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Bikaverin as a molecular weapon: enhancing =

Fusarium oxysporum pathogenicity in bananas
via rhizosphere microbiome manipulation
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Hongli Luo', Bang An'" and Qiannan Wang'"

Abstract

Background Fusarium wilt, caused by Fusarium oxysporum f. sp. cubense Tropical Race 4 (Foc TR4), poses a severe
threat to global banana production. Secondary metabolites are critical tools employed by pathogens to inter-

act with their environment and modulate host-pathogen dynamics. Bikaverin, a red-colored polyketide pigment

produced by several Fusarium species, has been studied for its pharmacological properties, but its ecological roles
and impact on pathogenicity remain unclear.

Results This study investigated the role of bikaverin in Foc TR4, focusing on its contribution to pathogenicity and its
interaction with the rhizosphere microbiome. Pathogenicity assays under sterile and autoclaved conditions demon-
strated that bikaverin does not directly contribute to pathogenicity by affecting the infection process or damaging
host tissues. Instead, bikaverin indirectly enhances Foc TR4's pathogenicity by reshaping the rhizosphere microbiome.
It suppresses beneficial plant growth-promoting rhizobacteria, such as Bacillus, while promoting the dominance

of fungal genera, thereby creating a microbial environment beneficial for pathogen colonization and infection. Nota-
bly, bikaverin biosynthesis was found to be tightly regulated by environmental cues, including acidic pH, nitrogen
scarcity, and microbial competition. Co-culture with microbes such as Bacillus velezensis and Botrytis cinerea strongly
induced bikaverin production and upregulated expression of the key bikaverin biosynthetic gene FocBik1. In addition,
the identification of bikaverin-resistant Bacillus BR160, a strain with broad-spectrum antifungal activity, highlights its
potential as a biocontrol agent for banana wilt management, although its stability and efficiency under field condi-
tions require further validation.

Conclusions Bikaverin plays an indirect yet important role in the pathogenicity of Foc TR4 by manipulating the rhizo-
sphere microbiome. This ecological function underscores its potential as a target for sustainable disease management
strategies. Future research should focus on elucidating the molecular mechanisms underlying bikaverin-mediated
microbial interactions, using integrated approaches such as transcriptomics and metabolomics. Together, these find-
ings provide a foundation for novel approaches to combat banana wilt disease and enhance crop resistance.
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Background

Banana (Musa spp.) ranks as one of the most important
crops worldwide, serving as a staple food for millions. In
2023, the global banana market reached an export vol-
ume of 19.3 million tonnes (FAO, 2024). Despite its sig-
nificance, banana cultivation faces a severe threat from
Fusarium wilt, also known as “Panama disease,” caused
by the soil-borne fungal pathogen Fusarium oxysporum f.
sp. cubense (Foc). This pathogen is divided into four races
based on host specificity. In the early twentieth century,
Foc race 1 led to the near-complete devastation of the
widely cultivated Gros Michel cultivar. In response, the
banana industry shifted to the Cavendish cultivar, which
displayed resistance to race 1. However, the emergence of
tropical race 4 (Foc TR4), capable of infecting Cavendish
bananas, has led to significant economic losses and poses
a major challenge to global banana production [1, 2].

Foc TR4 has strong stress tolerance, capable of sur-
viving in soil for decades and spreading through con-
taminated soil, water, tools, and infected plant material.
Current management strategies, including chemical
fungicides, breeding of resistant cultivars, and bio-
control measures, have shown limited effectiveness.
This limited success is due in part to the pathogen’s
strong stress resistance, the poor fertility of Caven-
dish bananas, and the perennial nature of banana cul-
tivation [2, 3]. To persist in the soil and successfully
colonize host roots, Foc TR4 must not only withstand
environmental stresses but also compete with or sup-
press resident microbial communities in the rhizos-
phere. Recent studies suggest that manipulating the
rhizosphere microbiome, the complex community of
microbes surrounding plant roots, offers a promising
avenue for mitigating Fusarium wilt disease [4—6]. The
rhizosphere microbiome, often referred to as the plant’s
“second genome,” serves as a protective barrier against
soil-borne pathogens by competing for resources and
ecological spaces [7]. To establish infection, Foc TR4
must overcome these microbiome-mediated defenses.
The concept of a “core microbiota” within the rhizo-
sphere has further advanced our understanding of
plant—-microbe interactions. Core microbiota refers to a
subset of microbial species that exert significant influ-
ence on microbiome assembly and host health. These
hub species contribute to nutrient acquisition, plant
growth promotion, and disease suppression [8]. Recent
advances to design synthetic microbial communities
or engineered microbiomes have shown promise in

providing these benefits in agricultural systems [9-11].
However, their efficacy is often limited to laboratory or
green house conditions, as field applications must con-
tend with the complexity of plant-pathogen-microbe
interactions [12, 13]. Therefore, understanding how
soil-borne pathogens like Foc TR4 interact with and
manipulate the rhizosphere microbiome is essential for
developing effective and sustainable strategies to con-
trol Fusarium wilt disease.

Fungal secondary metabolites are increasingly rec-
ognized as key regulators in microbial interactions,
playing diverse roles including protection against envi-
ronmental stresses, regulation of fungal development,
and serving as ecological tools for interspecies com-
petition [14]. Historically, these compounds have been
extensively studied for their significance in both medi-
cine and agriculture. Landmark examples include afla-
toxin, the poison responsible for Turkey X disease in
the 1960 s, and the penicillin, the first broad-spectrum
antibiotic, both of which highlight the dual nature of
secondary metabolites as harmful toxins and therapeu-
tic agents. Secondary metabolites are synthesized from
primary metabolic pathways and include a wide range
of chemical classes, such as polyketides, terpenes,
and non-ribosomal peptides. Unlike primary metabo-
lite genes, which are dispersed throughout the fungal
genome, secondary metabolite biosynthetic genes are
usually organized into contiguous clusters. This clus-
tered arrangement enables coordinated regulation,
allowing fungi to rapidly produce specific secondary
metabolites in response to environmental and ecologi-
cal pressures [14].

Despite extensive research into their pharmacological
properties, the ecological roles of secondary metabo-
lites in native microbial communities remain elusive.
Among these compounds, fungal pigments stand out as
biologically active secondary metabolites with potential
applications in medicine, agriculture, and industry [15].
Pigments such as quinones, flavonoids, melanin, and
azaphilones have been reported to protect fungi from
environmental stresses, including ultraviolet radiation
and oxidative damage [16, 17]. Additionally, many of
these compounds are being explored as natural dyes
and pigments. However, their roles in mediating micro-
bial interactions, particularly within the rhizosphere,
are still largely unexplored.

Bikaverin is a reddish pigment produced by several
Fusarium species. First identified in Fusarium fujikuroi,
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bikaverin is a polyketide metabolite that accumulates
within fungal mycelia and is secreted into the sur-
rounding medium, giving both the fungal colony and its
substrate a characteristic reddish color. This compound
exhibits a broad range of biological activities, includ-
ing anti-protozoal effects against Leishmania brasilien-
sis, antitumoral activity against different cancer cells,
inhibitory effects on rat mitochondria [18], and anti-
microbial activity against several bacterial and fungal
species [19]. Additionally, bikaverin shows efficacy in
controlling plant pathogens, such as tomato late blight
caused by Phytophthora infestans [20], and exhibits
nematicidal activity against the pine wood nematode
Bursaphelenchus xylophilus [21]. Despite these known
bioactivities, the ecological role of bikaverin in Fusar-
ium species, particularly its involvement in interactions
with the rhizosphere microbiome, remains unknown.

