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Abstract

Fusarium wilt, caused by the soil-borne fungus Fusarium oxysporum f. sp. lycopersici (Fol), is
a devastating disease that severely constrains tomato production worldwide. In this study,
an endophytic bacterium, designated ZN-S18, was isolated from healthy tomato stems and
identified as Bacillus amyloliquefaciens based on phylogenetic analyses of the 16S rRNA and
rpoB genes. Dual culture assays demonstrated that ZN-S18 exhibited strong antagonistic
activity against Fol and significantly inhibited fungal mycelial growth. The cell-free culture
filtrate of ZN-S18 markedly suppressed Fol spore germination and mycelial growth, and
the inhibitory effect on spore germination was irreversible. LC-MS analyses confirmed that
ZN-S18 produces the cyclic lipopeptides surfactin and iturin A. In planta assays further
demonstrated that pretreatment with ZN-S18, its culture filtrate, or the combination of
surfactin and iturin A significantly reduced Fusarium wilt in tomato seedlings. Moreover,
the culture filtrate disrupted fungal cell wall integrity, as indicated by the increased sensi-
tivity of Fol to Congo red stress. Notably, the combined application of surfactin and iturin
A exhibited significantly stronger antifungal activity than either compound alone under
Congo red-containing conditions, suggesting a synergistic effect on fungal cell wall integrity.
Collectively, these findings indicate that the endophytic strain B. amyloliquefaciens ZN-S18
is a promising biocontrol agent against tomato Fusarium wilt, primarily through the syn-
ergistic action of surfactin and iturin A. This study provides an environmentally friendly
alternative to chemical fungicides and establishes a foundation for future investigations
into the molecular mechanisms underlying lipopeptide-mediated antagonism.

Keywords: biological control; cell wall integrity; cyclic lipopeptides; endophyte; synergistic
effect; tomato fusarium wilt

1. Introduction
Tomato (Solanum lycopersicum) is one of the most widely cultivated horticultural crops

worldwide and represents a major source of nutritional and economic value. As a member
of the Solanaceae family, tomato is closely related to other economically important crops,
including tobacco, potato, and pepper. Tomato fruits are rich in bioactive compounds such
as β-carotene, vitamin C, lycopene, flavonoids, and hydroxycinnamic acid derivatives [1],
all of which contribute substantially to human health and dietary quality. Owing to its high
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nutritional value and broad consumer demand, tomato cultivation has expanded globally,
with China accounting for approximately 37% of global production.

Despite its agricultural importance, tomato production is severely threatened by a
wide range of biotic stresses, including insect pests, nematodes, oomycetes, and fungal
pathogens [2–8]. Among these diseases, Fusarium wilt caused by the soil-borne fungus
Fusarium oxysporum f. sp. lycopersici (Fol) is one of the most destructive vascular diseases
affecting tomato production worldwide [9–11]. Fol invades tomato roots and colonizes
xylem vessels, leading to vascular discoloration, wilting, and eventually plant death. The
pathogen can survive in soil for extended periods through the production of dormant
chlamydospores and conidia, making disease management particularly challenging. More-
over, the progression of the pathogen from the root cortex into the xylem vessels represents
a critical stage in disease development and complicates effective management of Fusarium
wilt [12,13].

Chemical fungicides have long been used for management of Fol and other soil-borne
pathogens [14,15]. Although chemical control strategies can provide short-term disease
suppression, their excessive and prolonged use has resulted in environmental pollution,
soil ecosystem disruption, and the emergence of fungicide-resistant pathogen populations.
Consequently, there is increasing demand for environmentally sustainable and biologically
based alternatives for disease management.

Biological control using antagonistic microorganisms has emerged as a promising
strategy for the sustainable management of plant disease [16–19]. Numerous bacterial
genera, including Streptomyces, Pseudomonas, and Bacillus, have been reported to suppress
phytopathogens through multiple mechanisms, such as the production of antimicrobial
compounds, competition for nutrients and ecological niches, and induction of host resis-
tance [20]. Among them, Bacillus species have attracted considerable attention owing to
their strong antagonistic activity [21–23], environmental adaptability, and ability to colonize
plant tissues [24].

The antagonistic activity of Bacillus spp. is frequently associated with the production
of cyclic lipopeptides and volatile organic compounds (VOCs) [25]. Cyclic lipopeptides
such as surfactin, fengycin, and iturin are well-known antimicrobial metabolites that can
disrupt fungal cell membranes and inhibit pathogen growth [26]. In addition, VOCs
produced by antagonistic bacteria can inhibit fungal development through long-distance
interactions [27]. In recent years, endophytic microorganisms residing within plant tissues
have received increasing attention because of their ability to enhance plant resistance
against pathogens while maintaining close associations with their hosts [28,29].

In this study, we isolated an endophytic bacterium from healthy tomato stems and
evaluated its antagonistic activity against Fol. The isolate exhibited strong inhibitory
effects on mycelial growth and spore germination and significantly reduced Fusarium wilt
in tomato seedlings. Furthermore, molecular and chemical analyses demonstrated that
the isolate produces surfactin and iturin A, which synergistically impair fungal cell wall
integrity. These findings suggest that this endophytic bacterium has considerable potential
as a biocontrol agent for the sustainable management of tomato Fusarium wilt.

2. Materials and Methods
2.1. Isolation of Endophytic Bacteria from Healthy Tomato Plants

Healthy tomato plants showing no symptoms of Fusarium wilt were collected for
endophyte isolation. Stem segments were cut into slices and surface sterilized in 70%
ethanol for 1 min, followed by treatment with 0.5% sodium hypochlorite for 20 min. The
tissues were subsequently rinsed thoroughly with sterile water (SW). The sterilized stem
segments were placed on Luria–Bertani agar (LBA) and incubated at 28 ◦C for 2 d. Emerging
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bacterial colonies were purified by repeated streaking on fresh LBA. Purified isolates were
stored in 50% glycerol at −80 ◦C.

