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Abstract

:

In recent years, the adoption of sustainable pest management strategies has increased interest in the utilization of biopesticides, with a focus on harnessing beneficial microorganisms. Among these, lipopeptides, such as surfactins, iturins, and fengycins produced by the genus Bacillus, have gained significant attention due to their multifaceted biocontrol mechanisms and wide-ranging inhibitory effects. This review aims to address the regulation, biosynthesis, and production of three main lipopeptide families secreted by the genus Bacillus, as well as the identification and quantification analysis used to date, through the omic tools approach. The three families have been identified as key contributors to the biocontrol abilities of these bacteria, with their broad-spectrum activity making them valuable tools in integrated pest management approaches that aim to reduce reliance on chemical pesticides use while maintaining crop health and productivity.
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1. Introduction


Over the past decade, there has been a substantial increase in pesticide use per area of cropland by nearly 50 percent compared to the 1990s (increasing from 1.2 to 1.8 kg/ha in agricultural practices), driven by the need to enhance crop yields and ensure food security [1]. Moreover, an increase in synthetic pesticide (organochlorines, organophosphates, carbamates, and pyrethroids) application has not resulted in higher efficiency, leading to the development of resistant pest populations, diminishing the long-term efficacy of these chemicals, and the need to apply even greater quantities of pesticides for desired outcomes [2]. While the adoption of synthetic pesticides has undeniably contributed to higher agricultural productivity and pest control, it has also given rise to a range of ecological and human health concerns [3,4]. The indiscriminate use of pesticides has been associated with environmental issues, including contamination of soil, water, and non-target organisms [5]. In attempts to counteract pesticide resistance, there has been a tendency to apply higher concentrations of synthetic pesticides and develop new pesticide varieties [6]. Therefore, synthetic pesticides have undoubtedly played a role in increasing agricultural output; there is a pressing need for a balanced approach that addresses both the benefits and potential drawbacks associated with their use and emphasizing sustainable alternatives that minimize environmental impacts and protect animal and human health. In this way, the search for sustainable alternatives has gained popularity over time, where the generation and application of biopesticides have been demonstrated to be a suitable alternative [7].



The adoption of sustainable pest management strategies has increased interest in the utilization of biopesticides, with a focus on harnessing beneficial microorganisms, such as the genus Bacillus. This genus is renowned for its versatility and safety and has been extensively investigated for its potential in pest control [8,9,10]. About 74% of the biopesticides used commercially to control diseases contain strains of the genus Bacillus [11]. Bacillus thuringiensis [producer of crystal (cry) toxins], specifically devoted to insect pest control, accounts for >70% of total sales. As for the rest, Bacillus-based products represent about half of the commercially available bacterial biocontrol agents [12]. For example, Bacillus subtilis (Serenade, Integral Clarity Subtiles, Cease) can control fungal (Rhizoctonia, Rosellinia, Botrytis and Fusarium species) and bacterial (Acidovorax citrulli and Pseudomonas syringae) plant pathogens; while Bacillus pumilus (Sonata) controls Podosphaera pannosa [5]. A successful case study of the efficacy of commercial bioformulations of Bacillus subtilis QST 713 form Serenade ASO® (Bayer Crop Science, Barmen, Germany) was presented by Tut et al. [13]; in this case study they demonstrated an efficacy of up to 100% against Botrytis cinerea in lettuce plants under ideal conditions and hypothesized that this inhibitory effect may be driven by lipopeptide production. However, further research is ongoing in the gray areas of determining the timing of biological control agents’ (BCAs) applications (considerations include pathogen infection risks), ensuring viable biocontrol population sizes and the BCA/pathogen dose relationship under specific environmental conditions, and a profound understanding of BCA/pathogen interactions and action mechanism [13]. The foregoing evidence shows the wide use of Bacillus strains associated with the control of diseases that negatively affect crops [14]. Thus, Bacillus species have emerged as prominent biocontrol agents, harnessing a repertoire of intricate mechanisms to combat pests and pathogens in diverse ecosystems through the production of lytic enzymes and antibiotics including the production of lipopeptides, volatile organic compounds, siderophore production, plant systemic response induction as well as competitive interactions with phytopathogens [15,16].



