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Abstract
Bacillus sp. has proven to be a goldmine of diverse bioactive lipopeptides, finding wide-range of industrial applications. This 
review highlights the importance of three major families of lipopeptides (iturin, fengycin, and surfactin) produced by Bacillus 
sp. and their diverse activities against plant pathogens. This review also emphasizes the role of non-ribosomal peptide syn-
thetases (NRPS) as significant enzymes responsible for synthesizing these lipopeptides, contributing to their peptide diversity. 
Literature showed that these lipopeptides exhibit potent antifungal activity against various plant pathogens and highlight their 
specific mechanisms, such as siderophore activity, pore-forming properties, biofilm inhibition, and dislodging activity. The 
novelty of this review comes from its comprehensive coverage of Bacillus sp. lipopeptides, their production, classification, 
mechanisms of action, and potential applications in plant protection. It also emphasizes the importance of ongoing research 
for developing new and enhanced antimicrobial agents. Furthermore, this review article highlights the need for future research 
to improve the production efficiency of these lipopeptides for commercial applications. It recognizes the potential for these 
lipopeptides to expand the field of biological pest management for both existing and emerging plant diseases.
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Introduction

Chemical pest management has been a prominent agricul-
tural practice for over a century. The utilization of pesticides 
has led to a notable 39% reduction in global crop losses, as 
demonstrated in various studies [1–3]. In nations with sub-
tropical climates like India, storage pests pose a significant 
challenge, resulting in postharvest losses and a decline in 

product quality. In the natural environment, plants consist-
ently encounter an array of biotic and abiotic challenges 
that hinder their growth and overall productivity [4, 5]. The 
extensive application of chemical fertilizers and agrochem-
icals raises concerns about their long-term implications. 
Addressing this issue will be pivotal in enhancing agricul-
tural yield and output, particularly as the world's population 
grows at an unprecedented rate [6, 7].

Plants are exposed to billions of bacteria within their nat-
ural environment, including Bacillus sp., which infiltrate and 
occupy various compartments and chambers within plant tis-
sues [8, 9]. These compartments comprise the rhizosphere, 
endosphere, phyllosphere, and rhizoplane [4, 8–10]. Conse-
quently, biopesticides have emerged as the preferred choice 
for pest management, supplanting synthetic pesticides [11]. 
This shift is attributed to their superior pest control capabili-
ties and diverse array of modes of action [12].

While chemical fungicides have provided a solution for 
years, their widespread use has led to environmental deg-
radation and raised human health concerns [2, 3, 13]. The 
rising dependence of farmers on chemical fertilizers fur-
ther jeopardizes ecosystem stability and soil fertility [1]. At 
the forefront of sustainable agricultural practices are Plant 
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Growth-Promoting Rhizobacteria (PGPR), offering a range 
of benefits, including improved crop yields and enhanced 
soil quality [8, 14]. Within this landscape, Bacillus spp. 
stands out as a prominent PGPR in soil. It employs mecha-
nisms such as biofilm formation, induced systemic resistance 
(ISR), and lipopeptide production to empower plants in deal-
ing with both biotic and abiotic stress [15].

The spotlight is on lipopeptides, owing to their com-
pelling potential in diverse pharmaceuticals, agriculture, 
chemicals, and food sectors. Their amphipathic structures 
underscore their significance, boasting a spectrum of bio-
activities encompassing antibacterial, antiviral, antifungal, 
and anticancer properties. Among these, Bacillus subtilis 
takes centre stage as a favoured microorganism for produc-
ing active lipopeptides. Its rapid growth, modest nutritional 
requirements, human and animal safety, and potent antibac-
terial attributes render it a cornerstone of various industries, 
including agriculture, food production, medicine, and feed 
manufacturing [16, 17].

In the domain of Bacillus species, a wide array of lipo-
peptides can be identified, encompassing surfactins, iturins, 
and fengycins [18]. These naturally occurring lipopeptides 
manifest as an array of isoforms and analogs, each with its 
distinctive structural fingerprint. Over more than two dec-
ades, this class of compounds has undergone rigorous scru-
tiny encompassing isolation, synthesis, purification, struc-
tural characterization, bioactivity assessment, and potential 
applications. Particularly, the groups of Bacillus lipopep-
tides—surfactants, fengycins, and iturins—have gained 
attention for their antagonistic properties against an array 
of potential phytopathogens, including fungi, oomycetes and 
bacteria, positioning them as potent biocontrol agents [19]. 
Inhibiting many fungal infections, Bacillus spp. metabolites 
have further emphasised their efficacy in safeguarding plant 
health [19].