2.2. Dual Culture Assay

The antagonistic activity of bacterial isolates against Fol was evaluated using dual
culture assays. Fol was cultured on complete medium (CM) at 25 ◦C for 3 d, whereas
bacterial isolates were cultured on LBA at 28 ◦C for 1 d. A mycelial plug of Fol was placed
at the center of a CM, and bacterial isolates were inoculated on both sides of the fungal plug.
Plates were incubated at 28 ◦C for 3 d, and the isolate showing the strongest inhibitory
activity was selected for further analyses.

To determine the optimal medium for antagonistic activity, dual culture assays were
additionally conducted on CM, potato dextrose agar (PDA), and minimal medium (MM).
Pseudomonas syringae and Escherichia coli were used as controls.

2.3. Identification of Antagonistic Endophyte

Phylogenetic analyses were performed using the 16S rRNA and rpo B gene se-
quences [30]. Sequence alignments were generated using MEGA X software, and phy-
logenetic trees were constructed using the maximum likelihood (ML) method with
1000 bootstrap replications [31]. Concatenated analyses of the 16S rRNA and rpoB se-
quences were also performed to improve taxonomic resolution. E. coli and Burkholderia
glumae were used as outgroups.

2.4. Evaluation of Effects of Culture Filtrate on Spore Germination and Mycelial Growth of Fol

Fusarium oxysporum f. sp. lycopersici was cultured in CM broth at 25 ◦C with shaking at
180 rpm for 3 d. Fungal mycelia were harvested by filtration and transferred onto yeast malt
agar (YMA) medium, followed by incubation under near-UV light at room temperature
for 2 d to induce sporulation. Spores were collected by filtration through Miracloth and
centrifugation at 13,000 rpm for 10 min. ZN-S18 was cultured in CM broth at 28 ◦C with
shaking at 180 rpm for 3 d. The culture was centrifuged at 6000 rpm for 20 min, and the
supernatant was filtered through a 0.45 µm syringe filter to obtain cell-free culture filtrate.

For spore germination assays, the culture filtrate was mixed with fresh CM broth at a
ratio of 1:1 (v/v), and Fol spores were added to a final concentration of 1 × 106 spores/mL.
The suspensions were incubated at 28 ◦C with shaking at 180 rpm, and spore germination
was evaluated at 4 h intervals. SW was used instead of culture filtrate in the mock.

For the mycelial growth assay, the culture filtrate was concentrated 10-fold by freeze-
drying and resuspension in SW. An aliquot (100 µL) was evenly spread onto CM and
allowed to dry under sterile conditions. A Fol mycelial plug was then inoculated onto the
center of each plate and incubated for 4 d before colony diameter was measured. SW-treated
CM served as the mock. Three biological replicates were used for all assays.

2.5. Evaluation of Fusarium Wilt Control Efficacy

Tomato seeds (cv. Diana) were surface-sterilized with 70% ethanol for 1 min, followed
by 0.5% sodium hypochlorite for 20 min, and then rinsed twice with SW. Seeds were
germinated at 25 ◦C, and 7-d-old seedlings were transplanted into vermiculite, and 4 mL of
SW was added to each seedling.

Seedlings were divided into four groups: Mock, ZN-S18, Fol, and Fol + ZN-S18. All
treatments were applied by root irrigation. After 2 d of acclimation, the Mock and Fol
groups received 1 mL SW, whereas the ZN-S18 and Fol + ZN-S18 groups received 1 mL
bacterial suspension (OD600 = 1.0). Two days later, the Mock and ZN-S18 groups were
treated with SW, while the Fol and Fol + ZN-S18 groups were inoculated with 1 mL spore
suspension (1 × 106 spores/mL). Treatments were repeated weekly for 30 d.
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Plants were maintained in a growth chamber at 25 ◦C under 100% relative humidity
and a 16 h light/8 h dark photoperiod. Disease symptoms were recorded photographically.
In addition, the disease suppression efficacy of the culture filtrate and the combination of
179 mg/L surfactin (CAS 24730-31-2, Aladdin, Shanghai, China) and 11 mg/L iturin A (CAS
52229-90-0, Psaitong Biotechnology, Beijing, China) was also evaluated. All experiments
were conducted independently three times. For the bacterial treatment, each treatment
included three replicates, whereas the culture filtrate and cyclic lipopeptide treatments
each included two replicates. Disease severity was scored on a 0–4 scale as follows: 0, no
disease symptoms; 1, slight yellowing or abnormal growth; 2, moderate chlorosis or wilting;
3, severe wilting or stunted growth; 4, the whole plant wilted or dead [32,33].

2.6. Verification of Antimicrobial Compounds

Based on the previously reported antimicrobial biosynthetic genes [34–36], PCR assays
were performed to detect genes associated with cyclic lipopeptide biosynthesis in ZN-S18.
PCRs were conducted in 20 µL volumes containing 10 µL 2 × Rapid Taq Master Mix
(Vazyme, Jiangsu, China), 0.8 µL genomic DNA, 0.8 µL of each primer, and 8.4 µL SW.

