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Endophytic microorganisms colonize internal plant tissues and enhance host resistance to pathogens. We pre-
viously showed that endophytic Flavobacterium sp. 98 (F198) protects sugar beet against the fungal root pathogen
Rhizoctonia solani via biosynthetic gene cluster 298 (BGC298). However, the molecular mechanisms underlying
this protection remained poorly understood. Here, comparative metabolomic analyses revealed that knockout of
BGC298 led to reduced production of the antifungal compound 5,6-dimethylbenzimidazole (DMB) in F198. We
hypothesized that BGC298 is involved in regulating DMB biosynthesis and therefore contributes to F198’s disease
suppression as a novel protective mechanism. Subsequent site-directed mutagenesis of the DMB-synthase gene
bluB abolished DMB production by F198, and both ABGC298 and AbluB mutants were compromised in protecting
sugar beet seedlings in greenhouse bioassays. Bioinformatic analyses further indicated that bluB is widespread
across Flavobacterium, while BGC298 is limited to a small subset of plant-associated strains. Together, our
findings highlight the pivotal role of BGC298 and DMB biosynthesis in plant protection by endophytic Fla-

vobacterium sp. 98.

1. Introduction

The plant microbiome plays a crucial role in plant growth and stress
resilience by facilitating nutrient uptake and protection against patho-
gens (Trivedi et al., 2020). Rhizospheric and endophytic microorgan-
isms can suppress plant diseases through various mechanisms including
direct antagonism and induced systematic resistance (Gu et al., 2020;
Pal et al., 2022; Pieterse et al., 2014; Syed Ab Rahman et al., 2018).
Disease-suppressive soils are prominent examples where plants benefit
from the associated microorganisms for their protection against path-
ogen attack (Spooren et al., 2024; Schlatter et al., 2017). In the past
decades, extensive studies have been conducted on disease-suppressive
soils utilizing both culture- dependent and independent approaches
(Carrion et al., 2018; Cordovez et al., 2015; Exposito et al., 2017;
Schlatter et al., 2017).

A classic example of disease-suppressive soil is take-all decline,
where the reduction of take-all disease was observed in wheat or barley
that typically involves Pseudomonas species producing selective

antimicrobial compounds (Cook, 2003; Mavrodi et al., 2012; Raaij-
makers and Weller, 1998; Thomashow et al., 1990). Recent advances in
‘omics’ technologies have facilitated a more detailed and systematic
characterization of the taxonomic and functional diversity of resident
microbial communities in soils suppressive to specific root diseases (Cha
et al., 2016; Kim et al., 2019; Mendes et al., 2011; Siegel-Hertz et al.,
2018). Various bacterial taxa and functions were attributed to the dis-
ease suppressive phenomenon. For example, Chitinophagaceae and Fla-
vobacteriaceae provided protection against fungal infections both in the
rhizosphere and root endosphere, presumably via enzymatic degrada-
tion of fungal cell walls and production of yet unknown secondary
metabolites (Carrion et al., 2019; Yin et al., 2021).

Compared to well-studied protective bacterial taxa such as Pseudo-
monas and Bacillus (Dimkic¢ et al., 2022; Van Der Voort et al., 2015;
Watrous et al., 2012), the molecular and chemical basis of disease
suppression by members of the Bacteroidetes phylum remains poorly
understood. Our previous study with Flavobacterium sp. 98 (F198) and
Chitinophaga sp. 94 (F194) identified BGC298 and chitinase as putative

* Corresponding author at: Departamento de Microbiologia, Facultad de Ciencias, Universidad de Malaga, Malaga, Spain.

