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The utilization of chemical pesticides recovers 30%—40% of food losses.
However, their application has also triggered a series of problems, including
food safety, environmental pollution, pesticide resistance, and incidents of
poisoning. Consequently, green pesticides are increasingly seen as viable
alternatives to their chemical counterparts. Among these, Plant Growth-
Promoting Rhizobacteria (PGPR), which are found within plant rhizosphere, stand
out for their capacity to stimulate plant growth. Recently, we isolated a strain,
BN, with broad-spectrum antimicrobial activity from the rhizosphere of Lilium
brownii. ldentification revealed that this strain belongs to the species Bacillus
velezensis and exhibits significant inhibitory effects against various fungal plant
pathogens. The complete genome sequence of B. velezensis BN consists of a
circular chromosome with a length of 3,929,791 bp, includes 3,747 protein-
coding genes, 81 small RNAs, 27 rRNAs, and 86 tRNAs. Genomic analysis revealed
that 29% of the genes are directly involved in plant growth, while 70% of
the genes are indirectly involved. In addition, 12 putative biosynthetic gene
clusters were identified, responsible for the synthesis of secondary metabolites,
such as non-ribosomal peptides, lanthipeptides, polyketides, siderophores, and
terpenes. These findings provide a scientific basis for the development of efficient
antimicrobial agents and the construction of biopesticide production platforms
in chassis cells.
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green pesticides, food safety, Plant Growth-Promoting Rhizobacteria (PGPR),
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1 Introduction

The increasing frequency and severity of plant diseases
present growing threats to global food security, biodiversity
and agricultural production. These diseases reduced crop yields
and caused ecological damage, with pathogens and pests alone
accounting for up to 41% of global crop losses, costing the
global economy over $220 billion annually (Savary et al., 2019;
Singh B. K. et al, 2023). Crops are vulnerable to infections
from a diverse array of pathogens, encompassing bacteria, fungi,
oomycetes, viruses, and nematodes. Historically, pesticides have
been the predominant method for managing plant diseases.
Nevertheless, the rising resistance of these pathogens, coupled
with the substantial environmental pollution caused by chemical
usage, poses a grave risk to public health (Tang et al.,, 2021). In
the rhizosphere of terrestrial plants, a diverse array of indigenous
beneficial bacteria engage in close interactions with plant roots.
These bacteria contribute to plant growth and bolster stress
resistance through diverse mechanisms (Liu et al., 2020), presenting
a promising alternative to traditional pesticides.

Indigenous bacteria consortia have a wide range of applications
across multiple fields. Through isolation and optimization, they can
eliminate heavy metals from wastewater, enhance soil ecological
functions, and promote plant growth (Gu et al., 2024; La et al., 2024;
Yan et al., 2024). However, the complex interactions among these
microorganisms, along with strong environmental dependencies,
make artificial regulation challenging. As a result, synthetic
microbial communities (SynCom) have gained considerable
attention in plant protection (Qiao et al., 2024; Wang et al., 2024).

SynCom are artificially created by combining two or more
bacteria with distinct classifications, genetic traits, and functional
characteristics. Research has shown that a SynCom, SSC8,
composed of eight Pseudomonas can enhance the growth and
disease resistance of watermelon (Qiao et al., 2024). A SynCom-
mix7 was developed using seven Pseudomonas, significantly
improving the resistance of S. babylonica to P. versicolora (Wang
et al., 2024). These indicates that SynCom primarily consist of
infraspecies, as interspecies combinations may lead to competition
among microbes, making stable coexistence difficult.

To address this issue, researchers have proposed strategies
and methods for artificial spatial isolation, successfully achieving
interspecies microbial communities involving E. coli, S. cerevisiae,
and C. glutamicum (Wang L. et al., 2022). Additionally, genome
analysis of individual Plant Growth-Promoting Rhizobacteria
(PGPR) can be employed to construct engineered strains with
clear pathways that are artificially controllable, which can then be
mixed with other strains. By designing the engineered strains, it
becomes possible to create adjustable and stable dual- or multi-
strain combinations (Fedorec et al., 2021).

Bacillus species, known as PGRP, are renowned for their
abundant secretion of biologically active molecules, predominantly
secondary metabolites with molecular weights under 2.5 KDa,
which possess the ability to suppress the growth of plant pathogens
(Jayakumar et al,, 2011; Ruparelia et al., 2022). Although these
molecules are not essential for bacterial growth or replication,
they provide a substantial selective advantage upon the producing
strain. This repertoire of bioactive molecules includes lipopeptides,
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antibiotics, enzymatic degraders, iron chelators, polyketides,
non-ribosomal peptides, ribosomal peptides, volatile organic
compounds (VOC), and specific plant hormones, all of which
demonstrate antifungal, antibacterial, and antiviral properties,
concurrently promoting plant growth (Grady et al., 2016; Ruparelia
et al., 2022). Furthermore, the spore-forming ability of Bacillus
species renders ideal candidate for developing highly efficacious
biopesticide products (Ongena and Jacques, 2008; Zhao et al,
2023). To date, a number of Bacillus strains have been successfully
commercialized as biocontrol agents, such as Bacillus velezensis
FZB42 (ABiTEP, GmbH, Berlin, Germany), and Bacillus pumilus
(QST2808; AgraQuest, Inc., Davis, California, USA) (Helene et al.,
2011; Pérez-Garcia et al., 2011).

Between 1999 and 2000, researchers successfully isolated two
strains, CR-14b and CR-502T, from soil samples collected at the
mouth of the Vélez River at Torre del mar in the province of
Malaga, southern Spain (Ruiz-Garcia et al, 2005). Phenotypic
and phylogenetic analyses suggested a close relationship of these
strains to Bacillus subtilis and Bacillus amyloliquefaciens. However,
digital DNA-DNA hybridization (ADDH) revealed <20% sequence
similarity with any known species within the Bacillus genus, which
warranted their classification as a novel species, Bacillus velezensis
(B. velezensis) (Dunlap et al., 2016; Ruiz-Garcia et al., 2005; Wang
et al.,, 2008). B. velezensis, an aerobic, Gram-positive bacterium,
is capable of forming endospores and producing a wide range of
secondary metabolites with broad-spectrum antibacterial activity,
as well as its capacity to promote plant growth (Rabbee et al., 2019).
Consequently, B. velezensis has seen widespread application in the
biological control of plant diseases. At present, various strains of B.
velezensis are being employed in the management of plant diseases.
For instance, B. velezensis JB0319 helps lettuce to overcome salt
stress and promote growth by enriching nitrogen-fixing bacteria
(Bai et al., 2023). Another strain, B. velezensis BAC03, enhances
the growth of several crops, including beets, carrots and cucumbers
(Meng et al., 2016).

Among plant-associated Bacillus species, B. velezensis stands
out as a paradigmatic organism due to its significant role in
promoting plant growth and suppressing plant pathogens. Its
primary mechanisms include producing antimicrobial substances
to antagonize pathogens, competing for ecological niches and
nutrients, and activating induced systemic resistance (ISR) of
plants, offering a multifaceted approach to enhance plant growth
and yield (Ongena and Jacques, 2008). Notably, B. velezensis
allocates over 10% genome content to the synthesis of specialized
secondary metabolites. These secondary metabolites have a unique
ability to detect signaling molecules released by soil competitors,
such as the siderophore pyochelin produced by Pseudomonas
aeruginosa, which allows it to modulate its metabolic activities
and deploy a range of defensive strategies (Andri¢ et al., 2023).
Furthermore, the metabolites can significantly enrich plant-
beneficial indigenous bacteria, for instance, Pseudomonas stutzeri
in the cucumber rhizosphere, promoting the formation of stable
mixed biofilms in the crop rhizosphere and conferring beneficial
effects to the crops (Sun et al., 2022).

In this study, we introduce the complete genome sequence
of the B. velezensis BN for the first time and demonstrate
its broad resistance to various fungal plant pathogens. Our
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work not only elucidated the structural features of the B.
velezensis BN genome but also delves into its functional
genes, particularly those associated with promoting plant
growth,
analytical

utilizing rigorous whole-genome sequencing and

identified a
suite of pivotal antimicrobial secondary metabolites. These

approaches. Furthermore, we have
findings have laid the foundation for the developing efficient
microbial agents and constructing high-yield cell factories for

value-added products.