The uniqueness of this manuscript lies in its thorough 
exploration of Bacillus lipopeptides, including surfactins, 
fengycins, and iturins, showcasing their antagonistic attrib-
utes against potential phytopathogens and their role as potent 
biocontrol agents. The manuscript places a strong emphasis 
on highlighting the efficacy of Bacillus spp. metabolites in 
restraining fungal infections and bolstering the protection 
of plant health.

Classification of lipopeptide produced 
by Bacillus

A subclass of microbial surfactants known as lipopeptides 
comprises compounds such as iturin, surfactin, fengycin, 
kurstakin, and lichenysin [16] (Fig. 1). Lipopeptides are 
classified based on amino acid sequences and types of and 
different strains of Bacillus spp. that produces lipopeptides, 

like B. cereus, B. subtilis, B. pumilus, B. amyloliquefaciens, 
B. globigii, B. thuringiensis, B. licheniformis, and B. mega-
terium and are used to classify lipopeptides surfactants.

Iturin

Iturins, cyclic lipopeptides, feature hydrophilic C-terminal 
heptapeptides and hydrophobic N-terminal β-amino fatty 
acids synthesized by certain strains of Bacillus bacteria [16, 
20]. Their aliphatic chain contains 14 to 17 carbons, along 
with a chiral LDDLLDL sequence (L-Asn-D-Tyr-D-Asn-L-
Gln-L-Pro-D-Asn-L-Ser) within the peptide structure [21]. 
Amino acid variations account for the significant polymor-
phism in iturins. Notable members of this group include 
iturin A, iturin D, iturin C, iturin E, bacillomycin D, bacil-
lomycin L, bacillomycin F, mycosubtilin, and bacillomycin 
Lc (Fig. 1). Iturin’s structure varies by producing Bacillus 
strains, with common amino acids including isoleucine and 
aspartic acid. Nonribosomal peptide synthetases (NRPSs) 
encoded in the Bacillus genome mediate its biosynthesis, 
including the incorporation of the fatty acid chain. Besson 
et al. [22] investigated L's structure using infrared spec-
troscopy. Iturin A D-lipopeptide synthesized by B. subtilis 
demonstrated the presence of turns in Iturin A. Its structure 
was discovered as a result of the findings: Iturin A forms a 
closed-loop structure with fatty acid, β-AA and D-hepta-
peptide is an alternative L-lipopeptide [23]. Functionally, 
iturin showcases antifungal, antibacterial, and plant growth-
promoting activities [24]. It disrupts fungi and bacteria cell 
membranes by interacting with their lipid components, lead-
ing to cell lysis. Additionally, it stimulates plant growth by 
improving nutrient uptake, protecting plants from pathogens, 
and fostering root development.

Consequently, iturin finds applications in agriculture, 
biotechnology, and medicine. According to the published 
reports, iturin has shown strong antifungal activity against 
fungal pathogens like Alternaria alternata, Botrytis cinerea 
and Penicillium expansum [25–27]. Its potential as a biocon-
trol agent against fungal and bacterial pathogens, its role in 
enhancing plant health and crop yields, and its environmen-
tally friendly profile make iturin an attractive alternative to 
synthetic pesticides and antimicrobial agents [18].

Fengycin

Fengycin, a cyclic lipopeptide synthesized primarily by 
Bacillus subtilis and related strains, belongs to the lipopep-
tide family alongside antimicrobial agents like iturin and 
surfactin [27]. Its structure consists of a cyclic heptapeptide 
with seven amino acids and a hydrophobic fatty acid tail that 
grants amphiphilic properties [28]. The specific composi-
tion of fengycin varies among Bacillus strains, incorporat-
ing alternating L- and D-amino acids like leucine, valine, 
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and hydroxyvaline [28]. This lipopeptide's biosynthesis is 
governed by Non Ribosomal Peptide Synthetases (NRPSs), 
encoded in the Bacillus genome, which assemble amino 
acids into the cyclic peptide structure while integrating the 
fatty acid chain [29, 30].

Fengycin's remarkable attributes include potent anti-
fungal activity against plant pathogens and filamentous 
fungi [31]. This action stems from its disruption of fungal 
membranes, leading to cell demise. Leveraging this qual-
ity, fengycin holds potential as a biocontrol agent against 
plant fungal diseases in agriculture [32]. Its environmentally 
friendly nature is owed to its natural bacterial origin and 
limited toxicity to non-target organisms [18, 24]. This prop-
erty aligns with its exploration as an eco-friendly alternative 
to synthetic fungicides, contributing to sustainable disease 
management in crops [33].

Surfactin

Surfactin, synthesized by specific Bacillus strains like Bacil-
lus subtilis, is a cyclic lipopeptide with versatile properties 

encompassing surfactant, antimicrobial, and biosurfactant 
functions [18]. Its structure includes a cyclic heptapeptide 
ring linked to a hydrophobic fatty acid tail, typically con-
taining seven L- and D-amino acids. The hydrophobic tail 
commonly features a β-hydroxy fatty acid chain [34].

