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The extracytoplasmic sigma factor
o* supports biofilm formation and
increases biocontrol efficacy in
Bacillus velezensis 118

Yanfei Cai'%, Huan Tao%*, Ahmed Gaballa?, Hualiang Pi**“ & John D. Helmann2**

Plant growth promoting rhizobacteria (PGPR) offer an environmentally friendly and sustainable
approach to combat pathogens and enhance crop production. The biocontrol activity of PGPR depends
on their ability to colonize plant roots and synthesize antimicrobial compounds that inhibit pathogens.
However, the regulatory mechanisms underlying these processes remain unclear. In this study, we
isolated and characterized Bacillus velezensis 118, a soil isolate that exhibits potent biocontrol activity
against Fusarium wilt of banana. Deletion of sigX, encoding an extracytoplasmic function (ECF) sigma
factor previously implicated in controlling biofilm architecture in B. subtilis, reduced biocontrol efficacy.
The B. velezensis 118 sigX mutant displayed reduced biofilm formation but had only a minor defect

in swarming motility and a negligible impact on lipopeptide production. These findings highlight the
importance of regulatory processes important for root colonization in the effectiveness of Bacillus spp.
as biocontrol agents against phytopathogens.

With the rise in global population and dramatic changes in climate, ensuring food security has become an
increasingly pressing issuel. This has led to heightened pressure to meet growing food demand, resulting in
extensive use of chemical pesticides and fertilizers to boost agricultural productivity?. However, the massive
application of agrochemicals can disrupt soil salinity levels and leave toxic residues in agricultural produce,
leading to the frequent occurrence of soil-borne diseases. Soil amendment with plant growth promoting
rhizobacteria (PGPR) is widely regarded as a promising and sustainable strategy for crop disease management®.
Numerous strains from the Bacillus genus have figured prominently in efforts to use PGPR in agricultural
settings™>.

Fusarium wilt, caused by the soil-borne fungus E oxysporum f. sp. cubense (Foc), and Bacterial wilt, caused
by Ralstonia solanacearum (Rs), rank among the most devastating plant diseases®”. In the rhizosphere of plants,
soil-borne pathogens coexist with beneficial microorganisms such as plant growth-promoting rhizobacteria
(PGPR)®. PGPR can suppress soil-borne pathogens through competition for essential nutrients and the
production of antagonistic compounds’.

B. subtilis and B. velezensis represent a growing class of PGPR widely recognized for their biocontrol activity
against plant diseases'®!l. These bacteria form biofilms on plant roots and produce bioactive compounds
that competitively exclude pathogens'?. The model organism for B. velezensis is strain FZB42 (formerly B.
amyloquefaciens FZB42)"3. This and numerous related Bacillus spp. have been isolated from soils and shown to
be effective biocontrol agents in a variety of settings.

Biocontrol activity depends on the ability of the bacteria amended to the soil to colonize plant roots and
produce potent antimicrobial compounds that inhibit the growth of bacterial and plant pathogens. Prior studies
have defined the transcriptional responses of Bacilli to root exudates'®!>, demonstrated the essential role of
motility and biofilm formation in root colonization'®"'%, and identified the specific antimicrobial secondary
metabolites that mediate disease suppression!®1°-21,

The extracytoplasmic function (ECF) o factors serve as important transcriptional regulators in the Bacilli,
responding to diverse stresses’®?. Both the type strain B. subtilis 168 and B. subtilis 3610 (an undomesticated
relative of B. subtilis 168>%) encode seven ECF o factors (oM, 0V, 0%, 6%, 0"*C, 6% and ¢Y) important in helping cells
adapt to new environments?>?>%6, A triple mutant lacking three o factors (sigM sigW sigX) has striking defects
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in colony morphology and pellicle formation at 22 °C2°. Even the sigX single mutant displays strong defects in
biofilm formation when tested at 37 °C?”. The ECF sigma factor o* is important for biofilm formation because it
controls expression of Abh, a positive regulator of biofilm formation?®. B. velezensis FZB42 possesses five ECF ¢
factors (o™, o¥, 0%, 6%, and 6"2C)?, but their contributions to the transcriptome changes that accompany biofilm
formation® are not yet known.

B. velezensis FZB42 was isolated from plant-pathogen-infested soil from a sugar beet field in Brandenburg,
Germany“. Products based on this strain include RhizoVital (ABiTEP, GmbH, Berlin, Germany) and Taegroﬁ 2
(Novozymes), and many related species have also been commercialized®?. Prior work has demonstrated that the
successful application of PGPR benefits from the use of indigenous isolates adapted to the ambient temperature
and soil types. For example, isolates indigenous to the Vietnamese highlands were effective in presented disease
in that environment®, and cold-adapted Bacilli from the Qinghai-Tibetan Plateau were effective in promoting
growth of winter wheat™.

Here, we isolate and characterize B. velezensis 118, a strain indigenous to Guangzhou, a city in South China
with a south Asian tropical monsoon oceanic climate and latisolic red soils. This strain exhibits robust biocontrol
activity against the banana fungal pathogen Foc and the bacterial wilt pathogen Rs. We further demonstrate that
the ECF sigma factor o* is required for effective biocontrol against both Foc and Rs under natural environmental
conditions, and this is correlated with an ability to form robust biofilms. This study highlights the role of 6 in
enhancing biocontrol efficacy of B. velezensis.

