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Abstract

Cyclic and non-ribosomal microbial metabolites are important bioactive secondary metabolites with significant potential in sustainable plant
disease management. These metabolites are primarily produced by beneficial microorganisms including Bacillus, Pseudomonas and
Streptomyces through non-ribosomal peptide synthetase (NRPS)-mediated biosynthetic pathways. This narrative review summarises the
structural diversity, biosynthesis, mechanisms of action, detection methods and agricultural applications of cyclic and non-ribosomal
microbial metabolites in the biological control of plant pathogens. Among these metabolites, surfactins, iturins, fengycins, bacillomycins and
amphisins are the most extensively studied compounds due to their broad-spectrum antimicrobial activities. These metabolites exhibit strong
inhibitory effects against major phytopathogens including Fusarium, Alternaria, Rhizoctonia and Magnaporthe oryzae, with disease
suppression efficiencies ranging from 40 to 90 % under in-vitro and in-planta conditions. Iturin and fengycin have demonstrated 65 to 90 %
inhibition against Fusarium species, whereas surfactin- and fengycin-producing strains have been reported to reduce rice blast severity by 40
to 70 %. Their amphiphilic structures enable membrane permeabilisation, pore formation, inhibition of spore germination and disruption of
pathogen growth. In addition to direct antimicrobial activity, these metabolites promote biofilm formation, rhizosphere colonisation and
induced systemic resistance mediated through jasmonic acid, ethylene and salicylic acid dependent pathways. Despite promising biocontrol
potential, challenges related to large-scale production, formulation stability and field-level consistency remain major limitations for
commercialisation.
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Paenibacillus, Pseudomonas, Streptomyces and Burkholderia. The
unique structural features of surfactin, iturin and fengycin
compounds exhibit antimicrobial activity against a vast array of
pathogens, including fungi, bacteria and viruses (3-6). Their low
phytotoxicity, biodegradability and strong antimicrobial properties
have made lipopeptides a promising environmentally benign
alternative to conventional chemical pesticides in sustainable
agriculture (6-9). Moreover, they provide a sustainable alternative
approach to crop protection by reducing dependence on synthetic
agrochemicals.

Introduction

The rise in global population continues, leading to an increased
demand for food and agricultural produce. As per the Food and
Agriculture Organization, food production should be increased
nearly 70 % by 2050 to support a population projected to reach
about 9.6 billion (1). Consequently, modern agriculture faces the
significant challenge of achieving higher yield while ensuring
sustainability and ecological safety. Additionally, the crop plants are
repeatedly exposed to both biotic and abiotic stresses that can
adversely affect productivity (2). The widespread use of fungicides

to manage plant pathogens has proven effective in the short term,
however, prolonged reliance has led to several adverse
consequences, including the development of fungicide-resistant
pathogen populations due to selection pressure, interruption of
beneficial microbiota and negative environmental impacts (2, 3). In
recent years, researchers have increasingly focused on cyclic
lipopeptides produced by beneficial microorganisms like Bacillus,

Methodology

This review follows a narrative review approach to summarise
current knowledge on cyclic and nonribosomal microbial
metabolites involved in the biological control of plant pathogens.
Relevant literature was collected from major scientific databases
including PubMed, ScienceDirect, SpringerLink and Google Scholar.
The literature search primarily focused on peer-reviewed articles
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between 2019 to 2026 to capture the most recent advances and
emerging trends in the field. The literature search was performed
using combinations of keywords such as “cyclic lipopeptides”, “non-
ribosomal peptides”, “Bacillus  lipopeptides”, “microbial
biosurfactants”, “non-ribosomal peptide synthetase (NRPS)
biosynthetic pathway”, “biological control” and “plant pathogen
suppression”. In addition to recent publications, approximately
twenty foundational and highly cited studies were included to

provide essential background information on microbial metabolites.

Peer-reviewed research articles, review papers and relevant
book chapters published in English were considered for inclusion.
Studies focusing on the biosynthesis, structure, mechanisms of
action, antimicrobial activity, induced systemic resistance, detection
methods and agricultural applications of microbial cyclic metabolites
were prioritised. Duplicate, non-peer-reviewed and unrelated studies
were excluded to ensure scientific reliability and relevance. Microbial
nomenclature and taxonomic classifications were verified using NCBI
Taxonomy, while metabolite information was cross-checked using
PubChem databases. The collected information was critically
analysed and organised into thematic sections to provide a
comprehensive overview of cyclic and non-ribosomal microbial
metabolites in sustainable plant disease management.

Cyclic lipopeptide: Structure and classification

Beneficial microorganisms including the genera Bacillus,
Paenibacillus and Pseudomonas, are known to produce cyclic
lipopeptides (CLPs) (4, 10). These lipopeptides embody a cyclic
peptide moiety associated with a hydrophobic fatty acid chain, which
imparts strong antimicrobial properties (4, 6). Their amphipathic
nature enables them to interact with biological membranes and
alter membrane permeability, making them effective against a wide
range of plant pathogenic microorganisms (4, 11). Typically, CLPs are
composed of 7-10 amino acid residues arranged in a cyclic peptide
ring, linked to a B-amino fatty acid chain containing approximately
13 to 19 carbon atoms (4, 6, 12). The peptide and lipid components
are joined through a lactone linkage, resulting in a stable cyclic
nature (13). This cyclic configuration enhances resistance to
enzymatic degradation and often exhibits greater biological activity
compared to linear forms of peptides (6, 13).

Cyclic lipopeptides are synthesised via NRPS pathways, in
which large, multi-enzyme complexes assembled as amino acids
and fatty acid components into complex cyclic structures (12). These
NRPS systems comprise functional domains viz., adenylation (A),
condensation (C) and thiolation (T), which sequentially activate and
incorporate amino acids into a growing peptide chain, followed by
cyclisation (12, 14). Structural variations within lipopeptide families
arise from variations in fatty acid chain length, amino acid
composition, stereochemistry (L- or D-forms) and peptide ring size
(4,7, 11, 12). As a result, multiple homologues can exist within a
single lipopeptide family, each exhibiting different biological
activities (6). For instance, differences in lipid tail length can influence
membrane interaction, inhibition of spore germination,
antimicrobial property and molecular stability (5, 15, 16).
Furthermore, the amphiphilic nature of cyclic lipopeptides enables
them to form membrane-disrupting complexes, leading to microbial
cell damage, suppression of spore formation and inhibition of
pathogen growth (16, 17). These properties are collectively
responsible for their broad-spectrum antifungal, antibacterial and
antiviral activities (17, 18).

Surfactin

Surfactin is a well characterised biosurfactant belonging to the class
of cyclic lipopeptides (19, 20). It was first isolated in 1968 by previous
researchers from the culture filtrate of Bacillus subtilis and identified
as a main inhibitor of fibrin clot formation (4). Surfactins are
amphiphilic secondary metabolites of commercial and ecological
importance that are synthesised through non-ribosomal peptide
synthetase (NRPS) pathways (5, 6, 19, 20). The surfactin
biosynthesis is governed by the srfA operon (srfAA-srfAD), which
encodes NRPS enzymes responsible for assembling both lipid and
peptide components. The surfactin synthetase complex, which has
amolecular weight of 400-500 kDa, operates via an ATP-dependent
thiotemplate mechanism, enabling peptide assembly without the
involvement of ribosomes (19, 21). Surfactin structure is constituted
of a cyclic heptapeptide linked to a B-hydroxy fatty acid chain
containing 12-17 carbon atoms, forming a stable lactone ring
structure (19, 20). The cyclic peptide portion of surfactin consists of
amino acid sequence L-Glu-L-Leu-D-Leu-L-Val-L-Asp-D-Leu-L-Leu
(Fig. 1), in which the cyclisation occurs via the formation of an ester
linkage between the Cterminal carboxyl group and the
B-hydroxy fatty acid chain, producing a stable cyclic lactone ring
structure (20). The fatty acid component consists of linear, iso-
branched, or anteiso-branched chains, contributing to the diversity
of surfactin homologues (6, 22). The variations present in the amino
acid sequence, particularly at the seventh position, along with
differences in fatty acid chain length, give rise to distinct surfactin
isoforms such as surfactin A, B and C. These isoforms showed
variation primarily in the terminal amino acid residue (leucine,
valine, or isoleucine, respectively) (20-22).

Iturin

Iturin is a CLP compound produced by beneficial microorganisms
through non-ribosomal peptide synthetase (NRPS) pathways (5, 6,
23, 24). It is structurally characterised as a cyclic heptapeptide linked
to an aliphatic carboxylic acid chain containing approximately 14-17
carbon atoms (6, 13, 25). The presence of a hydrophobic fatty acid
tail and a hydrophilic peptide ring give an amphiphilic nature,
enabling effective interaction with biological membranes (5, 18). The
iturin family comprises several homologues, including iturin A,
bacillomycin D, bacillomycin L, bacillomycin F and mycosubtilin
(26, 27). These metabolites are typically produced during the
stationary phase and are regulated by complex networks involving
quorum sensing and global transcriptional regulators (4, 13, 26, 27).
The iturin structure belongs to the cyclic lipoheptapeptides,
consisting of a heptapeptide ring linked to a 3-amino fatty acid chain
(13, 28). The characterised peptide sequence is reported as L-Asn-D-
Tyr-D-Asn-L-GIn-L-Pro-D-Asn-L-Ser (13) (Fig. 2), which forms a
lactone linkage with the fatty acid tail (29, 30). Structural variations in
fatty acid chain length (C14-C17) result in different homologues such
as C14-, C15-, C16- and C17-iturin A, influencing membrane affinity
and antimicrobial activity (25,29, 31).