2 Materials and methods

2.1 Isolation and culture of BN strain

The bulbs of Lilium brownii (lily) were collected from Lintao
County, Gansu Province. First, the bulbs were rinsed with sterile
water for 1min, repeating the process two to three times, and
allowed to air dry. Second, the bulbs underwent disinfection with
75% ethanol and 3% sodium hypochlorite, followed by three
rinses with sterile water to eliminate any residual ethanol and
sodium hypochlorite. Third, the disinfected bulbs were crushed
into a fine powder using a sterilized mortar. One gram sample
was mixed with 9mL sterile water and vortexed to ensure
homogeneity. Fourth, the mixture was serially diluted to achieve
concentrations of 107°, 107, 1078, and 10~°, and 100 wL
aliquots of each dilution was spread onto solid Luria-Bertani (LB)
medium. Finally, these LB plates were incubated at 30°C for
48h. Distinct single colonies were selected for further isolation
and purification, culminating in the successful isolation of the B.
velezensis BN.

The culture conditions for the B. velezensis BN were as follows:
LB medium with the NaCl concentration adjusted to 0.17 M, the
pH maintained at 7.0, and the temperature at 30°C. The cells
were observed using a fluorescence microscope (Yongxing N-
800F, China).

2.2 Antifungal activity of BN strains

To evaluate the antifungal activity of B. velezensis BN
against diverse fungal pathogens, a dual-culture experiment
was conducted, as previously described (Liu et al., 2024). The
study encompassed six distinct fungal species: Colletotrichum
gloeosporioides (C. gloeosporioides), Fusarium oxysporum (F.
oxysporum), Rhizoctonia solani (R. solani), Phytophthora infestans
(P. infestans), Fusarium graminearum (F. graminearum) and
Fusarium tricinctum (F. tricinctum). Following a 7 days incubation,
the pathogens were inoculated at the center of the Potato
Dextrose Agar (PDA) plates. The PDA medium was prepared
with 200g L! potato, 20g L! glucose, and 20g L! agar,
with the pH adjusted to 7.0. B. velezensis BN was inoculated
~1cm from the edge of each plate, with control plates containing
only the pathogens. Each experiment was replicated three times
to ensure statistical robustness. All plates were incubated at
28°C until the fungal growth in the control plates extended to
the edges.
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2.3 DNA extraction and 16s rRNA analysis

The genomic DNA of B. velezensis BN was extracted
using a bacterial DNA extraction kit (General, Shanghai,
China). The 16S rRNA gene was amplified using primers
27F (5-AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-
GGYTACCTTGTTACGACTT-3'). PCR
products was performed by Sangon Biotech Co., Ltd., (China). The

Sequencing of the

phylogenetic analysis of the 16S rRNA was conducted using the
Type (Strain) Genome Server (TYGS) (https://tygs.dsmz.de/) (Le
Han et al., 2022; Meier-Kolthoff and Goker, 2019).

2.4 Whole genome sequencing and
analysis

Whole-genome sequencing of B. velezensis BN was performed
at Majorbio Laboratory (Shanghai, China) and involved both
Scaffolding and completing genome assemblies. For scaffolding,
an Illumina paired-end (PE) library with an average insert size
of ~400 bp was constructed and sequenced using the Illumina
HiSeq platform. This process included de novo genome assembly to
obtain preliminary genomic sequences and functional annotation.
To refine the genome assemblies, a PacBio RS II library with a
read length of ~10kb was generated and sequenced on the PacBio
RS II platform, followed by comprehensive bioinformatics analysis.
Scaffolding was performed using SOAPdenovo2 software for the
assembly of multiple short reads, while completion of genome
assemblies were achieved with Unicycler v0.4.8 and Pilon v1.22 for
sequence polishing.

Phylogenetic analysis of the gyrA gene and whole-genome
sequences were conducted using the TYGS server (Le Han et al,
20225 Meier-Kolthoff and Goker, 2019). Average nucleotide identity
(ANT) analysis was performed using the JSpeciesWS53 web server
(https://jspecies.ribohost.com/jspeciesws/) (Richter et al., 2016).
dDDH analysis was conducted using the Genome-to-Genome
Distance Calculator 3.0 (GGDC) web server (https://ggdc.dsmz.de/
ggdc.php#) (Meier-Kolthoff et al., 2013). Collinearity analysis of
the four strains was carried out with Mauve software. Core and
pan-genome analyses were performed using BPGA v1.3 software.

2.5 Genome annotation and metabolite
analysis

Functional annotation of the predicted coding genes was
accomplished through a dual-pronged approach. Initially, we
aligned the predicted genomic data with the genomes of the
B. velezensis species, selected as reference genomes based on a
phylogenetic analysis of 16S rRNA. This analysis facilitated the
identification of homologous genes and their subsequent functional
annotation. Subsequently, a database comparison method was
employed, leveraging six major databases (NR, Swiss-Prot, Pfam,
EggNOG, GO, and KEGG) to enhance the precision of functional
descriptions for gene annotation.

Carbohydrate
CAZy database

identified by the
Genes

active enzymes were

(http://www.cazy.org/). implicated
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in plant growth-promoting traits were analyzed by PGPT-Pred
(https://plabase.cs.uni-tuebingen.de/pb/form.php?var=PGPT-Pred)
(Patz et al, 2021). Furthermore, AntiSMASH 7.0 (https://
antismash.secondarymetabolites.org/) (Blin et al., 2023) was
employed to identify and characterize the biosynthetic gene
clusters of secondary metabolites with molecular weights
<2.5kDa.

3 Results

3.1 Isolation, characterization and
preliminary dentification of strain BN

A Dbacterial strain isolated from the rhizosphere of Lilium
brownii (lily) was designated as BN. Lily is widely recognized
for its various health benefits, such as having calming properties,
skin soothing effects, moisturizing dryness, and relieving cough.
Additionally, research has shown that Lilium polysaccharides
exhibit a variety of pharmacological activities, including antitumor,
immunomodulatory, hypoglycemic, and radioprotective properties
(Guo et al., 2024). The optimal culture conditions of BN were
determined to be a temperature of 30°C, pH 7.0, and 0.17M
NaCl. BN is a Gram-positive bacterium, rod-shaped bacterium with
length of 1-3 pm (Supplementary Figure S1A). It is characterized
the formation of a substantial biofilm, which may potentially
facilitate the colonization in the plant rhizosphere (Paula et al,
2020) (Supplementary Figure S1B).

Our study shown that BN exhibits a broad-spectrum
antagonistic activity against several fungal plant pathogens,
including C. gloeosporioides, F. oxysporum, R.solani, P. infestans,
F. graminearum and F. tricinctum (Figure 1). C. gloeosporioides
is a globally widespread plant pathogen that causes anthracnose
in various plants, including wolfberry, legumes, and strawberries,
leading to lesions on fruit and leaf surfaces (Dean et al., 2012).
F. oxysporum is a destructive soil-borne pathogen that causes
fusarium wilt and ceitocybe bescens in over 100 crops, including
those in the Musaceae, Rosaceae, and Cucurbitaceae families
(Berrocal-Lobo and Molina, 2008; Edel-Hermann and Lecomte,
2019). R. solani is a challenging pathogen to control which causes
significant damage to a wide range of vegetables, fruits, and crops
like potatoes, rice, corn, and cotton, leading to substantial yield and
economic losses (Singh A. et al., 2023). P. infestans is responsible
for causing the serious solanaceous plant disease known as late
blight, particularly affecting potatoes, and was a major culprit
in the 1840s European (Nowicki et al., 2012). F. graminearum is
the primary causative agent of Fusarium head blight (FHB), one
of the most destructive diseases affecting cereal crops worldwide
(Dash et al., 20125 Lu et al., 2022). F. tricinctum is a ubiquitous and
significant plant pathogen and mycotoxin producer that affects
a variety of crops, notably causing Fusarium head blight (FHB)
and ceitocybe bescens. In lilies, F. tricinctum can result in root
rot, bulbs rot, and the yellowing and shedding of basal leaves (Li
et al., 2013; Wang Y. et al, 2022). In summary, the BN strain
shows promising potential as a highly effective broad-spectrum
biocontrol agent.