Furthermore, Bacillus species are prolific producers of a diverse range of secondary metabolites, which play a crucial role in their ecological fitness and biocontrol potential [17]. Among these metabolites, lipopeptides have gained significant attention due to their multifaceted biocontrol mechanisms and wide-ranging inhibitory effects. Lipopeptides are amphiphilic molecules consisting of a peptide moiety linked to a lipid chain, and they exhibit antimicrobial, antifungal, and surfactant activities [15]. Notably, Bacillus lipopeptides, such as surfactins, iturins, and fengycins, have been identified as key biocontrol action modes of this bacterial genus. The production of these lipopeptides not only enhances the competitiveness of Bacillus strains but also provides a valuable source of environmentally friendly biopesticides and biostimulants that can contribute to sustainable agricultural practices. This review aims to address the regulation, biosynthesis, and extraction of three main lipopeptide families secreted by the genus Bacillus and their role in the biocontrol of phytopathogens.




2. The Genus Bacillus as a Lipopeptide Producer


The genus Bacillus belongs to the Bacterial Kingdom; phylum Firmicutes; Bacilli class; order Bacillales; and family Bacillaceae. Currently, the genus includes 423 validly published correctly named species, subspecies, and their synonyms according to the List of Prokaryotic Names with Standing in Nomenclature (LPSN) web interface [18].



The genus Bacillus is made up of Gram-positive bacteria, which may be obligate aerobes or facultative anaerobes, presenting a bacillary morphology, flagellar mobility, and a variable size between 0.5 and 10 µm. They present optimal growth at neutral pH, the majority being mesophilic species, and have wide ranges of optimal temperatures [19]. The genus Bacillus is renowned for its capacity to produce an array of secondary metabolites with versatile biocontrol mechanisms, particularly lipopeptides [17]. These amphiphilic molecules, characterized by a peptide moiety linked to a lipid chain, play a pivotal role in antagonistic interactions with pathogens, pests, and other microorganisms. Lipopeptides exhibit a broad spectrum of biological activities, including antimicrobial, antifungal, and surfactant properties, making them potent candidates for sustainable biocontrol strategies [20].



Thus, lipopeptides are characterized by their unique, non-toxic, biodegradable structures, which are promising characteristics for applications in the agricultural sector [21]. The lipopeptides with antimicrobial capacity produced by the genus Bacillus are the most studied, since they influence the ecological capacity of the producing strain for colonization and persistence in the root through the production of biofilm and swarming dependent on the production of biosurfactants (i.e., surfactins) [22]. Furthermore, these lipopeptides play a key role in the beneficial interaction of Bacillus species with plants, by stimulating the hosts’ defense mechanisms, where the different structural characteristics and physicochemical properties of these amphiphilic and active biomolecules on the cytoplasmic membrane surface determine their participation in the biological control of different plant pathogens [23].



As previously mentioned, lipopeptide biological control of phytopathogens may be supported by the following interactions (Figure 1).



Lipopeptides are mainly studied for their antifungal and antibacterial activity, where these disrupt the cell membrane of the phytopathogen, potentially resulting in cytoplasm leakage and hyphae death or inhibition of spore germination [24,25]. These amphiphilic molecules possess both hydrophilic and hydrophobic regions, allowing them to bind to the lipid bilayer of the cell membrane, inducing structural changes in the lipid bilayer, and leading to increased membrane permeability and fluidity [23]. This disruptive action progresses to the formation of pores and channels in the membrane, causing leakage of cellular contents and compromising the structural integrity of the phytopathogen cell [25]. Furthermore, it has also been reported that lipopeptides are effective at disrupting the formation and stability of pathogenic biofilms [26]. On the other hand, indirect bioactivity related to biological control by lipopeptides includes the induction of plant defense mechanisms by activating various signaling pathways and the induced systemic resistance (ISR) through the priming of the host’s defense mechanisms [27]. Thus, this is related to plant hormone signaling, particularly the jasmonic acid (JA), salicylic acid (SA), ethylene, or brassinosteroid signaling pathways that regulate a sophisticated network of defense-related genes in plants [28]. The ISR initiates processes associated with biochemical alterations, encompassing the fortification of plant cell walls, the generation of antimicrobial phytoalexins, and the formation of pathogenesis-related (PR) proteins, including chitinases, β-1,3-glucanases, or peroxidases [29]. Also, lipopeptides can outcompete phytopathogens for space and nutrients on and around plant roots, limiting pathogen growth and impact [30].



Lipopeptides produced by Bacillus are divided into three families according to the structure of the cyclic peptides: surfactins, fengycins, and iturins (Figure 2) [31]. Research has shown that families of individual lipopeptides possess different characteristics and, therefore, perform different functions in interaction with the plant [32]. In the context of biocontrol of plant diseases, three families have been studied for their antagonistic activity against a wide range of potential phytopathogens, including bacteria, fungi, and oomycetes.