E-mail address: vcarrion@uma.es (V.J. Carrién).

https://doi.org/10.1016/j.micres.2025.128415

Received 13 August 2025; Received in revised form 13 November 2025; Accepted 4 December 2025

Available online 6 December 2025

0944-5013/© 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:vcarrion@uma.es
www.sciencedirect.com/science/journal/09445013
https://www.elsevier.com/locate/micres
https://doi.org/10.1016/j.micres.2025.128415
https://doi.org/10.1016/j.micres.2025.128415
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

X. Pan et al.

genetic elements associated with protection of sugar beet seedlings
against the fungal root pathogen Rhizoctonia solani, respectively
(Carrion et al., 2019). BGC298 was enriched in the metagenome of the
endosphere of sugar beet seedlings upon R. solani attack (Carrion et al.,
2019). Transcriptome analyses further revealed that R. solani infection
upregulated expression levels of BGC298 and chitinase in the sugar beet
root endosphere (Carrion et al., 2019). Subsequent bioassays revealed
reduced protection of seedlings inoculated with the BGC298 knockout
mutant (ABGC298) compared to wild type F198 (Carrion et al., 2019).
Interestingly, homologous genes encoding the PKS module of BGC298
were found exclusively in a small subset of plant-associated Fla-
vobacterium genomes. We hypothesized that BGC298 is linked to the
biosynthesis of metabolites involved in F198’s protective effects, and
disruption in BGC298 may reduce the production or regulation of these
compounds, thereby impairing disease suppression.

To disentangle the mechanisms underlying disease suppression by
endophytic Flavobacterium, we performed comparative metabolomic
analyses and generated additional knockout mutants to elucidate the
biosynthesis and function of bioactive compounds produced by F198.
Our findings revealed novel genes and metabolites contributing to F198-
mediated plant protection. Among the metabolites downregulated in the
ABGC298 mutant, we identified 5,6-dimethylbenzimidazole (DMB) as
an antifungal compound that inhibits R. solani hyphal growth. We
validated the biosynthesis of DMB by F198 via site-directed mutagenesis
of the DMB synthase gene bluB. These findings provide new insights into
the genetic and metabolic mechanisms underpinning Flavobacterium-
mediated suppression of R. solani and support the potential of
endophyte-derived metabolites for microbiome-based crop protection
strategies.

2. Materials and methods
2.1. Strains and growth conditions

Wild-type Flavobacterium sp. 98 (F198) was originally isolated from
the root endosphere of sugar beet seedlings grown in Rhizoctonia-sup-
pressive soil (Carrion et al., 2019). To investigate the role of the novel
NRPS-PKS hybrid cluster BGC298 in F198, the PKS module within
BGC298 was targeted. A corresponding knockout mutant designated as
ABGC298 was generated in previous work (Carrion et al., 2019). For this
study, bacterial strains were retrieved from glycerol stocks and routinely
cultured on 1/10th strength Tryptic Soy Broth (TSB, BD Bacto™) sup-
plemented with 15 g/L agar (BD Bacto™) at 25°C for 2-3 days.
Escherichia coli strains were grown in lysogeny broth (LB) at 37°C.

The strains and plasmids used in this study are listed in Supple-
mentary Table S1. Antibiotics were used at the following concentrations
when necessary: ampicillin (100 pg/mL), erythromycin (100 pg/mL),
and rifampicin (50 pg/mL).

2.2. Untargeted metabolomics

2.2.1. Secondary metabolite extraction

F198 wildtype and its derived mutants were grown on petri dishes
containing 20 mL 1/10th strength Tryptic Soy Broth (TSB, BD Bacto™)
supplemented with 15 g/L agar (BD Bacto™) at 25 °C for four days
(N = 3 biological replicates). Following incubation, the agar with bac-
teria lawns was cut into small pieces and submerged in 20 mL of ethyl
acetate overnight to extract the metabolites. The ethyl acetate contain-
ing the extracted metabolites was then decanted into a clean beaker and
allowed to evaporate at room temperature. This extraction process was
repeated twice to ensure comprehensive metabolite recovery. The
resulting dried extracts were re-dissolved in methanol, passed through
PTFE 0.2 um filters, and transferred to new pre-weighed glass vials. The
solvent was removed under a stream of nitrogen until completely dry.
The crude extracts were weighed and dissolved in methanol to a final
concentration of 1 mg/mL for future LC-MS/MS analysis.
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2.2.2. Untargeted LC-MS/MS analysis

LC-MS/MS acquisition was performed using Shimadzu Nexera X2
UHPLC system, coupled to Shimadzu 9030 QTOF mass spectrometer,
equipped with a standard ESI source unit, in which a calibrant delivery
system (CDS) is installed. Detailed parameters for the measurements can
be found in the Supplementary Material.