We performed a phylogenetic analysis on the 16S rRNA gene
sequence of the BN strain (Figure 2). The result revealed that BN
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exhibited the highest similarity with B. velezensis FZB 42, with a
16S rRNA sequence identity of 99.74%. B. velezensis FZB 42 serves
as the model strain for promoting plant growth and biocontrol
rhizosphere (Fan et al., 2018). Additionally, BN shared a sequence
identity of 98.84% with B. velezensis B19. In summary, based on
the sequence similarity of the 16S rRNA genes, coupled with the
clustering patterns observed on the phylogenetic tree, BN was
preliminarily identified as B. velezensis. The complete genome of
BN was sequenced to further explore the antimicrobial capabilities
and identify additional resistance genes, laying a foundation for
developing engineered biocontrol strains.

3.2 Genome sequencing of BN and
comparative genomics

The circular genome map of BN was constructed using the GC
view program, as shown in Figure 3A (Grant and Stothard, 2008;
Le Han et al., 2022). The whole genome sequence of BN consists
of a circular chromosome spanning 3,929,791 bp, with a G4+C
content of 46.5%, and no plasmid sequences were detected. A total
of 3,747 protein-coding genes (CDS) were predicted, accounting
for 88.44% of the genome. These CDS genes have an average G+C
content of 47.34% and an average length of 928 bp, inclusive of 281
pseudogenes. Additionally, the genome contains 81 small RNAs
(sRNAs), 27 rRNAs (nine copies each of 5S, 16S, and 23S rRNAs),
and 86 tRNAs.

The ANI and dDDH analyses are widely used to evaluate
the similarity across bacterial strains based on whole-genome
sequences. According to studies by Zhang et al. (2016), the
compared strains exhibiting ANI values of >96% and DDH values
of >70% are typically classified within the same species. In this
study, the ANI values between BN and B. velezensis FZB 42, B.
velezensis B19, and B. velezensis JS25R were 98.3%, 98.1%, and
98.2%, respectively (Figure 3B). Correspondingly, the DDH values
were 85.4%, 83.4%, and 84.5% (Figure 3B).

The phylogeny based on the gyrA gene sequence from whole-
genome sequences (Supplementary Figure S2), revealing that BN
exhibited 98.76% and 98.33% sequence identity with the gyrA
sequences of B. velezensis FZB 42 and B. velezensis B19, respectively.
The gyrA gene, a highly conserved housekeeping gene in the
Bacillus genus, exists as a single copy across all bacterial species,
providing a higher resolution for Bacillus identification than the
16S rRNA gene, which may exhibit heterogeneity due to the
multicopy (Liu et al., 2022). Furthermore, a phylogenomic tree
was constructed based on the complete genome of BN and the
published whole-genome sequences of other strains (Figure 3C).
Collectively, these data fully confirmed the classification of
the BN strain as a member of B. velezensis (Figures2, 3,
Supplementary Figure S2).

Comparative genomic analysis using whole genome sequencing
with the Mauve program demonstrated that B. velezensis BN
shares a high degree of homology with the majority of genes
from B. velezensis FZB 42, B. velezensis B19, and B. velezensis
JS25R. However, compared to B. velezensis FZB 42 and B.
velezensis JS25R, certain genes were found to be absent in B.
velezensis BN. Additionally, in comparison to B. velezensis B19,
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C. gloeosporioides

F. oxysporum

R. solani

FIGURE 1
The dual confrontation between BN strain and five fungal pathogens. C. gloeosporioides, Colletotrichum gloeosporioides; F. oxysporum, Fusarium
oxysporum; R. solani, Rhizoctonia solani; P. infestans, Phytophthora infestans; F. graminearum, Fusarium graminearum; F. tricinctum, Fusarium

tricinctum.

P. infestans F. tricinctum

F. graminearum

both deletion and inversion of specific genes were observed in
B. velezensis BN (Supplementary Figure S3A). Core pan-genomic
analysis revealed that the four strains collectively possess 3,266 core
genes, constituting 87.2% of the total gene count of B. velezensis BN,
further substantiating the high similarity between B. velezensis BN
and the other three strains. Additionally, B. velezensis BN contains
111 unique genes (Supplementary Figure S3B).

3.3 Metabolite analysis of B. velezensis BN

COG (Clusters of Orthologous Groups) gene annotation
that the fall
three categories: and metabolism,

reveals largest proportion of genes into

Amino acid transport
Transcription, and Carbohydrate transport and metabolism
(Supplementary Figure S4A). Notably, genes associated with
secondary metabolite biosynthesis, transport, and catabolism
constitute 2.1% of the total coding genes.

Carbohydrate active enzymes (CAZy) are a crucial class
of enzymes, classified into glycoside hydrolases (GHs), glycosyl
transferases (GTs), polysaccharide lyases (PLs), carbohydrate
esterases (CEs), Carbohydrate-Binding Modules (CBMs) and
Auxiliary Activities (AAs). These enzymes are responsible for
degrading, modifying, and generating glycoside bonds. The ability
of CAZy to degrade carbohydrates not only provides a competitive
advantage against other bacteria but also activates the immunity
of host cell (Bu et al., 2023; Wardman et al., 2022). For instance,
endophyte-derived a-mannosidase can activate the host immunity
by degrading the rice cell wall and releasing oligosaccharides
as DAMPs (damage-associated molecular patterns), thereby
enhancing the rice’s disease resistance (Bu et al., 2023). The function
of the B. velezensis BN gene was annotated based on the CAZy
database (Supplementary Figure 54B). The analysis identified 128
of CAZy, including 41 GHs, 42 GTs, two CBMs, 31 CEs, three PLs,
and nine AAs.
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PGPT-Pred is an analytical tool designed to predict plant
growth-promoting traits within single bacterial genomes (Patz
et al,, 2021). As of the analysis conducted in August 2024, PGPT-
Pred indicates that the gene distribution within B. velezensis BN is
as follows: 26% are associated with plant colonization systems, 22%
with competitive exclusion, 22% with stress control mechanisms,
12% with bio-fertilization, 10% with phytohormones, 7% with
bioremediation, and 2% with plant immune response stimulation
(Figure 4A). Notably, genes involved in plant colonization,
competitive exclusion, and stress control, as well as plant immune
response stimulation, indirectly influence plant growth, while
those associated with bio-fertilization, phytohormone, and bio-
remediation have a direct effect on promoting plant growth
(Figure 4B, Supplementary Figure S5).

3.4 Secondary metabolites analysis of B.
velezensis BN

Biocontrol strains can produce a variety of secondary
metabolites with diverse properties and structures, exhibiting a
broad range of activities. These secondary metabolites include
antibiotics, pigments, plant growth promoters, effectors of
ecological competition, enzyme inhibitors, and pheromones
(Chaabouni et al, 2012). Among them, compounds with a
molecular weight below 2.5 kDa, produced during the stationary
phase, represent the most important class of secondary metabolites
for the control of plant diseases (Jayakumar et al., 2011; Ruparelia
et al., 2022). They exhibit a wide range of antibacterial properties,
triggering systemic acquired resistance, and promoting biofilm
formation which facilitates the colonization for the producing
strains. The antiSMASH platform is the leading resource for
identifying and analyzing the biosynthetic gene clusters (BGCs)
responsible for compounds with a molecular weight below 2.5 kDa
in both archaea and bacteria (Blin et al., 2023).
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FIGURE 2

The phylogenetic tree based on 16S rRNA genes illustrates the relationship between the BN strain and other related strains. The scale bar represents
0.005 substitutions per nucleotide position. Additionally, the tree is midpoint-rooted.

The antiSMASH was employed to predict the BGCs in
B. velezensis BN, aiming to assessing its capacity to suppress
pathogenic activity. The analysis revealed a total of 12 BGCs
dedicated to the production of compounds with a molecular
weight below 2.5 kDa (Table 1), spanning a combined length of
754.8 kb, which constitutes a significant 19.2% of the genome’s
total length. Among the identified BGCs are two encoding
(NRPS),
transferase polyketide synthases (transAT-PKS), one type III
polyketide synthase (T3PKS), two transAT-PKS-NRPS hybrid
systems, one lanthipeptides, one putative polyketide synthase

nonribosomal peptide synthetases two trans-Acyl

(PKS), two terpene clusters, and one cluster of an undetermined
type (Table 1).