Given the critical role of microbial interactions in shap-
ing plant health and disease resistance, understanding
how secondary metabolites like bikaverin influence these
dynamics is essential. Interestingly, many antibiotics,
most of which are secondary metabolites, have long been
recognized as molecular tools for targeting pathogenic
bacteria in humans and animals. However, their broad-
spectrum activity often leads to unintended disruption
of beneficial microbial communities, altering overall
microbiome composition [22]. By analogy, we hypoth-
esize that soil-borne pathogens like Foc TR4 may employ
secondary metabolites to suppress or eliminate beneficial
rhizosphere microbes, thereby weakening microbiome-
mediated defenses and promoting infection.

In this study, we hypothesize that Foc TR4 uses
bikaverin to manipulate the rhizosphere microbiome
by suppressing plant growth-promoting rhizobacte-
ria (PGPRs), which enhances its ability to infect banana
roots. To test this hypothesis, we generated a bikaverin-
deficient mutant strain by knocking out the gene
encoding the key enzyme in the bikaverin biosynthetic
pathway. We then assessed its pathogenicity and exam-
ined its effects on rhizosphere microbiome composition
using 16S rRNA and ITS sequencing. Additionally, we
isolated bikaverin-resistant strains to explore their poten-
tial as biocontrol agents against Fusarium wilt disease.
Our findings reveal a novel ecological role for bikaverin
in microbial community manipulation and provide a
foundation for future microbiome engineering strategies
aimed at banana wilt disease management.

Materials and methods

Fungal strains and culture conditions

Foc TR4 (isolate B2) was previously isolated and is main-
tained in our laboratory [23]. The Foc TR4 strains were
cultivated on potato dextrose agar (PDA) medium or
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complete/minimal medium agar plates at 28 °C for 5-7
days. For liquid cultures, the strains were grown under
shaking conditions at 28 °C and 160 rpm for 1-3 days.

Construction of gene knockout, complementation,

and green fluorescent protein (GFP) expression mutant
strains

The Foc TR4 mutant strains were constructed follow-
ing previously established procedures [23, 24]. Briefly,
the key gene FocBikl, responsible for bikaverin biosyn-
thesis, was knocked out using a homologous recombi-
nation strategy, as illustrated in Fig. Sla. The upstream
and downstream flanking regions of FocBik1 were ampli-
fied, ligated with the Hygromycin phosphotransferase
gene (HPT) truncated sequences, and subsequently used
to replace the FocBikl coding sequence. Recombinant
fragments comprising the truncated FocBikl sequence,
its native promoter, and the Neomycin phosphotrans-
ferase gene (NPTII) were assembled. These fragments
were subsequently used to replace the HPT sequence in
the knockout mutant (Fig. S1c). To generate GFP-tagged
strains, a GFP expression plasmid was utilized [24]. After
that, the linearized DNA fragments were introduced into
Foc TR4 protoplasts according to previous procedures
[24]. Transformants were selected using 100 mg mL™!
G418 or 300 mg mL~" Hygromycin B (Sigma-Aldrich, St
Louis, MO, USA).

Gene knockout mutants were validated by two rounds
of PCR analysis to confirm the correct integration of the
recombinant fragments into the FocBikI locus. The first
round used primer pairs flanking the homologous arms
(Bik1-JC5 F/HPH-JC3R, HPH-JC5 F/Bik1-JC3R), the sec-
ond round used primers of FocBikI nucleotide sequence
(Bik1-OF/Bik1-OR). Complementation strains were ana-
lyzed by PCR amplification of the FocBikl nucleotide
sequence. The verified transformants were purified via
single-conidial isolation by spreading the conidial sus-
pension onto Malt Extract Agar medium (MEA) supple-
mented with G418 or G418/Hygromycin. Single-conidial
isolates were further confirmed through PCR analysis.
The gene knockout mutant was named AFocBikl1, and the
complementation mutant was named as Res-AFocBikl.
All primers used for gene amplification and validation are
listed in Table S1.

Inoculation of banana plantlets and pathogenicity assay

Banana plantlets (Musa acuminata L. AAA group, “Bra-
zilian”) at five-leaf stage and approximately 90 days old
were obtained from the Tissue Culture Center of Chi-
nese Academy of Tropical Agricultural Sciences. The
plantlets were maintained under greenhouse conditions
following our previously established protocol [23]. For
banana inoculation, each banana plantlet was irrigated
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with 50 mL of conidial suspension in ddH,O at concen-
tration of 2x 10° conidia mL™!, making the final con-
centration of approximately 10° conidia per gram of soil.
After a 5-week incubation period, the disease index was
calculated based on the extent of pseudostem brown-
ing, as described in earlier studies [24]. Each treatment
group consisted of 20 banana plantlets, with plantlets
inoculated with ddH,O serving as control. All plantlets
were randomly assigned to treatment groups to minimize
positional and handling bias. The experiment was per-
formed in duplicate to ensure reproducibility.

Extraction and HPLC-MS analysis of bikaverin
Bikaverin was recovered from Foc TR4 cultures using
liquid minimal medium supplemented with yeast extract
as the nitrogen source (pH 4.0). Cultures were incubated
under shaking conditions at 28 °C and 160 rpm for 3
days. Following cultivation, mycelium was removed by
filtration, and conidia were separated via centrifugation
at 6000 rpm for 10 min. The resulting filtrate was further
clarified by passing it through a 0.45-pm cellulose acetate
membrane filter. The resulting supernatant was subjected
to bikaverin extraction using ethyl acetate at a 3:1 ratio
(50-mL ethyl acetate per 150-mL supernatant) [25]. The
mixture was vortexed rigorously and allowed to stand for
phase separation. The ethyl acetate layer was collected
and freeze-dried to yield a reddish crude bikaverin prod-
uct. The crude bikaverin was dissolved in DMSO, and
its concentration was determined using a BioTek Syn-
ergy H1 microplate reader by measuring absorbance at
500 nm [26]. Quantification was based on a calibration
curve (Abs500 =0.0006 x [bikaverin, pg mL™*] +0.0447,
R*=0.9999). The bikaverin solution was then adjusted to
a final concentration of 1250 pg mL™" to prepare a stock
solution, which was stored at —80 °C until further used.
For high-performance liquid chromatography-mass
spectrometry (HPLC-MS) analysis, the crude product
from 100 mL of supernatant was dissolved in 1 mL of 80%
methanol containing 0.1% formic acid, and the pH was
adjusted to 5.8 using additional formic acid. The result-
ing solution was syringe-filtered and used for further
analysis. HPLC-MS/MS analysis was carried out on an
AB SCIEX Triple Quad 5500 + system platform equipped
with Analyst software (Version 1.7.1) and an electrospray
ionization (ESI) source. Chromatographic separation fol-
lowed a binary gradient on an AB SCIEX ExionLC sys-
tem as described previously [27]. The separation was
performed on an AB SCIEX ExionLC system coupled
with a Venusil MP C18 column (Agela, VA931002 -0).
The flow rate was maintained at 300 uL min~. The mass
spectrometer operated in positive ion mode. Key MS set-
tings included an ion spray voltage of 5.5 kV, a desolva-
tion temperature of 500 °C, a declustering potential (DP)
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of 50, and a collision energy (CE) of 45. The mass spec-
trometric fragmentation ions of m/z 340.2 [(MtTH)*-
C,H;0] and m/z 270.3 [(M*H)*-C;H,0,], along with
a retention time of 13.48 min, were used for the confir-
mation of bikaverin. The relative content of bikaverin
was quantified using peak area ratios, as calculated with
SCIEX OS 2.1.6 software.