2.2.3. Data analysis

Raw data obtained from LC-MS analysis were converted to mzXML
centroid files using Shimadzu LabSolutions Postrun Analysis. The files
were imported into Mzmine 2.53 for data processing with parameters
specified in the Supplementary Material (Pluskal et al., 2010). The
resulting peak list was uploaded to MetaboAnalyst (Pang et al., 2024) for
statistical analysis. Log transformation with pareto scaling was applied
to the data. Differences with a twofold change and an FDR-adjusted
pvalue < 0.05 were considered statistically significant (unless other-
wise stated). Based on these criteria, volcano plots were generated.
Analogs and exact matches of the significant features were predicted by
using MS2Query (de Jonge et al., 2023).

2.3. Targeted quantification of 5,6-dimethylbenzimidazole

Untargeted metabolomic analysis suggested that 5,6-dimethylbenzi-
midazole (DMB) was differentially abundant in F1I98 WT and ABGC298.
This result was further validated via targeted LC-MS. The extracts were
prepared as previously and analyzed using the LC-MS/MS (Agilent 1290
LC equipped with an Agilent 6460 C QQQ, Santa Clara, USA). 10 pL of
the samples was injected on column (Zorbax Eclipse XDB-C18 column,
2.1 x 150 mm, 3.5 pm, Agilent Santa Clara). The mobile phase included
eluent A (milli-Q water with 0.1 % formic acid) and eluent B (acetoni-
trile with 0.1 % formic acid). The step gradient was set as below: 2 % B
for 1 min, increased to 100 % B in 7 min and hold for 3 min. The flow
rate was kept at 1 mL/min and the column temperature was set on 35 °C.
DMB was detected in positive ionization mode using electrospray. Pre-
cursor ion 147.1 m/z was used and the product ion 131.2 m/z was used
for quantification. To confirm the compound the product ions 132.1,
104.2 and 77.2 m/z were used as qualifier ions. The data was analyzed in
Masshunter 10.0 (Agilent, Santa Clara).

2.4. Invitro activity of DMB

In vitro assays were performed to test the biological activity of
standard DMB (Sigma-Aldrich). Pure DMB was dissolved in 100 %
methanol and added to 1/5th strength potato dextrose agar (PDA) at
varying concentrations (0-500 pg/mL). A 5-mm-diameter plug of
R. solani mycelium was placed in the middle of each well of 6-well plate
and incubated at 25 °C for three days (N = 3 biological replicates).
Fungal growth inhibition was monitored by measuring the radial hyphal
growth after one, two, and three days of incubation. To check whether
the solvent itself had any effect on growth of the fungus, R. solani was
also exposed to methanol alone.

2.5. Construction of Flavobacterium mutants

2.5.1. Identification of bluB gene

Candidate genes for generating additional knockout mutants of F198
in DMB synthase were identified through sequence homology searches.
Specifically, BLASTP was used to compare proteins encoded by F198 to
the query sequence of a known BluB protein involved in DMB biosyn-
thesis as provided below (Campbell et al., 2006). Three genes encoding
proteins with high amino acid sequence similarity, namely 98 02485,
98 06510, and 98 02510, were prioritized for subsequent targeted
mutagenesis. All three genes encode proteins that contain conserved
domains from the Nitroreductase family (Pfam ID: PF00881) and share
homology to the query sequence:
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Fig. 1. Identification of the antifungal compound 5,6-dimethylbenzimidazole (DMB) produced by endophytic Flavobacterium sp. 98 (F198). (A) Volcano plot showing
differentially abundant metabolites in cell-free culture extracts from FI98 WT and ABGC298 grown on 1/10th TSA. Significant enhancement (‘up’) and reduction
(‘down’) of mass features in FI98 mutant ABGC298 are represented in blue and red, respectively (fold change > 2, FDR < 0.05). Among the significantly reduced
mass features, 5,6 dimethylbenzimidazole (DMB; m/z 147.0915, retention time 3.52 min) is highlighted in orange. (B) Targeted LC-MS revealed less DMB production
by ABGC298 compared to WT. (C) MS/MS spectra showing identical fragmentation patterns of pure DMB and the corresponding peak in the F198 extract. (D)
Chemical structure of DMB. (E) Hyphal growth inhibition of Rhizoctonia solani after 5 days of growth on agar medium supplemented with different concentrations