Further analysis revealed that seven BGCs in B. velezensis BN
exhibit a high degree of similarity to those found in the model
strains B. velezensis FZB 42 and B. subtilis 168. The sequences
of macrolactin H, bacillaene, fengycin, difficidin, bactillihactin,
and bacilysin are 100% homologous with the reference strains,
while surfactin show 82% similarity based on alignment with the
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public database (Table 1). Additionally, we compared the sequence
differences of seven compounds among four strains: B. velezensis
BN, B. velezensis FZB 42, B. velezensis JS25R, and B. velezensis B19.
The results demonstrate that the four strains possess similar core
biosynthetic genes, but B. velezensis B19 exhibits some differences
compared to the other three (Figure 5), which aligns with the
findings of the collinearity analysis (Supplementary Figure S3A).
These differences may be attributed to the distinct environmental in
which these strains evolved, leading to the development of unique
metabolic pathways as adaptive mechanisms.

In this study, we conducted an antiSMASH analysis to provide a
detailed summary of several key compound biosynthetic pathways
(Figure 5). The biosynthetic gene cluster for surfactins is composed
of four open reading frames (ORFs): licA, licB, licC, and srfATE,
with a total length of 26.1 kb. In other species, the gene cluster ORFs
related to surfactin biosynthesis are named srfAA, srfAB, srfAC, and
srfAD (Ongena and Jacques, 2008). The synthesis of macrolactin H
is catalyzed by a PKS encoded by seven genes, pksE, mInB, minC,
mInD, mInE, mlnF, and mInG, totaling 48.2kb. The biosynthesis
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FIGURE 3

The whole-genome sequencing of BN strain and comparative analysis. (A) The circular representation of the BN strain genome. From outer to inner,
the first and fourth circles represent the CDS on the positive and negative strands, respectively, with different colors denoting various COG functional.
The second and third circles illustrate the CDS, tRNA, and rRNA on the positive and negative strands, respectively. The fifth circle displays the GC
content, with outward-facing sections indicating regions where the GC content exceeds the average. The sixth circle illustrates the GC-Skew values.
(B) The comparisons of ANI and dDDH values of BN strain and other related strains. Green, ANI. Purple, DDH. (C) The phylogenetic tree generated
from whole-genome sequencing. The scale bar indicates 0.02 substitutions per nucleotide position, and the tree is midpoint-rooted for clarity.
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of bacillaene involves a PKS composed of pksC, pksD, pksE, acpK,
pksG, pksH, pksI, and pksL, along with a NRPS composed of pks/,
pksN, and pksR, resulting in a total gene cluster length of 70.1 kb.
Fengycin is catalyzed by a NRPS composed of ppsA-E, with a total
gene cluster length of 37.7kb. Difficidin is catalyzed by a PKS
composed of dfnD-], totaling 60 kb. Bactillihactin comprises five
ORFs, entA, entC, entE, entB, and dhbF, with a total length of
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11.7 kb. In addition, bacillibactin is a siderophore that can absorb
iron elements at extremely low iron concentrations. Given that
iron atoms in nature primarily exist as ferric iron, which has

low bioavailability at physiological pH, the role of bacillibactin is
particularly crucial (Jia et al., 2021; Ma et al., 2017). The bacilysin is

primarily catalyzed by a series of enzymes encoded by bacA-G, each
performing distinct functions. The biosynthetic pathways of these
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TABLE 1 Prediction of biosynthetic gene clusters of secondary metabolites in B. velezensis BN using antiSMASH 7.0.

Region Type Most Similarity Formula MIBIG Gene cluster
similar accession from
known organisms
cluster

Region 1 NRPS 322,199 387,606 Surfactin 82 Cs,Hg1N;O13 BGC0000433 Bacillus velezensis

FZB42
Region 2 PKS-like 924,056 965,300 Butirosin 7 Cy1HyN501, BGC0000693 Bacillus circulans
A/ButirosinB
Region 3 Terpene 1,047,344 1,068,084
Region 4 Lanthipeptide- 1,188,577 1,217,465
class-1I

Region 5 TransAT-PKS 1,384,028 1,472,261 Macrolactin H 100 Cy4H3405 BGC0000181 Bacillus velezensis

FZB42

Region 6 TransAT-PKS, 1,690,940 1,801,045 Bacillaene 100 C34Hs50N,Og BGC0001089 Bacillus velezensis
T3PKS, NRPS FZB42

Region 7 NRPS, 1,865,676 2,003,477 Fengycin 100 C7,H19N12059 BGC0001095 Bacillus velezensis
TransAT-PKS, FZB42
betalactone

Region 8 Terpene 2,028,704 2,050,587

Region 9 T3PKS 2,113,905 2,155,005

Region 10 TransAT-PKS 2,269,991 2,376,173 Difficidin 100 C31Hys04 P, BGC0000176 Bacillus velezensis

FZB42
Region 11 NRP- 3,000,877 3,052,668 Bactillihactin 100 C39HyNgOo8 BGC0000309 Bacillus subtilis 168
metallophore,
NRPS,
RiPP-like
Region 12 Other 3,588,978 3,630,396 Bacilysin 100 C12H15N,05 BGC0001184 Bacillus velezensis
FZB42

natural active substances not only reveal their roles in microbial
metabolism but also provide a potential for constructing artificial
biocontrol engineering strains.

4 Discussion

The PGPR confer benefits to plants by inhibiting pathogenic
invasion and facilitating the acquisition of soil nutrients, thereby
serving as an effective alternative to chemical agents in the
prevention and control of diseases and pests (Ling et al., 2022).
Bacillus species are characterized by their exuberant metabolism,
production of diverse secondary metabolites, high fermentation
density, and strong resistance and adaptability, which render
an important group of beneficial biocontrol strains in nature
environment (Fira et al., 2018). In recent years, there has been
a notable increase in the discovery of B. velezensis. As of August
2024, the genomes from 928 strains of B. velezensis, either
fully or partially, have been submitted to the National Center
for Biotechnology Information (NCBI) database. This repository
is pivotal for the exploration of antimicrobial compounds and
the development of biocontrol engineering strains that can be
artificially controlled.

In this study, we isolated a novel PGPR from the rhizosphere
of lily, which thrives at growth temperature of 30°C, pH 7.0, and
0.17 M NaCl. Phylogenetic analysis based on 16S rRNA, gyrA gene
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and whole genome sequence revealed that this strain is a member of
the B. velezensis species (Figures 2, 3C, Supplementary Figure S2).
We found that it exhibits significant antimicrobial activity against
various phytopathogenic fungi, including C. gloeosporioides, F.
oxysporum, R. solani, P. infestans, F. graminearum, and F.
tricinctum (Figure 1). Therefore, B. velezensis BN emerges as
a promising candidate for biopesticide applications, offering a
potential solution for the prevention and management of plant
diseases caused by fungal pathogens.