These lipopeptides have demonstrated efficacy against a wide range of plant pathogens, including fungi such as Rhizoctonia, Fusarium, Rosellinia, Slerotinia, Botrytis, Bipolaris, Pseudomonas, Pythium, Xanthomonas, Sclerotinia and Pseudocercospora in crops such as sugar beet, wheat, bean, apple, watermelon, Arabidopsis, banana and soybean, and bacteria like Acidovorax citrulli and Pseudomonas syringae [12,24,33,34,35,36,37,38,39,40,41,42,43] (Table 1). This broad-spectrum activity highlights the potential of Bacillus lipopeptides as an integral component of integrated pest management strategies.



The successful utilization of Bacillus lipopeptides in biocontrol applications can be attributed to several factors. Their production by Bacillus strains occurs under various growth conditions, ensuring their availability in diverse ecological niches [44]. Additionally, genetic diversity among Bacillus species contributes to the variation in lipopeptide profiles, allowing for tailored biocontrol solutions [45].



The application of lipopeptides in agriculture involves careful consideration of the specific formulation, the target pathogens, and the crop. This varies between lipopeptide extract application and lipopeptide-producing bacteria application [39,42], as well as in what physiological stage it is applied on the seed, plant or post-harvest fruit (as a preventive strategy before phytopathogen infection [41] or a controlling strategy [12,24,36,37,38,39,40,42,43]) and how it is applied (ranging from foliar spray [24,36], seed treatment [40,43], and root dip [39] among others). Furthermore, in-field studies on applied lipopeptide extracts are very limited and the current research available is mainly guided towards the application of bacterial biopesticides which include bacterial cells and the lipopeptides these produce [42]. It is important to follow the recommended application rates, timings, and guidelines provided by researchers, agricultural extension services, or product manufacturers. Additionally, the formulation of lipopeptides, their concentration, and the timing of application are critical factors in their effectiveness. Proper application ensures optimal results while minimizing any potential adverse effects.



2.1. Surfactin Biosynthesis


Surfactins are the most studied family of lipopeptides [46], which have shown great potential for commercial application in the oil industry, environmental and agricultural applications, detergent products, and the pharmaceutical, cosmetic, and food industries (nanoemulsions and emulsions) [47]. Surfactins are classified as powerful lipopeptide biosurfactants in addition to being versatile bioactive molecules that have demonstrated antifungal, antiviral, antitumor, insecticide, antimycoplasma, and bioremediation agents in soil and water [48]. However, the complexity and high cost of its purification is the most important limitation for extensive commercial use [31].



Surfactin production by Bacillus is highly regulated by several factors mainly relating to cell differentiation and is coordinated with the activation of three master regulators: ComA, DegU, and Spo0A, which result in the action of functionally different populations. ComA directs competent and surfactant-producing cell populations; DegU mediates the behavior of cells producing proteases and/or antibiotics; and Spo0A regulates the cells that produce biofilms, cannibals, and spores [49]. The activation of the master regulators is by phosphorylation with the action of different sensorial kinases (Figure 3).



	
ComA (ComA-P): ComX is a pheromone and ComP, a membrane kinase that phosphorylates ComA, induces the pathway for the production of surfactin [50] (Figure 3). In addition, a fraction of the surfactin producers undergo a secondary process of cell differentiation to convert a subpopulations of cells that are competent and capable of incorporating exogenous DNA, to cells with the ability to acquire characteristics that benefit them under stress conditions [51].



	
DegU (DegU-P): DegQ activates cytoplasmic kinase DegS with the addition of ComA-P Spacapan et al., [52] DegS is the one which phosphorylates DegU. Activation of DegU-P leads to the expression of the machinery responsible for the production and secretion of proteases, constituting the subpopulation of miners, and is also responsible for providing more assimilable peptides to the community through the hydrolysis of the most complex molecules [53].



	
Spo0A (Spo0A-P): five kinases (Kin AE) are responsible for sensing the signals that activate the Spo0A-P protein to differentiate subpopulations towards the cell matrix producers and cannibalism when there are low levels of phosphorylated protein in the cell, and when there are levels high Spo0A-P, sporulation genes are induced [54].






The sporulation process generally begins in the stationary phase, where a subpopulation of cells transforms spores, structures with minimal metabolic activity, capable of withstanding long periods and extreme conditions, such as temperatures, desiccation, and ionizing radiation [55]. Later, the spores can germinate in vegetative cells when conditions are appropriate.