The amino acid sequence in surfactin's peptide ring can 
vary among Bacillus strains, often including amino acids 
such as leucine, valine, aspartic acid, and glutamic acid. 
This hydrophobic tail contributes to its interaction with lipid 
membranes, augmenting its surfactant qualities. Produced 
through non-ribosomal peptide synthetases (NRPSs), sur-
factin’s biosynthesis involves assembling amino acids into 
the cyclic peptide structure and attaching the fatty acid tail.

Surfactin is notable for its surface-active properties, 
lowering surface tension and forming micelles, which 
find applications in industries like detergents and emulsi-
fiers. Additionally, surfactin displays potent antimicrobial 
actions against various microorganisms, disrupting cellular 
membranes by integrating its hydrophobic tail into the lipid 
bilayer, resulting in membrane permeabilization and cell 
death.

Fig. 1   Classification of lipopetides (cyclic nonribosomally synthesized peptide) from Bacillus sp. All the structures were procured from https://​
pubch​em.​ncbi.​nlm.​nih.​gov/

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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Surfactin's effectiveness extends to inhibiting biofilm 
formation, offering potential solutions to biofilm-related 
issues in different industries [35]. Its eco-friendly nature is 
attributed to its natural origin and biodegradability. Thus, 
surfactin is applied across sectors, including agriculture 
(as a biopesticide), bioremediation (for oil spill cleanup), 
cosmetics (as an emulsifier), and pharmaceuticals (for drug 
delivery)[34, 36]. Bacillus spp., including Bacillus subtilis, 
B. amyloliquefaciens, and B. velezensis, all make surfactin 
[36, 37].

Other Lipopeptides procured from Bacillus sp.

All these metabolites comprise a gFA or FA connected to a 
partially cyclic or cyclic peptide chain by an amide or ester 
connection.

Licheniformin

Licheniformin, from Bacillus licheniformis, is a surfactin-
like lipopeptide with antimicrobial potency. It has a cyclic 
structure blending a cyclic peptide with a lipid tail, ena-
bling it to disrupt microbial membranes effectively. Due to 
its membrane-disrupting ability, it combats a range of micro-
organisms including bacteria, fungi, and viruses. Notably, 
licheniformin dislodges biofilms, though microbial commu-
nities resistant to standard antimicrobials, making it a candi-
date for biofilm-related infections. While antiviral potential 
has been noted, further research is necessary. Licheniform-
in’s biofilm disruption and antimicrobial traits spark interest 
for potential use in biotechnology, encompassing fields like 
food preservation and medical devices to address microbial 
contamination and biofilm concerns [20, 31].

Kurstakins

Kurstakins, cyclic lipopeptides from Bacillus species like 
Bacillus subtilis, possess a unique structure, potent antimi-
crobial abilities, and broad application potential. With a pep-
tide ring and lipid tail arrangement, they exhibit amphiphilic 
properties to interact in diverse environments [31]. These 
compounds effectively combat bacteria and fungi by dis-
rupting cell membranes, causing cell death. They also dis-
rupt biofilms, making them valuable against biofilm-related 
issues. Due to their antimicrobial and biofilm-disrupting 
properties, Kurstakins hold promise for biotechnological use 
in agriculture, food safety, medical devices, and pharmaceu-
ticals. Diverse Bacillus strains yield varied kurstakin ana-
logs, each with distinct traits for exploring various functions. 
Kurstakins contribute to research on natural antimicrobials, 
supplementing the study of potential industrial and medical 
applications. Ongoing research is crucial for comprehending 

mechanisms, optimizing production, and uncovering full 
applications [38].

Locillomycins

Locillomycins, produced by specific Bacillus subtilis strains, 
are lipopeptide antibiotics known for their intricate struc-
ture, strong antibacterial efficacy, and potential uses. Their 
complex design links a lipid tail to a cyclic peptide core, 
conferring amphiphilic qualities for interaction in varied 
environments. These lipopeptides are potent against Gram-
positive bacteria, hindering cell wall biosynthesis and caus-
ing cell demise. Their unique mode of action suggests prom-
ise in countering antibiotic resistance. Locillomycins hold 
potential for medical and agricultural applications, including 
novel antibiotics for combating resistant strains and use in 
plant protection [31]. Various Bacillus subtilis strains yield 
diverse locillomycin analogs, each with distinctive attrib-
utes. Ongoing research is essential to grasp their mecha-
nisms, optimize production, and explore comprehensive 
applications [39].

Pumilacidin

Pumilacidin is another lipopeptide produced by Bacillus 
species, particularly Bacillus pumilus. It has been found to 
possess antimicrobial activity against various pathogens, 
including bacteria and fungi. Pumilacidin is not a surfactin 
either; it is a cyclic lipopeptide with a complex structure, 
and its antimicrobial properties are of interest for potential 
therapeutic applications.