In PGPR, secondary metabolites with molecular weights
below 2.5 kDa are identified as the most critical antagonistic
substance. Among these compounds, fengycins and surfactins,
which are cyclic lipopeptides, distinguished by their unique
composition of both amino acid and hydroxy fatty acid
chains (Supplementary Figures S6A, B). Their exhibit significant
heterogeneity, which can be attributed to the diversity in the
type and sequence of amino acid residues, the unique feature
of peptide fragment cyclization, and the unique characteristics
of hydroxy fatty acid chains regarding their length, branching,
and the specific synthetic pathways involved. The broad-spectrum
antibacterial properties of fengycins and surfactins have positioned
them as potent agents in the management of plant disease (Ongena
and Jacques, 2008). In recent study, we found that elevating
surfactins levels in B. velezensis BN not only thickens biofilm
formation but also enhances its colonization capacity on plant roots
(unpublished data).
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Macrolactin, a member of 24-membered macrolides

(Supplementary Figure S6C), is renowned for the robust
antibacterial potency. Studies have demonstrated its efficacy in
neutralizing plant pathogens such as Alternaria spp. and Pyricularia
oryzae, highlighting its significant potential in agricultural disease
and pest management (Wu et al, 2021; Xue et al, 2008).
Bacillibactin, a siderophore (Supplementary Figure S6D), plays
a pivotal role in iron acquisition, especially under iron-deficient
conditions. Notably, Chakraborty et al. (2022) has indicated
bacillibactin as a promising antimicrobial agent. Difficidin, a
highly unsaturated 22-membered macrolide phosphate, and
bacilysin, a dipeptide antibiotic with an L-alanine residue at the
N-terminal and the non-protein amino acid L-anticapsin at the
C-terminal (Andri¢ et al., 2023; Ozcengiz and Ogiﬂi’n‘, 2015)
(Supplementary Figures S6E, F), have been established in previous
research to possess potent antibiotic properties, particularly against
the human pathogen Candida albicans (Ozcengiz and Ogiiliir,
2015). Recent studies have further revealed that they can modulate
the expression of genes associated with virulence, cell division, and
the synthesis of proteins and cell walls in Xanthomonas, pathogens
responsible for rice white leaf blight and bacterial stripe disease
(Chen et al,, 2019). Bacillaenes, highly conjugated linear polyene
with bonds
exhibit broad antibacterial activity and are crucial for the strains

several cis-double (Supplementary Figure S6G),
survival, competition with other microorganisms, and biofilm
formation (Miao et al., 2023). Bacillaene has been shown to assist
B. velezensis FZB 42 in effectively inhibiting E. amylovora, the
pathogen causing severe fire blight in apples and pears (Chen et al.,
2009).

Although PGPR hold substantial potential as alternatives
to chemical pesticides, their successful commercial applications
face challenges due to species exclusion and the complexities
of adapting to diverse ecological niches (Shade et al, 2012).
Consequently, developing eco-friendly biopesticides requires both
identifying novel, broad-spectrum antimicrobial strains and
genetically modifying these strains to enhance their adaptability to
fluctuating ecological conditions. Synthetic biology, a burgeoning
field, employs engineering principles to redesign biological systems,
thereby enabling the endowment functionalities in organisms
through gene editing, gene synthesis, genetic circuits construction,
and metabolic engineering (Khalil and Collins, 2010). The field
is increasingly being harnessed in the development of novel
biopesticides, as evidenced by the microbial synthesis of plant-
derived compounds such as emodin and celangulin (Ke et al., 2021;
Zhao et al.,, 2022). Ginkgo Bioworks has capitalized on synthetic
biology to engineer efficient plant protectants by optimizing
microbial production of potent insecticidal compounds for large-
scale application.

Furthermore, the NRPS engineering has been a prominent area
of research in recent years. By rearranging NRPS modules with
various combinations, it is anticipated that new non-ribosomal
peptides can be synthesized, thereby expanding the repertoire of
bioactive molecules found in nature. A range of strategies for
NRPS reconstruction has been developed, including the specific
adjustments of adenylation domain (Stachelhaus et al., 1995),
subdomain swaps, docking domain engineering (Mootz et al,
2002), and the insertion or deletion of modules/domains (Butz
et al., 2008; Mootz et al., 2002). By deleting and replacing docking
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domains, mutating key amino acids, and using the same docking
domain for multiple NRPS subdomain, the biosynthetic pathways
for surfactin and fengycin have been successfully engineered,
leading to the detection of products with altered chain lengths in
the host cells (Liu et al., 2016; Mootz et al., 2002). The XUT method
facilitates the efficient recombination of thioesterase domains from
different species, enabling the targeted design and synthesis of
peptides with specific bioactivities (Bozhiiyiik et al., 2024). Prive
etal. (2024) successfully developed a novel syrbactin derivative that
selectively inhibits the activity of the immunoproteasome by the
XUT method.

In this study, we have successfully isolated and sequenced
the B. velezensis BN strain, which provides potential for genetic
manipulation to increase the yield of compounds antagonistic
to plant pathogens. Additionally, we introduce the feasibility of
utilizing synthetic biology techniques to construct and reengineer
efficient antimicrobial agents within the chassis cells, such as
non-ribosomal peptides. This study lays a foundation for the
development of novel microbial pesticides, which are crucial for the
sustainable enhancement of plant growth, nutrition, health, disease
control, and overall productivity in fluctuating and challenging
environmental contexts.

5 Conclusion

This study has achieved the isolation a PGPR strain from the
lily rhizosphere, which was identified as B. velezensis. The complete
genome of B. velezensis BN consists of a circular chromosome with
alength of 3,929,791 bp and a G+-C content of 46.5%. Our findings
revealed that B. velezensis BN exhibits strong antagonism against a
range of fungal plant pathogens, thereby positioning it as a PGPR
with broad-spectrum antimicrobial activity. Genomic analysis
showed that the genome of B. velezensis BN is abundant in CAZy
genes, conferring a significant competitive advantage in diverse
ecological niche. Moreover, genes directly involved in promoting
plant growth accounted for 29% of the total gene count, providing
a robust basis for plant growth enhancement. Additionally, the
genome of B. velezensis BN encompasses genes encoding secondary
metabolites with molecular weight <2.5 kDa, such as fengycin and
surfactin, which account for 19.2% of the total genome and may
play a pivotal role in the broad-spectrum antimicrobial activity.
This study not only expands our understanding of the PGPR strain
B. velezensis BN but also offers a scientific foundation and potential
application for the development of efficient functional microbial
agents and the engineering of artificially controllable biopesticide
cell factories.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: PRJNA1184975.

Author contributions

YZ: Data curation, Funding acquisition, Methodology,

Writing - original draft, Writing - review & editing. TL:

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1498653
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zheng et al.

Methodology, Writing - original draft. ZW: Methodology, Writing
— original draft. XW: Methodology, Writing - original draft. HW:
Methodology, Writing — original draft. YLi: Data curation, Funding
acquisition, Writing — original draft. WZ: Data curation, Writing
— original draft. SW: Data curation, Writing - original draft. YLe:
Data curation, Writing — original draft. JL: Data curation, Funding
acquisition, Writing - original draft. YY: Funding acquisition,
Methodology, Writing - original draft. YLiu: Data curation,
Writing - original draft. ZL: Data curation, Writing - original
draft. QW: Writing - review & editing. YT: Data curation, Funding
acquisition, Writing - review & editing.

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article.
This work was supported jointly by the Gansu Provincial
Education Department Young Ph.D. Support Program (2024QB-
042), the Henan Province Science and Technology Tackling Project
(232102311145), the National Natural Science Foundation of China
(32460091 and 32460620), Qinghai Provincial Central Government
Guide Local Science and Technology Development Project
(2024ZY033), Gansu Provincial Education Department Innovation
Fund Project (2024A-042), and Natural Science Foundation for
Young Scholars of Gansu Province (23JRRA1702).