PCR amplification was performed under the following conditions: initial denaturation
at 94 ◦C for 3 min, followed by 35 cycles of 94 ◦C for 1 min, 60 ◦C for 30 s, and 72 ◦C
for 1 min, with a final extension at 72 ◦C. PCR products were separated on 1% agarose
gels containing 0.01% Ultra GelRed (Vazyme, Jiangsu, China) and visualized under UV
illumination. The target genes and primers are listed in Table 1.

Table 1. Primers used in this study.

Primer Name Sequence (5′→3′)

For phylogenetic analysis
27F AGAGTTTGATCCTGGCTCAG
1492R GGTTACCTTGTTACGACTT
rpoB_F AGGTCAACTAGTTCAGTATGGAC
rpoB_R AAGAACCGTAACCGGCAACTT

For verification of antagonistic agents
Zwi_F TTGGGGAAATATACAGCTCT
Zwi_R GACCTTTTTGAAATGGGCGTA
BacD_F GAAGGACACGGCGAGAGAGTC
BacD_R CGCTGATGACTGTTTCATGCT
Itu_F GATGCGGATCCTCTTGGATGT
Itu_R ATCGTTCATGTGCTGCTTGAG
Bac_F AAAAACAGTATTGGGYATCGCTGA
Bac_R CCATGATGCCCTCKATRCTGAT
Sur_F ACAGTATGGAGGCATGGTTC
Sur_R TTCCGCCACTTTTTTCAGTT
Fen_F TTTTGGCAGCAGGAAGAGTTT
Fen_R GCTGTCGCTTCTGTTTTTTC

For chemical verification, 50-fold concentrated culture filtrate and standard compound
were subjected to LC-MS analysis (Fuda Testing Group, Shanghai, China).

2.7. Evaluation of Cell Wall and Cell Membrane Integrity

Cell wall and membrane integrity assays were conducted using Congo red (CR) and
sodium dodecyl sulfate (SDS), respectively. CM were supplemented with CR (0, 25, 50,
75, and 100 mg/L) or SDS (0, 0.005, 0.01, 0.015, and 0.02%). Culture filtrate (100 µL) was
evenly spread onto the plates and allowed to dry under sterile conditions. SW-treated
plates served as mocks. Fol mycelial plugs were inoculated at the center of each plate and
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incubated at 25 ◦C for 3 d. Mycelial growth was measured and compared with that of the
corresponding mocks. The cell wall integrity assay included five biological replicates per
treatment and was repeated once, whereas the cell membrane integrity assay included
five biological replicates per treatment and was repeated three times.

The effects of surfactin, iturin A, and their combination on Fol cell wall integrity were
also evaluated using CM with or without 100 mg/L CR. Five biological replicates were
included for each treatment.

2.8. Effects of ZN-S18 on the Other Phytopathogens

The antagonistic activity of ZN-S18 against B. cinerea and Ralstonia solanacearum was
evaluated using dual culture assays. For B. cinerea, a mycelial plug was placed at the center
of a CM, and ZN-S18 was inoculated on both sides. Plates were incubated at 25 ◦C for
3 d. For R. solanacearum, bacterial suspensions (OD600 = 0.1) were prepared after overnight
culture in LB broth at 28 ◦C with shaking at 180 rpm. Following washing and resuspension
in SW, 20 µL of each suspension was inoculated onto CM, casamino acids-peptone-glucose
(CPG), and LBA at defined distances, followed by incubation at 28 ◦C for 2 d.

Volatile organic compounds were evaluated using partitioned plates separated by
a 1 cm gap to prevent direct contact between microorganisms. Plates were sealed and
incubated at 25 ◦C for 4 d. Fungal plugs near the initial inoculation sites were subse-
quently collected using a sterile cork borer (diameter = 7 mm) and transferred into 1 mL
of SW. Suspensions were vortexed for 1 min, and spore concentrations were determined
using a hemocytometer. The experiment was conducted independently three times with
five biological replicates per experiment.

2.9. Statistical Analysis

Statistical analyses were performed using R software (version 4.5.1). Differences
among multiple groups were analyzed using one-way analysis of variance (ANOVA),
followed by Tukey’s honestly significant difference (HSD) test. Comparisons between
two groups were conducted using Welch’s t-test. Differences were considered statistically
significant at p < 0.05. Spore germination percentages and inhibition rates were arcsine
square-root transformed prior to statistical analysis.

3. Results
3.1. Screening and Identification of the Endophyte with the Strongest Antagonistic Activity

Several endophytic bacterial isolates were obtained from healthy tomato stems.
Among them, strain ZN-S18 exhibited the strongest antagonistic activity against Fol in
dual culture assays (Figure 1a). To identify this isolate, phylogenetic analyses based on
the 16S rRNA and rpoB genes were performed. Both individual and concatenated phy-
logenetic analyses demonstrated that ZN-S18 clustered closely with B. amyloliquefaciens
(Figures 1b and S1). The 16S rRNA sequence was deposited in GenBank under accession
number PV799877.

3.2. Effect of ZN-S18 on Fol Mycelial Growth Under Different Culture Conditions

Dual culture assays performed on CM, PDA, and MM demonstrated that ZN-S18
inhibited the mycelial growth of Fol on all tested media. The strongest inhibitory activity
was observed on CM (Figure S2).

3.3. Effect of Secondary Metabolite of ZN-S18 on Fol

To determine whether ZN-S18 secretes antifungal metabolites, the effects of its cell-free
culture filtrate on Fol spore germination and mycelial growth were evaluated. The culture
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filtrate significantly inhibited spore germination compared with the mock (Figure 2a).
Furthermore, spores treated with the culture filtrate failed to recover germination after
washing and transfer into fresh CM broth, indicating irreversible inhibition. Microscopic
observations revealed abnormal swelling of treated spores (Figure 2b). Application of
concentrated culture filtrate to solid medium also significantly reduced Fol mycelial growth
compared with the mock (Figure 2c,d).