Vegetative growth, conidiation assay, and stress tolerance
The vegetative growth of Foc TR4 strains was evaluated
by culturing them on complete and minimal media, fol-
lowed by measurement of colony diameter. Conidiation
capacity was assessed by culturing the strains in liquid
medium and quantifying conidial production. Stress tol-
erance was examined by exposing the strains to various
chemical stressors to simulate environmental challenges.
The treatments included 0.7 mol L™ sodium chloride
(NaCl) for osmotic stress, 1 mol L™ sorbitol for hyper-
osmotic stress, 30 mmol L™ hydrogen peroxide (H,O,)
for oxidative stress, 10 mmol L™! dithiothreitol (DTT)
for redox imbalance, 0.25 mg L™! Congo red for cell wall
integrity stress, and 0.1 pg L™ sodium dodecyl sulfate
(SDS) for membrane stress. Each treatment was per-
formed in triplicate, and all experiments were indepen-
dently repeated twice for reproducibility. Conidiation
capacity was also evaluated.

Microscopic analysis of Foc TR4 infection in banana roots
To investigate the infection and colonization of Foc TR4
strains in banana root vascular, tissue-cultured banana
seedlings were employed. The roots of the seedlings were
inoculated by immersing them in a conidial suspension
at a concentration of 10° conidia mL™ for 30 min. Fol-
lowing inoculation, the seedlings were transferred to 1/2
Murashige and Skoog (MS) medium and cultured for 1
week under controlled conditions. After the incuba-
tion period, the roots were rinsed thoroughly with ster-
ile water and carefully sliced into sections approximately
0.5-1 mm in thickness. The sections were stained with
propidium iodide (PI) for 10 min to enhance visualization
of cellular structures. Stained root sections were then
observed under a Leica DM6000 microscope, and images
were captured for further analysis. Microscopic images
were analyzed using Image] software (http://rsbweb.nih.
gov/ij/, v. 1.47 g).

RT-gPCR analysis

To investigate gene expression responses to pH condi-
tions, Foc TR4 strains were cultured in liquid minimal
medium at pH of 4.0, 7.0, and 9.0, respectively. After 2
days of incubation, mycelia were harvested for RNA
isolation, with the mycelia cultured at pH 4.0 serving as
the reference sample. For dual-culture experiments, Foc


http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/

Lu et al. Microbiome (2025) 13:107

TR4 strains were co-cultured with other microbes on
minimal medium agar plates for 5 days. Mycelia from
the contact edge of the colonies were collected for RNA
isolation, and mycelia from Foc TR4 WT strains cultured
alone were used as the reference sample. The total RNA
isolation, first-strand cDNA synthesis, and qPCR analy-
sis were carried out as described previously [28]. Total
RNA was extracted using the RNAprep Pure Plant Plus
Kit (TTANGEN Biotech, Beijing, China), and first-strand
c¢DNA was synthesized with FastKing gDNA Dispel-
ling RT SuperMix (TIANGEN Biotech, Beijing, China).
Quantitative PCR (qPCR) analysis was performed using
ChamQ SYBR Color qPCR Master Mix (Vazyme, Nan-
jing, China) on a QuantStudio 6 system (Thermo Fisher,
Waltham, MA, USA). The relative transcript levels of tar-
get genes were calculated using the 2722t method [29],
with FocActin serving as the endogenous control [23].
Each reaction involved three biological replicates.

Bikaverin’s inhibitory effect assay

To evaluate the inhibitory effects of bikaverin on vari-
ous microbes, crude bikaverin extract prepared as
described above was utilized for treatment assays.
For bacterial growth assay, two bacterial strains iso-
lated from soil, Bacillus velezensis and Actinomycetes
strain DMS16689, were used to assess bikaverin’s anti-
bacterial activity. The bacteria were cultured in liquid
Luria—Bertani (LB) medium supplemented with crude
extracts from both Foc TR4 WT and bikaverin-deficient
mutant (AFocBikl) strains. Bacterial growth was moni-
tored over time by measuring optical density at 600 nm
(OD600), and growth curves were generated to analyze
the effects of bikaverin. To assess the antifungal activity
of bikaverin, two plant fungal pathogens, Colletotrichum
gloeosporioides and Botrytis cinerea, were employed.
Crude bikaverin extract was incorporated into PDA
medium. The colony growth of the fungal pathogens was
recorded and analyzed to determine the inhibitory effects
of bikaverin on fungal growth.

Pathogenicity assay under sterile conditions

To eliminate the influence of the natural microbiome,
the pathogenicity of Foc TR4 WT and AFocBikl strains
was evaluated under sterile conditions using tissue-cul-
tured banana seedlings. Roots of the banana seedlings
were gently rinsed with sterile water to remove surface
contaminants. The seedlings were then immersed in a
conidia suspension (10° conidia mL™!) from either WT
or AFocBikl strains for 30 min. Control seedlings were
treated with sterile distilled water (ddH,O). Following
inoculation, a group of seedlings was transferred into
individual sterile jars containing fresh 1/2 MS medium.
Then the seedlings were cultured at 25 °C under a 16-h
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light/8-h dark photoperiod. After 3 weeks, the disease
symptoms of the seedlings were recorded. At the same
time, the other group of inoculated seedlings was trans-
planted into sterile pots containing autoclaved soil. The
pots were maintained in greenhouse environment. After
4 weeks, disease symptoms of the seedlings were evalu-
ated based on visible leaf yellowing.

Rhizosphere soil sampling

Natural soil was collected from a healthy banana plan-
tation field and mixed with autoclaved nutrient soil at
a 1:1 ratio to serve as the growth medium for banana
seedlings. Banana seedlings at the five-leaf stage were
transplanted into pots containing this soil mixture and
cultured for 2 weeks to establish root systems. After 2
weeks, the soil was inoculated with Foc TR4 conidia
suspension. To prevent rapid fungal growth, the conidia
suspension concentration was adjusted to 2 x 10% conidia
mL~L. Each seedling received 50 mL of the conidia sus-
pension, resulting in a final concentration of approxi-
mately 10% conidia per gram of soil. Control samples were
treated with ddH,O under identical conditions and were
included in all experimental setups to ensure consistent
baseline comparisons. After 3 weeks of incubation, rhizo-
sphere soil was collected following previously described
methods [4, 30]. Briefly, fresh roots of three healthy
plants per plot were pooled into a composite rhizosphere
soil sample. After loose soil was slightly shaken off the
root surface, the composite root sample were washed
with sterile saline solution to remove tightly adhering
soil particles. The saline solution containing soil particles
was centrifuged at 6000 X g for 6 min, and the resulting
precipitate was collected. After that, the rhizosphere soil
samples were stored at —80 °C for further DNA extrac-
tion. A total of six rhizosphere soils were prepared for
each treatment.