Cyclic depsipeptides

Bacillus species produce a variety of cyclic depsipeptides 
like plipastatins, difficidins, and bacillomycins. These com-
pounds often have antimicrobial properties and can disrupt 
microbial membranes. They are being investigated for their 
potential in food preservation, agriculture, and medicine.

Bacylisin  Bacylisin is a lipopeptide produced by Bacillus 
amyloliquefaciens that exhibits antibacterial activity against 
Gram-positive bacteria. It has shown potential as an alterna-
tive to antibiotics in animal production and agriculture.

Mycosubtilin  Mycosubtilin is another lipopeptide produced 
by Bacillus subtilis with antifungal properties. It has been 
explored for its use in agricultural biocontrol against fungal 
pathogens.
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Bacitracin  Bacitracin is a well-known peptide antibiotic 
produced by Bacillus licheniformis and Bacillus subtilis. It 
is used in medicine to prevent bacterial infections and in 
animal feed to promote growth.

Biosynthesis of lipopeptides

Lipopeptides are a class of molecules that combine the 
characteristics of both lipids (fats) and peptides (amino 
acid chains). They often have interesting biological and 
pharmaceutical properties due to their amphiphilic nature, 
allowing them to interact with hydrophilic (water-loving) 
and hydrophobic (water-repelling) environments [20]. The 
biosynthesis of lipopeptides can involve a combination of 
enzymatic and non-enzymatic processes [40, 41]. Lipo-
peptide biosynthesis involves intricate processes merging 
amino acids and lipids, yielding versatile biological and 
pharmaceutical potential molecules. Initiated by ATP-
dependent aminoacyl-tRNA synthetases, amino acids 
bind to tRNAs, forming aminoacyl-tRNAs. Lipopeptides 
often arise from multi-enzyme Non Ribosomal Peptide 
Synthetases (NRPS), with modules incorporating amino 
acids into growing chains and domains guiding activation, 
selection, and bond formation (Fig. 2).

Simultaneously, fatty acids elongate through enzymes 
like fatty acid synthase, paralleling peptide synthesis. 
An enzymatic NRPS domain, as part of the complex or 

separate, attaches a fatty acid or lipid to the peptide as 
it reaches a threshold length [31, 37]. Subsequent modi-
fications, e.g., cyclization, oxidation, and glycosylation, 
reshape the lipopeptide's structure and bioactivity [31, 
37]. Following assembly, lipopeptides exit cells via trans-
port systems or secretion pathways. Biosynthesis varies 
across organisms and types, using ribosomal, non-ribo-
somal, or mixed processes guided by intended function 
[42]. Research continually unveils insights into lipopep-
tide biosynthesis, propelled by their unique attributes for 
drug development, antimicrobials, and more, offering an 
exciting frontier for scientific advancement [19]. Genetic 
engineering has been employed to enhance strain qualities; 
however, it has proven challenging to clone and produce 
the genes that encode the proteins necessary for lipopep-
tide biosynthesis [31, 37].

The analysis, extraction, and purification stages are 
crucial for obtaining high-quality lipopeptides from 
microbial sources [43, 44]. Lipopeptide analysis char-
acterises their structure, weight, and properties through 
mass spectrometry, NMR, and chromatography, shed-
ding light on structural variations and potential activities 
[20, 45]. Lipopeptide separation from microbial cultures 
employs solvent extraction, solid-phase extraction, and liq-
uid–liquid extraction methods, with efficient techniques 
like organic solvent extraction ensuring optimal recovery 
and minimal damage [21, 41, 46]. Subsequent purification 
removes impurities from crude extracts, often utilizing 

Fig. 2   Mechanism of Biosynthesis of Lipopeptides from Bacillus sp
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chromatography methods like RP-HPLC that isolate lipo-
peptides based on hydrophobicity [40]. This results in 
high-purity compounds suitable for detailed characteriza-
tion and diverse applications [18].

In the latest research findings, employing liquid culture and 
promoter-exchanged B. subtilis THY-7 to upregulate the Pg3 
gene has demonstrated the highest yield of Bacillus lipopep-
tides, reaching 9.74 g/L [47]. In another investigation con-
ducted by Dang et al. [40], the production of the antifungal 
lipopeptide iturin A from Bacillus amyloliquefaciens LL3 
was enhanced through the optimization of growth conditions 
and metabolic engineering. The iturin A yield was elevated to 
99.73 mg/L through a response surface approach for fermen-
tation condition optimisation. Kim et al. [41] employed both 
wild-type and mutant strains of Bacillus velezensis to inhibit 
the growth and spore germination of Botrytis cinerea. The 
secondary metabolites from culture broths of these Bacillus 
strains were analyzed using HPLC (Agilent1100) with a C18 
column. In the study by Malfanova et al. [48], bacterial cells 
were grown at 28 °C for 5 days, followed by centrifugation at 
13,000 rpm for 10 min to extract lipopeptides. The resulting 
supernatant was acidified with strong HCl, and the acid pre-
cipitate was then extracted with methanol (Fig. 3).