of DMB.

MLPDPNGCLTAAGAFSSDERAAVYR-
AIETRRDVRDEFLPEPLSEELIARLLGAAHQAPSVGFMQPWNFVLVRQDE-
TREKVWQAFQRANDEAAEMFSGERQAKYRSLKLE-
GIRKAPLSICVTCDRTRGGAVVLGRTHNPQMDLYSTVCAVQNLWLAAR-
AEGVGVGWVSIFHESEIKAILGIPDHVEIVAWLCLGFVDRLYQEPE-
LAAKGWRQRLPLEDLVFEEGWGVR.

2.5.2. Site-directed mutagenesis

To generate bluB knockout mutants, the SacB-mediated gene deletion
technique was used as described in (Zhu et al., 2017). The list of primers
used in this study can be found in Supplementary Table S2. Briefly, 1.5-
to 2.5-kb flanking regions upstream and downstream of the target gene
were amplified using Phusion DNA polymerase and cloned into the
pGemT-easy vector (Promega). The sequence integrity of the cloned
fragments was confirmed via Sanger sequencing (Macrogen Europe B.
V). Plasmids with verified sequences were digested with restriction en-
zymes and ligated into the suicide vector pYT313 to construct the final
deletion plasmids. Each deletion construct was electroporated into F198

following the protocol used by Carrion et al. (2019). Colonies with the
plasmid integrated into the genome were selected based on erythro-
mycin resistance. Single erythromycin-resistant colonies were purified
on CYE erythromycin plates, and subsequently cultured overnight in
CYE broth without erythromycin to facilitate plasmid curing. The cul-
tures were diluted and plated onto CYE agar containing 50 g/L sucrose
to select for colonies that had lost the plasmid during a second homol-
ogous recombination event. Sucrose-resistant colonies were further
purified and screened by PCR to confirm successful gene deletion.

2.6. In vivo bioassays

For the bioassays, sugar beet was grown in a field soil conducive to
the damping-off disease and inoculated (or not) with R. solani
AG2-2IIIB, as described previously (Carrion et al., 2019). Briefly, the
bacteria were pre-grown on 1/10th strength Tryptone Soy Agar (TSA)
and collected in 10 mM MgSO4. Cell suspensions were adjusted to
0OD600 0.05 and mixed with conducive field soil at an initial density of
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Fig. 2. Validation of bluB function in F198. (A) List of putative DMB synthases (BluB) in F198 based on homology search by BLASTP with an experimentally validated
bluB sequence as query (Campbell et al., 2006). The verified candidate gene of bluB in F198 is highlighted in yellow. (B) Chromatograms indicate the absence of the
DMB peak in one of the knock-out (KO) mutants targeting candidate bluB genes. (C) Bar plot showing the reduced in vitro antagonistic activity against R. solani by
AbluB. The y axis represents radial hyphal growth of the fungus (inoculated in the center of the plate). Mean values with standard deviations are displayed in the bars.
Different letters indicate statistically significant differences between treatments as determined by one-way ANOVA with post hoc Tukey HSD test (N = 3, P < 0.05).
(D) Representative images showing in vitro antagonistic activity against hyphal growth of R. solani (inoculated in the center) by WT and the mutants (inoculated on
the outer edge of the agar plates). (E) Disease incidence represents the percentage of sugar beet seedlings with damping-off symptoms (N = 5-8). Asterisks above the

bar indicate statistically significant differences compared to the control.