Sporulation is primarily stimulated by starvation; however, no single nutritional effect acts as a trigger. The cell has an extremely complex and sophisticated decision-making apparatus, which controls a wide range of internal and external signals [56]. Quorum sensing refers to the diffusion monitoring of bacteria to make decisions and coordinates biological processes with cell density through the accumulation of signaling molecules (generally peptides) that, upon reaching a concentration threshold, mediates responses, and part of the sporulation in Bacillus is regulated in response to the quorum [54]. Among the different peptides that Bacillus recognizes as part of the quorum is ComX, a signaling peptide of surfactin-producing and competent cells. As previously described, ComX is a pheromone sensed by the ComP protein, which is phosphorylated when recognizing it and it transfers its phosphate group to ComA. Once activated, ComA-P binds to the tripartite DNA located within the promoter of the target genes, activating the transcription of 89 genes involved in the development of competition, the production of antibiotics, and the secretion of degrading enzymes [57]. One of the first competition genes is ComS, which encodes an anti-adapter protein responsible for stabilizing ComK. ComK is the primary regulator of late competition genes whose gene products comprise the DNA translocation machinery [23] (Figure 4).



Other signaling proteins that are involved in the regulation of surfactin production are Phr (penta or hexapeptides), which regulate the expression of Rap proteins (regulators of aspartate phosphatases). These proteins regulate the activities of Spo0A and ComA [58]. Phr peptides are synthesized by Pro-Phr precursor proteins that are exported to the environment and once outside, they are processed by extracellular proteases (Subtilisin, Vpr, and Epr); thus, the peptide remains mature and can be recognized by the oligopeptide-permease (Opp) and it enters the cell again, and once inside it inhibits the activity of Rap proteins [59]. Certain Rap proteins (A/B/E/H/I/J/P/60) act as phosphatases by inhibiting Spo0F and Spo0A activity. Also, specific Rap proteins (C/D/F/H/K/60) inhibit the activity of ComA by preventing its binding to DNA [54] (Figure 4).



On the other hand, the sporulation process recognizes different stimuli (Quorum sensing, starvation) through histidine kinases (KinA-E) that indirectly activate Spo0A by the transfer of the phosphate group to two intermediate phosphotransferases, Spo0F and Spo0B [56]. KinA and KinB are considered the main kinases involved in the activation of Spo0A by starvation [54]. KinA autophosphorylates with ATP upon starvation and then transfers a phosphoryl group to downstream components in a His-Asp-His-Asp signaling pathway [60]. While KinB is repressed by CodY (key sensor in guanine nucleotide levels) in the presence of nutrients and starvation, there is a drop in GTP, stimulating phosphorylation by KinB [55]. In addition, it is pointed out that KinA is a much more efficient kinase than KinC, D, or E [51]; thus, depending on which kinase you stimulate, different levels of Spo0A activation will occur, resulting in a different cell fate. High concentrations of Spo0A-P activate the transcription of genes involved in sporulation, while low concentrations activate the transcription of genes involved in biofilm production and cannibalism. Kin C and D have been reported to be involved in biofilm production [61]. Specifically, membrane-disrupting molecules stimulate KinC activity. Compounds that cause potassium leakage, like surfactin, the fungicide nystatin, and the antibiotic valinomycin, have been reported to induce KinC and stimulate the cell matrix of B. subtilis [51]. Likewise, sublethal concentrations of chlorine dioxide, a biocide that collapses the membrane potential, also trigger the activation of KinC [62]. On the other hand, KinD has a dual regulatory role, designated as a phosphatase to maintain low levels of Spo0A-P until the matrix (or one of its components) is detected and later as a kinase to promote sporulation of the bacteria [63]. Regarding KinE, the signaling that induces its activation is not very well known, but studies indicate its control through the sigma-H factor (Figure 4) [64].



Spo0A-P phosphorylation is not dependent on a single kinase but on the contribution of the different kinase changes as a function of the signals present under the growth conditions. Furthermore, the transcription of Spo0A is also modulated by a double repression system through the transition state AbrB and the stationary phase sigma factor SigH (    σ   H    ) [54].