Naik et al. (37) employed a distinctive method for isolating 
cyclic lipopeptides using Bacillus velezensis. Specifically, they 
cultivated 200 ml of Sphaerulina musiva spores in conjunction 
with bacterial culture EB14 on a sterile paper disc, and subse-
quently incubated the setup at room temperature. Following 
a 72-h incubation period, agar plugs weighing 300 mg were 
extracted from the growth inhibition zone’s bacterial and fun-
gal sections. To process these agar plugs, an acetonitrile/water-
based approach was adopted. The compounds extracted from 
these agar plug samples were then analysed using a Fourier 
Transform Ion Cyclotron Resonance Mass Spectrometer [44].

In a separate research effort, Liu's laboratory purified and 
extracted C16-Fengycin from Bacillus amyloliquefaciens. This 
procedure involved utilizing fmb60 fermentation broth media, 
which was acidified to a pH of 2.0 using 6 M HCl. Subsequent 
steps included an overnight precipitation process and centrifu-
gation to isolate the acid precipitate, followed by reconstitution 
in methanol. The isolation of C16-Fengycin A was achieved by 
utilizing a high-performance liquid chromatography (HPLC) 
system subsequent to its detection [29, 49].

Therefore, the mass production of lipopeptides requires a 
multidisciplinary approach involving microbiology, fermenta-
tion technology, chemistry, engineering, and quality assurance 
[46].

Although additional research is necessary to enhance the 
biosynthesis efficiency of Bacillus lipopeptides for industrial 
applications, these advancements provide essential insights for 
the formulation of strategies aimed at the large-scale produc-
tion of these lipopeptides.

Bacillus lipopeptide interactions 
concerning biological management of plant 
diseases

Effect of lipopeptides in plant tissue colonization

In the rhizosphere, microorganisms thrive in the presence of 
a wide variety of low molecular weight chemicals and bio-
molecules frequently released from plants’ roots [9]. Various 
rhizosphere bacteria colonize the majority of plants planted 
in the field. Some bacteria connected with plants are catego-
rised as beneficial microorganisms based on how they affect 
plant performance. These free-living bacteria that inhabit the 
rhizosphere soil include plant-growth-promoting rhizobacte-
ria (PGPR), which produce a range of antifungal metabolites 

Fig. 3   Flowchart representing 
lipopeptide isolation, purifi-
cation, and characterization 
methods
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and plant-growth-promoting traits [50]. However, given the 
paucity of studies in this area, there is an urgent need to com-
prehend the role of endophytes in plants’ simultaneous abiotic 
and biotic stress tolerance [51].

Endophytes can infiltrate and colonise host plant tissues by 
horizontal transmission from the soil to the plants or vertical 
sowing techniques. The colonisation of endophytes has long 
been thought to be a passive process. When the endophyte 
penetrates the host plant, the host plant recognizes it, and sig-
nal molecules crosstalk begins. Root exudates play a crucial 
role in various plant–microbe interactions and significantly 
impact soil microbial communities, nutrient cycling, and plant 
health [9]. These positive relationships increase plant health 
and agricultural productivity by increasing nutrient availabil-
ity, producing hormones stimulating plant growth, lowering 
diseases from pathogens or pests, or strengthening resilience to 
environmental stress [50]. Additionally, due to their amphiphi-
lic surfactant-like properties, the synergistic impact of several 
lipopeptides (mostly iturins, surfactins, and fengycins) exhib-
ited antiadhesive action, reducing colonization and promot-
ing biofilm dispersion of harmful bacteria [52]. Putisovin I 
and II, two Pseudomonas fluorescens lipopeptides, are known 
to inhibit the development of new biofilms and the degrada-
tion of existing biofilm [52]. According to Abdallah et al., 
[53] a combination of lipopeptides synthesized by Bacillus 
amyloliquefaciens successfully suppressed an Agrobacterium 
tumefaciens biofilm. The combination might prevent tumour 
growth once a pathogen adheres to a tomato plant. The experi-
ment also resulted in dislodging existing biofilms and inhibit-
ing new biofilm development. In agriculture, the antiadhesive 
qualities of certain lipopeptide may also be employed to lessen 
phytopathogen adhesion and their colonisation effectiveness, 
which is particularly important for the emergence of many 
plant diseases [53].