DNA extraction and amplification sequencing

Total DNA was extracted from collected rhizosphere soil
samples using the HiPure Soil DNA Kit (Magen, Guang-
zhou, China) following the manufacturer’s instructions.
Amplification and sequencing were performed by Gene
Denovo Biotechnology (Guangzhou, China). The 16S
rDNA region of the ribosomal RNA (rRNA) gene for bac-
teria and the ITS sequence for fungi were amplified using
primers listed in Table S1. PCR products were evaluated
on 2% agarose gels, and amplicons were purified using
AMPure XP Beads (Beckman, CA, USA) as per the man-
ufacturer’s protocol. Libraries were prepared using the
[lumina DNA Prep Kit (Illumina, CA, USA) and assessed
for quality using an ABI StepOnePlus Real-Time PCR
System (Life Technologies, Foster City, USA). Paired-end
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sequencing (2 X 250 bp reads) was performed on the Illu-
mina Novaseq 6000 platform.

The raw reads obtained were processed and filtered
using FASTP (version 0.18.0) [31]. Paired reads were
subsequently merged into raw tags using FLASH (ver-
sion 1.2.11) [32]. Sequences with >97% similarity were
clustered into operational taxonomic units (OTUs)
using the UPARSE pipeline (version 9.2.64) [33], while
chimeric sequences were identified and removed with
the UCHIME algorithm [34]. The tag sequence with the
highest abundance within each OTU cluster was selected
as the representative sequence for further analysis. Raw
sequences were analyzed using QIIME 2 on the CentOS
7.6 environment [35]. Taxonomic classifications of OTUs
were assigned using the SILVA database (version 138)
for bacterial sequences and the UNITE database (ver-
sion 7.2) for fungal sequences. Additionally, representa-
tive OTU or amplicon sequence variant (ASV) sequences
were classified into taxa using the naive Bayesian model
implemented in the RDP Classifier (version 2.2) [36],
with a confidence threshold of 0.8. Alpha diversity anal-
ysis was calculated in QIIME (version 1.9.1) [37]. Beta
diversity metrics were computed and visualized using the
Vegan package in R [38]. Principal coordinates analysis
(PCoA) was employed to assess differences in microbial
community composition. Group comparisons were con-
ducted using Tukey’s HSD test and the Kruskal-Wallis
H test, implemented in the Vegan package in R (version
2.5.3). Statistical significance was set at P< 0.05.

Isolation of bikaverin resistant bacteria

To isolate bikaverin-resistant bacteria, rhizosphere soil
samples were collected from banana plants grown in a
Foc TR4-inoculated plots. Approximately 1 g of rhizo-
sphere soil was suspended in 10 mL of sterile saline,
vortexed for 10 min, and then serially diluted to 107° in
sterile saline. LB agar plates were prepared with increas-
ing concentrations of crude bikaverin extract at 5%o,

(See figure on next page.)
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10%o, 25%o, and 50%o, corresponding to final concentra-
tions of 6.25, 12.5, 31.25, and 62.5 pg mL™?, respectively,
to systematically narrow the selection range for resistant
bacteria. A 100 pL aliquot from each dilution was spread
onto the agar plates and incubated at 28 °C for 48-72 h.
Colonies capable of growing on bikaverin-supplemented
plates were considered potential bikaverin-resistant iso-
lates. After completing four rounds of selection, the
resistance of the isolated strains to bikaverin was further
validated by culturing them in liquid LB medium supple-
mented with bikaverin at 5%0 and 10%o. Bacterial growth
dynamics were monitored by measuring the OD600
every 3 h for a 24-h period.

To assess their potential as biocontrol agents, the anti-
fungal activity of the bikaverin-resistant bacteria was
tested against Foc TR4. Antagonistic assays were per-
formed on potato dextrose agar (PDA) plates using the
dual-culture method. A bacterial suspension (5 puL) was
dropped 3 cm away from fungal colonies, and the plates
were incubated at 28 °C for 5 days. Growth inhibition
zones around the bacterial colonies were measured to
evaluate their antagonistic effect on Foc TR4.

Statistical analyses

All experiments were conducted with at least three bio-
logical replicates, and the data were expressed as mean
+standard deviation (SD). Statistical analyses were per-
formed using R software (version 4.2.2) and SPSS Sta-
tistics (version 27.0, IBM, USA) as mentioned above.
Statistical significance was set at P< 0.05.

Results

Bikaverin is not required for vegetative growth but plays
arole in pathogenicity of Foc TR4

The genome analysis of Foc TR4 revealed a con-
served gene cluster responsible for bikaverin bio-
synthesis (Fig. 1la). This cluster comprises six genes:
FocBikl (FOIG_14908), encoding a typical type I

Fig. 1 Role of bikaverin in the vegetative growth and pathogenicity of Fusarium oxysporum f. sp. cubense TR4 (Foc TR4). a Schematic representation
of the bikaverin biosynthetic gene cluster in the wild-type (WT) and the FocBik1 knockout mutant (AFocBik1). FocBik1, encoding a polyketide
synthase, was replaced with a neomycin phosphotransferase Il (NPTII) cassette in AFocBik1. b Quantification of bikaverin production in WT,
AFocBik1, and uninoculated control cultures by LC-MS. Bars represent mean peak areas of bikaverin-specific ions. AFocBik1 exhibits no detectable
bikaverin production. Data are presented as mean = standard deviations. ¢ Colony morphology of WT, AFocBik1, and complemented strain
(Res-AFocBik1) on complete medium (CM), minimal medium (MM), and under various abiotic stress conditions. d Colony diameter of WT, AFocBik1,
and Res-AFocBik1 after 7 days of growth on CM and MM. e Quantification of conidiation of WT, AFocBik1, and Res-AFocBikT cultured in liquid
complete medium. f Growth inhibition of WT, AFocBik1, and Res-AFocBik1 under abiotic stress conditions. Data are presented as mean + standard
deviations. Letters indicate statistical significance determined by one-way ANOVA with Duncan’s multiple range test (P< 0.05). g Disease symptom
and index of banana plantlets inoculated with WT, AFocBikT, and Res-AFocBik1. Representative images of pseudo-stem browning are shown,

with the corresponding disease index distribution across plantlets. h Infection and colonization of banana roots by GFP-tagged strains of WT

and AFocBikT visualized after 7 days of inoculation. Bright-field (BF), GFP fluorescence, propidium iodide (Pl) staining, and merged images are

presented. Arrows indicate vascular colonization by WT
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fungal polyketide synthase (PKS); FocBik2 (FOIG_14907),
encoding a putative FAD-dependent monooxyge-
nase; FocBik3 (FOIG_14906), encoding an O-meth-
yltransferase; FocBik4 (FOIG_14905), encoding a
transcription factor enhancer; FocBik5 (FOIG_14904),
encoding a transcription factor regulating cluster expres-
sion; and FocBik6 (FOIG_14903), encoding a bikaverin
efflux pump. Among these, FocBikl catalyzes the initial
and rate-limiting step of bikaverin production, convert-
ing precursors into prebikaverin.

To elucidate the biological roles of bikaverin, a FocBikl
knockout mutant (AFocBik1) was generated via a homol-
ogous recombination strategy (Fig. S1a, b). The comple-
mentation strain was constructed by introducing the
expression cassette into the genome of the knockout
mutant (Fig. S1c, d). When cultured on minimal medium
agar supplemented with yeast extract as a nitrogen
source, the Foc TR4 wild-type strain (WT) displayed a
pale reddish pigmentation, whereas the AFocBikl strain
exhibited a complete absence of red pigmentation (Fig.
Sle). To quantify bikaverin production, Foc TR4 strains
were cultured in liquid minimal medium for 2 days, after
which mycelia were collected and intracellular bikaverin
levels measured via LC—MS. The results indicated that
AFocBikl produced negligible amounts of bikaverin
(Fig. 1b; Fig. S2). These findings confirm that the dele-
tion of FocBikl effectively abolishes bikaverin produc-
tion in Foc TR4. Thus, the AFocBik1 strain was used as a
bikaverin-deficient mutant for subsequent studies.