Fengycin

Fengycinis a cyclic lipopeptide antibiotic that is mainly produced by
several species belonging to the genus B. subtilis, B. velezensis and
B. amyloliquefaciens (4, 32). These Bacillus species are Gram-
positive, endospore-forming bacteria commonly found in soil and
plant rhizospheres and are significant in anti-pathogenic effects on
plants and rhizosphere microbial interaction (3, 4). Among the three
families of lipopeptides that are produced by Bacillus is fengycin,

https://plantsciencetoday.online


https://plantsciencetoday.online

Surfactin - structure

B-hydroxy fatty acid chain

Cyclic heptapeptide ring

hydrophobic tail (c12-C14) (E)H D-leu

B oo Mo
3 210 \n/ ' A \n/ M\\“_“‘\CH3
B-hydroxy group (0] H 0 5 C
3 W L
lactone linkage L-leu B P
(ester bond) H CH
3
L-(g);lu L-asp /_
Hydrophilic 2 HN \ D-leu g
eptide ring z n
ol CH &N - o
H CH;
e L-glu - L-leu - D-leu - L-val - L-asp - D-leu - L-leu ]
Amphiphilic -
molecule — = peptide sequence
Fig. 1. Chemical structure of surfactin.
[turin
: ; OH
B-hydroxy fatty acid chain |
hydrophobic tail (C14—C17) ?
CHs-(CHy)11 - CH -'OYO OB
[ ﬁydroxy grou} 7
lactone linkage L
(ester bond) s L-asn

0
H,N
\‘H D-tyr
CH,

L-asn - D-tyr - L-asn - L-pro — D-ser - L-asn ’

peptide sequence

Fig. 2. Chemical structure of iturin.

surfactin and iturin are the most effective in relation to filamentous
fungal pathogens (4, 5, 32). Fengycin is a non-cationic cyclic
lipopeptide that consists of fengycin and plipastatin (30). Discoveries
of fengycin and plipastatin as novel lipopeptides were made in 1986
in B. subtilis F-29-3 and B. cereus BMG302-F67 respectively (23, 24, 30,
33). The fengycin lipopeptide is composed of 10 amino acids
attached to a 2-hydroxy fatty acid tail (30). The fatty acid chain is
usually between C14 and C18 and this produces various
homologues and structural variations of the molecule (30, 31, 33).
Depending on the variation of amino acid at position 6, there are two
major isoforms of fengycin like Fengycin A which has alanine at
position 6 and fengycin B which has valine at position 6 (22, 30). The
lipopeptide sequence was well characterised as Glu- Orn- Tyr- Thr-
Glu- Ala- Val- Pro- Glu- Tyr- lle (6, 33) (Fig. 3). The fungal cell
membranes interact strongly with the amphiphilic molecule

fengycin because its amphiphilic nature disrupts membrane
integrity and leads to the leakage of cellular content (32,34-37).

Bacillomycin

Bacillomycin is a secondary metabolite synthesised primarily by
Bacillus  spp. including B. subtilis, B. velezensis and
B. amyloliquefaciens (4, 6). These bacteria are widely distributed in
soil and plant rhizospheres, where they contribute to the biological
control of plant pathogens (4, 13, 38). This compound is a part of a
family of cyclic lipopeptides that include Iturin A, Bacillomycin D,
bacillomycin L, mycosubtilin and bacillipeptin, that are structurally
similar and act as antifungal agents (4-6). Genomic studies of plant-
associated Bacillus strains indicated that genes of Bacillomycin
biosynthesis are generally found in dedicated secondary
metabolite gene clusters. These groups are highly preserved in the
representatives of the B. amyloliquefaciens group and play the role
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of contributing to their biocontrol potential in the agricultural
ecosystems (26, 39). Other cyclic lipopeptides like surfactin and
fengycin are typically produced by bacillomycin-producing strains
and they constitute an antimicrobial system that is more effective
against plant pathogens (39).

Bacillomycin is described as a cyclic heptapeptide that is
attached to a chain of 14-18 carbon fatty acid, usually a 14 to 18
fatty acid chain (4, 15, 16). It has a general structure with 7 amino
acids forming a lactone ring due to intramolecular cyclisation with
the fatty acid tail (39). The L-Asn, D-Tyr, D-Asn, L-Pro/Ser, L-Glu,
D-Ser and L-Thr (Fig. 4) are some of the primary residues present in
the peptide core, yet bacillomycin homologues vary in these (6, 26).
The consequences of this interaction include the formation of pores

and destabilisation of the membrane that eventually leads to the
leakage of intracellular contents and cellular death (15, 16). The
structural variability of the bacillomycin analogues is mainly due to
the difference in fatty acid chain length and replacement of amino
acids in the peptide ring. These differences affect the antifungal
activity and spectrum of action (26). The production of bacillomycin
is regulated through a non-ribosomal peptide synthetase gene
cluster, also known as the bmy operon, that produces the
enzymatic machinery needed to assemble the cyclic lipopeptide
structure. Recent genomic and metabolomic analyses have shown
that the bacillomycin biosynthetic gene cluster (BGC) usually covers
about 37 kb and has 4 genes at its center: bmyD, bmyA, bmyB and
bmyC (14,26).
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Fig. 4. Chemical structure of bacillomycin.
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The bmy operon constitutes the main genetic determinant
of bacillomycin production. The bacillomycin cluster was found to
be highly conserved between the Bacillus amyloliquefacians and is
frequently found in conjunction with other secondary metabolite
clusters like surfactin (srf) and fengycin (fen) through genome
mining studies with the help of tools like antiSMASH (14, 26). The
four essential genes code for multifunctional NRPS enzymes that
are large and catalyse the sequential addition of amino acids to the
bacillomycin peptide backbone. The bmyD gene codes malonyl-
CoA transacylase (MCAT) or fatty-acid activation enzyme which is
critical to triggering the synthesis of bacillomycin. This is an enzyme
that is involved in the construction and contribution of the 2 amino
fatty acid group, which is the lipid tail of the molecule of
bacillomycin. The chain of fatty acid helps to make bacillomycin
amphiphilic and binds to the fungal cell membranes (14, 32). The
first major NRPS enzyme is encoded by the bmyA gene which
encodes the enzyme carrying out the initial phase of assembling a
peptide. This enzyme has various catalytic domains such as
adenylation (A), condensation (C) and thiolation or peptidyl carrier
protein (PCP) domains, which activate and attach the first amino
acid residues to the growing peptide chain. The synthetase
encoded by bmyA is also capable of incorporating the fatty acid
moiety in the peptide backbone during earlier stages of
bacillomycin assembly (14, 32). The bmyB gene expresses a large
NRPS protein that has multiple modules that sequentially add
multiple amino acids of the bacillomycin heptapeptide core. The
enzyme is made up of each module having catalytic domains
including adenylation, condensation and epimerisation domains
that define the stereochemistry and sequence of incorporation of
amino acids. These domains guarantee the correct assembly of the
cyclic peptide backbone of bacillomycin molecules (32). The bmyC
geneis the gene that codes the terminal NRPS module that involves
the final steps of the peptide elongation and cyclisation. The
enzyme has a thioesterase (TE) domain that facilitates the release
and cyclization of the peptide chain leading to the production of the
mature cyclic lipopeptide structural form. This is a vital step in

5

biological activity and stability of bacillomycin molecules which
undergo a cyclisation process (32, 38).

Amphisin

Amphisin was first identified from Pseudomonas fluorescens strain
DSS73isolated from the sugar beet rhizosphere. The substance also
contributes to ecological fitness of the bacterium because it
suppresses the development of other microorganisms and
enhances the settlement of the plant roots (40, 41). Amphisin is a
structurally amphipathic lipid-binding cation made of 11 amino
acids and a fatty acid tail to create a cyclic lipoundecapeptide with a
stable amphipathic fold that can interact with the lipid bilayers. The
antimicrobial and surface-active properties of the molecule are
characteristic of the peptide sequence that includes such residues as
leucine, aspartic acid, serine, threonine, glutamine and isoleucine
(Fig. 5) (41-43).

Amphisin is synthesised via NRPS pathway, whereby the
large multiplex enzyme complexes synthesise the lipopeptide,
without the aid of ribosome. The amino acid activation,
condensation and cyclisation of the assembly of enzymatic peptide
modules are coded by specific amphisin synthetase genes. In
Pseudomonas strains, the synthesis of amphisins is well-
coordinated with the global regulatory systems, in particular, GacA/
GacS two-component regulatory system that reacts to the
environmental cues such as plant root exudates and regulates the
expression of the NRPS gene groups (42).

Amphisin-producing strains of Pseudomonas prevent
several economically important phytopathogenic fungi including
Rhizoctonia solani, Pythium ultimum, Phytophthora, Botrytis cinerea,
Fusarium culmorum, Colletotrichum coccodes, Monilinia fructigena,
Penicillium expansum and Aspergillus species. These pathogens
cause severe diseases such as rotting fruits, damping off as well as
post-harvest spoilage of crops. Several studies have demonstrated
that amphisin has a significant anti-fungal effect and can inhibit the
germination of spores in culture but has prospects of protecting
cropsinasustainable manner (42,44, 45).
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Biosynthesis of microbial lipopeptides

Microbial lipopeptides are a vast variety of amphiphilic secondary
metabolites primarily produced by the genera Bacillus,
Pseudomonas and Streptomyces. These molecules generally
consist of cyclic or linear peptide moieties that are attached to a
B-hydroxy fatty acid chain and possess high antimicrobial,
antifungal, antiviral and biosurfactant properties. Most microbial
lipopeptides are synthesised via NRPS systems and enable the use
of typical amino acids and structural alterations unlike ribosomally
synthesised  peptides. Lipopeptide  biosynthesis  involves
coordinated interactions among NRPS enzymes, biosynthetic gene
clusters and regulatory networks (4, 10, 21).

Non-ribosomal peptide synthesis pathway

Biosynthesis of lipopeptides in microbes is mainly mediated by the
NRPS pathway which provides amodular assembly line of enzymes.
The NRPS enzymes are huge multi-domain proteins that consist of
sequential modules, which incorporate a particular amino acid into
the growing peptide chain. A standard NRPS module comprises
three catalytic domains adenylation (A), thiolation or peptidyl carrier
protein (PCP) and condensation (C) domains (Fig. 6) (10). The
biosynthetic mechanism starts with the activation of one of the 2-
hydroxy fatty acids and becomes the lipid tail of the lipopeptide
molecule. Activation of fatty acids takes place via the ATP-
dependent phosphorylation reactions, resulting in acyl-adenylate
intermediate and transferred to the first NRPS module (46, 47). The
adenylation domain then identifies and activates certain amino
acids to give aminoacyl-AMP intermediates which are then
transferred to the PCP domain through a phosphopantetheine arm.
This is followed by the condensation domain, which accelerate the
formation of peptide bonds joining the adjacent amino acids bound
to adjacent PCP domains and the elongation of the peptide. These
catalytic domains can also mediate structural changes, such as

domains of epimerisation (E) that make the conversion of L-amino
acids into D-amino acids, or domains of modification of the residues
of peptides (Fig. 6) (4). The last stage of NRPS mediated synthesis is
the thioesterase (TE) domain that catalyses the discharge of the
peptide out of the complex of enzymes. This reaction usually leads to
intramolecular cyclisation in cyclic lipopeptides, which include
surfactin, iturin and fengycin to generate the stable macrolactone or
lactam ring structure (Fig. 6) (24).