107 cells/g soil and approximately 20 % (v/w) soil hydration.
Non-inoculated soil was used as a control. Each treatment has eight
biological replicates. For each replicate, rectangular trays
(19.5 x 6 x 3.5 cm) were filled with 250 g of the conducive soil and 16
sugar beet seeds were sown in a row, 1 cm apart. Those trays were
placed in boxes with transparent lids in a growth chamber at 24 °C
during the day and 21 °C during the night with a 16 h photoperiod of
180 pmol light m~2 s7! at plant level at 70 % relative humidity. After
five days, seeds germinated and a single fresh plug (5-mm-diameter) of
R. solani AG2-2 IIIB previously grown on 1/5th PDA agar was placed
approximately 1 cm below the soil surface close to the roots of the first
seedling, with the mycelial side toward the plant to allow infection of
the first seedling. Spread of R. solani through the row of seedlings was
scored at regular intervals during two weeks by scoring the number of
diseased plants showing the typical damping-off symptoms caused by
R. solani. For the root colonization assays with F198 WT and the bluB
mutant, rhizosphere and endosphere samples were harvested as
described previously (Carrion et al., 2019). Serial dilutions were made
and plated on TSA agar dishes with rifampicin and incubated at 25 °C for
one week. The amount of CFU per gram of soil and root were determined
by colony counting to verify rhizosphere and endosphere colonization,
respectively. Statistical test was performed in R to determine significant
differences between treatments.

2.7. Statistical analysis

Each experiment was conducted in at least three biological replicates
(N = 3). For the metabolomic analysis, statistical tests were performed
using MetaboAnalyst (Pang et al., 2024), with correction for multiple
comparisons applied using False Discovery Rate (FDR) adjusted P
values. For the bioassays, statistical tests were performed in R. Differ-
ences among treatments were evaluated using one-way ANOVA fol-
lowed by Tukey’s HSD post-hoc test, while pairwise comparisons with
the control group were conducted using Dunnett’s test.

3. Results and discussion

3.1. Comparative metabolomics reveals reduced DMB production by
ABGC298

Previous bioassays demonstrated that the ABGC298 mutant of F198
was less effective in protection of sugar beet against R. solani (Carrion
et al., 2019). To identify metabolites associated with BGC298, we per-
formed comparative metabolomic analysis of wild-type F198 (WT) and
ABGC298 mutant. Metabolites were extracted from bacterial cultures
grown on 1/10th strength Tryptone Soy Agar (TSA). Metabolomic
profiling revealed an altered metabolite profile of the ABGC298 mutant
relative to that of WT F198 (PERMANOVA: R? = 0.52176, P = 0.1,
Supplementary Figure S1) with a total of 94 mass features that differed
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significantly in abundance between WT and ABGC298 extracts (Fig. 1A,
foldchange > 2, FDR-adjusted P < 0.05). Among these metabolites, 26
were significantly enhanced and 68 were reduced in abundance in ex-
tracts of ABGC298 relative to WT F198. Many significant features failed
to be annotated with confidence. However, several putative lipid ana-
logs were less abundant in the ABGC298 extracts, suggesting possible
membrane lipid reprogramming in the mutant that potentially affects
cell motility and activity (Supplementary Data S2). Notably, 5,6-dime-
thylbenzimidazole (DMB) was significantly less abundant in extracts
of the ABGC298 mutant, which was further verified by targeted liquid
chromatography-mass spectrometry (LC-MS) (Fig. 1B). Both DMB
peaks from F198 extracts and commercial DMB share the same retention
time (Supplementary Figure S2). Tandem mass spectrometry (MS/MS)
analyses confirmed the identity of DMB produced by FI98 by showing
fragmentation patterns identical to that of the pure DMB standard
(Fig. 1C). Interestingly, DMB belongs to benzimidazole derivatives with
an azole ring (Fig. 1D), a scaffold known for antimicrobial activity in
agricultural and pharmaceutical products (Emami et al., 2022; Price
et al., 2015). These findings led to further investigations into the
biosynthesis and activity of DMB produced by endophytic F198.