The effects of bikaverin on vegetative growth, conidi-
ation, and abiotic stress tolerance were subsequently
investigated. The results revealed that bikaverin defi-
ciency did not impact vegetative growth but slightly
reduced the conidiation of Foc TR4 (Fig. 1c—e). Addi-
tionally, bikaverin had an overall minimal effect on abi-
otic stress tolerance, although AFocBik1 exhibited slightly
increased sensitivity under osmotic (sorbitol), oxida-
tive (H,0O,), and cell wall (Congo red) stress conditions
(Fig. 1c, f). These findings suggest that bikaverin is not
essential for vegetative growth or stress tolerance in Foc
TR4.

To assess the role of bikaverin in pathogenicity, conid-
ial suspensions of the mutant strains were inoculated
into banana plantlet roots. After 4 weeks, pseudo-stem
browning was scored to determine the disease index.
The results (Fig. 1g) showed that the WT strain caused
disease in 40% of plantlets at index 1 and 20% at index
2, 3, and 4, respectively, resulting in an average disease
index of 2.2. In contrast, 60% of plantlets inoculated
with AFocBikl displayed no disease symptoms, while the
remaining plantlets were limited to index 1, with no dis-
ease scores exceeding index 2. And the average disease
index for AFocBikI-treated plantlets was only 0.6.
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To assess whether bikaverin is required for infection
and colonization of plant roots, GFP-tagged strains were
used to infect banana tissue culture seedlings. After 7
days of inoculation, microscopic examination of root
sections showed that both the W'T and AFocBikl strains
successfully infected and colonized the vascular bundles
(Fig. 1h). These results suggest that while bikaverin con-
tributes to the overall pathogenicity of Foc TR4, it is not
essential for root infection.

Bikaverin production is induced by acidic conditions
and biological competition
To determine whether bikaverin production is influenced
by environmental pH, Foc TR4 strains were cultured in
minimal medium supplemented with yeast extract (YE)
as a nitrogen source at varying pH levels. The results
revealed that at pH 4, the WT strain produced abundant
bikaverin, evident from the reddish coloration of the cul-
ture broth. In contrast, when cultured at pH 7 and pH 9,
bikaverin production was markedly reduced, as indicated
by the absence of red pigmentation in the broth (Fig. 2a).
These findings suggest that acidic conditions can induce
bikaverin production. Additionally, in contrast to the
organic nitrogen source YE, the inorganic nitrogen
source NaNO; failed to induce bikaverin biosynthesis. To
investigate whether the increased bikaverin production
under acidic conditions was due to the induction of bio-
synthetic genes, the relative expression levels of FocBikl
were analyzed. The results corroborated the observed
bikaverin production patterns: cultures grown in YE at
pH 4 exhibited significantly elevated transcription of
FocBikl, with about sevenfold up-regulation; while neu-
tral, alkaline conditions (pH 7 and pH 9) or NaNO; as a
nitrogen source did not induce gene expression (Fig. 2b).
To explore whether competition with other microbes
could induce bikaverin production, three common plant
and soil microorganisms, B. cinerea, B. velezensis, and
Actinomycetes strain DMS16689, were co-cultured with
Foc TR4 in dual culture assays. The results demonstrated
that dual culture with B. cinerea led to visible reddish
pigmentation at the contact margin between the two col-
onies (Fig. 2¢); In contrast, co-culture with the bacteria B.
velezensis or Actinomycetes resulted in slight red pigment
production across the entire Foc TR4 colony. To validate
the induction of bikaverin biosynthetic genes during
microbial competition, the colony margins were collected
and analyzed via RT-qPCR. The results revealed that
the relative expression level of FocBikl was significantly
upregulated under all competitive conditions (Fig. 2d).
Taken together, these findings suggest that, in addition
to organic nitrogen sources and acidic environmental
conditions, biological competition also serves as a key
inducer of bikaverin production.
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Fig. 2 Environmental and biological factors induce bikaverin production in Fusarium oxysporum f. sp. cubense TR4 (Foc TR4). a Bikaverin production
by wild-type (WT) and FocBik1 knockout mutant (AfocBikT) strains cultured in minimal medium with yeast extract (YE) or sodium nitrate (NaNOs)
as the nitrogen source under different pH conditions (pH 4, pH 7, and pH 9). b Relative expression levels of FocBik1 in WT strains grown in YE

or NaNOjs at pH 4, 7, and 9. The mycelium cultured at pH 7 was used as the reference samples. Data are presented as mean +standard deviations.
Letters indicate statistical significance determined by one-way ANOVA with Duncan’s multiple range test (P< 0.05). ¢ Dual culture assays of WT

and AFocBik1 strains with Botrytis cinerea, Bacillus velezensis, and Actinomycetes strain DMS16689. d Relative expression levels of FocBik1 in WT strains
during dual culture with B. cinerea, B. velezensis, and Actinomycetes. Data are presented as mean + standard deviations. Letters indicate statistical
significance determined by one-way ANOVA with Duncan’s multiple range test (P < 0.05)

Bikaverin acts as an antimicrobial agent against soil
bacteria and fungi

Since microbial competition was observed to induce the
production of bikaverin, we hypothesized that bikaverin
might function as an “antibiotic” by inhibiting the growth
of competing microbes. To validate this hypothesis, we
tested the sensitivity of two bacterial species (B. velezen-
sis and Actinomycetes strain DMS16689) and two fungal
pathogens (C. gloeosporioides and B. cinerea) to extracts
derived from Foc TR4 culture broth. Bikaverin was firstly
extracted from the Foc TR4 broth using ethyl acetate, air-
dried, and dissolved in DMSO (Fig. 3a).

The inhibitory effects of the extracts on microbial
growth were subsequently assessed by measuring
growth curves for the bacteria and colony diameters for
the fungi. For B. velezensis, the results demonstrated a
dose-dependent inhibitory effect: 1% WT extract (cor-
responding to 1.25 pug mL™! bikaverin) reduced bacte-
rial growth, while 2% WT extract (corresponding to

2.5 pg mL™! bikaverin) completely inhibited growth
(Fig. 3b, c). For Actinomycetes, the 2% WT extract
was lethal to bacterial growth, while the 1% WT
extract showed mild inhibitory effects. In contrast,
the AFocBikl extract exhibited no impact on bacterial
growth, suggesting that the inhibitory effect is specifi-
cally mediated by bikaverin. These findings indicate
that bikaverin exerts potent antimicrobial activity, with
varying degrees of efficacy depending on the concen-
tration and target species. For the fungal pathogens, C.
gloeosporioides showed no significant growth inhibition
under either the WT or AFocBikl extract treatments.
However, the 2%0 WT extract effectively repressed the
growth of B. cinerea, suggesting that bikaverin selec-
tively targets certain fungal species (Fig. 3d, e). Impor-
tantly, neither the WT nor AFocBikl extracts impacted
the growth of Foc TR4 itself, indicating that bikaverin
does not exhibit self-toxicity under these experimental
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Fig. 3 Antimicrobial activity of bikaverin extracted from Fusarium oxysporum f. sp. cubense TR4 (Foc TR4). a Schematic representation of bikaverin
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conditions. Taken together, these findings demonstrate
that bikaverin functions as an effective antimicrobial
agent, capable of suppressing the growth of certain
bacteria and fungi during microbial competition, high-
lighting bikaverin’s potential ecological role as a com-
petitive advantage for Foc TR4 in soil environments.