Figure 1. Antagonistic activity of bacterial isolates against F. oxysporum f. sp. lycopersici and phy-
logenetic analysis of ZN-S18. (a) The top nine bacterial isolates exhibiting antagonistic activity
against F. oxysporum f. sp. lycopersici are shown. Each isolate was inoculated on both sides of the
plate, whereas the fungal pathogen was placed at the center. Plates were incubated at 28 ◦C for 3 d.
(b) A phylogenetic tree was constructed based on concatenated 16S rRNA and rpoB gene sequences.
Sequence alignment was performed using ClustalW in MEGA X, and the tree was generated using
the maximum likelihood method with 1000 bootstrap replications.

Figure 2. Effect of ZN-S18 culture filtrate on spore germination, mycelial growth of F. oxysporum f. sp.
lycopersici, and its control efficacy against tomato Fusarium wilt. (a) Spore germination rates at 4, 8,
and 12 h post-incubation at 25 ◦C. (b) Filtrate-treated spores were washed, resuspended in fresh CM
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broth, incubated for 12 h, and observed under a light microscope. Scale bars = 10 µm. (c,d) Mycelial
growth on solid medium after 4 d at 25 ◦C. Mock plates did not contain culture filtrate. Error bars
represent the standard deviation of the mean (n = 3). Asterisks indicate significant differences relative
to the mock (** p < 0.01, *** p < 0.001). (e) Disease suppression assay in tomato seedlings. ZN-S18
(OD600 = 1.0) was applied by root irrigation 2 d prior to challenge with Fol (1 × 106 spores/mL).
Treatments were repeated weekly for 30 d. Plants were maintained at 25 ◦C under 100% relative
humidity with a 16 h light/8 h dark photoperiod. The experiment was repeated three times with
three biological replicates per treatment. Error bars represent the mean ± standard error (n = 3).
Different letters indicate significant differences based on one-way ANOVA followed by Tukey’s HSD
test (p < 0.05).

3.4. Effect of ZN-S18 on Fusarium Wilt Development in Tomato Seedlings

The biocontrol efficacy of ZN-S18 against tomato Fusarium wilt was evaluated in
tomato seedlings. Treatment with ZN-S18 alone caused no visible disease symptoms,
whereas Fol inoculation induced severe wilting symptoms in tomato seedlings. Pre-
treatment with ZN-S18 alleviated disease severity compared with Fol inoculation alone
(Figure 2e). Similarly, pretreatment with either the culture filtrate or the combination of
surfactin and iturin A reduced disease symptoms in tomato seedlings challenged with Fol
(Figure S3).

3.5. Verification of Antifungal Metabolites Produced by ZN-S18

PCR analysis detected genes associated with the biosynthesis of surfactin, bacilysin,
and iturin A in ZN-S18 (Figure 3a). To confirm metabolite production, the concentrated
culture filtrate was analyzed by LC–MS. Extracted ion chromatograms revealed peaks
at m/z 1036.690 and 1043.552 with retention times corresponding to surfactin and iturin
A standards, respectively, confirming the production of these compounds by ZN-S18
(Figure 3b). In contrast, bacilysin was not detected in the culture filtrate.

Figure 3. Identification of antifungal metabolites and related biosynthetic genes in ZN-S18. (a) PCR
detection of genes associated with antimicrobial compound biosynthesis. (b) LC–MS analysis confirm-
ing the presence of antifungal compounds in the ZN-S18 culture filtrate. Extracted ion chromatograms
of authentic standards and the culture filtrate are shown.
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3.6. Effect of ZN-S18 on Fol Cell Wall and Cell Membrane Integrity

Congo red and SDS assays were used to evaluate the effects of ZN-S18 metabolites
on fungal cell wall and membrane integrity, respectively. Under CR stress conditions,
the culture filtrate significantly inhibited Fol mycelial growth at all tested concentrations
(Figure 4, upper panel). In contrast, no significant differences were observed under SDS
stress conditions (Figure 4, lower panel).

Figure 4. Effects of ZN-S18 culture filtrate on cell wall and membrane integrity of F. oxysporum f. sp.
lycopersici. The fungus was cultured on CM supplemented with Congo red (0–100 mg/L) or SDS
(0–0.02%), with or without ZN-S18 culture filtrate, and incubated at 25 ◦C for 3 d. For the Congo
red assay, error bars represent the mean ± standard deviation (n = 5). For the SDS assay, error bars
represent the mean ± standard error (n = 3). Asterisks indicate significant differences relative to the
mock (*** p < 0.001); n.s. indicates no significant difference (p > 0.05).

The effects of surfactin, iturin A, and their combination were further investigated
under CR stress. Surfactin significantly inhibited Fol mycelial growth, whereas iturin
A alone exhibited relatively weak antifungal activity. Notably, the combined treatment
showed significantly stronger inhibition than either compound alone (Figure 5).

3.7. Antagonistic Activity of ZN-S18 Against Other Phytopathogens

ZN-S18 also exhibited broad-spectrum antagonistic activity against other tomato
pathogens. The strain effectively inhibited the growth of R. solanacearum on CM, CPG, and
LBA. In dual culture assays, the mycelial growth of B. cinerea was severely restricted in the
presence of ZN-S18 (Figure S4a,b). In addition, VOCs produced by ZN-S18 significantly
inhibited both mycelial growth and spore production of Fol and B. cinerea (Figure S4c,d).
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Figure 5. Synergistic effects of surfactin and iturin A on cell wall integrity of F. oxysporum f. sp.
lycopersici under Congo red stress. The fungus was cultured on CM with or without 100 mg/L Congo
red and treated with sterile water, surfactin alone, iturin A alone, or a combination of 179 mg/L
surfactin and 11 mg/L iturin A for 3 d at 25 ◦C. Error bars represent the mean ± standard deviation
(n = 5). Different letters indicate significant differences based on one-way ANOVA followed by
Tukey’s HSD test (F = 31.1, p < 0.05).