Furthermore, various conformational studies on lipopeptides of the surfactin family demonstrate that structure plays an important role in its chelating properties [65]. Vass et al. [66] revealed the existence of two domains: (i) a polar domain, consisting of the Glu1 and Asp5 acid side chains, and (ii) a hydrophobic domain, consisting of residue 4, the lipid tail and residues 2 and 6. The carboxyl groups of the Glu1 and Asp5 residues have negative charges that allow them to form saline bridges with divalent cations, which explains the ability of surfactins to bind and differentiate cations such as Ca2+ and Mg2+ [48]. The Ca2+ cation complexes with the surfactins in a 1:1 ratio, creating an intramolecular bridge between the acidic residues, which stabilizes the structure and allows a considerable increase in the surfactant activity [67]. Finally, the size of the acyl chain is related to surfactant activity and antiviral activity, where a 14-carbon acyl chain favors surfactant activity, while a chain of 15 carbon atoms increases antiviral activity [55].



Genetic engineering advancements have demonstrated the ability to enhance surfactin production in Bacillus species. For example, in a study conducted by Zhang et al., [12] genome-reduced strain, GR167, was developed through the deletion of approximately 4.18% of the B. amyloliquefaciens LL3 genome, involving the removal of non-essential genomic regions. GR167 demonstrated enhanced characteristics, including a faster growth rate, elevated transformation efficiency, higher intracellular reducing power levels, and increased capacity for expressing heterologous proteins. The engineered chassis strain, GR167, was further modified to improve surfactin production. Initially, the biosynthetic gene clusters responsible for iturin and fengycin in GR167 were deleted to create GR167ID. Subsequent enhancements involved the replacement of the native srfA promoter in GR167ID with two LL3-derived promoters, PRsuc and PRtpxi, identified through RNA-seq and promoter strength characterization. This resulted in the generation of GR167IDS and GR167IDT. Notably, the most successful mutant, GR167IDS, exhibited a remarkable 678-fold increase in the transcriptional level of the srfA operon compared to GR167ID. Furthermore, it achieved a surfactin production of 311.35 mg/L, marking a significant 10.4-fold improvement over GR167. Furthermore, research is now being made towards the development of a systematic engineering approach to improve the biosynthesis of surfactin [12]. They restored the surfactin biosynthetic activity by integrating a complete sfp gene into the nonproducing Bacillus subtilis 168 strain and obtained a surfactin titer of 0.4 g/L. Then, they reduced competition by deleting biofilm formation-related genes and nonribosomal peptide synthetases/polyketide synthase pathways (3.8% of the total genome), which increased the surfactin titer by 3.3-fold. They also improved cellular tolerance to surfactin by overexpressing potential self-resistance-associated proteins, which further increased the surfactin titer by 8.5-fold. Also, they increased the supply of precursor branched-chain fatty acids by engineering the branched-chain fatty acid biosynthesis pathway, resulting in an increase of the surfactin titer to 8.5 g/L (a 20.3-fold increase). Last, due to the preference of the glycolytic pathway for cell growth, they diverted the precursor acetyl-CoA away from cell growth to surfactin biosynthesis by enhancing the transcription of srfA. The final surfactin titer increased to 12.8 g/L, with a yield of 65.0 mmol/mol sucrose (42% of the theoretical yield) in the metabolically engineered strain. One of the major problems we face in lipopeptide production is the yield obtained by Bacillus species being low for industrial applications, thus these and similar findings would aid that need.



Surfactin Biocontrol Activity


The biological activity of surfactins is related to their effect on the lipid part of the membranes; they can easily associate and firmly anchor within the lipid layers, creating destabilization and/or perforations in the plasma membrane, as well as activating a torrent of events molecules that derive the various defensive responses of plants [46]. Cawoy et al. [68] mention that surfactin has synergistic effects; for example, it supports the colonization of root tissue and promotes the supply of nutrients by surface wetting and detergent properties, based on its strong active surface properties that trigger biofilm formation, essential for the swarm in plant tissues. In a recent study by Le Mire et al. [69], the effectiveness of surfactin was shown to protect wheat by up to 70% against fungi of the species Zymoseptoria tritici, where surfactin itself did not show any antifungal activity, but was shown to stimulate salicylic acid and jasmonic acid-dependent signaling pathways, which are important regulators for plant defenses against biotic stress.





2.2. Iturin Biosynthesis


Iturins are a class of cyclic lipopeptides produced by various species of the genus Bacillus, particularly by B. subtilis and related species. These lipopeptides are characterized by their unique structure, consisting of a cyclic peptide linked to a lipid tail. Iturins are known for their potent antifungal and surfactant properties, making them valuable natural products with diverse applications in agriculture, biotechnology, and other fields [20,35].