Bikaverin indirectly regulates the pathogenicity of Foc TR4
To evaluate whether bikaverin directly regulate path-
ogenicity of Foc TR4, a series of experiments were
conducted under controlled conditions without natu-
ral microbiome interference. Tissue culture banana
seedlings were inoculated with WT or AFocBiklI, and
pathogenicity was evaluated under both sterile and
autoclaved soil conditions (Fig. 4a). In the first experi-
mental setup, inoculated seedlings were transferred
to a sterile growth medium, creating an environment

devoid of external microbial influences. Disease pro-
gression was assessed over several weeks. The results
demonstrated no significant difference in plant dis-
ease symptoms, suggesting that bikaverin does not
directly contribute to the pathogenicity of Foc TR4 in
the absence of microbial interactions (Fig. 4b). In the
second setup, inoculated seedlings were transplanted
into autoclaved soil, where limited interactions with
the native microbiome could occur. Consistent with
the results observed in sterile medium, there were no
significant differences in disease severity between W'T
and AFocBikl-treated plants (Fig. 4c). Both strains
exhibited comparable levels of disease severity, further
supporting the conclusion that bikaverin is not directly
involved in Foc TR4’s pathogenicity when microbial
competition is excluded.
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Fig. 4 Bikaverin does not directly regulate the pathogenicity of Foc TR4 under sterile conditions. a Experimental design for evaluating

the pathogenicity of wild-type (WT) and bikaverin-deficient mutant (AFocBik1) strains in tissue-cultured banana seedlings. Seedlings were
inoculated with conidial suspensions of WT or AFocBik1 and grown either in sterile Murashige and Skoog (MS) medium or autoclaved soil. b Disease
symptoms of banana seedlings grown in sterile MS medium. ¢ Disease symptoms of banana seedlings grown in autoclaved soil

Impact of bikaverin on rhizosphere microbiome
composition

To investigate the role of bikaverin in shaping rhizo-
sphere microbial communities, Banana plants were
treated with Foc TR4 WT and AFocBikl strains,
respectively, and left uninoculated as a control (CK).
16S rRNA sequencing was employed to profile bac-
terial communities, and ITS sequencing was used

to characterize fungal communities. For 16S rRNA
sequencing, we obtained an average of 100,216, 98,578,
and 101,631 effective tags for CK, WT, and AFocBikl
samples, respectively. For ITS sequencing, the corre-
sponding averages were 121,772, 119,829, and 122,867
tags. Rarefaction curve analysis (Fig. S3) showed
that all samples reached a plateau, indicating that the
sequencing depth was sufficient to capture the majority
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of microbial diversity in both bacterial and fungal
communities.

For bacterial community, principal coordinate analysis
(PCoA) revealed distinct clustering of rhizosphere micro-
bial communities among the three treatments, indicating
that WT and AFocBikl significantly altered the micro-
biome composition compared to CK. PCol and PCo2
explained 42.28% and 7.71% of the variance, respectively,
demonstrating that the WT strain had a stronger impact
on microbiome structure than the bikaverin-deficient
mutant (Fig. 5a). Alpha diversity metrics further high-
lighted the effect of bikaverin on microbial communi-
ties. The WT-inoculated rhizosphere exhibited slightly
higher ACE and Shannon diversity indices compared to
CK and AFocBiklI treatments (Fig. 5b). This indicates that
WT treatment enhances rhizosphere microbial diversity,
whereas the absence of bikaverin production in AFocBikl
limits its influence on community structure. Taxonomic
profiling revealed substantial shifts in microbial composi-
tion at the phylum, family, and genus levels (Table S2-4).
At the phylum level, WT treatment caused a significant
reduction in Firmicutes compared to CK, while AFocBikI
increased the relative abundance of Firmicutes. Both WT
and AFocBikl treatments increased the relative abun-
dance of Bacteroidota and Acidobacteriota compared to
CK (Fig. 5c). At the genus level, WT treatment signifi-
cantly reduced the abundance of Bacillus and Paeniba-
cillus, well-known PGPRs, while increasing the relative
abundance of genera such as Bryobacter, Bauldia, SM1
AO02P, and other unclassified taxa. In contrast, AFocBik1-
treated rhizospheres exhibited an increase in Bacillus
abundance, with Paenibacillus showing a slight decrease
compared to CK (Fig. 5c). These results suggested that
Bacillus, one of the most abundant genera in rhizosphere
microbial communities, is a primary target of bikaverin.

ITS sequencing revealed that fungal communities in
the rhizosphere were also significantly affected by WT
and AFocBikl treatments (Table S5-7). PCoA demon-
strated distinct clustering of fungal communities among
the three treatments, with WT and AFocBikl exert-
ing different effects on fungal composition compared to
CK. PCol and PCo2 explained 59.16% and 31.53% of the
variance, respectively (Fig. 5d). Alpha diversity metrics
further highlighted the influence of bikaverin on fungal
communities. The ACE index was significantly higher in
AFocBikl-treated samples compared to CK, suggesting
an increase in fungal species richness. Meanwhile, the
Shannon diversity index was significantly higher in WT-
treated samples, indicating that WT treatment enhanced
fungal diversity to a greater extent than AFocBikl
(Fig. 5e). Taxonomic profiling at the family level revealed
that both WT and AFocBikl treatments decreased the
relative abundance of Entolomataceae, Helotiaceae, and
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Chaetomiaceae. Conversely, both treatments increased
the relative abundance of Wallemiaceae, with AFocBikl
showing a more pronounced effect than WT. At the
genus level, both treatments increased the abundance of
Wallemia and Fusarium, but the W'T treatment resulted
in significantly higher Fusarium abundance compared to
AFocBikl (Fig. 5f). This suggests that bikaverin enhances
the colonization potential of Fusarium in the rhizos-
phere, which may be a key strategy for further Foc TR4
pathogenicity.

Overall, these findings demonstrate that bikaverin
plays a critical role in reshaping the rhizosphere micro-
biome by modulating both bacterial and fungal commu-
nities. By selectively suppressing PGPRs such as Bacillus
and modulating fungal taxa Fusarium, bikaverin acts as a
molecular weapon for Foc TR4, enabling it to manipulate
rhizosphere microbial dynamics in its favor during colo-
nization and infection.

Isolation of bikaverin resistant bacteria with biological
control potential

Building on the above findings, we hypothesized that
isolating or engineering bikaverin-resistant microbes,
particularly bacteria, could provide potential biologi-
cal control agents for combating banana wilt disease. To
test this hypothesis, rhizosphere bacteria were isolated
from banana seedlings inoculated with the Foc TR4 WT
strain for 3 weeks. The isolation process employed agar
medium supplemented with Foc TR4 extracts as a selec-
tive pressure. After 4 rounds of isolation, during which
the concentration of the Foc TR4 extract was incremen-
tally increased, seven strains exhibiting high resistance to
bikaverin were identified (Fig. S4). The bikaverin resist-
ance of these isolates was further analyzed in liquid cul-
ture. Three bikaverin-sensitive strains were selected as
negative controls. The results (Fig. 6a) demonstrated that
10%0 WT extract effectively suppressed the growth of
most bacteria. In contrast, the AFocBik1 extract had min-
imal impact on bacterial growth, except for strain R91,
which exhibited growth inhibition during the early cul-
ture stages. Among the resistant strains, R131, R158, and
R160 displayed the highest resistance to bikaverin, with
R160 demonstrating exceptional recovery, as its growth
resumed within 9 h of culture.