4. Discussion
Endophytic bacteria are widely distributed in plant tissues and are increasingly recog-

nized for their capacity to promote plant growth and serve as effective biocontrol agents,
thereby contributing substantially to sustainable agricultural production [37,38]. In the
present study, we isolated an endophytic bacterium, strain ZN-S18, from the stems of
healthy tomato plants and identified it as B. amyloliquefaciens through phylogenetic anal-
yses. Members of this species are well documented for their potent antagonistic activity
against diverse phytopathogens and their ability to efficiently colonize plant tissues [37,39].
Previous studies have further demonstrated that B. amyloliquefaciens strains isolated from
plant tissues can effectively suppress fungal pathogens such as B. cinerea and Fusarium
spp., while also reducing disease incidence in various crops [40–43]. In line with these find-
ings, ZN-S18 exhibited strong inhibitory activity against Fol and significantly suppressed
mycelial growth across multiple culture conditions (Figure S2).

For most fungal pathogens, spores represent the primary propagules for dispersal and
infection initiation, as successful germination is a prerequisite for host penetration [44–46].
In this study, the cell-free culture filtrate of ZN-S18 markedly inhibited Fol spore germi-
nation, with the inhibitory effect remaining irreversible even after removal of the filtrate
(Figure 2a,b). The observed swelling of treated spores further suggests structural or physio-
logical damage. Such irreversible inhibition has been documented in other systems, where
antimicrobial compounds disrupt spore integrity and metabolic processes, ultimately pre-
venting germination [47,48]. Moreover, the culture filtrate of ZN-S18 also suppressed
vegetative mycelial growth of Fol. Collectively, these results indicate that the antifun-
gal metabolites produced by ZN-S18 target critical cellular processes essential for spore
viability and mycelial development.

https://doi.org/10.3390/jof12080576

https://doi.org/10.3390/jof12080576


J. Fungi 2026, 12, 576 10 of 14

It is well established that impairment in mycelial growth, spore germination, and
sporulation is closely associated with reduced pathogenicity in fungal pathogens [46,49,50].
Consistent with this principle, pretreatment of tomato seedlings with ZN-S18 alleviated
disease symptoms caused by Fol (Figure 2e). Obviously, ZN-S18 exhibited no obvious plant
growth-promoting effects under the tested conditions, suggesting that its primary function
in this pathosystem is associated with direct antagonistic activity.

In addition to competing with phytopathogens for ecological niches, the production
of secondary metabolites constitutes a key competitive strategy for endophytes [37,38,51].
B. amyloliquefaciens is well known for producing a variety of antagonistic metabolites,
particularly cyclic lipopeptides. These lipopeptides are typically classified into three major
families: fengycin, surfactin, and iturin [52,53]. All three families have been widely reported
to display strong inhibitory activity against a broad spectrum of phytopathogens. The
fengycin family comprises multiple isomers that vary in fatty acid chain length, branching
patterns, and amino acid composition [54]. The surfactin family, one of the most extensively
studied, consists of a heptapeptide linked to a β-hydroxy fatty acid chain ranging from C12
to C16, exhibiting potent antimicrobial efficacy [55,56]. The iturin family includes homologs
such as iturin A–E, mycosubtilin, and bacillomycin D, F, L, and LC, each comprising a
heptapeptide linked to a β-amino fatty acid chain with lengths ranging from C14 to
C17 [47,57].

In this study, molecular and chemical analyses confirmed that ZN-S18 produces
surfactin and iturin A (Figure 3b). Previous research has demonstrated that surfactin can
effectively inhibit the growth and pathogenicity of ginseng root rot pathogens, suppress
tomato bacterial wilt, and control wheat Fusarium head blight by inducing programmed
cell death in fungi [36,58,59]. Similarly, iturin A has been shown to inhibit spore germination
of the rice blast pathogen, thereby reducing pathogenicity, and to suppress the growth of
Aspergillus niger along with its mycotoxin production [60,61].

Mechanistically, surfactin and iturin A are known to interact with lipid bilayers,
increasing membrane permeability, causing ion leakage, and ultimately leading to cell
death [62–64]. These compounds can also trigger downstream effects, including oxidative
stress and disruption of signaling pathways [65,66]. In our study, the culture filtrate
significantly compromised Fol cell wall integrity, as evidenced by increased sensitivity to
CR stress (Figure 4). This suggests that, in addition to membrane disruption, the metabolites
may interfere with cell wall biosynthesis or structural maintenance processes that are critical
for fungal growth and morphogenesis.

It is noteworthy that the combined application of surfactin and iturin A resulted
in significantly stronger inhibition of mycelial growth compared with either compound
alone (Figure 5). Synergistic interactions among lipopeptides have been reported previ-
ously, wherein different compounds target complementary cellular structures or pathways,
thereby enhancing overall antifungal efficacy [53,67,68]. This synergistic effect likely un-
derpins the robust biocontrol performance of ZN-S18 and underscores the importance
of metabolite diversity in effective pathogen suppression. Importantly, the combina-
tion of surfactin and iturin A conferred protective effects similar to those of the culture
filtrate (Figure S3), indicating that these secreted compounds are sufficient to mediate
disease suppression.