Biocontrol and stimulation of immunity

Host vulnerability, pathogen virulence, and environmental 
variables make up the classic disease triangle of plant patho-
gens. The disease triangle is influenced by Bacillus spp. both 
directly and indirectly. For example, indirect approaches 
include biofilm development, plant growth stimulation, 
space and nutrient competition, and ISR. Bacillus strains 
that generate lipopeptides form biofilms around plant roots, 
enhancing rhizosphere antibacterial activity. Bacillus sub-
tilis forms biofilms and produces a variety of toxins to bat-
tle pathogenic species, creating its own environment [15]. 
Insects and microorganisms are among the many species that 
come into contact of plants from their natural surroundings ). 
Depending on the pathogen's biology and lifestyle, the plant 
activates a layer of defence systems in response to infec-
tion [54]. Microbe Associated Molecular Pattern (MAMPS) 
and Pattern-Recognition Receptors (PRRs) work together to 

detect microbial chemicals and produce an explicit defence 
response. The timing and kind of an immune response deter-
mine its type, with secondary responses being more potent 
than primary ones. Plants’ second defence responses, sys-
temic acquired resistance (SAR) and ISR, are thought to 
be mediated by diverse phytopathogens. When any harmful 
pathogen attacks a plant, it slows down the plant’s metabolic 
activities and stimulates its defence system, resulting in the 
development of a long-term SAR. Plant roots treated with 
a specific plant growth-promoting bacteria (PGPB) have 
been shown to have a protective effect on plants, protecting 
an aerial plant part from a range of detrimental bacteria. 
Priming is a physiological stage in which a plant’s defence 
capacity is increased [15].

Salicylic acid (SA), a crucial component of SAR, is not 
the only signal favouring systemic immunity over local 
resistance. Therefore, it was discovered that lipopeptides 
may also stimulate plant innate immunity (Fig. 4) [55]. 
These signals interact to alter systemic immunity in signal-
ling networks relevant to SAR and perhaps ISR. Pipecolic 
acid or its presumably bioactive derivative N-hydroxy-
pipecolic acid drives the non-SA SAR pathway. This mech-
anism also regulates the growth of inter-plant defences by 
allowing SAR-induced plants to release volatile organic 
compounds recognised as defence cues by neighboring 
plants [56].

ISR stands apart from systemic acquired resistance 
(SAR), vital to bolstering plant health and diminishing reli-
ance on chemical pesticides [5, 51, 57]. Inducing prompt and 
potent immune responses against pathogen invasions, plants 
employ systemic long-distance signalling to defend proxi-
mal tissue upon ISR activation. Therefore, biocontrol agents 
(BCAs) help control pests and diseases by boosting the plant 
immune system. Several BCAs have already shown that 
they can produce ISR. By strengthening defence systems, 
beneficial bacteria, such as Bacillus spp., can help plants 
acquire broad-spectrum disease resistance [50]. There have 
been some encouraging developments in biological control 
thanks to applying certain antagonistic (BCAs), notably 
Bacillus spp. Bacillus velezensis, B. subtillis, B. altitudinis, 
and other bacteria are effective against fungal (Aspergillus 
fumigatus, Achromobacter xylosoxidans, Pyricularia oryzae, 
Magnaporthe oryzae), viral, and ISR invasion [21, 58–60]. 
For instance, numerous tomato defence-related genes were 
induced to transcript levels by the Bacillus subtilis strain 
HA1-CF (PAL, PR-1, HQT, and CHS), suggesting that these 
genes may be involved in induced systemic resistance in 
tomato against Tobacco Mosaic Virus (TMV) resistance 
[61]. One of the most significant ailments affecting the 
Brassicaceae family is clubroot, which is brought on by the 
parasite Plasmodiophora brassicae. As biocontrol agents 
to control soil-borne illnesses, Bacillus spp. that generate 
lipopeptide antibiotics are frequently utilised [62]. Bacillus 
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halotolerans QTH8 has long been used as a biocontrol agent 
for controlling wheat crown rot disease caused by Fusarium 
pseudograminearum [63]. The Bacillus spp. ability to com-
bat blast disease through direct antagonistic interactions and 
inducing Induced Systemic Resistance (ISR) in roots. Rice 
strains from the Bacillus altitudinis and B. velezensis groups 
may prevent the Pyricularia oryzae caused blast disease [58] 
(Table 1).