Gene clusters involved in lipopeptide synthesis

The genes of lipopeptides biosynthesis are typically clustered as
biosynthetic gene clusters (BGCs) which encode NRPS enzymes
and accessory proteins that mediate metabolite assembly,
modification and transport. These groups usually have an area of 30
to 50 kb and several genes with NRPS modules packed in the order
of incorporation of amino acids in the product (15, 26). In Bacillus
species, three large families of lipopeptide are generally produced,
including surfactin, iturin and fengycin that are synthesised by three
different NRPS gene clusters. Surfactin biosynthetic cluster (srfA
operon) includes the genes srfAA, srfAB, srfAC and sifAD that encode
NRPS modules involved in the assembly of surfactin heptapeptide
backbone (19). Likewise, the iturin gene cluster (itu or bmy operon)
has NRPS enzymes that produce cyclic heptapeptides which have
high antifungal activity. The fengycin operon (fengycin gene cluster)
contains various NRPS enzymes, which help to assemble the
decapeptide fengycin structure (4, 31). Gram negative bacteria such
as Pseudomonas make lipopeptides such as viscosin, amphisin and
syringomycin using similar NRPS gene clusters with several
modules dictating peptide sequence and fatty acid composition.
Genome sequencing and bioinformatic studies have also
demonstrated that numerous bacterial genomes have several
NRPS clusters, allowing the generation of multiple lipopeptide
families concurrently (10).
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Fatty acids are activated by acyl-CoA synthetase (ACS) to form acyl-CoA, which is loaded onto the starter module of the NRPS complex.
Adenylation (A) domains activate and load amino acids onto peptidyl carrier protein (PCP) domains, while condensation (C) domains catalyse
peptide bond formation. Optional modifying domains (MT, E and Cy) introduce structural modifications during peptide elongation. Finally, the
thioesterase (TE) domain catalyses macrocyclisation and releases the mature cyclic lipopeptide product. Biosynthesis occurs in the cytoplasm

adjacent to the inner membrane.

Source: Gemini Al and Biorender.
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Regulation of lipopeptide production

Microbial lipopeptides biosynthesis is impacted by both genetic
and environmental factors that regulate gene cluster NRPS
expression. In most bacteria, lipopeptide production is regulated by
guorum sensing systems, two-component regulatory systems and
global transcription factors (11, 46, 47). The ComQXPA quorum
sensing system is the most critical regulatory systems in Bacillus
speciesand it controls the production of surfactins. The signalling
peptide ComX is concentrated in the extracellular space as the cell
density increases. At a predetermined concentration, ComX
activates the histidine kinase ComP that phosphorylates the
response regulator ComA (Fig. 7). Transcription of srfA operon is
also triggered by activated ComA and results in surfactin
biosynthesis (19). The other important regulatory pathway is the

GacS/GacA (Fig. 7) two-component that regulates secondary
metabolites production in various bacteria such as Pseudomonas.
The system controls the expression of small RNA that has the effect
of regulating the transcription of NRPS genes that are associated
with lipopeptide biosynthesis (4). The list of genes involved in cyclic
lipopeptide synthesis is shown in Table 1. Other global transcription
regulators, including Spo0A, DegU, CodY and AbrB, (Fig. 7) also take
roles in regulating the production of lipopeptides through the
response to nutrition availability, stress conditions and transitions
in the growth phase (28). The other environmental factors such like
temperature, pH, oxygen and carbon sources (Fig. 7) affect the
process of lipopeptide synthesis by modulating the expressions of
genes and enzyme activity (26).

Regulation of lipopeptide production: microbial lipopeptide biosynthesis
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of non-ribosomal peptide synthetase (NRPS) genes. Quorum sensing, two-component regulatory systems and global transcription factors
control this process in response to changes in cell density, environmental conditions, nutrient availability, stress and different growth.

Source: Gemini Al and Biorender.

Table 1. Major genes involved in cyclic lipopeptide synthesis

Lipopeptide Producing organisms Gene clusters Major genes References
Surfactin B. subtilis, B. velezensis srfA operon srfAA, srfAB, srfAC, srfAD (4,20)
Iturin / Bacillomycin B. amyloliquefaciens, B. subtilis itu/bmy operon ituA, ituB, ituC, ituD (28, 48)
Fengycin B. velezensBl:shg.[éztrg[)élrczlzzuef aciens, fen operon fenA, fenB, fenC, fenD, fenE (49, 50)
Lichenysin B. licheniformis lch operon IchAA, [chAB, IchAC, IchAD (51,52)
Mycosubtilin B. subtilis myc operon mycA, mycB, mycC (27,53)
Amphisin P. fluorescens ams cluster amsA, amsB, amsC (54)
Viscosin P. fluorescens visc operon ViscA, viscB, viscC (55, 43)
Putisolvin P. putida pso operon PSOA, psoB, psoC (56, 12)
Syringomycin P. syringae syr operon SyrA, syrB, syrC, syrD (57,58)
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Methods for detection and characterisation of cyclic
lipopeptide metabolites

Cyclic lipopeptides are important microbial metabolites exhibiting
antimicrobial, biosurfactant and biocontrol activities and include
well-characterised compounds as surfactin, iturin, fengycin and
amphisin. The CLPs are complex molecules in structure which
consist of a cyclic peptide and a fatty acid chain and hence they
cannot be detected and characterised without the application of
some analytical techniques. In the past few years, chromatographic
separation, mass spectrometry and spectroscopic techniques were
used to identify and structurally explain cyclic lipopeptides in a far
more effective manner (46, 47). Detection of cyclic lipopeptides
typically begins with the extraction and purification of microbial
cultures. In most cases, CLPs particularly those derived from marine
fermentation are extracted using organic solvents such as methanol,
acetone, or ethyl acetate. Standard procedures often involve solvent
extraction followed by acid precipitation and subsequent analytical
characterisation. Furthermore, chromatographic techniques are
widely employed for purification, where methods like solid-phase
extraction (SPE) and ultrafiltration are used to concentrate
lipopeptide fractions prior to instrumental analysis (8).

Thin-layer chromatography (TLC) and agar diffusion
bioassays are widely employed as preliminary screening tools to
detect antimicrobial lipopeptides. These techniques are simple and
cost-effective; however, they provide only limited structural
information and therefore must be followed by more advanced
confirmatory analyses. Chromatography forms the backbone of
both separation and analytical workflows for cyclic lipopeptides.
High-performance liquid chromatography (HPLC) is frequently
used to detect and quantify CLPs in microbial extracts, as it
efficiently separates lipopeptide homologues that vary in fatty acid
chain length and amino acid composition. Typically, reverse-phase
C18 columns are used, where separation is governed by
hydrophobic interactions between the lipopeptides and the
stationary phase. Ultra high performance liquid chromatography
(UHPLC) has gained significant attention in recent years due to its
higher resolution, faster analysis time and improved sensitivity
compared to conventional HPLC methods (26).

These chromatographic approaches are often coupled with
spectroscopic or mass spectrometric techniques to obtain detailed
structural information. Mass spectrometry is now considered a
powerful tool for the identification and characterisation of cyclic
lipopeptides. Techniques such as LC-MS and LC-MS/MS allow
precise determination of molecular mass, structural variants and
peptide sequences. Tandem MS further enables fragmentation of
the peptide ring, producing diagnostic ions that help elucidate
amino acid composition and fatty acid chain length (22). High-
resolution methods like liquid chromatography-high-resolution
mass spectrometry (LC-HRMS) enhance the detection of minor
lipopeptide congeners in complex microbial extracts and assist in
deducing peptide sequence order and structural analogues based
on fragmentation patterns (49). Another widely used technique is
matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF MS), which allows rapid screening of
cyclic lipopeptide families directly from bacterial colonies or crude
extracts. This method has been effectively applied to identify
variants of surfactin, iturin and fengycin produced by Bacillus
species (33).
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While mass spectrometry provides accurate mass
determination, detailed structural elucidation is achieved through
nuclear magnetic resonance (NMR) spectroscopy. Techniques such
as H-NMR, BC-NMR, COSY, HSQC and HMBC offer insights into
peptide sequence, stereochemistry and functional groups within
the molecule (59).

Mechanisms of action against fungal plant pathogens

lturins are heptapeptide lipopeptides that bind sterols and
phospholipids to fungal membranes, insert their hydrophobic acyl
chain and create pores, leading to leakage, oxidative stress,
mitochondrial dysfunction and subsequent apoptosis (5-7, 18, 25,
29). Recent studies have identified other targets: iturin A can
activate fungal voltage-gated K* channels (Fig. 8), which causes an
enormous K' efflux and cell death, regardless of ergosterol levels
(18). Omics studies on Fusarium graminearum indicate that a
combination of iturin and fengycin treatment disintegrates the
membrane ergosterol, phospholipids and GPl-anchored proteins to
cause cell wall reorganisation and osmotic imbalance (11, 17). Oniits
own, fengycin destabilises cell wall and membrane structure,
disrupts metabolism and triggers programmed cell death and
autophagy in a variety of phytopathogens (5, 30-32, 35, 36, 60).
Surfactin is a less potent antifungal agent, but capable of working in
a synergistic relationship with iturin to create mixed micelles which
increase permeabilisation of the membrane (4-6, 19, 20). Kurstakin is
an iturin like cyclic lipopeptide produced by beneficial
microorganisms that exhibits antifungal activity by disrupting fungal
cell membranes and increasing membrane permeability, leading to
cell death (33). On a larger scale, Bacillus lipopeptides (iturin,
fengycin, surfactin, mycosubtilin/plipastatin,  kurstakin-like
molecules) and daptomycin like NRPS antibiotics are similar in a
general amphiphilic, pore-forming membrane mechanism of action,
which vary in specific targets of plant pathogens (4-6, 17,27, 33).

Inhibition of spore germination

In clubroot disease, B. subtilis XF-1 mutants lacking fengycin
production are less lethal to the germination of the spores of
Plasmodiophora brassicae due to reduced lysis of the resting spores
and reduced protection of Chinese cabbage (35). Surfactin and
fengycin product of B. subtilis JNOO5 that deforms Magnaporthe
oryzae and conidia and drastically decreases the blast count in
preventive and curative tests in rice (Fig. 9) (60). Transcriptomic
profiling of Fusarium and Plectosphaerella subjected to iturin
depicts colossal restructuring of genes which are related to energy
metabolism (17, 61), cell wall formation and stress signalling, which
are in line with inhibited germination and initial growth. Several
studies have identified inhibition of spore germination as an early
and critical event in lipopeptide-mediated biocontrol.

