https://doi.org/10.1016/j.cropro.2004.11.003
https://doi.org/10.1007/s00344-024-11356-1
https://doi.org/10.3390/horticulturae10080805
https://doi.org/10.1111/ele.12567
https://doi.org/10.1016/j.biocontrol.2023.105428
https://doi.org/10.1016/j.postharvbio.2023.112293
https://doi.org/10.1016/j.ecoenv.2020.111749
https://doi.org/10.1016/j.ecoenv.2020.111749
https://doi.org/10.1038/srep32858
https://doi.org/10.1038/srep15871
https://doi.org/10.1186/s40538-025-00732-y
https://doi.org/10.1186/s40538-024-00561-5
https://doi.org/10.1186/s40538-024-00561-5
https://doi.org/10.3864/j.issn.0578-1752.2022.10.010
https://doi.org/10.3390/molecules23040819
https://doi.org/10.1038/s41598-018-23406-2
https://doi.org/10.1016/j.envres.2023.118023

	The synergistic effects of humic acid, chitosan and Bacillus subtilis on tomato growth and against plant diseases
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Pot experiment
	2.3 Disease index
	2.4 The rhizosphere soil and root exudates collection
	2.5 Soil DNA extraction, PCR and processing of the high throughput sequencing data
	2.6 Data analysis

	3 Results
	3.1 Variations of tomato growth and disease severity under different treatments
	3.2 Composition and diversity of soil microbial Community in Tomato Rhizosphere
	3.3 Diversity and composition of root exudates of tomato
	3.4 Co-occurrence network analysis between rhizosphere microbial community and root exudates of tomato

	4 Discussion
	4.1 Impact on plant growth and disease inhibition
	4.2 Influence on soil microbial communities
	4.3 Regulation of root exudates

	5 Conclusion

	References