References

Andri¢, S., Rigolet, A., Argiielles Arias, A., Steels, S., Hoff, G., Balleux, G., et al.
(2023). Plant-associated Bacillus mobilizes its secondary metabolites upon perception
of the siderophore pyochelin produced by a Pseudomonas competitor. ISME J. 17,
263-275. doi: 10.1038/s41396-022-01337-1

Bai, Y., Zhou, Y., Yue, T., Huang, Y., He, C,, Jiang, W., et al. (2023). Plant growth-
promoting rhizobacteria Bacillus velezensis JB0319 promotes lettuce growth under
salt stress by modulating plant physiology and changing the rhizosphere bacterial
community. Environ. Exp. Bot. 213:105451. doi: 10.1016/j.envexpbot.2023.105451

Berrocal-Lobo, M., and Molina, A. (2008). Arabidopsis defense response against
Fusarium oxysporum. Trends Plant Sci. 13, 145-150. doi: 10.1016/j.tplants.2007.12.004

Blin, K., Shaw, S., Augustijn, H. E. Reitz, Z. L., Biermann, F., Alanjary,
M., et al. (2023). antiSMASH 7.0: new and improved predictions for detection,
regulation, chemical structures and visualisation. Nucleic Acids Res. 51, W46-W50.
doi: 10.1093/nar/gkad344

Bozhiiyiik, K. A. J., Prive, L., Kegler, C., Schenk, L., Kaiser, S., Schelhas, C., et al.
(2024). Evolution-inspired engineering of nonribosomal peptide synthetases. Science
383:eadg4320. doi: 10.1126/science.adg4320

Bu, Z., Li, W, Liu, X,, Liu, Y., Gao, Y., Pei, G., et al. (2023). The rice
endophyte-derived a-mannosidase ShAMI1 degrades host cell walls to activate
DAMP-triggered immunity against disease. Microbiol. Spectrum 11:¢0482422.
doi: 10.1128/spectrum.04824-22

Butz, D., Schmiederer, T., Hadatsch, B., Wohlleben, W., Weber, T., Siissmuth,
R. D, et al. (2008). Module extension of a non-ribosomal peptide synthetase
of the glycopeptide antibiotic balhimycin produced by Amycolatopsis balhimycina.
Chembiochem 9, 1195-1200. doi: 10.1002/cbic.200800068

Chaabouni, I., Guesmi, A., and Cherif, A. (2012). “Secondary metabolites of bacillus:
potentials in biotechnology,” in Bacillus thuringiensis Biotechnology, ed. E. Sansinenea
(Dordrecht: Springer Netherlands), 347-366. doi: 10.1007/978-94-007-3021-2_18

Chakraborty, K., Kizhakkekalam, V. K. Joy, M., and Chakraborty, R. D.
(2022). Bacillibactin class of siderophore antibiotics from a marine symbiotic
Bacillus as promising antibacterial agents. Appl. Microbiol. Biotechnol. 106, 329-340.
doi: 10.1007/500253-021-11632-0

Chen, J., Liu, T., Wei, M., Zhu, Z, Liu, W., Zhang, Z. et al. (2019).
Macrolactin a is the key antibacterial substance of Bacillus amyloliquefaciens D2WM

Frontiers in Microbiology

10.3389/fmicb.2024.1498653

Conflict of interest

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

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.
1498653/full#supplementary-material

against the pathogen Dickeya chrysanthemi. Eur. ]J. Plant Pathol. 155, 393-404.
doi: 10.1007/5s10658-019-01774-3

Chen, X. H., Scholz, R, Borriss, M., Junge, H., Mogel, G., Kunz, S,
et al. (2009). Difficidin and bacilysin produced by plant-associated Bacillus
amyloliquefaciens are efficient in controlling fire blight disease. J. Biotechnol. 140,
38-44. doi: 10.1016/j.jbiotec.2008.10.015

Dash, S., Van Hemert, J., Hong, L., Wise, R. P., and Dickerson, J. A. (2012).
PLEXdb: gene expression resources for plants and plant pathogens. Nucleic Acids Res.
40, D1194-D1201. doi: 10.1093/nar/gkr938

Dean, R, Van Kan, J. A., Pretorius, Z. A., Hammond-Kosack, K. E., Di
Pietro, A., Spanu, J., et al. (2012). The Top 10 fungal pathogens in molecular
plant pathology. Mol. Plant Pathol. 13, 414-430. doi: 10.1111/j.1364-3703.2011.
00783.x

Dunlap, C. A, Kim, S. J., Kwon, S. W., and Rooney, A. P. (2016). Bacillus
velezensis is not a later heterotypic synonym of Bacillus amyloliquefaciens;
Bacillus methylotrophicus, Bacillus amyloliquefaciens subsp. plantarum and
‘Bacillus oryzicola’ are later heterotypic synonyms of Bacillus velezensis based on
phylogenomics. Int. J. Syst. Evol. Microbiol. 66, 1212-1217. doi: 10.1099/ijsem.0.0
00858

(2019). Current status of Fusarium
Phytopathology 109,  512-530.

Edel-Hermann, V., and Lecomte, C.
oxysporum formae speciales and races.
doi: 10.1094/PHYTO-08-18-0320-RVW

Fan, B., Wang, C., Song, X., Ding, X., Wu, L., Wu, H,, et al. (2018). Bacillus
velezensis FZB42 in 2018: the gram-positive model strain for plant growth promotion
and biocontrol. Front. Microbiol. 9:2491. doi: 10.3389/fmicb.2018.02491

Fedorec, A. J. H., Karkaria, B. D., Sulu, M., and Barnes, C. P. (2021).
Single strain control of microbial consortia. Nat. Commun. 12:1977.
doi: 10.1038/s41467-021-22240-x

Fira, D., Dimki¢, L, Beri¢, T., Lozo, J., and Stankovié, S. (2018). Biological
control of plant pathogens by Bacillus species. J. Biotechnol. 285, 44-55.
doi: 10.1016/j.jbiotec.2018.07.044

Grady, E. N, MacDonald, J., Liu, L., Richman, A., and Yuan, Z. C. (2016). Current
knowledge and perspectives of Paenibacillus: a review. Microb. Cell Fact. 15:203.
doi: 10.1186/512934-016-0603-7

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1498653
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1498653/full#supplementary-material
https://doi.org/10.1038/s41396-022-01337-1
https://doi.org/10.1016/j.envexpbot.2023.105451
https://doi.org/10.1016/j.tplants.2007.12.004
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.1126/science.adg4320
https://doi.org/10.1128/spectrum.04824-22
https://doi.org/10.1002/cbic.200800068
https://doi.org/10.1007/978-94-007-3021-2_18
https://doi.org/10.1007/s00253-021-11632-0
https://doi.org/10.1007/s10658-019-01774-3
https://doi.org/10.1016/j.jbiotec.2008.10.015
https://doi.org/10.1093/nar/gkr938
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1099/ijsem.0.000858
https://doi.org/10.1094/PHYTO-08-18-0320-RVW
https://doi.org/10.3389/fmicb.2018.02491
https://doi.org/10.1038/s41467-021-22240-x
https://doi.org/10.1016/j.jbiotec.2018.07.044
https://doi.org/10.1186/s12934-016-0603-7
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zheng et al.

Grant, J. R,, and Stothard, P. (2008). The CGView server: a comparative genomics
tool for circular genomes. Nucleic Acids Res. 36, W181-W184. doi: 10.1093/nar/gkn179

Gu, Z, Yan, H,, Zhang, Q., Wang, Y., Liu, C,, Cui, X,, et al. (2024). Elimination
of copper obstacle factor in anaerobic digestion effluent for value-added utilization:
performance and resistance mechanisms of indigenous bacterial consortium. Water
Res. 252:121217. doi: 10.1016/j.watres.2024.121217

Guo, J, Lu, L., Li, J,, Kang, S., Li, G,, Li, S., et al. (2024). Extraction, structure,
pharmacological activity, and structural modification of Lilium polysaccharides.
Fitoterapia 172:105760. doi: 10.1016/j.fitote.2023.105760

Helene, C., Wagner, B., Patrick, F., and Marc, O. (2011). “Bacillus-based biological
control of plant diseases,” in Pesticides in the Modern World, ed. S. Margarita (Rijeka:
IntechOpen), 13.