ISRin plants

Recently cyclic lipopeptides have become well established as ISR
elicitors. Surfactin is one of the best-characterised ISR elicitors,
capable of inducing systemic resistance at nanomolar to
micromolar concentrations. (4-6, 19, 62). In various plant-pathogen
systems, surfactin has been shown to induce systemic resistance
(ISR), whereas fengycin and iturin/plipastatin do not, indicating
functional specialisation among different lipopeptide families
(4,5, 62). In wheat, combinations of iturin and fengycin can trigger
ISR against Fusarium head blight, leading to reduced disease
severity and lower deoxynivalenol (DON) accumulation, while also
influencing plant hormone pathways such as auxin, cytokinin,
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Fig. 8. Fungal cell wall disruption. (A) Membrane pore formation: Lipopeptides (Fengycin) interact with fungal membrane sterols, resulting in
pore formation, reactive oxygen species (ROS) generation, mitochondrial dysfunction and apoptosis. (B) Alternative antifungal targets:
Lipopeptides (Iturin) inhibit B-(1,3) glucan synthesis, disrupt fungal cell wall integrity and interfere with multidrug efflux pumps. (C) Cell wall
regulation: Fengycin and Iturin distort membrane structure, while Surfactin enhances antifungal activity through synergistic interactions with
Iturin, leading to fungal cell death.

Source: Gemini Al and Biorender.
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Fig. 9. Inhibition of spore germination. (A) Fengycin produced by Bacillus subtilis lyses the resting spores of Plasmodiophora brassicae, thereby
preventing spore germination. (B) Surfactin and Fengycin produced by Bacillus strain JN00O5 deform and inhibit the germination of
Magnaporthe oryzae conidia. (C) Cyclic lipopeptides inhibit fungal conidial germination by disrupting energy metabolism, impairing cell wall
biosynthesis and inducing extensive intracellular structural changes.
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gibberellin, abscisic acid (ABA) and ethylene (17). Similarly, cotton
plants treated with Bacillus antagonists that produce iturins,
surfactins, fengycins and mixirins exhibit enhanced defence
responses, including increased activity of enzymes like
phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO),
peroxidase, catalase and superoxide dismutase (SOD). These plants
also accumulate higher levels of phenolics and osmolytes,
consistent with jasmonic acid (JA) and ethylene (ET)-mediated ISR
against pathogens such as Fusarium and Macrophomina (3, 38, 63)
More broadly, ISR studies emphasise the importance of cyclic
lipopeptides produced by Bacillus and Pseudomonas, along with
other non-ribosomal peptide metabolites (including daptomycin-
like and taromycin-like compounds), as key signalling molecules
that coordinate systemic plant defenses mediated by salicylic acid
(SA), jasmonic acid (JA) and ethylene (ET) pathways (2, 4,5, 10, 11,
47,62,64).

bioflim formation and root colonisation

Many cyclic lipopeptides act as biosurfactants that shape microbial
biofilms and root colonisation. Surfactin is central for surface
motility, biofilm architecture and rhizosphere colonisation in
Bacillus facilitating persistent delivery of other antifungal
lipopeptides at the root surface. While fengycin is essential for spore
lysis and defence activation in clubroot diseases affected roots, it is
dispensable for leaf internalisation and root colonisation of
B. subtilis XF-1 (35), illustrating division of labor among CLPs.
Lipopeptide-producing Bacillus velezensis DMWL (iturin) effectively
colonises tomato roots and reshapes rhizosphere microbial
communities, enriching beneficial taxa that contribute to long-term
suppression of Plectosphaerella cucumerina and other pathogens
(61). More generally, LPs from Bacillus and Pseudomonas (including
viscosin, amphisin, putisolvin and tolaasin type NRPS products)
modulate biofilm formation, surface wettability and competitive
exclusion on roots and in the spermosphere, thereby reinforcing
both direct antagonism and plant ISR (3, 10, 11, 12,43, 55, 65).

Mechanisms of action against bacterial plant pathogens

Cyclic lipopeptides produced by beneficial microorganisms
including iturins, fengycins, surfactin, bacillomycins, as well as
synthetic analogues are amphiphilic molecules that integrate into
bacterial membranes, leading to pore formation, leakage of cellular
contents and ultimately cell death (4-6, 18). In phytopathogens
including Xanthomonas citri pv. malvacearum and Pseudomonas
aeruginosa, fengycins cause pronounced alterations in cell surface
structure, increased membrane damage and significant potassium
(K) efflux, all of which are associated with membrane
permeabilisation and lysis (63). At low micromolar concentrations,
ultrashort synthetic lipopeptides act rapidly as membrane active
agents, exhibiting strong lytic activity against a vast array of plant-
pathogenic bacteria while maintaining low phytotoxicity. Similar
lipopolysaccharide binding behaviour has been observed in newly
developed cationic lipopeptides, where a direct correlation exists
between LPS neutralisation and the killing of Xylella fastidiosa
(6, 63). In addition to their direct antimicrobial effects, lipopeptides
produced by Bacillus and Pseudomonas can induce systemic
resistance in plants, activating pathogenesis-related (PR) proteins
and hormone-mediated defence pathways that suppress bacterial
pathogens such as Pseudomonas syringae (3, 11, 41, 43, 47, 55, 64,
65). They also enhance root and rhizosphere colonisation, promote

10

swarming motility and improve competitive ability, enabling
beneficial microbes to outcompete pathogens for space and
nutrients. Although the concentration of cyclic lipopeptides in the
rhizosphere may be lower than the minimum inhibitory
concentrations (MICs) observed under laboratory conditions, their
overall effectiveness is achieved through a combination of
mechanisms, including induced systemic resistance, inhibition of
pathogen adhesion and community-level competition, alongside
direct antimicrobial activity (3,4, 5, 10, 11,47, 55, 62, 65).

Mechanisms of action against viral plant pathogens

Direct disruption of viral particles represents a key antiviral
mechanism of cyclic lipopeptides. Owing to their amphiphilic
nature, CLPs can associate with lipid membranes as well as viral
structural proteins. For instance, surfactin produced by B. subtilis
exhibits strong virucidal activity by inserting its hydrophobic fatty
acid chain into viral membranes, thereby compromising virion
integrity and reducing infectivity (66). Even in the case of non
enveloped plant viruses, CLPs can interact with viral coat proteins,
destabilising viral particles and limiting infection efficiency (4). The
CLPs also interfere with early stages of viral infection by preventing
virus attachment and entry into host cells. Compounds such as
surfactin and viscosin alter the physicochemical properties of plant
cell membranes, thereby disrupting host-virus interactions and
reducing viral adsorption and penetration (11, 55, 66).

Another important antiviral mechanism involves the
induction of plant defence responses. The CLPs act as microbial
elicitors that activate signalling pathways associated with systemic
resistance, leading to the expression of defence-related genes and
the production of pathogenesis-related proteins, reactive oxygen
species and antimicrobial metabolites (4). This enhanced defence
state has been observed in crops such as tomato, tobacco and
Arabidopsis, where CLPs like surfactin and fengycin produced by
Bacillus reduce viral infection levels (34, 67, 68). Additionally, CLP-
induced defence responses can suppress viral replication within
host cells. Activation of plant immune pathways promotes RNA-
based defence mechanisms such as RNA silencing, which targets
and degrades viral RNA, thereby limiting genome replication and
accumulation (4, 5, 62). Structural defences are also strengthened,
as CLPs stimulate the deposition of callose and lignin in cell walls,
restricting viral movement through plasmodesmata and reducing
cell-to-cell spread (34,62, 64,67, 68).

Beyond direct and induced defences, CLPs enhance
rhizosphere colonisation and biofilm formation by plant growth
promoting rhizobacteria. Surfactin facilitates bacterial motility and
biofilm development, allowing beneficial microbes to establish on
plant roots and continuously produce antimicrobial and defence-
inducing compounds (11). Marine actinomycetes also represent
promising sources of antiviral metabolites. Extracts from
Streptomyces  variantis, Pseudomonas  putida and
Bacillus licheniformis have demonstrated significant inhibitory
effects against Pepper mild mottle virus, reducing infection levels in
chilli plants. Identified active compounds include cyclic dipeptides
such as cyclo (L-Pro-L-Val), cyclo (Pro-Leu) and cyclo (Phe-Pro),
which also trigger hypersensitive responses in Nicotiana glutinosa,
indicating activation of plant defence mechanisms (4, 11, 19, 55, 62).
The list of plant growth-promoting rhizobacteria (PGPR)-derived
lipopeptidesis presentedin Table 2.
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Applications of cyclic lipopeptides
Seed treatment

Seed treatment with cyclic lipopeptide-producing bacteria such as
B. subtilis, B. velezensis and B. amyloliquefaciens is used to protect
seeds against soil-borne and seed-borne pathogens during early
plant development (4, 6, 26, 37). Cyclic lipopeptides including
surfactin, iturin and fengycin disrupt fungal cell membranes, inhibit
spore germination and prevent pathogen colonisation on
germinating seeds (4, 6, 11, 30, 31, 32). Seed coating with CLP-
producing Bacillus strains improves seed germination, enhances
seedling vigour and provides early protection against plant
pathogens such as Fusarium, Rhizoctonia and Pythium (3, 26, 76).

Soil applications

Soil  application involves introducing CLPs  producing
microorganisms into the rhizosphere, allowing bacteria to establish
and produce lipopeptides insitu. This priming strategy is effective for
managing soil-bome pathogens like Fusarium oxysporum,
Rhizoctonia solani and Pythium ultimum which cause significant
losses in crops including cereals, vegetables and pulses (4, 6, 11). The
production of iturin and fengycin in the rhizosphere directly inhibits
fungal growth by targeting cell membranes, suppressing hyphal
elongation and preventing spore germination. Surfactin enhances
biofilm formation and motility of Bacillus, facilitating rhizosphere
colonisation and competitive exclusion of pathogens (6, 49).
Moreover, soil-applied CLPs can trigger induced systemic resistance
in plants, priming defence mechanisms and enhancing production
of pathogenesis-related proteins, phytoalexins and reactive oxygen
species (4, 6, 19). These systemic effects not only protect roots but
also improve overall plant health and stress tolerance. Soil
application is especially valuable in integrated disease management,
where combining microbial inoculants with organic amendments or
reduced fungicide doses can sustainably suppress pathogens (24).