Materials and methods

Isolation of antagonistic Bacillus species

Samples were collected from the rhizosphere soil of banana plants in Guangzhou, China (23° 08’ N 113° 16 E).
Bacillus spp. were isolated as reported previously®. Briefly, the soil samples (10 g each) were shaken in 90 mL
of sterilized water for 30 min, heated for 30 min at 80 °C, serially diluted, and then spread over lysogeny broth
(LB) plates. Single bacterial colonies were streaked onto fresh LB plates after 48 h of incubation at 30 °C. Frozen
stocks of the purified colonies were prepared using 15% glycerol and kept at -80 °C for further study. All strains
and plasmids used in this study are listed in Supplementary Table S1.

Antifungal activity test

We performed two assays, a plate confrontation assay and a spot-on-lawn assay, to test activity of the isolates
(strain 118) and derived mutants against common fungal pathogens including Fusarium oxysporum f.sp.
cubense 4 strain XJZ2 (Foc, GenBank accession number JX090598) Magnaporthe oryzae B157 (GenBank
accession number AXDJ01000000)¢, Peronophythora litchii Shs3 (GenBank accession number PCFV01000001),
Rhizoctorzia solani AG1-IA GD-118 (GenBank accession number KB317696 AFRT01000000), and Fusarium
oxysporum f.sp. cucumerinum (isolated from cucumerium rhizosphere, no accession number available yet).

The plate confrontation assay was conducted as described previously'®. Briefly, the four fungi except
Peronophythora oryzae B157 were cultivated on potato-dextrose-agar plates (PDA, 20% potato infusion, 2%
dextrose, and 1.5% agar), while Peronophythora oryzae B157 was cultivated on carrot juice agar plates (CA, 20%
carrot and 1.5% agar) at 30 °C. After 5 days of incubation, a 5-mm-diameter block of mycelium agar containing
fungi (Rhizoctorzia solani AG1-1A GD-118, Fusarium oxysporum f.sp. cucumerinum and Foc) was cut and placed
at the center of a fresh PDA plate. After one day of incubation, a 5-mm-diameter well was created 2.5 cm away
from the center of each plate, and 50 pL of B. velezensis 118 cells (ODy, ~0.4; ~2x 10® cfu/mL) grown in LB
medium was added into each well. Additionally, the mycelium agar of the slow-growing fungi (Magnaporthe
oryzae B157 and Peronophythora litchii Shs3), was cut and placed 2.5 cm away from the center of a fresh PDA or
CA plate. After one day of incubation, a 5-mm-diameter well was made in the center of each plate, and 50 pL of
B. velezensis 118 (OD,,~0.4) grown in LB medium was added into each well. Antifungal activity was evaluated
by measuring the diameter of the inhibition zone (the distance between the mycelium and the bacterial colony)
after 7 days of incubation at 30 °C.

The spot-on-lawn assay was conducted as described previously'®. This assay is more sensitive compared to
the plate confrontation assay and requires only one day of incubation instead of seven days, fungal hyphae of
Foc were streaked and inoculated with 5 mL of PDA broth. After two days of incubation at 30 °C with shaking
at 180 rpm, 50 pL of the fungal culture was re-inoculated into 5 ml of fresh PDA broth and incubated for
additional 12 h. The culture was then filtered using a cheesecloth to remove hyphae, and 50 pL of the resulting
spore suspension was mixed with 4 mL of 0.7% soft PDA agar and poured directly onto a PDA plate (1.5%
agar). After drying the plates for 50 min, a 5-mm-diameter well was created in the center of each plate, and 50
uL of B. velezensis 118 cells grown in LB medium to OD, ~0.4, was added into each well. Antifungal activity
was evaluated by measuring the diameter of the inhibition zone (in mm) after 24 h of incubation at 30 °C. The
experiments were performed at least three times with four biological replicates each time.

Antibacterial activity test

The antibacterial activity of the isolates and their derived mutants against R. solanacearum GMI1000 was
evaluated using an optimized spot-on-lawn assay as described previously'. R. solanacearum cells (200 pL;
ODy,,~0.4), grown in Casamino Acid-Peptone-Glucose (CPG, 0.1% peptone, 0.01% casamino acids, 0.05%
glucose), was mixed with 4 mL of 0.7% CPG soft agar and directly poured onto a CPG plate (1.5% agar). After
drying the plates for 50 min, a 5-mm-diameter well was made in the center of each plate, and 50 uL of each
Bacillus strain (OD ~0.4) grown in LB medium was added to each well. Antagonistic activity was evaluated
by the size of the inhibition zone after 24 h incubation at 30 °C. The experiments were performed at least three
times with four biological replicates each time.
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Construction of mutants

In initial studies, we determined that 118 is sensitive to spectinomycin (Spc; 100 pg ml™!), kanamycin (Kan;
15 pug ml~1Y), chloramphenicol (Cat; 10 pg ml~!), tetracycline (Tet; 5 pg ml~!), and macrolide lincosamide-
streptogramin B (MLS; contains 1 pg ml~! erythromycin and 25 ug ml~! lincomycin) antibiotics. The sigM::erm,
sigX::erm, sigW::cat, sigV::kan and ylaC::cat single mutants in the 118 background (Supplementary Table S1) were
generated by replacing the coding region with an antibiotic resistance cassette using long flanking homology
PCR (LFH-PCR) and oligonucleotide primers (Supplementary Table S2) as previously described®”. DNA was
used to transform cells grown in modified competence (MC) medium (100 mM potassium phosphate [pH 7],
3 mM trisodium citrate, 3 mM MgSO,, 2% glucose, 22 ug/mL ferric ammonium citrate, 50 pg/ml tryptophan,
0.1% casein lysate, 0.2% potassium glutamate)3®.