Iturins are heptapeptides linked to a β-amino fatty acid chain, with a length of 14 to 17 carbons [20]. Iturins have been classified as the lipopeptide with the highest inhibitory activity against a wide variety of yeasts and fungi, but they have limited antibacterial and antiviral activities, and are considered to be excellent biopesticides [68]. This fungitoxicity is due to the membrane permeabilization properties they possess [70]. Iturins primarily exert their biological activities by disrupting cellular membranes. They insert into lipid bilayers, causing permeabilization, ion imbalance, and leakage of cellular contents. This mechanism underlies their antifungal activity against various plant pathogenic fungi, including Fusarium, Rhizoctonia, and Botrytis [71]. Additionally, iturins have been reported to present limited antibacterial properties but have demonstrated antibacterial efficacy against Ralstonia solanacearum in tomato bacterial wilt [50].



Iturin biosynthesis in Bacillus species involves a series of metabolic activities orchestrated by enzymes encoded by specific genes. These activities are regulated by a complex network of regulatory proteins that respond to environmental cues and cellular signals. The process begins with the activation of specific amino acids that will be incorporated into the iturin structure. The activation of amino acids involves the formation of aminoacyl-AMP intermediates. This activation is catalyzed by enzymes known as aminoacyl-tRNA synthetases. In the context of iturin biosynthesis, the amino acids that will become part of the iturin structure are activated by an aminoacyl-tRNA synthetase enzyme encoded by the ituA gene (Figure 5) [45]. The ituA gene encodes a fatty acid ligase enzyme that functions as an aminoacyl-tRNA synthetase specifically for iturin biosynthesis. This enzyme activates specific amino acids by attaching them to AMP (adenosine monophosphate) to form aminoacyl-AMP intermediates. These activated amino acids serve as substrates for the subsequent steps in iturin biosynthesis, including cyclization and lipidation [72]. The aminoacyl-AMP intermediates formed by the activation process are essential building blocks for the assembly of the cyclic peptide backbone of iturins. These intermediates are subsequently used in the cyclization reaction, where the amino acids are linked together to form the cyclic structure characteristic of iturins. The intermediates also play a crucial role in the lipidation step, where a lipid tail is attached to the cyclic peptide to complete the mature iturin molecule [73].



Then, activated amino acids are cyclized by enzymes encoded by the ituB gene (Figure 5). The ituB gene encodes a condensation enzyme that catalyzes the cyclization of activated amino acids. The ituB gene is responsible for directing the synthesis of this enzyme, which plays a central role in forming the cyclic peptide structure of iturins [72]. The amino acid substrates utilized in the cyclization reaction are activated amino acids that have been previously loaded onto aminoacyl-AMP intermediates, as described in the activation step. The specific arrangement of these amino acids within the iturin peptide sequence determines the cyclization pattern and the resulting cyclic structure. The ituB-encoded cyclase enzyme facilitates the enzymatic bond formation between certain amino acids, leading to cyclization [45]. The cyclization process involves the enzymatic formation of amide bonds between specific amino acids. The specific cyclization pattern determines the sequence of hydrophobic and hydrophilic amino acids in the cyclic structure, contributing to the amphiphilic properties of iturins. This structural diversity plays a crucial role in the biological activities of iturins, including their membrane-disrupting properties [74]. This mechanism is responsible for their potent antifungal and antibacterial activities [75].



After cyclization, the cyclic peptide structure undergoes lipidation, where the hydrophobic lipid tails to the cyclic peptide backbone, resulting in the complete iturin molecule with its unique amphiphilic structure [76]. The hydrophobic lipid tail anchors the iturin molecule in lipid bilayers, while the hydrophilic cyclic peptide remains exposed to the surrounding aqueous environment [44]. This step is catalyzed by a fatty acid synthetase enzyme, encoded by the ituD gene (Figure 5). The ituD gene directs the synthesis of the enzyme responsible for attaching the hydrophobic lipid tail to the cyclic peptide, forming the mature iturin molecule [45]. The lipidation and maturation process contribute to the potent biological activities of iturins.



Furthermore, the biosynthesis of iturins is tightly regulated to ensure their production under appropriate conditions [77]. Several regulatory proteins play a role in modulating the expression of genes involved in iturin biosynthesis (Figure 5).




	
ComA: The response regulator ComA is a key player in quorum sensing, a mechanism that coordinates gene expression based on cell density. When quorum-sensing signaling peptides (i.e., ComX) reach a certain concentration, ComA becomes phosphorylated and binds to the promoters of target genes, including those involved in iturin biosynthesis [78]. This activates the transcription of iturin biosynthetic genes.



	
DegU: The response regulator DegU is part of a two-component regulatory system. Phosphorylated DegU activates the transcription of genes involved in iturin biosynthesis, enhancing their expression [79].