Jayakumar, P., Rahul, G. R., Kennedy, R., Subashri, R., and Sakthivel, N. (2011).
Secondary metabolite production by bacterial antagonists. J. Biol. Control 25, 165-181.
doi: 10.18641/JBC/25/3/39985

Jia, A., Zheng, Y., Chen, H., and Wang, Q. (2021). Regulation and functional
complexity of the chlorophyll-binding protein IsiA. Front. Microbiol. 12:774107.
doi: 10.3389/fmicb.2021.774107

Ke, J., Wang, B., and Yoshikuni, Y. (2021). Microbiome engineering: synthetic
biology of plant-associated microbiomes in sustainable agriculture. Trends Biotechnol.
39, 244-261. doi: 10.1016/j.tibtech.2020.07.008

Khalil, A. S., and Collins, J. J. (2010). Synthetic biology: applications come of age.
Nat. Rev. Genet. 11, 367-379. doi: 10.1038/nrg2775

La, S., Li, J., Ma, S., Liu, X., Gao, L., Tian, Y., et al. (2024). Protective role of
native root-associated bacterial consortium against root-knot nematode infection in
susceptible plants. Nat. Commun. 15:6723. doi: 10.1038/s41467-024-51073-7

Le Han, H,, Jiang, L., Thu Tran, T. N., Muhammad, N, Kim, S. G., Tran Pham, V. P.,
et al. (2022). Whole-genome analysis and secondary metabolites production of a new
strain Brevibacillus halotolerans 7TWMAZ2: a potential biocontrol agent against fungal
pathogens. Chemosphere 307:136004. doi: 10.1016/j.chemosphere.2022.136004

L, Y. Y., Wang, Y. ], Xie, Z. K., Wang, R. Y., Qiu, Y., Pan, H. Q,, et al. (2013). First
report of lily blight and wilt caused by Fusarium tricinctum in China. Plant Dis. 97:993.
doi: 10.1094/PDIS-11-12-1010-PDN

Ling, N., Wang, T., and Kuzyakov, Y. (2022). Rhizosphere bacteriome structure and
functions. Nat. Commun. 13:836. doi: 10.1038/s41467-022-28448-9

Liu, H,, Brettell, L. E., Qiu, Z., and Singh, B. K. (2020). Microbiome-mediated stress
resistance in plants. Trends Plant Sci. 25, 733-743. doi: 10.1016/j.tplants.2020.03.014

Liu, H., Gao, L., Han, J., Ma, Z., Lu, Z., Dai, C,, et al. (2016). Biocombinatorial
synthesis of novel lipopeptides by COM domain-mediated reprogramming of the
plipastatin NRPS complex. Front. Microbiol. 7:1801. doi: 10.3389/fmicb.2016.01801

Liu, Y., Stefanic, P., Miao, Y., Xue, Y., Xun, W., Shen, Q,, et al. (2022). Housekeeping
gene gyrA, a potential molecular marker for Bacillus ecology study. AMB Express
12:133. doi: 10.1186/s13568-022-01477-9

Liu, Y., Zhang, W., Zhang, Z, Kou, Z., Wang, X, Wang, Y, et al
(2024). Biocontrol effects of three antagonistic bacteria strains against Codonopsis
pilosula wilt disease caused by Fusarium oxysporum. Biol. Control 190:105446.
doi: 10.1016/j.biocontrol.2024.105446

Lu, P., Chen, D., Qi, Z., Wang, H., Chen, Y., Wang, Q., et al. (2022). Landscape and
regulation of alternative splicing and alternative polyadenylation in a plant pathogenic
fungus. New Phytol. 235, 674-689. doi: 10.1111/nph.18164

Ma, F,, Zhang, X., Zhu, X,, Li, T., Zhan, J., Chen, H., et al. (2017). Dynamic changes

of IsiA-containing complexes during long-term iron deficiency in Synechocystis sp.
PCC 6803. Mol. Plant 10, 143-154. doi: 10.1016/j.molp.2016.10.009

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H. P., and Goéker, M. (2013). Genome
sequence-based species delimitation with confidence intervals and improved distance
functions. BMC Bioinformatics 14:60. doi: 10.1186/1471-2105-14-60

Meier-Kolthoff, J. P., and Goker, M. (2019). TYGS is an automated high-
throughput platform for state-of-the-art genome-based taxonomy. Nat. Commun.
10:2182. doi: 10.1038/s41467-019-10210-3

Meng, Q., Jiang, H., and Hao, J. J. (2016). Effects of Bacillus velezensis
strain  BAC03 in promoting plant growth. Biol Control 98, 18-26.
doi: 10.1016/j.biocontrol.2016.03.010

Miao, S., Liang, J., Xu, Y., Yu, G., and Shao, M. (2023). Bacillaene, sharp objects
consist in the arsenal of antibiotics produced by Bacillus. J. Cell. Physiol. 239:e30974.
doi: 10.1002/jcp.30974

Mootz, H. D., Kessler, N., Linne, U., Eppelmann, K., Schwarzer, D., Marahiel, M. A.,
etal. (2002). Decreasing the ring size of a cyclic nonribosomal peptide antibiotic by in-
frame module deletion in the biosynthetic genes. J. Am. Chem. Soc. 124, 10980-10981.
doi: 10.1021/ja027276m

Nowicki, M., Foolad, M. R., Nowakowska, M., and Kozik, E. U. (2012). Potato and
tomato late blight caused by phytophthora infestans: an overview of pathology and
resistance breeding. Plant Dis. 96, 4-17. doi: 10.1094/PDIS-05-11-0458

Ongena, M., and Jacques, P. (2008). Bacillus lipopeptides: versatile weapons for
plant disease biocontrol. Trends Microbiol. 16, 115-125. doi: 10.1016/j.tim.2007.12.009

Frontiersin Microbiology

10.3389/fmicb.2024.1498653

Ozcengiz, G., and Ogiiliir, I. (2015). Biochemistry, genetics and regulation of
bacilysin biosynthesis and its significance more than an antibiotic. N. Biotechnol. 32,
612-619. doi: 10.1016/j.nbt.2015.01.006

Patz, S., Gautam, A., Becker, M., Ruppel, S., Rodriguez-Palenzuela, P., Huson,
D., et al. (2021). PLaBAse: A comprehensive web resource for analyzing the
plant growth-promoting potential of plant-associated bacteria. bioRXiv 2021.
doi: 10.1101/2021.12.13.472471

Paula, A. J., Hwang, G., and Koo, H. (2020). Dynamics of bacterial population
growth in biofilms resemble spatial and structural aspects of urbanization. Nat.
Commun. 11:1354. doi: 10.1038/s41467-020-15165-4

Pérez-Garcia, A., Romero, D., and de Vicente, A. (2011). Plant protection
and growth stimulation by microorganisms: biotechnological applications of Bacilli
in agriculture. Curr. Opin. Biotechnol. 22, 187-193. doi: 10.1016/j.copbio.2010.
12.003

Prive, L., Kuttenlochner, W., Tabak, W. W. A., Langer, C., Kaiser, M., Groll, M., et al.
(2024). Bioengineering of syrbactin megasynthetases for immunoproteasome inhibitor
production. Chem 10, 3212-3223. doi: 10.1016/j.chempr.2024.07.013

Qiao, Y., Wang, Z., Sun, H., Guo, H., Song, Y., Zhang, H., et al. (2024). Synthetic
community derived from grafted watermelon rhizosphere provides protection for
ungrafted watermelon against Fusarium oxysporum via microbial synergistic effects.
Microbiome 12:101. doi: 10.1186/s40168-024-01814-z

Rabbee, M. F., Ali, M. S., Choi, J., Hwang, B. S, Jeong, S. C., Baek, K. H., et al.
(2019). Bacillus velezensis: a valuable member of bioactive molecules within plant
microbiomes. Molecules 24:1046. doi: 10.3390/molecules24061046

Richter, M., Rossello-Moéra, R., Oliver Glockner, F., and Peplies, J. (2016).
JSpeciesWS: a web server for prokaryotic species circumscription based on pairwise
genome comparison. Bioinformatics 32, 929-931. doi: 10.1093/bioinformatics/btv681

Ruiz-Garcia, C., Béjar, V., Martinez-Checa, F., Llamas, 1., and Quesada, E. (2005).
Bacillus velezensis sp. nov., a surfactant-producing bacterium isolated from the
river Vélez in Malaga, southern Spain. Int. J. Syst. Evol. Microbiol. 55, 191-195.
doi: 10.1099/js.0.63310-0

Ruparelia, J., Rabari, A., Mitra, D., Panneerselvam, P., Das Mohapatra, P., Jha, D. C.,
et al. (2022). Efficient applications of bacterial secondary metabolites for management
of biotic stress in plants. Plant Stress 6:100125. doi: 10.1016/j.stress.2022.100125

Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., McRoberts, N., Nelson, A.,
etal. (2019). The global burden of pathogens and pests on major food crops. Nat. Ecol.
Evol. 3, 430-439. doi: 10.1038/541559-018-0793-y

Shade, A., Peter, H., Allison, S. D., Baho, D. L., Berga, M., Biirgmann, H.,
et al. (2012). Fundamentals of microbial community resistance and resilience. Front.
Microbiol. 3:417. doi: 10.3389/fmicb.2012.00417