The sigX::erm mutant (MLS®) in the B. subtilis 3610 background was constructed using sigX::erm from
the Bacillus Knockout Erythromycin (BKE) collection®. The sigX P ,sigX complemented strain in the 3610
background was constructed using vector pPL82 and PCR products from B. velezensis 118 chromosomal DNA.
pPL82 contains a cat resistance cassette, a multiple cloning site downstream of the P, pac(hy) PTOMOtET and the lacl
gene between the upstream and downstream fragments of the amyE gene. All constructs were confirmed by
Sanger sequencing.

Whole genome sequencing

Genomic DNA from the HB19118 isolate was prepared using the DNeasy kit (Qiagen Cat # 69506) according
to the manufacturer’s instructions. Whole genome sequencing was performed commercially by Plasmidsaurus
using a hybrid system of Oxford Nanopore and Illumina technologies with custom assembly, analysis, and
annotation. Oxford Nanopore technology was used to determine the initial sequence from 386,948 long reads,
with 650,507,349 bp sequenced and 167x raw coverage. The sequence was assembled into two contigs (3,882,587
and 5,922 bp) with 99x coverage. Subsequently, Illumina sequence technologies short reads were used to polish
the sequence data. The DNA sequence was deposited in NCBI under accession number PRJNA1201100.

Whole genome sequence analyses

Whole genome-based taxonomy was done using the Type Strain Genome Server (TYGS) (https://tygs.dsmz.de)
for genome-based taxonomy*!**2. The TYGS determines the closest type strain genomes based on intergenomic
relatedness and 16 S rDNA analysis, and subsequently calculates precise distances using Genome BLAST
Distance Phylogeny. The phylogenomic inference was determined from the intergenomic distances to the closest
type strains with 100 pseudo-bootstrap replicates each, and the resulting tree was rooted at the midpoint. The
resulting phylogenomic tree was edited using iTOL server®’. Genome sequences of the closest type strains,
as identified by the TYGS, were downloaded from NCBI, and the average nucleotide identity to B. velezensis
HB19118 was calculated using FastANI** as implemented in the KBase webserver®. Secondary metabolite
biosynthesis gene clusters were predicted using antiSMASH*® in WGS data of B. velezensis 118 and B. velezensis
FZB42 (GenBank accession number CP000560.2) was used for comparison.

Swarming and swimming motility assays

Swimming and swarming motility of B. velezensis 118, B. subtilis 3610, and their derived mutants were tested
using standard protocols'® with minor modifications. LBGM plates containing 0.7% (for swarming) or 0.3%
agar (for swimming) were dried in a laminar flow hood for 30 min and then 5 pL of LB precultures (OD,, ~0.4)
were spotted on the center of each plate. The plates were dried for 15 min and incubated overnight at 37 °C. The
experiments were performed three times with four biological replicates each time.

Biofilm formation assay

The biofilm formation assays were conducted as described previously'®. For colony morphology analysis, 3 pL
of LB precultures (OD, ~0.4) were spotted onto LBGM (LB plus 1% [vol/vol] glycerol and 0.1 mM MnSO 4)47
agar plates, which had been dried for 30 min in a laminar airflow hood prior to spotting. The plates were then
incubated at 30 °C for up to 5 d. To monitor pellicle formation, 10 pL of LB precultures (OD,~0.4) were
inoculated into 2.5 mL of LBGM medium in a 24 well plate and incubated at 30 °C for up to 5 d. The pellicle
was harvested from the well using a 1 mL pipette tip, placed into a 1 mL centrifuge tube, and then dried under
vacuum for 1 h prior to weighing.

Plant pot experiments

The biocontrol efficacy of B. velezensis 118 against banana Fusarium wilt was determined under greenhouse
conditions as described previously'®. Micropropagated Cavendish banana seedling ‘Brazilian), the E oxysporum
(Foc) susceptible variety, were used for the pot experiments. In these pot experiments, the average temperature
was 24 °C, humidity was maintained at 75%, and the light/dark cycle consisted of 16 h of light and 8 h of
darkness. Each pot contained 1.5 kg soil (pH 4.7, organic matter 22.7 g kg™, total nitrogen 0.79 g kg~!, alkaline
hydrolysis nitrogen 118.4 mg kg™!, available phosphorus 1.61 mg kg™!, and available potassium 18.6 mg
kg™1). Two control groups were included as follows: CK1 (no Foc), banana seedlings with four or five leaves
and approximately 20 cm in height were directly implanted into pots; CK2 (Foc, GenBank accession number
JX090598), the roots of the banana seedlings were immersed in Foc (~ 10%cfu mL~!) for 30 min prior to planting.
In the treated group (Foc+118), the roots of the banana seedlings were firstly immersed in the Foc suspension
for 30 min, then planted into pots. Two days later, the plants were watered with 50 mL of a cell suspension of 118
(0D, ~ 1.0) around the roots, resulting in a final concentration of ~10° cells per gram of soil. The wilt severity
index (WSI) was recorded using the following index*®: 1 =healthy, 2 =slight chlorosis and wilting with no petiole
buckling; 3 =moderate chlorosis and wilting with some petiole buckling and/or splitting of leaf bases; 4 = severe
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chlorosis, wilting, petiole buckling and dwarfing of the newly emerged leaf; and 5=dead. Wilt incidence (WT)
of the banana plants was monitored every 3 days after transplantation. Wilt incidence (WT) of the banana plants
was monitored every 3 days after transplantation. The experiments were conducted at least three times with 30
banana plants per groups. To evaluate the contribution of sigX in biocontrol efficacy against banana Fusarium
wilt, four groups were included: CK1 (No Foc), CK2 (Foc), Foc + B. velezensis 118, and Foc + B. velezensis 118
sigX::erm.