Foliar spray

Foliar application of CLP-producing bacteria or purified
lipopeptides is effective against aerial pathogens affecting leaves,
stems and fruits. Direct contact of CLPs with pathogens on the
phyllosphere disrupts fungal membranes and inhibits spore
germination, thereby preventing disease establishment (4, 6, 26).
The CLPs also act as elicitors of plant immunity, activating ISR in
leaves. Surfactin, for example, stimulates jasmonic acid- and
ethylene-mediated defence pathways, enhancing resistance
against leaf spot, blight and mildew diseases (4, 16). Field trials
indicate that foliar spraying of Bacillus-based CLPs reduces disease
severity by 30-60 %, improves photosynthetic efficiency and
maintains yield under pathogen pressure (38, 77). Furthermore,
CLPs suppress pathogen toxin production and enhance the
antioxidant defence system in leaves, providing additional
protection against oxidative stress caused by infections.

Commercial formulations

The CLPs are incorporated into commercial biocontrol products
due to their broad-spectrum antimicrobial activity and
environmental safety. Commercial formulations include wettable
powders, granules, liquid suspensions and oil-based formulations
containing B. subtilis, B. amyloliquefaciens, or B. velezensis strains
that produce surfactin, iturin and fengycin (26, 78). Formulation
strategies aim to maintain microbial viability, enhance shelf life and
improve field performance under varying environmental conditions
(9, 16). Liquid and oil-based formulations improve adhesion to leaf
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surfaces during foliar application, whereas granules and powders
are suitable for soil and seed treatments (6, 26). The adoption of CLP
based biopesticides in integrated pest management (IPM)
programs offers an eco-friendly alternative to chemical pesticides.
These products not only reduce chemical residues in crops but also
contribute to sustainable disease management, improve soil
microbial diversity and enhance plant productivity (9).

Challenges and limitations

Despite cyclic lipopeptides having good potential to be used as an
environmentally friendly biocontrol agent, there are several
challenges that limit their application to large scale in an
agricultural system. Surfactin, iturin, fengycin and bacillomycin are
surfactants produced by beneficial microorganisms such as Bacillus
and Pseudomonas species and are highly antimicrobial to a variety
of plant pathogens. Nevertheless, the laboratory results of these
metabolites in the field are still limited by several biological,
environmental and technological reasons (7, 13, 19, 30, 79). Large-
scale production is costly and intricate and this is one of the major
constraints. Processes needed in fermentation to make CLP are
frequently highly costly in their need of substrates like glucose,
sucrose and yeast extract to make CLP, which form an obstacle to
business activities. Besides, industrial-scale production does not yet
have an efficient method to ensure that fermentation conditions
result in the highest quantity of metabolites (80). The other issue is
that the efficacy of biocontrols may vary in the field. The production
and activity of cyclic lipopeptides can be heavily affected by
environmental factors that include temperature, the content of soil,
the availability of nutrients and competition by microorganisms. It
has been established that alteration of the abiotic factors
(composition of the culture medium and temperature) has a
profound impact on CLP biosynthesis and the antagonistic capacity
of the Bacillus strains against plant pathogens (26). The stability and
successful concentration of CLPs in natural conditions is a significant
limitation. Cyclic lipopeptides concentrations that exhibit a high level
of antimicrobial activity in vitro are frequently challenging to obtain or
sustain in soils and plants. In natural environments, CLPs necessarily
antimicrobial compounds may serve as signaling molecules or plant
defence elicitors, but not at higher concentrations and can result in
lower pathogen suppressive activity.

The minimal knowledge on the molecular pathways of
plant protection by CLP is a setback of their successful use. Even
though it is well known that cyclic lipopeptides cause systemic
resistance in plants, the specific signaling pathways, receptors and
host responses of the process are not clearly understood. This is the
inability to create rationalised biocontrol strategies due to the
absence of mechanistic knowledge. Regulatory and formulation
problems also constitute another limitation. Microbial metabolites
used commercially must be in stable formulations to preserve the
activity of the metabolites while they are kept in store or in the field.
Nevertheless, most CLPs are prone to environmental damage and
can need sophisticated formulation technologies like encapsulation
or carrier-based delivery systems to remain stable and effective
(9, 78). Moreover, the ecological relationships in the rhizosphere can
alter the activity of CLP producing microorganisms. The production
and activity of cyclic lipopeptides can be changed in response to
competition with natural microbial communities, fluctuating root
exudates and the presence of other soil organisms and result in
negative disease control in various fields (23). Altogether, despite the
fact the cyclic lipopeptides are the strong natural metabolites which
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can be used in biological regulation, the problems connected with
production efficiency, stable conditions in the environment,
understanding of their mechanisms and field of operation are to be
overcome to be effectively commercialised (3, 5, 6, 8, 66). Future
research focusing on genetic engineering of producing strains
(19, 26, 28), optimisation of fermentation processes (8, 52, 80) and
development of improved formulations (8, 6, 21), along with a
deeper understanding of plant-microbe interactions, will be crucial
for maximising the effective and sustainable use of cyclic
lipopeptides (CLPs) in plant disease management (3, 5, 6, 62).

Conclusion

Cyclic and non-ribosomal microbial metabolites constitute an
important group of bioactive secondary metabolites involved in the
biological control of plant pathogens. These molecules are
synthesised via non-ribosomal peptide synthetase pathways and
are predominantly produced by plant growth-promoting
rizobacteria (PGPR) such as Bacillus, Pseudomonas and
Streptomyces. This biosynthetic system enables the generation of
structurally diverse compounds with strong antimicrobial property.
Among these, cyclic lipopeptides such as surfactin, iturin, fengycin
and bacillomycin have received considerable attention due to their
broad-spectrum antifungal and antibacterial activities, as well as
their ability to induce systemic resistance in plants. The distinct
structural characteristics of non-ribosomal peptides including cyclic
peptide rings, uncommon amino acids and lipid moieties enhance
their stability and facilitate strong interactions with microbial
membranes. These interactions result in mechanisms such as
membrane permeabilisation, pore formation, inhibition of cell wall
synthesis and interference with pathogen signalling pathways.
Beyond their direct antimicrobial effects, several of these
metabolites also function as elicitors of plant defence responses.
They activate induced systemic resistance (ISR), thereby
strengthening the plant’s innate immune system and improving its
ability to withstand pathogen attack.

Recent advances in genomics, metabolomics and synthetic
biology enhanced the discovery and characterisation of non-
ribosomal peptide synthetase gene clusters involved in metabolite
biosynthesis. Genome mining strategies revealed a wide array of
previously unrecognised biosynthetic gene clusters, underscoring
the potential of beneficial microorganisms as valuable sources of
novel biocontrol agents. At the same time, improvements in
fermentation processes and formulation technologies are enabling
the efficient large-scale production and practical field application of
microbial metabolites for sustainable crop protection. However,
despite this improvement in developments, challenges remain in
translating laboratory findings into field-level success. Still the factors
such as environmental variability, reduced stability of metabolites
under field conditions and regulatory limitations can restrict their
widespread adoption in agriculture. The future research should be
focused on strain improvement, metabolic engineering and the
integration of these metabolites into holistic disease management
strategies to enhance their reliability and performance. Overall,
cyclic and non-ribosomal microbial metabolites offer a promising,
environmentally friendly altemative to conventional chemical
pesticides. The continuous exploration of microbial diversity, along
with progress in molecular biology and biotechnology, is expected to
further expand their application in sustainable plant disease
management and eco-friendly agriculture.
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Future prospects

Development of stable and cost-effective formulations for
improving shelf life and field efficacy of cyclic lipopeptides. Genetic
engineering and strain improvement approaches to enhance
metabolite production and consistency under field conditions. Mult-
location field trials to evaluate the long-term performance of cyclic
lipopeptides under diverse environmental conditions. Advanced
metabolomic and transcriptomic studies to better understand ISR
signalling pathways and plant microbe interactions. Integration of
cyclic lipopeptide-producing microorganisms into sustainable
integrated disease management and eco-friendly agricultural
practices.

Acknowledgements

The authors acknowledge the financial assistance provided by
Syngenta India Private Limited and the Department of Plant
Protection, Horticultural College and Research Institute,
Periyakulam, Tamil Nadu Agricultural University, Tamil Nadu, for
providing the necessary facilities to conduct this study.

Authors' contributions

PS* and KK conceptualised the study and prepared the original
draft. PS%4, OM, JI, RS, PR and SM revised the manuscript,
incorporated the tables and figures and proofread the final version.
All authors have read and approved the final manuscript [PS
stands for Punitha Shanmugam and P$* stands for Prabhu
Somasundaram].

Compliance with ethical standards

Conflict of interest: Authors do not have any conflicts of interest
todeclare.

Ethical issues: None

Declaration of generative Al and Al-assisted technologies
in the writing process

During the preparation of this work the authors used Google Gemini
to generate images, as some of the required illustrative images
were like those available in the BioRender application and therefore
alternative image generation was needed. After using this tool, the
authors reviewed and edited the content as needed and take full
responsibility for the content of the publication.