	
CodY: The transcriptional regulator CodY senses nutrient availability. In nutrient-rich conditions, CodY binds to the promoters of genes related to secondary metabolism, including iturin biosynthetic genes, repressing their expression [80].








The interplay between these regulatory proteins allows Bacillus to modulate iturin production in response to changes in environmental conditions, cell density, and nutrient availability.



Furthermore, genetic engineering to increase iturin production by Bacillus species is being researched. In a study conducted by Dang et al. [80], to enhance the transcription of the iturin A biosynthetic genes from Bacillus amyloliquefaciens LL3, a robust constitutive promoter, C2up, was introduced upstream of the itu operon. This genetic modification resulted in the production of iturin A, reaching a titer of 37.35 mg/L. The iturin A extract displayed potent inhibitory activity against several common plant pathogens (A. alternate, B. cinerea, C. gloeosporioides, F. oxysporum, and R. solani). Through optimization of fermentation conditions using response surface methodology, the iturin A yield was further increased to 99.73 mg/L. Additionally, the overexpression of the pleiotropic regulator DegQ led to a notable improvement, resulting in a final iturin A yield of 113.1 mg/L. In another study by Xu et al. [81], they manipulated the promoter of the iturin A synthetase cluster from Bacillus amyloliquefaciens HZ-12. Different promoters, including P43, PbacA, PsrfA, and Pylb, were tested. PbacA was identified as the most efficient, resulting in an iturin A titer of 950.08  ±  19.43 mg/L. Deletion of the regulator gene abrB was then performed to alleviate the repression effect of AbrB on PbacA. Through further optimization of the fermentation medium, the maximum iturin A titer significantly rose by a 392.15% increase. The findings underscored the correlation between enhancing iturin A synthesis and its effectiveness in suppressing A. alternate, making these strains suitable for the industrial production of iturin.



Iturin Biocontrol Activity


The participation of iturins was demonstrated in the antibiosis-based biocontrol activity of Bacillus strains against various pathogens and different plant species; for example, in the case of soil-borne diseases, iturin A produced by B. subtilis RB14 is involved in the damping-off of tomato caused by Rhizoctonia solani, as well as in the control of diseases of the physiology. A contribution of both iturins was recently shown in the antagonism of B. subtilis against Podosphaera fusca in melon leaves [20] as well as strains of B. subtilis that produce a high level of antibiotics, especially iturin A, serving as the main mechanism underlying the control of Fusarium oxysporum and Rosellinia necatrix [14].





2.3. Fengycin Biosynthesis


Fengycins produced by Bacillus belong to the family of cyclic lipopeptides. They consist of a cyclic heptapeptide ring linked to a β-hydroxy fatty acid chain, forming the lipophilic portion [15]. The peptide portion comprises nonpolar, polar, and charged amino acids, which contribute to the amphiphilic nature of fengycins [82].



The biosynthesis of fengycins involves several genes and enzymes that work collaboratively. These include nonribosomal peptide synthetases (NRPSs) responsible for assembling the peptide backbone and enzymes like fatty acid synthases (FASs) for fatty acid tail attachment [83]. The cyclization, oxidation, and modification of amino acids also contribute to the complexity of fengycin structures [84]. Fengycin production is governed by a biosynthetic gene cluster (fen cluster) containing genes responsible for amino acid activation, loading, modification, and cyclization. NRPS genes, such as fenA, fenB, fenC, fenD, and fenE, encode modules that activate and load amino acids onto the peptide chain (Figure 6) [83]. These genes work in tandem, with each module incorporating a specific amino acid into the growing fengycin peptide. The order of modules and their interactions determine the amino acid sequence and cyclization pattern in the lipopeptide [70,74]. Genes within the fen cluster encode enzymes responsible for modifying amino acid residues and fatty acid chains. These tailoring reactions contribute to the structural diversity of fengycins [84]. Interactions between these genes result in specific modifications that differentiate various fengycin variants.



The production of fengycin lipopeptides in Bacillus species is tightly regulated to ensure optimal synthesis and bioactivity. The regulation involves a network of genes and transcription factors that respond to environmental cues, growth conditions, and cell population density (Figure 6).



	
CodY is a global regulator that plays a pivotal role in coordinating fengycin production with nutrient availability. CodY responds to changes in intracellular amino acid levels and acts as a sensor for nutrient sufficiency. In response to limiting nutrients, CodY negatively regulates the expression of fengycin biosynthetic genes, thus adjusting fengycin production to match cellular metabolic status [71].