The biocontrol efficacy of B. velezensis 118 and its derived sigX::erm mutant against tomato bacterial wilt was
determined under greenhouse conditions using a similar protocol as described previously'®. Four treatments
were included as follows: control 1 (CK1, no Rs), control 2 (CK2, only inoculated with Rs), WT (Rs+118),
and sigX (Rs+sigX::erm mutant). Tomato seeds (Lycopersicon esculentum Miller) were surface-sterilized by
immersion in 70% ethanol for 30 s, followed by 5% sodium hypochlorite for 15 min, and then washed three
times with sterile water for 15 min each time. The sterilized seeds were planted in pots containing non-sterile
local soil, and the pots were then placed in an artificial climate chamber (PQX-450R-22HM). After one month,
the tomato seedlings were transplanted into new pots containing 1.5 kg of the non-sterile local soil. Seven days
after transplanting, the soil used for 118 or sigX::erm treatment was drenched with 50 ml of bacterial suspension
of 118 or sigX mutant strain (~ 10 cells per g of soil). The bacterial suspension was prepared using cell pellets
harvested from 50 ml of LB cell culture (OD,,~1.0) by centrifugation. Two days later, each pot was drenched
with 30 ml of R. solanacearum cell suspension, which was obtained from 30 ml of CPG cell culture (OD, ~1.0)
by centrifugation and resuspension in sterile water, resulting in ~ 107 cells per g of soil. The pots were then
placed back into the artificial climate chamber, set to a 16-hour day/8-hour night cycle with temperatures of
30 °C during the day and 28 °C at night, and relative humidity ranging from 65 to 80%. Each treatment group
included 24 tomato plants with three replicates. The wilt incidence (WI) was calculated on the 30th day after
transplanting. The wilt severity index (WSI) was recorded as follows: 0=no wilt symptoms, 1 =wilt symptoms
on 1-25% of the leaves, 2 = wilt symptoms on 26-50% of the leaves, 3 =wilt symptoms on 51-75% of the leaves,
and 4 = wilt symptoms on more than 76% of the leaves.

Wilt incidence and biocontrol efficacy of the two pot experiments tomato bacterial wilt and banana Fusarium
wilt were calculated according to the following formula$4:

e > (number of infected plants x DSI)
It d I) = 1
Wilt incidence (WI) Total number of plants investigated x highest DSI X 100%

WI (pathogen only control) — WI (treated group)

Biocontrol efficacy = x 100%

WI (pathogen only control)

Root colonization assay

To investigate the contribution of sigX to root colonization, root colonization experiments were conducted as
described previously'S. Briefly, Arabidopsis seeds were surface sterilized with 75% ethanol followed by 0.3%
sodium hypochlorite (vol/vol) and germinated on 0.5x MS (Murashige and Skoog®°) agar plates containing 0.7%
agar. Seedlings were ready for use after 6 days of incubation in a plant growth chamber (25 °C with a 16 h light
/8 h dark cycle). One pL of LB preculture (OD,~0.4) and one seedling were added to 200 pL. LBGM in a 96-
well plate. Plates were incubated at 25 °C for 3 h, followed by shaking at 100 rpm in a greenhouse at 25 °C for
0, 12, 24, or 48 h. Roots were then washed using 0.1x PBS buffer and imaged by a Leica SP5 confocal scanning
laser microscopy (CSLM) with excitation at 488 nm and emission at 509 nm. The experiments were performed
three times.

Cell recovery counting

The cell recovery counting assay was performed as described previously'®. After being washed four times in
sterile water, the preprocessed roots (one-cm root segments) were placed in an Eppendorf tube containing 1 mL
of sterile water. After adding two glass beads to each tube, each sample was vortexed for 5 min. The resulting
suspension was serially diluted with distilled water, and 100 pL of the cell suspension from dilutions (1071, 1072,
1073, or 10~*) was plated onto LB agar plates. The plates were then incubated for 7 h at 37 °C. Colony forming
units (CFU) per mm root were calculated. The experiment was repeated three times with ten root samples per
replicate.

Lipopeptide (LP) extraction from the isolated strains

To understand the impact of pathogen presence on LP production of Bacillus isolates, LPs were extracted from
the inhibition zone as described previously'. Two hundred uL of R. solanacearum cell culture (OD,, ~0.4) in
Casamino acid-Peptone-Glucose (CPG) medium (0.1% peptone, 0.01% casamino acids, 0.05% glucose) was
combined with 4 mL of 0.7% CPG soft agar, mixed thoroughly by vortexing, and then poured onto a CPG
plate containing 1.5% agar. Plates were dried for 50 min and a 5-mm-diameter well was made at the center
of each plate, and 50 pL of Bacillus isolates (B. velezensis 118 or B. subtilis 3610 strains) grown in LB medium
(ODy,, ~0.4) was added into each well. After the inhibition zone became evident with 24 h incubation at 30 °C,
a 300 mg agar sample was harvested from the inhibition zone, mixed with 1 ml of 1:1 acetonitrile/water mixture,
and sonicated for 30 s, and then subjected to centrifugation and filtration. The supernatant was collected from
acetonitrile/water extract. LPs were also extracted from the control plates using the same procedure, but without
R. solanacearum in the top soft agar layer. An agar sample (300 mg) was collected around the well (2-4 mm). The
experiments were performed three times with samples pooled from four biological replicates.
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Foc spores Spot-on lawn assay