3.2. DMB exhibits antifungal activity in a concentration-dependent
manner

To assess its potential role in disease suppression, DMB’s antifungal
activity was evaluated against R. solani in vitro. Different concentrations
of DMB were tested for their inhibitory effect on hyphal growth of
R. solani. Addition of DMB to agar medium showed a concentration-
dependent inhibition of radial hyphal growth of R. solani after 5 days
(Fig. 1E). Intriguingly, DMB serves as the lower ligand of vitamin B; o, an
important cofactor for various prokaryotic enzymes. Many bacteria
including Flavobacterium species rely on Bj>-dependent enzymes such as
ribonucleotide reductase and methionine synthase to facilitate essential
metabolic pathways like DNA replication and repair and amino acid
synthesis (Lu et al., 2020; Rodionov et al., 2003). Subsequent genomic
analyses, however, revealed that endophytic F198 does not harbor the
complete By, biosynthetic pathway as described in other prokaryotes
(Rodionov et al., 2003); also in our LC-MS/MS analyses, no evidence was
found for vitamin B, production by F198 (data not shown).

3.3. Genetic basis of DMB biosynthesis in FI98 and role in disease
protection

Previous studies by Campbell et al. (2006) showed that DMB
biosynthesis in Sinorhizobium meliloti is governed by the DMB synthase
gene bluB. Bioinformatic analyses of the F198 genome identified three
candidate genes with some level of homology (22 — 33 %) to bluB from
S. meliloti (Fig. 2A). These three candidate genes were predicted to
harbor conserved nitroreductase domains (Pfam ID: PFO0881), which
are key in DMB biosynthesis. To validate their role in DMB production
by F198, site-directed knockout mutants were generated for each of these
three candidate genes. LC-MS analyses confirmed that DMB was
completely absent in mutants disrupted in gene 98_06510; for the other
two gene knockouts, no effect on DMB production was observed
(Fig. 2B). Knockout mutant 98_06510 is further referred to here as the
AbluB mutant.

Based on the results of the in vitro activity of DMB against R. solani,
we hypothesized that the AbluB mutant would be compromised in
suppressing fungal infection of sugar beet seedlings. Alike ABGC298, the
AbluB mutant also showed reduced in vitro antagonistic activity against
R. solani (Figs. 2C, 2D). We then conducted three independent in planta
bioassays comparing WT F198, AbluB and ABGC298 mutants for their
ability to protect sugar beet seedlings from R. solani root infections. In
two of the three assays, however, WT F198 failed to provide significant
disease protection for yet unknown reasons (data not shown). In the
third bioassay, however, WT F198 did provide significant disease
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suppression to a level consistent with the earlier observations (Carrion
et al., 2019), whereas the AbluB and ABGC298 mutants failed to protect
the sugar beet seedlings from infection (Fig. 2E). While the protective
effects of wildtype F198 are inconsistent, as observed more often for
plant-beneficial bacterial strains (Exposito et al., 2017, 2015), these
results indicate that DMB production via bluB or regulation via BGC298
is key to the protective effect of endophytic Flavobacterium F198.

Despite the protective potential of F198, the level of disease sup-
pression varied among experiments, reflecting the complexity of in-
teractions operating in soil. The establishment of disease suppression
depends on multiple factors, including bacterial colonization efficiency,
host plant sensitivity, and interactions with the resident soil micro-
biome. Subtle shifts in these biotic and abiotic conditions can substan-
tially influence microbial metabolite production and activity in soil and
plants, ultimately alternating the suppressive phenotype. Similar in-
consistencies in planta have been reported with other bacterial strains
(Exposito et al., 2017, 2015). Therefore, while F198 and DMB biosyn-
thesis contribute to disease suppression, their effects in complex envi-
ronments likely depend on context-specific ecological and physiological
factors that require further investigation.