Interestingly, ZN-S18 also produced VOCs that significantly suppressed both mycelial
growth and spore production of the Fol and B. cinerea (Figure S4). VOC-mediated inhibition
has been increasingly recognized as a key mechanism in microbial antagonism, particularly
for long-distance interactions [27,69,70]. The ability of ZN-S18 to inhibit multiple pathogens,
including the bacterial pathogen R. solanacearum, further highlights its broad-spectrum an-
timicrobial potential. Such multi-target activity is advantageous for biocontrol applications,
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as it may reduce the likelihood of resistance development in target pathogens [64]. These
findings suggest a promising avenue for future research, namely, integrating the confirmed
inhibitory effects of surfactin and iturin A with synergistic contributions of VOCs.

Taken together, this study identifies ZN-S18 as a potent antagonistic endophyte be-
longing to B. amyloliquefaciens, capable of suppressing Fol through multiple mechanisms,
including inhibition of mycelial growth, spore germination, and overall pathogenicity.
These effects are primarily mediated by the production of cyclic lipopeptides, particularly
surfactin and iturin A, which act synergistically to disrupt fungal cell wall integrity. The
broad-spectrum antimicrobial activity and multi-mechanistic mode of action of ZN-S18
underscore its potential as a promising biocontrol agent for managing tomato diseases.
Future studies will focus on elucidating the molecular basis of the synergistic interaction
between surfactin and iturin A and validating the efficacy of ZN-S18 under greenhouse
and field conditions.

5. Conclusions
In this study, we isolated an endophytic B. amyloliquefaciens strain ZN-S18 from healthy

tomato stems. ZN-S18 effectively suppressed Fol by inhibiting mycelial growth and spore
germination, with the inhibitory effect on germination being irreversible. The antagonistic
activity is primarily attributed to the production of cyclic lipopeptides, including surfactin
and iturin A, which act synergistically to compromise Fol cell wall integrity. Moreover,
ZN-S18 exhibits broad-spectrum activity against B. cinerea and R. solanacearum, while its
VOCs further inhibit fungal growth and sporulation. In vivo assays confirmed that ZN-S18
cells, its culture filtrate, and the combination of surfactin and iturin A significantly reduced
Fusarium wilt severity in tomato seedlings. Collectively, ZN-S18 represents a promising
biocontrol agent for the sustainable management of tomato Fusarium wilt.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jof12080576/s1, Figure S1: Phylogenetic analysis of ZN-S18;
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Author Contributions: Conceptualization, D.-N.M.; investigation, D.-N.M. and M.C.; data curation,
D.-N.M. and Y.N.; formal analysis, D.-N.M., Y.N. and J.-N.Y.; writing—original draft, D.-N.M. and
Y.N.; funding acquisition, M.C.; H.W. and T.L.; writing—review & editing, H.W. and T.L.; supervision,
T.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Zhejiang Provincial Key Research and Development
Program of China (Grant No. 2020C02027), the School Research and Development Fund Project
funded by Zhejiang A&F University (Grant No. 2024LFR056), and the Zhejiang Province “Three Rural
and Nine Directions” Science and Technology Collaboration Plan (Grant No. 2025SNJF066), China.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and its Supplementary Information files.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Gerszberg, A.; Hnatuszko-Konka, K.; Kowalczyk, T.; Kononowicz, A.K. Tomato (Solanum lycopersicum L.) in the service of

biotechnology. Plant Cell Tissue Organ Cult. 2015, 120, 881–902.
2. Leppla, N.; Stacey, K.; Rooney, L.; Lennon, K.; Hodges, A. Stink bug (Hemiptera: Pentatomidae) occurrence, reproduction, and

injury to fruit in an organic tomato crop bordered by sorghum. J. Econ. Entomol. 2023, 116, 144–152. [CrossRef] [PubMed]
3. Navajas, M.; de Moraes, G.J.; Auger, P.; Migeon, A. Review of the invasion of Tetranychus evansi: Biology, colonization pathways,

potential expansion and prospects for biological control. Exp. Appl. Acarol. 2013, 59, 43–65. [PubMed]

https://doi.org/10.3390/jof12080576

https://www.mdpi.com/article/10.3390/jof12080576/s1
https://www.mdpi.com/article/10.3390/jof12080576/s1
https://doi.org/10.1093/jee/toad064
https://www.ncbi.nlm.nih.gov/pubmed/37165837
https://www.ncbi.nlm.nih.gov/pubmed/22824945
https://doi.org/10.3390/jof12080576


J. Fungi 2026, 12, 576 12 of 14

4. Zehnder, G.; Sikora, E.; Goodman, W. Treatment decisions based on egg scouting for tomato fruitworm, Helicoverpa zea (Boddie),
reduce insecticide use in tomato. Crop Prot. 1995, 14, 683–687. [CrossRef]

5. Soliman, M.; El-Deriny, M.; Ibrahim, D.; Zakaria, H.; Ahmed, Y. Suppression of root-knot nematode Meloidogyne incognita on
tomato plants using the nematode trapping fungus Arthrobotrys oligospora Fresenius. J. Appl. Microbiol. 2021, 131, 2402–2415.
[CrossRef] [PubMed]

6. Rodenburg, S.Y.; Seidl, M.F.; Judelson, H.S.; Vu, A.L.; Govers, F.; de Ridder, D. Metabolic model of the Phytophthora infestans-tomato
interaction reveals metabolic switches during host colonization. mBio 2019, 10, e00454-19. [CrossRef] [PubMed]