Foc hyphae

Foc+118

Identification and quantification of LPs by UPLC-MS

The acetonitrile/water extracts were analyzed by reverse phase Ultra-Performance Liquid Chromatography
coupled with a triple quadrupole MS (UPLC-MS) as described previously'® (Waters, Acquity, XEVO-TQD).
The identification of lipopeptide compounds was achieved using their mass-to-charge ratio (m/z), and their
quantification was performed using standard curves derived from commercial LP standards (Sigma-Aldrich,
USA). The column temperature was maintained at 40 °C and a gradient elution with (A) acetonitrile (containing
0.1% formic acid) and (B) water (containing 0.1% formic acid) was used. The gradient program was used as
follows: 0-0.5 min, 40% A; 0.5-3.5 min, 40-80% A; 3.5-4.0 min, 80% A; 4.0-6.0 min, 80-95% A; 6.0-7.0 min,
95-98% A. The flow rate was set at 0.4 mL min~!. The electrospray Ionization (ESI) source was set in positive
ionization mode with a capillary voltage of 3.26 kV, and the source temperature was maintained at 150 °C. The
nitrogen flow rate was 600 L h™! and the argon flow rate was 50 Lh~.

Results

Bacillus velezensis 118 exhibits strong antagonistic activity against Foc

To isolate PGPR effective in a sub-tropical climate zone, we collected rhizosphere soil from healthy banana plants
at a local farm in Guangzhou, a city in South China. More than 60 Bacillus strains were isolated. The isolate
designated as strain 118 (HB19118) exhibited the strongest inhibitory effect against the banana fungal pathogen
E oxysporum f. sp. cubense (Foc) as assayed using a spot-on-lawn assay on Potato-Dextrose-Agar (PDA) plates
(Fig. 1A). Compared to unexposed Foc, exposure to strain 118 resulted in altered fungal morphology with
swollen and distended Foc spores (Fig. 1B) and hyphae (Fig. 1C), particularly when isolated proximal to the zone
of growth inhibition. Whole genome sequencing of B. velezensis 118 (accession PRJNA1201100) reveals that it
clusters closely with the well-characterized B. velezensis FZB42'® type strain and related B. velezensis isolates'*!®
(Fig. 1D and Supplementary Table S3).

Tree scale: 0.1 j—
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Fig. 1. B. velezensis 118 exhibits strong antifungal activities against Foc in vitro. (A) To evaluate the inhibitory
activity of B. velezensis 118 (HB19118) against Foc, a spot-on lawn assay was performed. The clearance zone
was measured after 24 h at 30 °C (8.8 +0.5 mm, mean + SD with n=3). Foc alone (CK) without the treatment of
B. velezensis118 cells serves as a control. (B) Representative images showing distorted and enlarged Foc spores
recovered from the periphery of the inhibition zone (left panel) and healthy spores from CK (right panel).

(C) Representative images showing swollen and deformed Foc hyphae recovered from the periphery of the
inhibition zone (left panel) and healthy hyphae from CK (right panel). Scale bar is 50 um. (D) Genome-based
phylogeny of B. velezensis 118. Phylogenomic analysis was done using the Type Strain Genome Server!42,

and the phylogeny was inferred from WGS based on 100 bootstrap replicates (bootstrap values > 60 are shown
in blue on the corresponding branch). Bar graphs on the right are the average nucleotide identities to the B.
velezensis 118 genome sequence as calculated using FastANT*.,

Scientific Reports |

(2025) 15:5315

| https://doi.org/10.1038/s41598-025-89284-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

To further evaluate the antagonistic capability of B. velezensis 118, we conducted a plate confrontation
assay against several common fungal plant pathogens. B. velezensis 118 significantly inhibited the growth of
Magnaporthe oryzae, Peronophythora litchii, Rhizoctorzia solani, Fusarium oxysporum fsp. cucumerinum
(Supplementary figure S1).

B. velezensis 118 is an effective biocontrol agent for banana Fusarium wilt

To test whether B. velezensis 118 could effectively control banana Fusarium wilt, we carried out pot experiments
under greenhouse settings using micropropagated Cavendish banana seedlings of the ‘Brazilian’ variety that are
susceptible to Foc. Following treatment with B. velezensis 118, the wilt incidence (WI) was reduced by nearly
two-fold relative to the untreated control plants (CK2), which exhibited a disease incidence (DI) of 89% (Fig. 2A
and E). Consistent with this disease suppression, plants treated with both B. velezensis 118 and Foc displayed a
restoration of leaf number (Fig. 2B), plant height (Fig. 2C), and plant biomass (Fig. 2D) to levels significantly
higher than the control Foc-only exposed plants (CK2). Bacillus biocontrol agents can both protect plants against
pathogens and in some cases improve growth by production of plant hormones®*2. In this case, the plants in the
118-treated group (Foc +118) were comparable to the healthy, uninfected control plants (CK1), with no obvious
growth stimulation. Furthermore, treatment with B. velezensis 118 led to restoration of the rhizosphere microbial
community, with increased levels of bacteria and actinomycetes, and a significant reduction in fungi, relative to
the Foc-only treated plants (Supplementary figure S2). Together, these results demonstrate that B. velezensis 118
effectively suppresses banana Fusarium wilt and facilitates the restoration of soil microbe ecological balance
thereby mitigating the damage caused by Foc infection.

Deletion of sigX impairs biofilm development in B. velezensis and B. subtilis

The ability of PGPR to reduce the impact of phytopathogen is associated with a strong potential for biofilm
formation, which contributes to efficient colonization of the root surface>>%, Assays for biofilm formation are
well established for Bacillus isolates, and include analysis of the complex morphology of colonies growing on
agar plates®®* and of the pellicles that form at the interface between a nutrient medium and the air in static
cultures®®>”. We evaluated the biofilm formation capability of B. velezensis 118 by monitoring pellicle mass. B.
velezensis 118 exhibited higher biofilm production than other biofilm-producing isolates such as B. velezensis
FZB42, Y6'°, F7'°, and B. subtilis 3610 (Supplementary figure S3).