Singh, A., Chandra, P., Bahadur, A., Debnath, P., Krishnan, S., Ellur, R, et al.
B. (2023). Assessment of morpho-cultural, genetic and pathological diversity of
Rhizoctonia solani isolates obtained from different host plants. J. Plant Pathol. 106,
67-82. doi: 10.1007/s42161-023-01515-w

Singh, B. K., Delgado-Baquerizo, M., Egidi, E., Guirado, E., Leach, J. E., Liu,
H., et al. (2023). Climate change impacts on plant pathogens, food security
and paths forward. Nat. Rev. Microbiol. 21, 640-656. doi: 10.1038/s41579-023-00
900-7

Stachelhaus, T., Schneider, A., and Marahiel, M. A. (1995). Rational design of
peptide antibiotics by targeted replacement of bacterial and fungal domains. Science
269, 69-72. doi: 10.1126/science.7604280

Sun, X, Xu, Z., Xie, J., Hesselberg-Thomsen, V., Tan, T., Zheng, D.,
et al. (2022). Bacillus velezensis stimulates resident rhizosphere Pseudomonas
stutzeri for plant health through metabolic interactions. ISME J. 16, 774-787.
doi: 10.1038/5s41396-021-01125-3

Tang, F. H. M., Lenzen, M., McBratney, A., and Maggi, F. (2021). Risk of pesticide
pollution at the global scale. Nat. Geosci. 14, 206-210. doi: 10.1038/s41561-021-00712-5

Wang, H., Zhang, F., Zhang, Y., Wang, M., Zhang, Y., Zhang, ], et al
(2024). Enrichment of novel entomopathogenic Pseudomonas species enhances willow
resistance to leaf beetles. Microbiome 12:169. doi: 10.1186/s40168-024-01884-z

Wang, L., Zhang, X., Tang, C, Li, P, Zhu, R, Sun, J, et al. (2022).

Engineering consortia by polymeric microbial swarmbots. Nat. Commun. 13:3879.
doi: 10.1038/s41467-022-31467-1

Wang, L. T., Lee, F. L., Tai, C. J., and Kuo, H. P. (2008). Bacillus velezensis is a
later heterotypic synonym of Bacillus amyloliquefaciens. Int. J. Syst. Evol. Microbiol. 58,
671-675. doi: 10.1099/ijs.0.65191-0

Wang, Y., Wang, R, and Sha, Y. (2022).
and disease control of Fusarium tricinctum. Front.
doi: 10.3389/fmicb.2022.939927

Wardman, J. F., Bains, R. K., Rahfeld, P., and Withers, S. G. (2022). Carbohydrate-
active enzymes (CAZymes) in the gut microbiome. Nat. Rev. Microbiol. 20, 542-556.
doi: 10.1038/s41579-022-00712-1

Wu, T, Xiao, F., and Li, W. (2021). Macrolactins: biological activity and
biosynthesis. Mar. Life Sci. Technol. 3, 62-68. doi: 10.1007/s42995-020-00068-6

Distribution, pathogenicity
Microbiol.  13:939927.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1498653
https://doi.org/10.1093/nar/gkn179
https://doi.org/10.1016/j.watres.2024.121217
https://doi.org/10.1016/j.fitote.2023.105760
https://doi.org/10.18641/JBC/25/3/39985
https://doi.org/10.3389/fmicb.2021.774107
https://doi.org/10.1016/j.tibtech.2020.07.008
https://doi.org/10.1038/nrg2775
https://doi.org/10.1038/s41467-024-51073-7
https://doi.org/10.1016/j.chemosphere.2022.136004
https://doi.org/10.1094/PDIS-11-12-1010-PDN
https://doi.org/10.1038/s41467-022-28448-9
https://doi.org/10.1016/j.tplants.2020.03.014
https://doi.org/10.3389/fmicb.2016.01801
https://doi.org/10.1186/s13568-022-01477-9
https://doi.org/10.1016/j.biocontrol.2024.105446
https://doi.org/10.1111/nph.18164
https://doi.org/10.1016/j.molp.2016.10.009
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1038/s41467-019-10210-3
https://doi.org/10.1016/j.biocontrol.2016.03.010
https://doi.org/10.1002/jcp.30974
https://doi.org/10.1021/ja027276m
https://doi.org/10.1094/PDIS-05-11-0458
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1016/j.nbt.2015.01.006
https://doi.org/10.1101/2021.12.13.472471
https://doi.org/10.1038/s41467-020-15165-4
https://doi.org/10.1016/j.copbio.2010.12.003
https://doi.org/10.1016/j.chempr.2024.07.013
https://doi.org/10.1186/s40168-024-01814-z
https://doi.org/10.3390/molecules24061046
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1099/ijs.0.63310-0
https://doi.org/10.1016/j.stress.2022.100125
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.3389/fmicb.2012.00417
https://doi.org/10.1007/s42161-023-01515-w
https://doi.org/10.1038/s41579-023-00900-7
https://doi.org/10.1126/science.7604280
https://doi.org/10.1038/s41396-021-01125-3
https://doi.org/10.1038/s41561-021-00712-5
https://doi.org/10.1186/s40168-024-01884-z
https://doi.org/10.1038/s41467-022-31467-1
https://doi.org/10.1099/ijs.0.65191-0
https://doi.org/10.3389/fmicb.2022.939927
https://doi.org/10.1038/s41579-022-00712-1
https://doi.org/10.1007/s42995-020-00068-6
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zheng et al.

Xue, C., Tian, L., Xu, M., Deng, Z., and Lin, W. (2008). A new 24-membered
lactone and a new polyene delta-lactone from the marine bacterium Bacillus marinus.
J. Antibiot. 61, 668-674. doi: 10.1038/ja.2008.94

Yan, H., Gu, Z,, Zhang, Q., Wang, Y., Cui, X,, Liu, Y., et al. (2024). Detoxification
of copper and zinc from anaerobic digestate effluent by indigenous bacteria:
Mechanisms, pathways and metagenomic analysis. J. Hazard. Mater. 469:133993.
doi: 10.1016/j.jhazmat.2024.133993

Zhang, Y., Fan, Q. and Loria, R. (2016). A re-evaluation of the taxonomy
of phytopathogenic genera Dickeya and Pectobacterium using whole-genome

Frontiersin Microbiology

14

10.3389/fmicb.2024.1498653

sequencing data. Syst. Appl. Microbiol. 39, 252-259. doi: 10.1016/j.syapm.2016.
04.001

Zhao, J., Liang, D., Li, W., Yan, X,, Qiao, J., Caiyin, Q., et al. (2022). Research
progress on the synthetic biology of botanical biopesticides. Bioengineering 9:207.
doi: 10.3390/bioengineering9050207

Zhao, X., Begyn, K., Delongie, Y., Rajkovic, A., and Uyttendaele, M. (2023).
UV-C and wet heat resistance of Bacillus thuringiensis biopesticide endospores

compared to foodborne Bacillus cereus endospores. Food Microbiol. 115:104325.
doi: 10.1016/j.fm.2023.104325

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1498653
https://doi.org/10.1038/ja.2008.94
https://doi.org/10.1016/j.jhazmat.2024.133993
https://doi.org/10.1016/j.syapm.2016.04.001
https://doi.org/10.3390/bioengineering9050207
https://doi.org/10.1016/j.fm.2023.104325
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Whole-genome sequencing and secondary metabolite exploration of the novel Bacillus velezensis BN with broad-spectrum antagonistic activity against fungal plant pathogens
	1 Introduction
	2 Materials and methods
	2.1 Isolation and culture of BN strain
	2.2 Antifungal activity of BN strains
	2.3 DNA extraction and 16s rRNA analysis
	2.4 Whole genome sequencing and analysis
	2.5 Genome annotation and metabolite analysis

	3 Results
	3.1 Isolation, characterization and preliminary dentification of strain BN
	3.2 Genome sequencing of BN and comparative genomics
	3.3 Metabolite analysis of B. velezensis BN
	3.4 Secondary metabolites analysis of B. velezensis BN

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