Application of lipopeptides in agriculture

While iturins have not been utilized to treat physical ail-
ments, they are well known as biological control agents 
for plant diseases due to their antifungal effect and ability 
to create plant resistance [39]. The antifungal mechanism 
of iturin involves several key processes: disruption of cell 
membranes, ion imbalance, production of reactive oxygen 
species (ROS), inhibition of fungal spore germination, and 
alteration of fungal membrane composition. The antifun-
gal action of the iturin family is primarily broad-spectrum, 
with limited antibacterial activity. Antifungal activity of 
iturin-producing Bacillus velezensis strains was extensive, 

including antagonistic abilities against Aspergillus fumiga-
tus, Pyricularia oryzae, and Fusarium oxysporium [21, 41, 
58]. Iturin A is a type of biosurfactant produced mostly by 
Bacillus subtilis with broad antifungal activity [21, 27, 29]. 
Iturin A, generated by B. subtilis played a key role in inhibit-
ing Aspergillus carbonarius by altering the fungal cell struc-
ture and disrupting the fungi's energy, transport, and osmotic 
pressure metabolisms [67]. The literature claims that various 
B. subtilis strains produce Cyclic Lipopeptides (CLPs) [25, 
28, 41]. Bacillus velezensis, for example, produces iturin, 
but Bacillus subtilis and Bacillus amyloliquefaciens HZ-12 
produce iturin A, a sub-compound of iturin [68]. As a result, 
even against the same disease, various strains have distinct 
effects. Rice is protected against Rhizoctonia solani by B. 
subtilis RFB104 or B. subtilis BBG111 [70]. Furthermore, 
depending on the plant/pathogen relationship under consid-
eration, the activity of the same strain can vary. B. subtilis 
BBG111, for example, can protect rice from the necrotrophic 
R. solani but not from the hemibiotrophic Magnaporthe ory-
zae [70]. As a result, it is critical to decipher the ways that 
each pathosystem works, as well as the substances that each 
strain's active ingredients are, emphasising those that have 
promise for use in industry [71]. Fengycin is another type 

Fig. 4   Schematic representation of effects of lipopeptides in plant 
defense stimulation and antimicrobial activities. Lipopeptide recog-
nition triggers fundamental signaling activities, such as the MAPK 
phosphorylation cascade. These early signals activate transcription 
factors, leading to the production of defense genes (TF). Conse-
quently, the resistance to microorganisms is triggered through defen-
sive mechanisms such as PR protein accumulation and cell wall rein-

forcement. Lipopeptide-induced plant immunity relies on the contact 
between lipopeptides and the plant membrane, rather than a protein 
receptor. Through direct incorporation into the microbial plasma 
membrane, lipopeptides also exert direct antibacterial effects. These 
insertions cause cells to lose their shape, resulting in the development 
of pores. Cellular components are released as pores form, leading to 
microbial cell death
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of cyclic lipopeptide produced by certain strains of Bacil-
lus subtilis. Like iturin, fengycin also exhibits antimicrobial 
activity, particularly against various fungal and bacterial 
pathogens. The antimicrobial activity of fengycin is primar-
ily attributed to its interactions with cell membranes and 
other cellular components. Fengycin-type cyclopeptides are 
excellent suppressors of crop diseases produced by patho-
genic fungus and oomycetes such as Fusarium gramine-
arum, Fusarium solani, Plasmodiophora brassicae, Candida 
albicans, and Magnoporthe grisea, among others [32, 49, 
59, 62, 66]. The antibiotic fengycin has potent antifungal 
properties and inhibits the progression of pathogens, particu-
larly filamentous fungi [28]. The antifungal properties of the 
fengycin family are the most common. Fengycin activates 
specific plant species or host–pathogen relationships [28, 
29]. For example, the Rice (Oryza sativa L.) is stimulated 
to go into a defence mode in response to Magnaporthe ory-
zae is dependent on fengycin produced by Bacillus subtilis 
BJ-1 [60].

Bacillus sp. as a commercial biocontrol agent

Bacillus sp. is commercially used as a biocontrol agent for 
plant protection and is employed globally to boost agri-
cultural production yield. The selection of bacterial spe-
cies capable of producing secondary metabolites that, in 
ideal environments, primarily inhibit fungal development 
formed the basis of the conventional method for producing 
such commercial products. These species must be produced 
in large quantities to support long-term self-storage [72]. 
Products made from Bacillus are crucial for creating envi-
ronmentally friendly agriculture and low-toxicity biocontrol 
insecticides. One of the most important parts of biologi-
cal control is the formulation of stable, effective biocontrol 
agents. Aqueous suspensions, wettable powders, oil flow-
able, and other formulations of biocontrol agents have been 
employed. The materials that passed the screening process 
were made Bacillus subtilis XZ18-3 wettable powder with 
the following ingredients: 30.0% kaolin, 4.0% polyvinyl 

Table 2   Commercial Bacillus-based products are distributed worldwide

NA: Information Not available

S.No Bacterial Strain Authorizations Formulation Commercial Biocontrol 
Products

Company

 1. Bacillus subtilis NA Wettable powder Avogreen® Ocean Agriculture, South 
Africa

 2. B. pumilus NA Wettable powder Ballad Plus i Sonata® Bayer Crop Science, USA
 3. B. amyloliquefaciens NA Wettable powder RhizoVital® 42 ABiTEP GmbH, Germany
 4. B. licheniformis NA Wettable powder EcoGuard TM Biofun-

gicide
Novozymes A/S, Denmark 

and Novozymes Biologi-
cals, USA

 5. Bacillus amyloliquefa-
ciens D747

US: 70,051–108 Bacterial endospores 
(wettable powder)