The regulatory pathways involved in biofilm formation have been investigated in detail in B. subtilis 3610°>8-C,

Since the transition from planktonic growth to a biofilm is a major life-style transition, we hypothesized that
alternative sigma factors might play a role in this process.
B. velezensis encodes five ECF sigma factors (o™, 0%, 6%, ¢V, and 6¥1%©)%’. To assess the role of each o factor
to biofilm formation, we constructed deletion mutants of each ECF sigma factor in B. velezensis 118. We then
examined the impact of these deletions on pellicle formation at the air-liquid interface in liquid culture. B.
velezensis 118 WT exhibited densely packed, uniformly structured pellicle with characteristic wrinkled patterns
(Fig. 3A). Four single mutants (sigM::erm, sigW::cat, sigV::kan, and ylaC::cat) displayed comparable levels of
biofilm development. However, the sigX::erm mutant showed a much thinner and disorganized pellicle structure,
with less wrinkling and large gaps (Fig. 3A). We then monitored the colony morphology on solid agar plates.
Compared to the wild-type B. velezensis 118, the sigX::erm mutant exhibited a disrupted structure with less
uniformity and potential central degradation (Fig. 3B). In contrast, three other mutants (sigM::erm, sigW::cat,
and sigV::kan) had structured biofilms with rugged edges similar to WT, and the ylaC::cat mutant displayed a
wide and dispersed halo at the margin (Fig. 3B).

To further evaluate the effects of sigX deletion on biofilm development, we monitored pellicle formation
and colony morphology over five days. The sigX::erm mutant failed to develop a mature and complex pellicle
structure by day 5 compared to WT (Fig. 4A). While WT developed well-defined colonies with a rugged and
intricate pattern over time, sigX::erm colonies remained smaller and less organized, with parts of the pellicle
petal structure missing even after 5 days (Fig. 4B). Additionally, the sigX::erm mutant produced significantly
lower biofilm mass across all time points (Fig. 4C).

Next, we compared the effects of the B. velezensis sigX deletion with those observed in the more genetically
tractable strain B. subtilis 3610. Consistent with prior studies?’, the B. subtilis sigX null exhibited disrupted pellicle
formation and less structured colonies compared to B. subtilis 3610 WT. This phenotype can be restored by
complementation (Fig. 4D). Together, these data illustrate the pivotal role of X in maintaining biofilm structure
and integrity in both B. subtilis and B. velezensis. Biofilm formation is known to be correlated with the efficiency
of root colonization!”. Consistently, we note that the B. subtilis 3610 sigX mutant strain was compromised in
its ability to colonize Arabidopsis thaliana roots, particularly at early time points (Supplementary figure S4). In
contrast with these effects on root colonization, sigX mutants in both B. subtilis 3610 and B. velezensis 118 had
only minor defects in swimming and swarming motility (Supplementary figure S5), and no differences were
noted in the production of lipopeptides in B. velezensis 118 (Supplementary figure S6; Supplementary Table S4),
which is predicted to encode a suite of secondary metabolites very similar to those produced by the type strain
B. velezensis FZB42 (Supplementary Table S5).

The role of 6* in enhancing the biocontrol efficacy of B. velezensis 118

To evaluate the potential involvement of sigX in the biocontrol efficacy (BE) of B. velezensis 118, we monitored
disease progression of banana and tomato plants exposed to the fungal pathogen Foc and the bacterial pathogen
Rs, respectively (Fig. 5). In the absence of B. velezensis 118 treatment, the DI of banana plants exposed to Foc
reached 66% at 21 d after transplanting. Treatment with WT B. velezensis 118 significantly reduced the DI to 23%
(Fig. 5A-B), achieving a biocontrol efficacy of 65% against Foc. However, deletion of sigX led to a significantly
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Fig. 2. B. velezensis 118 exhibits potent antifungal activities against Foc in vivo. (A) The biocontrol ability of
118 to suppress banana Fusarium wilt was evaluated in pot experiments. Three groups were included: CK1

(no Foc): uninfected banana seedlings were directly planted into pots; CK2 (Foc): infected with Foc; and
Foc+ 118, inoculated with both Foc and 118. (B) The number of banana leaves per plant and (C) plant height
were monitored for 30 days after transplantation. Data represent the mean values + SD (n =30, 95% confidence
intervals). (D) The dry weight of each plant was quantified 30 d after transplantation. Significant differences
between the two infected groups (CK2 and Foc + 118) were determined by a two-tailed t-test, **P<0.01, ns,
not significant. (E) Representative photographs showed the biocontrol effect of 118 on suppressing banana
Fusarium wilt in the pot experiments. Photos were taken 20 d after transplantation.
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Fig. 3. Contribution of o factor to biofilm formation of B. velezensis 118. Representative images show
pellicle structure in LBGM medium (A) and colony architecture morphology on LBGM plates (B) after 24 h
incubation at 30 °C. The strains tested include B. velezensis 118 (WT) and its derived mutants: sigM::erm,
sigX::erm, sigW::cat, sigV::kan, and ylaC::cat. Scale bar, 5 mm.

reduced biocontrol efficacy against Foc, with a DI of 38% (Fig. 5A-B), resulting in a biocontrol efficacy of 42%
for the sigX::erm mutant against Foc.