References

1. Negi M, Sharma S, Sharma U, Kumar P, Sharma U, Sharma K.
Aspects of the current and prospective sustainable usage of nano
fertilizers in agriculture and their effects on health of the soil: an
updated review. Journal of Soil Science and Plant Nutrition. 2023;23
(1):594-611. https://doi.org/10.1007/s42729-022-01068-4

2. Akhtar MS, Siddiqui ZA. Role of plant growth promoting
rhizobacteria in biocontrol of plant diseases and sustainable
agriculture. In: Maheshwari DK, editor. Plant growth and health
promoting bacteria. Berlin, Heidelberg: Springer Berlin Heidelberg;
2010. p. 157-95. https://doi.org/10.1007/978-3-642-13612-2_7

3. Maksimov IV, Singh BP, Cherepanova EA, Burkhanova GF, Khairullin
RM. Prospects and applications of lipopeptide-producing bacteria
for plant protection. Applied Biochemistry and Microbiology.
2020;56(1):15-28. https://doi.org/10.1134/S0003683820010135

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1007/s42729-022-01068-4
https://doi.org/10.1007/978-3-642-13612-2_7
https://doi.org/10.1134/S0003683820010135

PUNITHAET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ongena M, Jacques P. Bacillus lipopeptides: versatile weapons for
plant disease biocontrol. Trends in Microbiology. 2008;16(3):115-25.
https://doi.org/10.1016/j.tim.2007.12.009

Tran C, Cock IE, Chen X, Feng Y. Antimicrobial Bacillus: metabolites
and their mode of action. Antibiotics. 2022;11(1):88. https://
doi.org/10.3390/antibiotics11010088

Saiyam D, Dubey A, Malla MA, Kumar A. Lipopeptides from Bacillus:
unveiling biotechnological prospects-sources, properties and
diverse applications. Brazilian Journal of Microbiology. 2024;55
(1):281-95. https://doi.org/10.1007/s42770-023-01228-3

Yaraguppi DA, Bagewadi ZK, Patil NR, Mantri N. lturin: a promising
cyclic lipopeptide with diverse applications. Biomolecules. 2023;13
(10):1515. https://doi.org/10.3390/biom13101515

Valenzuela Ruiz V, Gandara-Ledezma A, Villarreal-Delgado MF, Villa-
Rodriguez ED, Parra-Cota Fl, Santoyo G, et al. Regulation,
biosynthesis and extraction of Bacillus-derived lipopeptides and its
implications in biological control of phytopathogens. Stresses.
2024;4(1):107-32. https://doi.org/10.3390/stresses4010007

Silva MD, Medeiros AO, Converti A, Almeida FC, Sarubbo LA.
Biosurfactants:  promising  biomolecules  for  agricultural
applications. Sustainability. 2024;16(1):449. https://doi.org/10.3390/
sul16010449

Kenawy A, Dailin DJ, Abo-Zaid GA, Malek RA, Ambehabati KK, Zakaria
KH, et al. Biosynthesis of antibiotics by PGPR and their roles in
biocontrol of plant diseases. In: Plant growth promoting rhizobacteria
for sustainable stress management. Vol. 2, Rhizobacteria in biotic
stress management. Singapore: Springer Singapore; 2019. p. 1-35.
https://doi.org/10.1007/978-981-13-6536-2_1

Raaijmakers JM, De Bruijn I, De Kock MJ. Cyclic lipopeptide
production by plant-associated Pseudomonas spp.: diversity,
activity, biosynthesis and regulation. Molecular Plant-Microbe
Interactions. 2006;19(7):699-710. https://doi.org/10.1094/MPMI-19-
0699

Roongsawang N, Washio K, Morikawa M. Diversity of nonribosomal
peptide synthetases involved in the biosynthesis of lipopeptide
biosurfactants. International Journal of Molecular Sciences. 2010;12
(1):141-72. https://doi.org/10.3390/ijms12010141

Peypoux F, Besson F, Michel G, Delcambe L. Structure of
bacillomycin D, a new antibiotic of the iturin group. European
Journal of  Biochemistry. 1981;118(2):323-7. https://
doi.org/10.1111/j.1432-1033.1981.tb06406.x

Huang Z, Peng Z, Zhang M, Li X, Qiu X. Structure, function and
engineering of the nonribosomal peptide synthetase condensation
domain. International Journal of Molecular Sciences. 2024;25
(21):11774. https://doi.org/10.3390/ijms252111774

Zhang B, Dong C, Shang Q, Han Y, Li P. New insights into
membrane-active action in plasma membrane of fungal hyphae
by the lipopeptide antibiotic bacillomycin L. Biochimica et
Biophysica Acta (BBA)-Biomembranes. 2013;1828(9):2230-7.
https://doi.org/10.1016/j.bbamem.2013.04.011

Jin P, Wang H, Tan Z, Xuan Z, Dahar GY, Li QX, et al. Antifungal
mechanism of bacillomycin D from Bacillus velezensis HN-2
against  Colletotrichum  gloeosporioides Penz. Pesticide
Biochemistry and Physiology. 2020;163:102-7. https://
doi.org/10.1016/j.pestbp.2019.11.004

Yuan QS, Yang P, Liu YK, Tabl KM, Guo MW, Zhang JB, et al. Iturin
and fengycin lipopeptides inhibit pathogenic Fusarium by targeting
multiple components of the cell membrane and their regulative
effects in wheat. Journal of Integrative Plant Biology. 2025;67
(8):2184-97. https://doi.org/10.1111/jipb.13933

Markelova N, Chumak A. Antimicrobial activity of Bacillus cyclic
lipopeptides and their role in the host adaptive response to changes
in environmental conditions. International Journal of Molecular
Sciences. 2025;26(1):336. https://doi.org/10.3390/ijms26010336

Qiao J, Borriss R, Sun K, Zhang R, Chen X, Liu Y, et al. Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

14

advances in the identification of regulatory mechanisms of surfactin
production by Bacillus: a review. Microbial Cell Factories. 2024;23
(1):100. https://doi.org/10.1186/512934-024-02372-7

Qi X, Liu W, He X, Du C. A review on surfactin: molecular regulation of
biosynthesis. Archives of Microbiology. 2023;205(9):313. https://
doi.org/10.1007/s00203-023-03652-3

Ito K, Adachi M, Matsutani M, Kataoka R, Enomoto G, Kajikawa A, et
al. Characterization of the NRPS operon homolog for surfactin A and
surfactin C synthesis in Bacillus spp. Archives of Microbiology.
2025;207(7):161. https://doi.org/10.1007/s00203-025-04341-z

Zhou H, Cong B, Tian Y, He Y, Yang H. Characterization of novel
cyclic lipopeptides produced by Bacillus sp. SY27F. Process
Biochemistry. 2019;83:206-13. https://doi.org/10.1016/
j.procbio.2019.05.019

Wang J, Qiu J, Yang X, Yang J, Zhao S, Zhou Q, et al. Identification of
lipopeptide Iturin A produced by Bacillus amyloliquefaciens NCPSJ7
and its antifungal activities against Fusarium oxysporum f. sp.
niveum.  Foods.  2022;11(19):2996.  https://doi.org/10.3390/
foods11192996

Yuan Y, Chu D, Fan J, Cui Z, Wang R, Zhang H, et al. Production of
antifungal iturins from vegetable straw: a combined chemical-
bacterial process. Bioresource Technology. 2023;378:129010.
https://doi.org/10.1016/j.biortech.2023.129010

Jiang C, Li Z, Shi Y, Guo D, Pang B, Chen X, et al. Bacillus subtilis
inhibits Aspergillus carbonarius by producing iturin A, which
disturbs the transport, energy metabolism and osmotic pressure of
fungal cells as revealed by transcriptomics analysis. International
Journal of Food Microbiology. 2020;330:108783. https://
doi.org/10.1016/j.iffoodmicro.2020.108783

Zhang A, Yang B, Ma Y, Li R, Zhou Z, Luo C, et al. Improving the
bacillomycin L production in Bacillus amyloliquefaciens by
atmospheric and room-temperature plasma combined with Box-
Behnken design. Microbial Cell Factories. 2025;24(1):144. https://
doi.org/10.1186/512934-025-02774-1

Duitman EH, Hamoen LW, Rembold M, Venema G, Seitz H, Saenger
W, et al. The mycosubitilin synthetase of Bacillus subtilis ATCC6633: a
multifunctional hybrid between a peptide synthetase, an amino
transferase and a fatty acid synthase. Proceedings of the National
Academy of Sciences. 1999;96(23):13294-9. https://doi.org/10.1073/
pnas.96.23.13294

Sun J, Liu Y, Lin F, Lu Z, Lu Y. CodY, ComA, DegU and Spo0OA
controlling lipopeptides biosynthesis in Bacillus amyloliquefaciens
FMBJ. Journal of Applied Microbiology. 2021;131(3):1289-304.
https://doi.org/10.1111/jam.15092

Wang Y, Zhang C, Liang J, Wu L, Gao W, Jiang J. Iturin A extracted
from Bacillus subtilis WL-2 affects Phytophthora infestans via cell
structure disruption, oxidative stress and energy supply
dysfunction. Frontiers in Microbiology. 2020;11:536083. https://
doi.org/10.3389/fmich.2020.536083

Vanittanakom N, Loeffler W, Koch U, Jung G. Fengycin: a novel
antifungal lipopeptide antibiotic produced by Bacillus subtilis F-29-
3. Journal of Antibiotics. 1986;39(7):888-901.  https://
doi.org/10.7164/antibiotics.39.888

Chen L, Gong B, Wu X, Liu H, Gao X, Li J, et al. Fengycin-
producing Bacillus subtilis alleviate strawberry fusarium wilt
disease by activating microbial community structure. Pesticide
Biochemistry and  Physiology. 2025:106877.  https://
doi.org/10.1016/j.pestbp.2025.106877

Armenova N, Petrova P, Gerginova M, Krumova E, Kaynarov D,
Velkova L, et al. Bacillus velezensis R22 inhibits the growth of multiple
fungal phytopathogens by producing surfactin and four fengycin
homologues. Biotechnology & Biotechnological Equipment. 2024;38
(1):2313072. https://doi.org/10.1080/13102818.2024.2313072

Fanaei M, Jurcic K, Emtiazi G. Detection of simultaneous production
of kurstakin, fengycin and surfactin lipopeptides in Bacillus
mojavensis using a novel gel-based method and MALDI-TOF

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.3390/antibiotics11010088
https://doi.org/10.3390/antibiotics11010088
https://doi.org/10.1007/s42770-023-01228-3
https://doi.org/10.3390/biom13101515
https://doi.org/10.3390/stresses4010007
https://doi.org/10.3390/su16010449
https://doi.org/10.3390/su16010449
https://doi.org/10.1007/978-981-13-6536-2_1
https://doi.org/10.1094/MPMI-19-0699
https://doi.org/10.1094/MPMI-19-0699
https://doi.org/10.3390/ijms12010141
https://doi.org/10.1111/j.1432-1033.1981.tb06406.x
https://doi.org/10.1111/j.1432-1033.1981.tb06406.x
https://doi.org/10.3390/ijms252111774
https://doi.org/10.1016/j.bbamem.2013.04.011
https://doi.org/10.1016/j.pestbp.2019.11.004
https://doi.org/10.1016/j.pestbp.2019.11.004
https://doi.org/10.1111/jipb.13933
https://doi.org/10.3390/ijms26010336
https://doi.org/10.1186/s12934-024-02372-7
https://doi.org/10.1007/s00203-023-03652-3
https://doi.org/10.1007/s00203-023-03652-3
https://doi.org/10.1007/s00203-025-04341-z
https://doi.org/10.1016/j.procbio.2019.05.019
https://doi.org/10.1016/j.procbio.2019.05.019
https://doi.org/10.3390/foods11192996
https://doi.org/10.3390/foods11192996
https://doi.org/10.1016/j.biortech.2023.129010
https://doi.org/10.1016/j.ijfoodmicro.2020.108783
https://doi.org/10.1016/j.ijfoodmicro.2020.108783
https://doi.org/10.1186/s12934-025-02774-1
https://doi.org/10.1186/s12934-025-02774-1
https://doi.org/10.1073/pnas.96.23.13294
https://doi.org/10.1073/pnas.96.23.13294
https://doi.org/10.1111/jam.15092
https://doi.org/10.3389/fmicb.2020.536083
https://doi.org/10.3389/fmicb.2020.536083
https://doi.org/10.7164/antibiotics.39.888
https://doi.org/10.7164/antibiotics.39.888
https://doi.org/10.1016/j.pestbp.2025.106877
https://doi.org/10.1016/j.pestbp.2025.106877
https://doi.org/10.1080/13102818.2024.2313072