To evaluate the biological control potential of these
isolates, their ability to inhibit Foc TR4 was assessed
in vitro. B. velezensis, known for its high biological con-
trol efficacy in vitro based on previous studies, was used
as a positive control. Comparison of colony area reduc-
tion revealed that four strains, R128, R131, and R160,
exhibited high control effects, reducing the Foc TR4 col-
ony area by over 50% (Fig. 6b, c).



Lu et al. Microbiome (2025) 13:107 Page 13 of 19
a b Control
02 8.5 X
. 2,400 a a L a WT
S 5 T o § 8.0 ] AFocBik1
:t, 0 i .§ 2,200 % £ 5
s s § s 2
g ] 5 £
S S 20004 o . % vol ° Dis
-0.2 o E
1,800 T3 s
025 025 05 075 T T T " ' '
PCo1(42.28%)
c Phylum
100+ == = I Unclassified I Unclassified
— N T ® Other _ 0 Other
g 804 ] W Verrucomicrobiota 2 W IS-44
8 " Bdellovibrionota 3 © SM1A02
5 W Planctomycetota S W Pseudomonas
T 60+ Actinobacteriota g Acidibacter
é " Myxococcota g " Bryobacter
o 404 Chloroflexi Q0 Bauldia
% Bacteroidota 5 Ramlibacter
E W Acidobacteriota g W SwB02
20+ W Firmicutes M Paenibacillus
W Proteobacteria W Bacillus
0
CK  WT AFocBik1 CK WT AFocBik1
d e 0
s Control
5.0 a e
40 750 a WT
b x e )
s B o b % % £ . [1) AFocBik1
& 20 : o~ I8 = ab
& w Q & 2 o® °
g Q 0] o ° S 404
o 0 ) & b
& 1355 B Nk e o
< 6001 1 I
-20
o 5 o T T T T T T
PC1(59.16%)
f Family Genus
100+ 100+
- - 0 Unclassified ! - 0 Unclassified
—_ " Other —_ " Other
§ 801 pn % W Cephalothecaceae = 80 — E W Phialemonium
e " Pluteaceae § " Pluteus
] ; S )
2 60 W Nectriaceae 2 60 W Fusarium
5 Thermoascaceae 5 Zopfiella
% ' Chaetomiaceae ﬁ 1 Byssochlamys
_g 40 Trichocomaceae _g 404 Thermomyces
© Microascaceae © Pseudallescheria
& - W Helotiaceae & o W Scytalidium
7| W Entolomataceae W Clitopilus
1 Wallemiaceae " Wallemia
0 04

CK

WT AFocBik1

CK

WT AFocBik1

Fig. 5 Bikaverin reshapes the bacterial and fungal communities in the rhizosphere of banana plants. a Principal coordinate analysis (PCoA)
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Fig. 6 Isolation and characterization of bikaverin-resistant bacteria with biological control potential. a Growth curves of bacterial isolates, 564,
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TR4, it exhibited relatively high sensitivity to bikaverin,
limiting its utility as a robust candidate. In addition, to
investigate whether strain R160 could raise the pH of
the medium and thereby create a hostile environment
for bikaverin production, we incubated the strain for
2 days and monitored pH changes. The results (Fig. S5)
showed that R160 actually lowered the pH of the medium
rather than increasing it, suggesting that its effective-
ness appears to stem from resistance to bikaverin. These
results suggest that R160 support R160 as a promising
biocontrol agent against Foc TR4, combining high patho-
gen suppression efficacy with bikaverin resistance.

R160 identified as a bacillus strain with broad spectrum
biological control potential

To identify strain R160, 16S rRNA DNA was amplified
and sequenced. The results confirmed that R160 belongs
to the Bacillus genus (Fig. S6a). To further resolve its
species, the housekeeping gene gyrA was amplified and
sequenced. However, the sequence did not match any
known strain with 100% identity in the NCBI database
(Fig. S6b). As a result, the strain was designated Bacillus
BR160. To evaluate the biological potential of Bacillus
BR160, its inhibitory effects on several fungal pathogens
were tested in vitro. The results demonstrated that Bacil-
lus BR160 exhibited strong antifungal activity against
multiple pathogens, including Fusarium oxysporum f. sp.
lycopersici, Fusarium falciforme, C. gloeosporioides, and
B. cinerea, highlighting its broad-spectrum biological
control capabilities (Fig. S7). These findings suggest that
Bacillus BR160 holds significant promise as a biological
control agent for combating fungal diseases, including
Fusarium wilt.

Discussion

Fungal secondary metabolites represent a diverse group
of bioactive compounds crucial for survival, ecological
competition, and interaction with other organisms. These
compounds are products of secondary metabolic path-
ways that exhibit remarkable structural and functional
diversity. Among these, polyketides represent a group of
secondary metabolites with pharmaceutical, agricultural,
and industrial significance due to their wide-spectrum
biological activities, including antimicrobial, anticancer,
and antifungal uses [39, 40]. Bikaverin is a red-colored
tetracyclic polyketide with antibacterial and anticancer
activities [18, 20, 41, 42], and this compound has been
found unique to several members of Fusarium species
till now [43, 44]. While prior research has predominantly
focused on bikaverin’s medical applications and biosyn-
thetic pathways [45], its ecological and functional roles,
particularly in the context of Fusarium pathogenicity and
rhizosphere interactions—remain underexplored.
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Fusarium species are well-known for producing a
diverse array of secondary metabolites, many of which
play significant roles in ecological adaptation and patho-
genicity. Nofigexamples include gibberellins, phytohor-
mones involved in plant growth modulation, and other
metabolites like fusaric acid, beauvericin, and monili-
formin, which further demonstrate the metabolic diver-
sity of these fungi [14]. Among these, metabolites like
fusaric acid are recognized for their direct pathogenic
strategies. Fusaric acid is a classic example of a virulence
factor with a direct role in disease progression. Previ-
ous studies have shown that fusaric acid disrupts potas-
sium homeostasis and induces reactive oxygen species
accumulation in host cells, thereby compromising cel-
lular defenses and enhancing susceptibility to infec-
tion [46]. In contrast, our findings reveal that bikaverin
operates through a fundamentally different mechanism.
Pathogenicity assays conducted under sterile and auto-
claved conditions, where microbial interactions were
minimized, demonstrated no significant differences in
disease severity between WT and bikaverin-deficient
mutant strains of Foc TR4. Additionally, in vitro assays
confirmed that bikaverin exhibits antimicrobial activity
against both soil bacteria and fungi (Fig. 3). These results
suggest that bikaverin’s role in pathogenicity is indirect,
mediated through ecological rather than physiological
processes. Instead, the following studies demonstrated
that bikaverin enhances Foc TR4 pathogenicity indirectly
by reshaping the rhizosphere microbiome.