In tomato bacterial wilt pot experiments, deletion of sigX also resulted in decreased biocontrol efficacy
against Rs. Thirteen days after exposure to Rs, the DI of tomato plants treated with wild-type B. velezensis 118
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Fig. 4. oX contributes to biofilm formation in B. velezensis 118. Representative images show the pellicle
formation in LBGM medium (A) and colony architecture morphology on LBGM plates (B) of B. velezensis
118 (WT) and its derived sigX::erm mutant after 1, 3, or 5 d of incubation at 30 °C. (C) Biofilm production

was quantified for both 118 WT and the sigX::erm mutant grown in LBGM medium at various indicated
timepoints. Data represent the mean values + SD (n=3). Statistical significance was determined by a student
t-test, **P<0.01. (D) Representative images show the pellicle formation of B. subtilis 3610, its derived sigX null
mutant, and the complement strain sigX P ,sigX (sigX PsigX) in LBGM medium (top) and colony architecture
morphology on LBGM plates (bottom) after 15-24 h incubation at 37 °C. Scale bars, 5 mm.

was 51%, whereas those treated with the sigX::erm mutant had a DI of 69% (Fig. 5C-D). In contrast, the DI in
plants not treated with B. velezensis 118 was 93% (Fig. 5C-D). Notably, sigX contributed to a 23% enhancement
in biocontrol efficacy against Rs. These results underscore the significant role of sigX in the biocontrol efficacy
of B. velezensis.

Discussion

Members of the Bacillus genus are notable for their ability to function as PGPR that both increase plant growth
and suppress disease!®!!. Growth stimulation is mediated both by the mobilization of soil micronutrients that
benefit plant growth and by the physical and chemical inhibition of plant pathogens. A general model has emerged
in which Bacillus spp. in the rhizosphere sense chemicals in root exudates that serve as chemoattractants®! and
stimulate biofilm formation®. Biofilms formed on plant roots can physically occlude access by plant pathogens,
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Fig. 5. o promotes the biocontrol efficacy of B. velezensis 118. (A) The biocontrol ability of B. velezensis 118
and its derived sigX::erm mutant to suppress banana Fusarium wilt was evaluated in pot experiments. Four
groups were included: CK1 (no Foc), uninfected banana seedlings were directly planted into pots; CK2 (Foc,
only infected with Foc; Foc+WT (118), inoculated with both Foc and 118; and FOC + sigX::erm, inoculated
with both Foc and sigX::erm. The data represent the mean values (n=30). (B) Representative photographs

of the banana plants showing the wilt incidence after 16 d transplantation. (C) The biocontrol ability of

B. velezensis 118 and its derived sigX::erm mutant to suppress tomato bacterial wilt was evaluated in pot
experiments with plants challenged by Ralstonia solanacearum (Rs). Four groups were included in the tomato
bacterial wilt experiments: CK1 (no Rs), CK2 (Rs), Rs+ WT (118), and Rs + sigX::erm. Data represent the
mean values +SD (n =24, 95% confidence intervals). Significant differences between the two treated groups
(Foc+118 and Foc + sigX::erm) were determined by a two-tailed t-test, **P<0.01, ns, not significant. (D)
Representative photographs of the tomato plants showing the wilt incidence after 10 d transplantation.

and many Bacillus spp. also produce antimicrobial compounds in the rhizosphere that can inhibit the growth
of potential pathogens!'""'*®. The complex chemical and genetic interactions within the diverse microbial
community in the rhizosphere, including bacteria, bacteriophage, and fungi, are only beginning to be untangled.

Although this general model can account for the growth-stimulating activities of beneficial rhizobacteria,
the details of the underlying genetic programs are still emerging. Here, we have focused on B. velezensis 118, a
rhizosphere soil isolate from near cultivated banana plants in Guangzhou, China. This isolate has strong anti-
fungal activity against Foc (Fig. 1), reduces wilt incidence on banana seedlings exposed to Foc (Fig. 2), and
suppresses tomato wilt due to the bacterial phytopathogen Ralstonia solanacearum (Fig. 5). These activities
are similar to those described for numerous other B. velezensis isolates, including the type strain B. velezensis
FZB421331,

The molecular genetic underpinnings of PGPR activity rely on complex regulatory circuity that, to a first
approximation, can be modeled on B. subtilis 168 and its close relatives®. B. subtilis 168 was one of the first
bacterial species to have its genome sequence determined® and is an important model bacterium®®’. For
example, the chemotaxis of Bacillus spp. towards root exudates relies on chemoreceptors and flagellar-based
motility systems®!. As originally characterized in B. subtilis 168, the genes for flagella biosynthesis®, methyl-
accepting chemotaxis receptors (MCPs)®, and related signal transduction pathways are controlled by the
alternative sigma factor o!® 7972, The colonization of roots by B. subtilis involves multiple chemoreceptors that
can sense plant-derived compounds'®. A role of (L)-malic acid in tomato root exudates was among the first
identified signals to stimulate biofilm formation and is sensed by a surface-localize sensor kinase, KinD”3. Other
signals are also likely involved, and in banana root exudates oxalic acid, fumaric acid, and malic acid collaborate
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to induce biofilm formation*. Studies in B. velezensis SQR9 identified 39 chemoattractant and 5 chemorepellent
compounds in root exudate that were sensed, primarily, by the McpA and McpC chemoreceptors’7°.