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

spectrometry. World Journal of Microbiology and Biotechnology.
2021;37(6):97. https://doi.org/10.1007/s11274-021-03064-9

Xuan Z, Wang Y, Shen Y, Pan X, Wang J, Liu W, et al. Bacillus
velezensis HN-2: a potent antiviral agent against pepper veinal
mottle virus. Frontiers in Plant Science. 2024;15:1403202. https://
doi.org/10.3389/fpls.2024.1403202

He P, Cui W, Munir S, He P, Huang R, Li X, et al. Fengycin produced
by Bacillus subtilis XF-1 plays a major role in the biocontrol of
Chinese cabbage clubroot via direct effect and defense stimulation.
Journal of Cellular Physiology. 2024;239(10):€30991. https://
doi.org/10.1002/jcp.30991

Zhang L, Sun C. Fengycins, cyclic lipopeptides from marine Bacillus
subtilis strains, kill the plant-pathogenic fungus Magnaporthe grisea
by inducing reactive oxygen species production and chromatin
condensation. Applied and Environmental Microbiology. 2018;84
(18):e00445-18. https://doi.org/10.1128/AEM.00445-18

Deng YJ, Chen Z, Ruan CQ, Xiao RF, Lian HP, Liu B, et al. Antifungal
activities of Bacillus velezensis FJAT-52631 and its lipopeptides
against anthracnose pathogen Colletotrichum acutatum. Journal of
Basic Microbiology. 2023;63(6):594-603. https://doi.org/10.1002/
jobm.202200566

Rahman M. Bacillus spp.: a promising biocontrol agent of root, foliar
and postharvest diseases of plants. In: Singh HB, Sarma BK,
Keswani C, editors. Bacilli and agrobiotechnology. Cham: Springer
International ~ Publishing;  2017. p. 113-41. https://
doi.org/10.1007/978-3-319-44409-3_6

Nifakos K, Tsalgatidou PC, Thomloudi EE, Skagia A, Kotopoulis D,
Baira E, et al. Genomic analysis and secondary metabolites
production of the endophytic Bacillus velezensis Bvell: a biocontrol
agent against Botrytis cinerea causing bunch rot in post-harvest
table grapes. Plants. 2021;10(8):1716. https://doi.org/10.3390/
plants10081716

Serensen D, Nielsen TH, Christophersen C, Soerensen J, Gajhede M.
Cyclic lipoundecapeptide amphisin from Pseudomonas sp. strain
DSS73. Crystal Structure Communications. 2001;57(9):1123-4.
https://doi.org/10.1107/S0108270101010782

Koch B, Nielsen TH, Sgrensen D, Andersen JB, Christophersen C,
Molin S, et al. Lipopeptide production in Pseudomonas sp. strain
DSST73 is regulated by components of sugar beet seed exudate via
the Gac two-component regulatory system. Applied and
Environmental ~ Microbiology.  2002;68(9):4509-16.  https://
doi.org/10.1128/AEM.68.9.4509-4516.2002

Ciurko D, Grzywacz A, Hyla K, Kancelista A, Janek T. Antifungal
activity and mycotoxin-inhibiting potential of amphisin and
rhamnolipids from Pseudomonas strains. Scientific Reports. 2025.
https://doi.org/10.1038/s41598-025-31914-1

De Bruijn |, Raaijmakers JM. Diversity and functional analysis of
LuxR-type transcriptional regulators of cyclic lipopeptide
biosynthesis in  Pseudomonas fluorescens. Applied and
Environmental  Microbiology.  2009;75(14):4753-61.  https://
doi.org/10.1128/AEM.00575-09

Riera N, Davyt D, Duran R, Iraola G, Lemanceau P, Bajsa N. An
antibiotic produced by Pseudomonas fluorescens CFBP2392
with antifungal activity against Rhizoctonia solani. Frontiers in
Microbiology. 2023;14:1286926. https://doi.org/10.3389/
fmicb.2023.1286926

Sheng J, Qin X, Yang X, Liu Q, Ma Z. The biocontrol roles of cyclic
lipopeptide putisolvin produced from Pseudomonas capeferrum
HN2-3 on the Phytophthora blight disease in cucumbers. Journal of
Plant Diseases and Protection. 2024;131(2):423-32. https://
doi.org/10.1007/s41348-024-00874-5

Gotze S, Herbst-Irmer R, Klapper M, Gorls H, Schneider KR, Barnett
R, et al. Structure, biosynthesis and biological activity of the cyclic
lipopeptide anikasin. ACS Chemical Biology. 2017;12(10):2498-502.
https://doi.org/10.1021/acschembio.7b00589

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

15

Gu YL, Li JZ, LiY, Cong S, Wang J, Ma YN, et al. Pseudomonas cyclic
lipopeptide medpeptin: biosynthesis and modulation of plant
immunity. Engineering. 2023;28:153-65. https://doi.org/10.1016/
j.eng.2022.10.018

Tsuge K, Inoue S, Ano T, Itaya M, Shoda M. Horizontal transfer of
iturin A operon, itu, to Bacillus subtilis 168 and conversion into an
iturin A producer. Antimicrobial Agents and Chemotherapy. 2005;49
(11):4641-8. https://doi.org/10.1128/AAC.49.11.4641-4648.2005

Singh S, Nwagwu E, Young L, Kumar P, Shinde PB, Edrada-Ebel R.
Targeted isolation of antibiofilm compounds from halophytic
endophyte Bacillus velezensis 7NPB-3B using LC-HR-MS-based
metabolomics. Microorganisms. 2024;12(2):413. https://
doi.org/10.3390/microorganisms12020413

Yan G, Zhou L, Xu Y, Xia H, Tian Y, Yu C. Influence of global
regulatory factors on fengycin synthesis by Bacillus
amyloliquefaciens TF28. Fermentation. 2026;12(2):72. https://
doi.org/10.3390/fermentation12020072

Yakimov MM, Kroger A, Slepak TN, Giuliano L, Timmis KN, Golyshin
PN. A putative lichenysin A synthetase operon in Bacillus
licheniformis: initial characterization. Biochimica et Biophysica Acta
(BBA)-Gene Structure and Expression. 1998;1399(2-3):141-53.
https://doi.org/10.1016/S0167-4781(98)00096-7

Qiu Y, Xiao F, Wei X, Wen Z, Chen S. Improvement of lichenysin
production in Bacillus licheniformis by replacement of native
promoter of lichenysin biosynthesis operon and medium
optimization. Applied Microbiology and Biotechnology. 2014;98
(21):8895-903. https://doi.org/10.1007/s00253-014-5978-y

Duitman EH, Wyczawski D, Boven LG, Venema G, Kuipers OP,
Hamoen LW. Novel methods for genetic transformation of
natural Bacillus subtilis isolates used to study the regulation of
the mycosubtilin and surfactin synthetases. Applied and
Environmental Microbiology. 2007;73(11):3490-6. https://
doi.org/10.1128/AEM.02751-06

Bugert P, Geider K. Molecular analysis of the ams operon required
for exopolysaccharide synthesis of Erwinia amylovora. Molecular
Microbiology. 1995;15(5):917-33. https://doi.org/10.1111/j.1365-
2958.1995.tb02361.x

Alsohim AS, Taylor TB, Barrett GA, Gallie J, Zhang XX, Altamirano-
Junqueira AE, et al. The biosurfactant viscosin produced by
Pseudomonas fluorescens SBW25 aids spreading motility and plant
growth promotion. Environmental Microbiology. 2014;16(7):2267-
81. https://doi.org/10.1111/1462-2920.12469

Ye L, Hildebrand F, Dingemans J, Ballet S, Laus G, Matthijs S, et al.
Draft genome sequence analysis of a Pseudomonas putida
W150ct28 strain with antagonistic activity to Gram-positive and
Pseudomonas sp. pathogens. PLoS One. 2014;9(11):e110038.
https://doi.org/10.1371/journal.pone.0110038

Scholz-Schroeder BK, Hutchison ML, Grgurina |, Gross DC. The
contribution of syringopeptin and syringomycin to virulence of
Pseudomonas syringae pv. syringae strain B301D on the basis of
sypA and syrBl biosynthesis mutant analysis. Molecular Plant-
Microbe Interactions. 2001;14(3):336-48. https://doi.org/10.1094/
MPMI.2001.14.3.336

Bender CL, Alarcon-Chaidez F, Gross DC. Pseudomonas syringae
phytotoxins: mode of action, regulation and biosynthesis by
peptide and polyketide synthetases. Microbiology and Molecular
Biology Reviews. 1999;63(2):266-92. https://doi.org/10.1128/
MMBR.63.2.266-292.1999

Wang H. Exploration of the secondary metabolites in Aspergillus
ustus and their biosynthesis. Philipps-Universitat Marburg; 2025.