7. Nafisa; Shoaib, A.; Iqbal, J.; Khan, K.A. Evaluation of phenotypic, physiological and biochemical attributes connected with
resistance in tomato against Alternaria solani. Acta. Physiol. Plant. 2020, 42, 88. [CrossRef]

8. Ouyang, S.; Park, G.; Atamian, H.S.; Han, C.S.; Stajich, J.E.; Kaloshian, I.; Borkovich, K.A. MicroRNAs suppress NB domain genes
in tomato that confer resistance to Fusarium oxysporum. PLoS Pathog. 2014, 10, e1004464. [CrossRef] [PubMed]

9. Leslie, J.F.; Summerell, B.A.; Bullock, S. The Fusarium Laboratory Manual; Blackwell Publishing: Hoboken, NJ, USA, 2006.
10. Ma, M.; Taylor, P.W.; Chen, D.; Vaghefi, N.; He, J.-Z. Major soilborne pathogens of field processing tomatoes and management

strategies. Microorganisms 2023, 11, 263. [CrossRef]
11. Muhorakeye, M.C.; Namikoye, E.S.; Khamis, F.M.; Wanjohi, W.; Akutse, K.S. Biostimulant and antagonistic potential of endophytic

fungi against Fusarium wilt pathogen of tomato Fusarium oxysporum f. sp. lycopersici. Sci. Rep. 2024, 14, 15365. [CrossRef]
12. Validov, S.Z.; Kamilova, F.D.; Lugtenberg, B.J. Monitoring of pathogenic and non-pathogenic Fusarium oxysporum strains during

tomato plant infection. Microb. Biotechnol. 2011, 4, 82–88. [PubMed]
13. Ji, H.M.; Mao, H.Y.; Li, S.J.; Feng, T.; Zhang, Z.Y.; Cheng, L.; Luo, S.J.; Borkovich, K.A.; Ouyang, S.Q. Fol-milR1, a pathogenicity

factor of Fusarium oxysporum, confers tomato wilt disease resistance by impairing host immune responses. New Phytol. 2021, 232,
705–718. [CrossRef] [PubMed]

14. Petkar, A.; Langston, D.B.; Buck, J.W.; Stevenson, K.L. Sensitivity of Fusarium oxysporum f. sp. niveum to prothioconazole and
thiophanate-methyl and gene mutation conferring resistance to thiophanate-methyl. Plant Dis. 2017, 101, 366–371. [CrossRef]
[PubMed]

15. Bashir, M.R.; Atiq, M.; Sajid, M.; Mohsan, M.; Abbas, W.; Alam, M.W.; Bashair, M. Antifungal exploitation of fungicides against
Fusarium oxysporum f. sp. capsici causing Fusarium wilt of chilli pepper in Pakistan. Environ. Sci. Pollut. Res. Int. 2018, 25,
6797–6801. [PubMed]

16. El-Gamal, N.G.; Abd-El-Kareem, F.; Fotouh, Y.; El-Mougy, N.S. Induction of systemic resistance in potato plants against late and
early blight diseases using chemical inducers under greenhouse and field conditions. Res. J. Agric. Biol. Sci. 2007, 3, 73–81.

17. Bonaterra, A.; Badosa, E.; Daranas, N.; Francés, J.; Roselló, G.; Montesinos, E. Bacteria as biological control agents of plant
diseases. Microorganisms 2022, 10, 1759. [CrossRef] [PubMed]

18. Heimpel, G.E.; Mills, N.J. Biological Control; Cambridge University Press: Cambridge, UK, 2017.
19. Li, T.; Im, J.; Lee, J. Genetic diversity of Epicoccum nigrum and its effects on Fusarium graminearum. Mycobiology 2022, 50, 457–466.

[CrossRef] [PubMed]
20. Santos, J.E.d.Á.; de Brito, M.V.; Pimenta, A.T.Á.; da Silva, G.S.; Zocolo, G.J.; Muniz, C.R.; de Medeiros, S.C.; Grangeiro, T.B.;

Lima, M.A.S.; da Silva, C. Antagonism of volatile organic compounds of the Bacillus sp. against Fusarium kalimantanense. World J.
Microbiol. Biotechnol. 2023, 39, 60.

21. Zhou, Q.; Fu, M.; Xu, M.; Chen, X.; Qiu, J.; Wang, F.; Yan, R.; Wang, J.; Zhao, S.; Xin, X.; et al. Application of antagonist Bacillus
amyloliquefaciens NCPSJ7 against Botrytis cinerea in postharvest red globe grapes. Food Sci. Nutr. 2020, 8, 1499–1508. [CrossRef]
[PubMed]

22. Yan, H.; Qiu, Y.; Yang, S.; Wang, Y.; Wang, K.; Jiang, L.; Wang, H. Antagonistic activity of Bacillus velezensis SDTB038 against
Phytophthora infestans in potato. Plant Dis. 2021, 105, 1738–1747. [CrossRef] [PubMed]

23. Kwon, H.-T.; Lee, Y.; Kim, J.; Balaraju, K.; Kim, H.T.; Jeon, Y.J. Identification and characterization of Bacillus tequilensis GYUN-300:
An antagonistic bacterium against red pepper anthracnose caused by Colletotrichum acutatum in Korea. Front. Microbiol. 2022, 13,
826827. [CrossRef] [PubMed]

24. Kushwaha, P.; Kashyap, P.L.; Kuppusamy, P.; Srivastava, A.K.; Tiwari, R.K. Functional characterization of endophytic bacilli from
pearl millet (Pennisetum glaucum) and their possible role in multiple stress tolerance. Plant Biosyst. 2020, 154, 503–514.