While flagellar-based motility and chemotaxis are key early steps in root association, efficient colonization
requires the ability of bacteria to move over surfaces”” (swarming motility) and biofilm formation®. B. subtilis
168 strains are defective in both swarming motility and biofilm formation’®”®, so the most incisive studies into
these processes have been conducted in the closely related ancestral strain, B. subtilis 3610*%5%0, B. subtilis 3610
is closely related to the 168 type strain (99.99 average nucleotide identity), but has several differences that have
profound effects. Strains in the 168 lineage are defective for swarming due to mutations in the sfp and swrA
genes, and correcting these mutations restores swarming motility®!. Sfp is a 4-phosphopantetheinyl transferase
that activates non-ribosomal peptide synthetases®? and is therefore required for the production of lipopeptides
and the siderophore bacillibactin. SwrA functions as a co-activator with DegU of the large flagellar gene cluster,
which supports the hyper-flagellation phenotype associated with efficient surface motility®>. In addition to sfp
and swrA, mutations in the epsC and degQ genes in 168 reduce biofilm formation, and a large plasmid in B.
subtilis 3610 contains genes that also affect biofilm formation and reduce competence’®*. Because of these
genetic differences, the 3610 strain is the preferred model for B. subtilis swarming®® and biofilm formation®.

Biofilm formation in B. subtilis 3610 requires the coordinated induction of extracellular matrix components,
including extracellular polysaccharides (EPS), polymers of the TasA protein, and a hydrophobic barrier composed
of the BslA protein®2808687 Plant-derived signals can induce biofilm formation by triggering a complex signaling
cascade”>7%88, which activates matrix production in a subset of cells?**>*°, and downregulates and disables the
flagellar-based motility apparatus®.

While there are still many gaps in our understanding of how biofilm formation is regulated, the key regulatory
events are now clear®. The Spo0A response regulator controls a large suite of genes in a graded fashion®’. Under
conditions that favor biofilm formation, Spo0A is phosphorylated by one or more of several membrane-localized
sensor kinases. The resultant SpoOA ~ P represses the transition state regulator AbrB and activates Sinl, a key
antagonist of SinR. SinR serves as a master regulator of biofilm formation by repression of exopolysaccharide
(epsA-O) and protein (tapA-sipW-tasA) components of the matrix’. These and other genetic interactions have
been integrated into a detailed model for the initiation of biofilm formation?$>%,

Extracytoplasmic function (ECF) sigma factors are also important for biofilm formation?*?’. Of the seven
ECF sigma factors in B. subtilis, mutations in sigX have the largest effect on biofilm formation?”. The o regulon
has been defined in B. subtilis 168, although in several cases target genes have promoters that can be recognized
by more than ECF sigma factor?>°%%3. The o* regulon includes bcrC®, a bacitracin resistance determinant that
encodes one of two redundant UPP phosphatases® and the pssA and dlt loci, which together modify cell surface
charge and contribute to resistance to antimicrobial peptides’®*”. In addition, o* regulates abh®>*°, an AbrB
paralog that activates antibiotic (sublancin) synthesis by antagonizing the action of AbrB!®. Abh also contributes
to antibiotic resistance'?!, consistent with the finding that Abh and its homolog AbrB control antimicrobial
resistance genes'®2. The role of 6* in both sublancin synthesis and biofilm formation can be bypassed by ectopic
expression of Abh, suggesting that this is the key o*-controlled gene involved in these processes?””!%. Abh is
important for biofilm formation due it ability to activate transcription of SIrR?”¢. SIrR in turn functions as
an epigenetic switch; by antagonizing SinR, SIrR derepresses biofilm matrix genes, and in concert with SinR
functions as a SIrR/SinR heterodimer to repress motility functions'®.

As a first approximation, we can assume that the genes and pathways that mediate motility, chemotaxis,
biofilm formation, and antibiotic production and resistance are conserved between B. subtilis and B. velezensis.
However, these two species only share ~80% average nucleotide identity (Fig. 1D). Even within B. velezensis,
whole genome comparisons of 46 isolates revealed a range of genome sizes (3,610 to 4,436 genes), with a core
genome of ~ 3000 genes and a pangenome of >8000 genes'**. Comparisons between B. velezensis and B. subtilis
reveal a core genome of ~2574 genes'®. Therefore, further strain-specific studies may yet reveal new aspects
of these regulatory pathways and processes. It is challenging to accurately predict regulatory networks from
DNA sequence alone, so further investigations using combinations of genetic, transcriptomic, and proteomic
approaches will be needed.

We here demonstrate that B. velezensis 118 o* is important for pellicle formation (Fig. 3), and that the
reduction in biofilm formation in a sigX mutant is correlated with reduced efficacy of disease suppression (Fig. 5).
We suspect that o supports biofilm formation by activating abh expression?’. Indeed, B. velezensis 118 abh is
preceded by a likely 6*-dependent promoter similar to that in B. subtilis 168°°, with identical sequences spanning
the —35 element (inclusive of a functionally important T-tract®?) and the — 10 element (Supplementary figure
S7)%. A role for o in biofilm formation is also consistent with adaptive laboratory evolution (ALE) experiments
that selected for B. subtilis strains with increased root colonization!%. In competition experiments with non-EPS
producing (cheater) strains, mutations in the anti-o* factor rsiX supported improved colonization!?’, consistent
with increased EPS production in rsiX mutants!%.

The o* regulon may play additional roles in disease suppression beyond activation of biofilm formation. For
example, two proteins inducible by exposure to root exudates in B. velezensis FZB42 were at least partially 0X-
dependent: an inositol utilization protein C (IolC) and a p-1,4-mannanase (YdhT) that mediates extracellular
digestion of glucomannan!®1, Neither have been shown to be oX-dependent in B. subtilis. Further, cX may
contribute to disease suppression and the restoration of the rhizosphere microbial community through its roles
in activation of antibiotic synthesis'*’ and resistance genes****191. Collectively, our findings support the idea that
o is part of an extended regulatory network important for biocontrol in the B. velezensis clade.
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