The rhizosphere microbiome plays a central role in
plant health, influencing nutrient acquisition, stress
resistance, and disease suppression [8, 47, 48]. Beneficial
microbes within the rhizosphere, particularly PGPRs,
enhance plant health by producing phytohormones,
solubilizing nutrients, and secreting antimicrobial com-
pounds [49, 50]. Our findings demonstrate that bikaverin
functions as a molecular weapon, enabling Fusarium
oxysporum to disrupt the rhizosphere microbiome and
gain a competitive advantage. Specifically, WT strain sig-
nificantly reduced the abundance of Bacillus and Paeni-
bacillus, key plant growth-promoting rhizobacteria [51].
Simultaneously, it promoted the proliferation of fungal
genera such as Fusarium and Trichocladium. This dis-
ruption of the rhizosphere microbiome undermines
the natural defense mechanisms of plants and provides
a competitive advantage to the pathogen. In addition,
bikaverin-deficient mutant also influenced the rhizos-
phere microbial community, although to a lesser extent
than WT. Foc TR4 is known to produce other second-
ary metabolites such as fusaric acid, which may also
contribute to microbiome modulation. Fusaric acid has
been reported to exert antimicrobial effects and may
influence microbial community structure indirectly by
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altering host root exudates [52]. These findings suggest
that bikaverin plays a pivotal role in microbial manipula-
tion, while other secondary metabolites may act synergis-
tically or independently to further influence rhizosphere
dynamics.

Furthermore, our study extends prior insights into
bikaverin biosynthesis by elucidating its regulation under
environmental conditions. Acidic pH and nitrogen were
found to significantly induce bikaverin production in
Foc TR4, consistent with earlier studies showing that
bikaverin biosynthesis is highly responsive to environ-
mental stimuli. For example, previous research has dem-
onstrated that nitrogen starvation and low pH enhance
mRNA levels of bikaverin biosynthetic genes [18, 41, 53].
Additionally, sulfate and phosphate starvation further
stimulate bikaverin biosynthesis, indicating a multifac-
eted regulation involving nutrient scarcity. Sucrose also
serves as a specific positive signal for bikaverin produc-
tion, potentially regulated at the post-transcriptional
level [54]. Notably, our findings reveal a novel regula-
tory mechanism for bikaverin biosynthesis—its induc-
tion through microbial competition. During dual-culture
experiments, bikaverin production was significantly
elevated in response to interactions with competing
microbes, such as B. cinerea. This highlights microbial
competition as a potent ecological trigger for bikaverin
biosynthesis, supporting its role as a competitive molec-
ular tool under resource-limited environments. This
highlights microbial competition as a potent ecologi-
cal trigger for bikaverin biosynthesis, supporting its role
as a competitive molecular tool under resource-limited
environments. Similar patterns of metabolite-mediated
cross-regulation have been observed in fungal interac-
tions, where secondary metabolites such as polyketides
and terpenes function in attack—counterattack strategies
[55]. These observations suggest that bikaverin may be
part of a broader chemical dialogue among soil microbes.
Additionally, in animal cells, bikaverin has been shown to
disrupt mitochondrial membrane structure at relatively
high concentrations, while at lower concentrations, it
suppresses NAD- and succinate-related respiration with-
out directly affecting the electron transport chain [56].
However, the mechanism underlying its antimicrobial
activity in microbes remains unclear. Further studies are
needed to elucidate how bikaverin exerts toxicity against
bacterial and fungal targets.

As plant growth-promoting rhizobacteria, Bacillus
species are vital for plant health, promoting growth and
systemic resistance through the production of antifun-
gal lipopeptides like surfactin and iturin [50, 57-59]. The
suppression of Bacillus by bikaverin has critical implica-
tions for plant health. Bikaverin’s ability to inhibit these
beneficial microbes allows E oxysporum to colonize plant
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roots more effectively by undermining the plant’s natu-
ral microbial defenses. Moreover, our study highlights
bikaverin’s role in promoting fungal dominance. Fungal
taxa, such as Trichocladium, were enriched in bikaverin-
treated rhizospheres, suggesting that bikaverin not only
suppresses bacterial competitors but also adjusts condi-
tions favorable to fungal growth. Similar phenomenon
has been reported for some other metabolites. For exam-
ple, gliotoxin, a secondary metabolite produced by sev-
eral fungi, including Trichoderma virens, not only acts as
an immunosuppressant in hosts but also exhibits anti-
microbial activity, inhibiting bacterial competitors and
thereby promoting fungal colonization within micro-
bial communities [60, 61]. Moreover, while bikaverin
has been shown to reshape the rhizosphere microbiome
and suppress beneficial bacteria such as Bacillus, similar
microbial manipulation mechanisms have been observed
with fungal effectors, which target host immunity and
promote fungal colonization [62].

The identification of bacteria capable of resisting vari-
ous environmental stresses could significantly enhance
their application in agriculture and improve plant growth
under adverse conditions. For instance, chromium-resist-
ant bacteria have been demonstrated to reduce chro-
mium toxicity in soils, improving microbial activity and
crop productivity through bioremediation strategies [63,
64]. Similarly, aluminum-resistant microbes such as Rho-
dococcus erythropolis and Pseudomonas aeruginosa have
been shown to confer aluminum tolerance to plants by
mitigating soil acidification and enhancing nutrient avail-
ability in acidic soils [65, 66]. Selenium-tolerant bacteria
not only survive in selenium-rich environments but also
transform toxic selenium compounds into bioavailable
forms, thereby improving plant growth and selenium
uptake for nutritional benefits [67].

These results inspired us with the concept that the
identification of bikaverin-resistant microbes might offer
a novel strategy for counteracting £ oxysporum in patho-
gen-affected soils. Beneficial microbes that can withstand
bikaverin’s antimicrobial effects are likely to thrive in
Fusarium-dominated rhizospheres and suppress patho-
gen proliferation. Then we set up to isolate bikaverin
resistant strains. The strain Bacillus BR160 was identi-
fied with high bikaverin resistance, moreover, this strain
showed a broad-spectrum antifungal activity against fun-
gal pathogens, including B. cinerea, C. gloeosporioides,
and Fusarium species, making it a robust candidate for
integrated pest management strategies.

Taken together, this study highlights the multifac-
eted role of bikaverin as a secondary metabolite in
Foc TR4. While bikaverin does not directly contribute
to pathogenicity under sterile conditions, it signifi-
cantly influences disease progression by reshaping the
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Fig. 7 The schematic illustrates the functional role of bikaverin in Fusarium oxysporum f. sp. cubense TR4 (Foc TR4) during banana wilt disease
progression. During competition with other rhizosphere microbes, bikaverin biosynthesis is upregulated, suppressing key PGPRs such as Bacillus
spp. The resulting disruption of the microbial community gives Foc TR4 a competitive advantage, facilitating root colonization and infection,

ultimately leading to wilt symptoms in banana plants

rhizosphere microbiome. By suppressing beneficial
PGPRs like Bacillus and promoting fungal dominance,
bikaverin establishes a microbial environment favorable
for Fusarium colonization and infection (Fig. 7). The
identification of bikaverin-resistant microbes, particu-
larly Bacillus BR160, offers promising avenues for bio-
control strategies against banana wilt disease. In the
Future research, omics-based approaches are needed to
unravel the molecular pathways targeted by bikaverin
and elucidate resistance mechanisms in Bacillus
BR160. Additionally, efforts should focus on engineer-
ing microbial consortia that integrate Bacillus BR160

with other plant growth-promoting rhizobacteria to
enhance disease resistance.
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