25. Ye, Q.; Zhong, Z.; Chao, S.; Liu, L.; Chen, M.; Feng, X.; Wu, H. Antifungal effect of Bacillus velezensis ZN-S10 against plant
pathogen Colletotrichum changpingense and its inhibition mechanism. Int. J. Mol. Sci. 2023, 24, 16694. [CrossRef] [PubMed]

26. Markelova, N.; Chumak, A. Antimicrobial activity of Bacillus cyclic lipopeptides and their role in the host adaptive response to
changes in environmental conditions. Int. J. Mol. Sci. 2025, 26, 336. [CrossRef] [PubMed]

27. Weisskopf, L.; Schulz, S.; Garbeva, P. Microbial volatile organic compounds in intra-kingdom and inter-kingdom interactions.
Nat. Rev. Microbiol. 2021, 19, 391–404. [CrossRef] [PubMed]

28. Mon, Y.Y.; Bidabadi, S.S.; Oo, K.S.; Zheng, S.-J. The antagonistic mechanism of rhizosphere microbes and endophytes on the
interaction between banana and Fusarium oxysporum f. sp. cubense. Physiol. Mol. Plant Pathol. 2021, 116, 101733. [CrossRef]

https://doi.org/10.3390/jof12080576

https://doi.org/10.1016/0261-2194(95)00032-1
https://doi.org/10.1111/jam.15101
https://www.ncbi.nlm.nih.gov/pubmed/33837626
https://doi.org/10.1128/mbio.00454-19
https://www.ncbi.nlm.nih.gov/pubmed/31289172
https://doi.org/10.1007/s11738-020-03076-2
https://doi.org/10.1371/journal.ppat.1004464
https://www.ncbi.nlm.nih.gov/pubmed/25330340
https://doi.org/10.3390/microorganisms11020263
https://doi.org/10.1038/s41598-024-66101-1
https://www.ncbi.nlm.nih.gov/pubmed/21255375
https://doi.org/10.1111/nph.17436
https://www.ncbi.nlm.nih.gov/pubmed/33960431
https://doi.org/10.1094/pdis-09-16-1236-re
https://www.ncbi.nlm.nih.gov/pubmed/30681924
https://www.ncbi.nlm.nih.gov/pubmed/29264855
https://doi.org/10.3390/microorganisms10091759
https://www.ncbi.nlm.nih.gov/pubmed/36144361
https://doi.org/10.1080/12298093.2022.2148394
https://www.ncbi.nlm.nih.gov/pubmed/36721792
https://doi.org/10.1002/fsn3.1434
https://www.ncbi.nlm.nih.gov/pubmed/32180959
https://doi.org/10.1094/pdis-08-20-1666-re
https://www.ncbi.nlm.nih.gov/pubmed/33174798
https://doi.org/10.3389/fmicb.2022.826827
https://www.ncbi.nlm.nih.gov/pubmed/35308370
https://doi.org/10.3390/ijms242316694
https://www.ncbi.nlm.nih.gov/pubmed/38069016
https://doi.org/10.3390/ijms26010336
https://www.ncbi.nlm.nih.gov/pubmed/39796193
https://doi.org/10.1038/s41579-020-00508-1
https://www.ncbi.nlm.nih.gov/pubmed/33526910
https://doi.org/10.1016/j.pmpp.2021.101733
https://doi.org/10.3390/jof12080576


J. Fungi 2026, 12, 576 13 of 14

29. Huang, X.; Ren, J.; Li, P.; Feng, S.; Dong, P.; Ren, M. Potential of microbial endophytes to enhance the resistance to postharvest
diseases of fruit and vegetables. J. Sci. Food Agric. 2021, 101, 1744–1757. [PubMed]

30. Weng, F.; Chiou, C.; Lin, P.; Yang, S. Application of recA and rpoB sequence analysis on phylogeny and molecular identification
of Geobacillus species. J. Appl. Microbiol. 2009, 107, 452–464. [CrossRef] [PubMed]

31. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]

32. Zhou, X.; Wang, J.; Liu, F.; Liang, J.; Zhao, P.; Tsui, C.K.; Cai, L. Cross-kingdom synthetic microbiota supports tomato suppression
of Fusarium wilt disease. Nat. Commun. 2022, 13, 7890. [CrossRef] [PubMed]

33. Kwak, M.-J.; Kong, H.G.; Choi, K.; Kwon, S.-K.; Song, J.Y.; Lee, J.; Lee, P.A.; Choi, S.Y.; Seo, M.; Lee, H.J.; et al. Rhizosphere
microbiome structure alters to enable wilt resistance in tomato. Nat. Biotechnol. 2018, 36, 1100–1109. [CrossRef] [PubMed]

34. Chung, S.; Kong, H.; Buyer, J.S.; Lakshman, D.K.; Lydon, J.; Kim, S.-D.; Roberts, D.P. Isolation and partial characterization of
Bacillus subtilis ME488 for suppression of soilborne pathogens of cucumber and pepper. Appl. Microbiol. Biotechnol. 2008, 80,
115–123. [CrossRef] [PubMed]

35. Athukorala, S.N.; Fernando, W.D.; Rashid, K.Y. Identification of antifungal antibiotics of Bacillus species isolated from different
microhabitats using polymerase chain reaction and MALDI-TOF mass spectrometry. Can. J. Microbiol. 2009, 55, 1021–1032.
[CrossRef] [PubMed]

36. Kim, D.; Li, T.; Lee, J.; Lee, S.-H. Biological efficacy of endophytic Bacillus velezensis CH-15 from ginseng against ginseng root rot
pathogens. Res. Plant Dis. 2022, 28, 19–25. [CrossRef]
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