3.4. Regulation of bluB and BGC298 in endophytic Flavobacterium FI198

The observations that bluB is the key biosynthetic gene for DMB
production in F198 and that a mutation in BGC298 leads to reduced DMB
production (Fig. 1B), suggests that BGC298 regulates DMB biosynthesis
in F198. Subsequent transcriptome analyses showed that bluB expression
was not significantly affected in the ABGC298 mutant as compared to
WT (Supplementary Figure S3). These results indicate that BGC298 does
not regulate DMB biosynthesis by affecting bluB transcription at sampled
timepoints. Interestingly, transcriptomic and RT-qPCR analyses showed
that expression of the PKS gene in BGC298 was enhanced upon exposure
to root exudates from both healthy and diseased sugar beet seedlings
(Supplementary Figure S4), whereas bluB expression was upregulated
(DESeq2, log2 Fold Change = 0.2009, adjusted P = 0.0569 in the sta-
tionary phase of F198 cultures amended with root exudates from sugar
beet seedlings infected with Rhizoctonia (Supplementary Figure S4, S5).
The subtle changes may reflect insufficient dose and/or suboptimal
sampling time for the transcriptional analyses. These findings suggest
that expression of bluB and of the PKS gene in BGC298 can be triggered
by yet unknown constituents of root exudates of Rhizoctonia-infected
sugar beet seedlings.

Given that bluB expression levels were not affected in the BGC298
mutant, we hypothesize that BGC298 may influence DMB production
indirectly, potentially through modulation of other metabolites or via
post-transcriptional mechanisms, such as protein-level regulation. This
suggests that BGC298 could act in a broader regulatory network
affecting DMB biosynthesis. Further proteomic and metabolomic ana-
lyses will be needed to elucidate the underlying regulatory mechanisms.

3.5. Distribution of bluB and BGC298 in the genus Flavobacterium

Next, we surveyed all Flavobacterium genomes available in the NCBI
assembly database (N = 504, updated until November 2021) for bluB
and BGC298. The genomic context of these genes in F198 can be found in
Fig. 3A. The DMB synthase gene bluB appeared conserved and widely
distributed within the Flavobacterium clade (Figs. 3B, 3C). Although the
complete By, biosynthetic pathway is absent in F198, the wide distri-
bution of bluB suggests a salvage pathway involving DMB biosynthesis in
Flavobacterium species, which was predominately reported in Proteo-
bacteria and Actinobacteria (Lu et al., 2020). Unlike bluB, the core
biosynthetic gene of BGC298, encoding the PKS module, is present only
in a small subset of the Flavobacterium genus (Figs. 3B, 3C). These ge-
nomes are closely related to that of the protective root-endophytic strain
F198 and mostly originated from field soil and plant-associated envi-
ronments (Fisher’s exact test, P = 2.28 x 107%, OR = 5.99). In addition,
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Fig. 4. Evolutionary conservation and diversification of BGC298. (A) Subset of the phylogenetic tree of Flavobacterium genomes that contain BGC298 homologous
genes. Tip colors indicate genome origin. The heatmap depicts similarity differences of genes within BGC298, with core biosynthetic genes encoding PKS and NRPS
highlighted. (B) Phylogenetic reconstruction of BGC298 and its homologs in other Flavobacterium genomes. 23 BGCs with high similarity to BGC298 were detected by
BiG-SCAPE (cutoff: 0.7), among a total of 307 PKS-NRPS hybrid BGCs predicted in the 504 Flavobacterium genomes from the NCBI assembly database. BGC298 from
F198 is highlighted.
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Fig. 5. Conceptual model. Flavobacterium sp. 98 (F198) provides protection against Rhizoctonia solani through BGC298 and bluB, which regulate and catalyze the
biosynthesis of the antifungal compound 5,6-dimethylbenzimidazole (DMB). While DMB was not detected in the AbluB mutant, it was less abundant in the ABGC298
mutant compared to the wild type. Comparative genomics revealed distinct distribution patterns of these two genes: bluB is widespread in the Flavobacterium genus,
whereas BGC298 occurs only in a limited subset of species with soil and plant associated lifestyles. Together, the function and distribution of these genes suggest

specialized adaptive and protective strategies employed by F198.