Zhu H, Wu S, Tang S, Xu J, He Y, Ren Z, et al. Isolation, identification
and characterization of biopotential cyclic lipopeptides from Bacillus
subtilis strain JNOO5 and its antifungal activity against rice pathogen
Magnaporthe oryzae. Biological Control. 2023;182:105241. https://
doi.org/10.1016/j.biocontrol.2023.105241

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1007/s11274-021-03064-9
https://doi.org/10.3389/fpls.2024.1403202
https://doi.org/10.3389/fpls.2024.1403202
https://doi.org/10.1002/jcp.30991
https://doi.org/10.1002/jcp.30991
https://doi.org/10.1128/AEM.00445-18
https://doi.org/10.1002/jobm.202200566
https://doi.org/10.1002/jobm.202200566
https://doi.org/10.1007/978-3-319-44409-3_6
https://doi.org/10.1007/978-3-319-44409-3_6
https://doi.org/10.3390/plants10081716
https://doi.org/10.3390/plants10081716
https://doi.org/10.1107/S0108270101010782
https://doi.org/10.1128/AEM.68.9.4509-4516.2002
https://doi.org/10.1128/AEM.68.9.4509-4516.2002
https://doi.org/10.1038/s41598-025-31914-1
https://doi.org/10.1128/AEM.00575-09
https://doi.org/10.1128/AEM.00575-09
https://doi.org/10.3389/fmicb.2023.1286926
https://doi.org/10.3389/fmicb.2023.1286926
https://doi.org/10.1007/s41348-024-00874-5
https://doi.org/10.1007/s41348-024-00874-5
https://doi.org/10.1021/acschembio.7b00589
https://doi.org/10.1016/j.eng.2022.10.018
https://doi.org/10.1016/j.eng.2022.10.018
https://doi.org/10.1128/AAC.49.11.4641-4648.2005
https://doi.org/10.3390/microorganisms12020413
https://doi.org/10.3390/microorganisms12020413
https://doi.org/10.3390/fermentation12020072
https://doi.org/10.3390/fermentation12020072
https://doi.org/10.1016/S0167-4781(98)00096-7
https://doi.org/10.1007/s00253-014-5978-y
https://doi.org/10.1128/AEM.02751-06
https://doi.org/10.1128/AEM.02751-06
https://doi.org/10.1111/j.1365-2958.1995.tb02361.x
https://doi.org/10.1111/j.1365-2958.1995.tb02361.x
https://doi.org/10.1111/1462-2920.12469
https://doi.org/10.1371/journal.pone.0110038
https://doi.org/10.1094/MPMI.2001.14.3.336
https://doi.org/10.1094/MPMI.2001.14.3.336
https://doi.org/10.1128/MMBR.63.2.266-292.1999
https://doi.org/10.1128/MMBR.63.2.266-292.1999
https://doi.org/10.1016/j.biocontrol.2023.105241
https://doi.org/10.1016/j.biocontrol.2023.105241

PUNITHAET AL

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Zhao Q, Ali Q, Yuan W, Zhang G, Li H, Zhou L, et al. Role of iturin from
Bacillus velezensis DMW1 in suppressing growth and pathogenicity
of Plectosphaerella cucumerina in tomato by reshaping the
rhizosphere microbial communities. Microbiological Research.
2025;296:128150. https://doi.org/10.1016/j.micres.2025.128150

Ding N, Dong H, Ongena M. Bacterial cyclic lipopeptides as triggers
of plant immunity and systemic resistance against pathogens.
Plants. 2025;14(17):2644. https://doi.org/10.3390/plants14172644

Sampathkumar A, Aiyanathan KE, Nakkeeran S, Manickam S.
Multifaceted Bacillus spp. for the management of cotton
bacterial blight caused by Xanthomonas citri pv. malvacearum.
Biological Control. 2023;177:105111. https://doi.org/10.1016/
j.biocontrol.2022.105111

Ding LN, Li YT, Wu YZ, Li T, Geng R, Cao J, et al. Plant disease
resistance-related signalling pathways: recent progress and future
prospects. International Journal of Molecular Sciences. 2022;23
(24):16200. https://doi.org/10.3390/ijms232416200

Oni FE, Geudens N, Adiobo A, Omoboye 00, Enow EA, Onyeka JT, et
al. Biosynthesis and antimicrobial activity of pseudodesmin and
viscosinamide cyclic lipopeptides produced by pseudomonads
associated with the cocoyam rhizosphere. Microorganisms. 2020;8
(7):1079. https://doi.org/10.3390/microorganisms8071079

Isaia HA, Clerici NJ, Brandelli A. Bacillus lipopeptides as versatile
antimicrobial weapons: looking toward antiviral activity. Critical
Reviews in Biotechnology. 2025;45(8):1559-75. https://
doi.org/10.1080/07388551.2025.2499152

Ghanaim AM, Mahmoud GA, Mohamed HI, Hanafy RS, Zaki LM,
Mahmoud M, et al. Bacillus subtilis and chitosan nanoparticles
enhance potato virus Y (PVY) tolerance in tomato (Solanum
lycopersicum L.) via modulation of antioxidants and secondary
metabolites. BMC Plant Biology. 2025;25(1):1613. https://
doi.org/10.1186/s12870-025-07617-0

Beris D, Kotsaridis K, Orfanidou C, Dimopoulou A, Varveri C,
Vassilakos N, et al. Elucidating the differential antiviral action of a
plant growth promoting rhizobacterium against three genetically
distant virus species. Frontiers in Plant Science. 2026;17:1778459.
https://doi.org/10.3389/fpls.2026.1778459

Zhang L, Shao L, Wang B, Zhang B, Li Y, Song S, et al. Genome and
antimicrobial compounds analysis of Bacillus subtilis M51 as a
potential biocontrol agent against Fusarium oxysporum. BMC
Genomics. 2026. https://doi.org/10.1186/s12864-026-12827-3

Harish BN, Nagesha SN, Ramesh BN, Shyamalamma S, Nagaraj MS,
Girish HC, et al. Molecular characterization and antifungal activity of
lipopeptides produced from Bacillus subtilis against plant fungal
pathogen Alternaria alternata. BMC Microbiology. 2023;23(1):179.
https://doi.org/10.1186/512866-023-02922-w

Hazarika DJ, Goswami G, Gautom T, Parveen A, Das P, Barooah M, et
al. Lipopeptide mediated biocontrol activity of endophytic Bacillus
subtilis against fungal phytopathogens. BMC Microbiology. 2019;19
(1):71. https://doi.org/10.1186/s12866-019-1440-8

Hu Y, Yang X, Wu H, Li Q, Xiao G, Wu F, et al. Biocontrol of
tobacco bacterial wilt by Bacillus velezensis Y19: insights into
chemotaxis, competition and antagonism. Physiological and
Molecular Plant Pathology. 2026:103140. https://
doi.org/10.1016/j.pmpp.2026.103140

16

73. Hossain A, Islam Masum MM, Wu X, Abdallah Y, Ogunyemi SO, Wang
Y, et al. Screening of Bacillus strains in biocontrol of pathogen
Dickeya dadantii causing stem and root rot disease of sweet potato.
Biocontrol Science and Technology. 2020;30(11):1180-98. https://
doi.org/10.1080/09583157.2020.1798356

74. Pal G, Saxena S, Kumar K, Verma A, Kumar D, Shukla P, et al. Seed
endophytic bacterium Bacillus velezensis and its lipopeptides acts
as elicitors of defense responses against Fusarium verticillioides in
maize seedlings. Plant and Soil. 2023;492(1):109-24. https://
doi.org/10.1007/s11104-023-06152-x

75. Cho YT, Ting HM, Wang BW, Tsai YC, Wang HY, Yang YL, et al.
Integrating genomics and targeted metabolite profiling to elucidate
disease-suppression mechanisms of Bacillus velezensis GFBOS.
Current Research in Microbial Sciences. 2025:100503. https://
doi.org/10.1016/j.crmicr.2025.100503

76. Groboillot A, Portet-Koltalo F, Le Derf F, Feuilloley MJ, Orange N,
Poc CD. Novel application of cyclolipopeptide amphisin:
feasibility study as additive to remediate polycyclic aromatic
hydrocarbon (PAH) contaminated sediments. International
Journal of Molecular Sciences. 2011;12(3):1787-806. https://
doi.org/10.3390/ijms12031787

77. GuY, Ma YN, Wang J, Xia Z, Wei HL. Genomic insights into a plant
growth-promoting Pseudomonas koreensis strain with cyclic
lipopeptide-mediated antifungal activity. Microbiology Open.
2020;9(9):€1092. https://doi.org/10.1002/mbo3.1092

78. Warrior P, Konduru K, Vasudevan P. Formulation of biological
control agents for pest and disease management. In: Biological
control of crop diseases. Boca Raton: CRC Press; 2002. p. 435-56.

79. Vidhya CS, Swamy GN, Das A, Noopur K, Vedulla M. Cyclic
lipopeptides from Bacillus amyloliquefaciens PPL: antifungal
mechanisms and their role in controlling pepper and tomato
diseases. Microbiology Archives, an International Journal. 2023.
https://doi.org/10.51470/MA.2023.5.2.1

80. Chen W, Wang M, Gong Y, Deng Q, Zheng M, Chen S, et al. The
unconventional adverse effects of fungal pretreatment on iturin A
fermentation by Bacillus amyloliquefaciens CX-20. Microbial
Biotechnology. 2021;14(2):587-99. https://doi.org/10.1111/1751-
7915.13658

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1016/j.micres.2025.128150
https://doi.org/10.3390/plants14172644
https://doi.org/10.1016/j.biocontrol.2022.105111
https://doi.org/10.1016/j.biocontrol.2022.105111
https://doi.org/10.3390/ijms232416200
https://doi.org/10.3390/microorganisms8071079
https://doi.org/10.1080/07388551.2025.2499152
https://doi.org/10.1080/07388551.2025.2499152
https://doi.org/10.1186/s12870-025-07617-0
https://doi.org/10.1186/s12870-025-07617-0
https://doi.org/10.3389/fpls.2026.1778459
https://doi.org/10.1186/s12864-026-12827-3
https://doi.org/10.1186/s12866-023-02922-w
https://doi.org/10.1186/s12866-019-1440-8
https://doi.org/10.1016/j.pmpp.2026.103140
https://doi.org/10.1016/j.pmpp.2026.103140
https://doi.org/10.1080/09583157.2020.1798356
https://doi.org/10.1080/09583157.2020.1798356
https://doi.org/10.1007/s11104-023-06152-x
https://doi.org/10.1007/s11104-023-06152-x
https://doi.org/10.1016/j.crmicr.2025.100503
https://doi.org/10.1016/j.crmicr.2025.100503
https://doi.org/10.3390/ijms12031787
https://doi.org/10.3390/ijms12031787
https://doi.org/10.1002/mbo3.1092
https://doi.org/10.51470/MA.2023.5.2.1
https://doi.org/10.1111/1751-7915.13658
https://doi.org/10.1111/1751-7915.13658
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