Double Nickel 55 Certis USA L.L.C, EU

 6. Bacillus amyloliquefa-
ciens D747

EU: Reg. No1316/2014
(Dossier complete) 

(2011/253/EU)

Bacterial endospores 
(wettable powder)

Amylo-X Certis USAL.L.C, US

 7. Bacillus amyloliquefa-
ciens strain FZB24

US:70,127–12 Bacterial endospores 
(wettable powder)

Taergo 2 Novozymes, US

 8. Bacillus amyloliquefa-
ciens strain FZB24

EU: Reg. (EU)2017/806 Bacterial endospores 
(wettable powder)

Taergo Novozymes, EU

9.  Bacillus amyloliquefa-
ciens (subtilis) MBI 600

US: 71,840–2 Bacterial endospores 
(wettable power

Histick N/T (Beans, 
peanut, soybean)

BASF, US

 10. Bacillus amyloliquefa-
ciens

US:71,840–18 Bacterial endospores 
(wettable power)

Serife BASF, US

 11. Bacillus amyloliquefa-
ciens

US: 71,840–5 Aqueous suspension Integra BASF, US

 12. Bacillus amyloliquefa-
ciens

US:264–1155-68,539 Aqueous suspension Rhapsody Bioworks, US

 13. Bacillus mycoides iso-
late J

US:70,051–119 Bacterial endospores 
(wettable powder)

Lifeguard Certis USA L.L.C, US

 14. Bacillus pumilus QST 
2808

US:264–1153 Aqueous suspension Sonata As Bayer Crop Science, US
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alcohol, 8.0% Tween-80, 2.0% polyethylene glycol, and 
100% fermentation broth. Since mycelia are the primary 
pathogen growth form and wettable powders are more stable, 
they have been shown in some investigations to outweigh the 
drawbacks of liquid agents. The wettable powder of Bacil-
lus subtilis XZ18-3 produced an 88.28% efficient pathogen 
control through screening and orthogonal optimization [73, 
74]. Korangi Alleluya et al. [75], investigated the Bacillus 
lipopeptide-mediated biocontrol of peanut stem rot caused 
by Athelia rolfsii. The genera Agrobacterium, Bacillus, and 
Pseudomonas contain most bacterial strains used as fungi-
cides, bactericides, and bio pesticides [19, 76]. Due to their 
numerous therapeutic effects and stable spores, which ensure 
lengthy shelf lives, Bacillus spp. account for 50% of com-
mercial items now on the market (Table 2).

Future perspectives and conclusions

The increasing societal emphasis on environmentally 
friendly chemicals is driving the possibility of a new mar-
ket for biopesticides. These biopesticides, made up of bio-
degradable biosurfactants, could be safer alternatives to 
highly toxic synthetic chemical pesticides. To gain a deeper 
understanding of the molecular and biochemical processes, 
the development of advanced mathematical modelling sup-
ported by bioinformatics is crucial. Recent advances in 
genetic engineering and synthetic biology have enhanced the 
efficiency and precision of lipopeptide production, opening 
avenues to target significant pathogenic systems. Another 
important area for exploration is the reduction of production 
costs in industrial settings. Lipopeptides of bacterial origin 
hold great promise in offering a versatile and extensive plat-
form to combat present and future plant pathogens.

Lipopeptides exhibit a remarkable array of applications, 
making them highly valuable compounds. Bacillus-derived 
lipopeptides have found practical use in biotechnology, phar-
maceuticals, food, and cosmetics due to their properties, 
such as emulsification, antibacterial action, and surfactant 
capabilities. Despite the encouraging prospects of lipopep-
tide production and utilization, their adoption at a larger 
scale is hindered by their expensive production processes. 
Furthermore, although research indicates potential benefits 
like thrombolytic, anticancer, and anti-inflammatory proper-
ties, there is a need for greater emphasis on clinical trials and 
anti-inflammatory effectiveness. The fate of lipopeptides in 
agriculture encompasses their interactions with plants, path-
ogens, soil microorganisms, and the broader environment. 
Understanding how lipopeptides behave within agricultural 
systems is crucial for maximizing their benefits while mini-
mizing potential risks or unintended consequences. Future 
research should corroborate existing findings from pub-
lished studies, enhancing the understanding and application 

of these remarkable substances. In conclusion, due to their 
broad applicability, significant efforts are required to harness 
the potential of Bacillus-derived lipopeptides fully.
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