sequence similarity analysis showed both homology and variation
among other genes within BGC298 across the 33 Flavobacterium ge-
nomes encoding the PKS gene (Fig. 4A). Phylogenetic reconstruction of
BGC298 and its homologous gene clusters can be found in Fig. 4B. For
aquatic Flavobacterium, BluB occurs in F. psychrophilum but not in
F. columnare, while BGC298-PKS is absent in both. These results revealed
evolutionary conservation and diversification within BGC298, which is
potentially linked to yet unknown specialized functional roles in
plant-microbe interactions. The distinct distribution patterns of BGC298
and bluB suggest that Flavobacterium species utilize various genetic
strategies for niche adaptation and competitive advantages in diverse
ecosystems.

4. Concluding remarks

The Bacteroidetes phylum, particularly the Flavobacterium genus, has
gained increasing attention for its remarkable ability to promote plant
growth and suppress plant diseases (Carrion et al., 2019; Kwak et al.,
2018; Nishioka et al., 2019; Zheng et al., 2024). Flavobacterium members
are often enriched in plant-associated environments, especially in
response to pathogen attack, yet the molecular mechanisms underlying
their protective effects remain largely unknown.

For Flavobacterium species, a proposed mechanism to combat plant
diseases involves competition or niche exclusion via efficient rhizo-
sphere colonization facilitated by gliding motility and biofilm formation
(Magesh et al., 2024; McBride et al., 2009). Bacteroidetes are recognized
as degraders of polysaccharides and producers of a broad spectrum of
enzymes (Lapébie et al., 2019; Pan et al., 2023). For example, Chitino-
phaga species can produce chitinases involved in fungal cell wall
degradation and disease suppression (Brabcova et al., 2016; Larsbrink
et al., 2017; Lu et al., 2023). Furthermore, secondary metabolite pro-
duction encoded by biosynthetic gene clusters (BGCs) also plays a key
role in the disease suppressive effects of bacteria from the Bacteroidetes
phylum (Brinkmann et al., 2022; Carrion et al., 2019; Mohr et al., 2015;
Silva et al., 2023). Our results suggested that the biosynthesis of anti-
fungal compounds such as DMB and its regulation through BGC298 can
contribute to plant protection by F198. In addition to DMB, other me-
tabolites including putative fatty acids and terpenoids were also reduced
in the ABGC298 mutant. Therefore, DMB biosynthesis and regulation
represent key but not the only mechanisms underlying
BGC298-mediated protective effects.

In this study, we identified novel genes and metabolites, namely bluB
and DMB, that contribute to disease suppression by Flavobacterium
(Fig. 5). Comparative metabolomic analyses between the WT and
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ABGC298 mutant revealed a potential regulatory role of BGC298 in
modulating DMB levels in F198. Moreover, the contrasting distribution
patterns of BGC298 and bluB across the Flavobacterium genus indicate
the evolutionary and ecological heterogeneity of these beneficial bac-
terial traits. Questions remaining are: which root exudate constituents of
infected plant seedlings trigger DMB biosynthesis in F198; what is the
product of BGC298 and how does BGC298 regulate or impact DMB
biosynthesis; does DMB impact directly on plant growth, and are there
other metabolites or pathways in F198 involved in plant protection? To
address these questions, future research should include heterologous
expression and overexpression of BGC298, transcriptomic analyses in
presence of various environmental triggers in particular plant metabo-
lites present in the plant endosphere (i.e. vasculature) and rhizosphere,
investigations into the ecological and functional role of DMB in plant
health and in soil microbiome dynamics. Comparative metabolomic
analyses of root exudates of healthy and Rhizoctonia-infected sugar beet
seedlings used in this study did not reveal any putative candidate
compounds associated with induction of bluB and BGC298 expression.
Integrating multi-omics and molecular tools is crucial for developing a
system-level model of Bacteroidetes members, such as F198, to study
their intra- and inter- kingdom interactions. Foundational understand-
ing of their modes of action can guide the development of future agri-
cultural applications to improve soil and plant health.
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