	
The ComA-ComP quorum sensing system is central to fengycin production regulation in response to cell population density. The ComP histidine kinase senses external signaling peptides, and upon reaching a certain threshold, activates ComA, a response regulator. Activated ComA influences the expression of genes, including those involved in fengycin biosynthesis, in a density-dependent manner. This system ensures coordinated fengycin production within a microbial community [85].



	
DegU is a response regulator involved in fengycin regulation and environmental adaptation. The DegU phosphorylation status determines its activity as a transcription factor. In response to specific environmental cues, such as cell wall stress, DegU influences fengycin biosynthesis by directly affecting the expression of fengycin biosynthetic genes and other regulators [86].



	
AbrB is a pleiotropic transcriptional regulator that modulates the activity of CodY and DegU. It indirectly impacts fengycin production by influencing the regulatory cascades controlled by CodY and DegU. AbrB’s role in coordinating various regulatory pathways adds complexity to the control of fengycin biosynthesis [83].






Furthermore, two-component systems, including YycFG, have been implicated in the regulation of fengycin production. YycG serves as a sensor kinase that responds to cell envelope stress, influencing fengycin biosynthesis through its regulatory interactions. These systems contribute to the integration of various signals that impact fengycin production [74]. The regulation of fengycin production is characterized by intricate crosstalk and interactions between various regulatory pathways. CodY, ComA-ComP, DegU, AbrB, and other factors create a network for fengycin production based on a combination of nutrient availability, quorum sensing, and environmental signals [87].



Also, lipid structure is a critical factor in shaping both the structure and functionality of fengycin [88]. Consequently, the primary purpose of the fatty acid biosynthesis system is to facilitate the production of fengycin, particularly emphasizing the generation of branched-chain fatty acids [89]. In this process, the β-ketoacyl-acyl carrier protein synthase catalyzes the amalgamation of a malonyl-acyl carrier protein (ACP) with acetyl-CoA, leading to the formation of β-keto butyryl-ACP, which represents the initial stage of synthesizing straight-chain saturated fatty acids [89]. In this way, the building blocks for branched-chain fatty acid synthesis, such as isobutyl-CoA, isovaleryl-CoA, and α-methylbutyryl-CoA, can be sourced from the branched-chain amino acids L-valine, L-leucine, and L-isoleucine, respectively [88]. As a result, the synthesis of branched-chain amino acids stands as a vital element in the process of fengycin biosynthesis. The cooperation and interplay of these regulators ensure an adaptive response to changing conditions. Additionally, the enzyme system encoded by ilvBN, ilvGM, ilvIH, ilvC, ilvD, and ilvE catalyzes the synthesis of L-isoleucine, L-valine, and L-leucine where Lu et al., [88] elucidated an up-regulation by a factor of 1.5 of ilvBN, suggested that fructose can induce biosynthesis of branched-chain amino acids, thereby promoting the accumulation of fengycin production. Also, they reported that small molecules such as vitamins act as modulators or enzyme auxiliary groups to promote the biosynthesis of the precursors, fengycin. However, fengycin is produced through a non-ribosomal pathway, which means that the biosynthesis of fengycin is minimally influenced by the gene transcription process but mainly controlled by the gene regulatory network [90].



The intricate understanding of the genetic determinants governing fengycin synthesis allows scientists to strategically modify the genetic composition of these bacteria, to optimize the expression of key genes involved in fengycin production. By employing advanced genetic engineering techniques, researchers seek to augment the yield, efficiency, and overall capability of Bacillus strains to produce fengycin. Successful examples of this are those demonstrated by Gao et al. [91], where they presented the capacity of Bacillus subtilis 168 to produce lipopeptides; specifically, fengycin was reinstated resulting in a fengycin titer of 1.81 mg/L. Subsequent enhancements were achieved by knocking out pathways linked to surfactin and bacillaene synthesis, substituting the native promoter (PppsA) with the Pveg promoter, leading to an increased fengycin production of 174.63 mg/L. Further improvements were made by upregulating genes in the fatty acid pathway, resulting in elevated fengycin levels of 258.52 mg/L. Suppressing spore and biofilm formation contributed to a fengycin production level of 302.51 mg/L. The addition of threonine in the optimized culture medium represented a final enhancement, elevating fengycin production to approximately 885.37 mg/L, marking a remarkable 488-fold increase compared to the original strain. In another study conducted by Li et al. [92], they cloned key modules associated with improved fatty acid synthesis of B. subtilis ATCC 21332. The resulting engineered strain, BSA02, demonstrated a 3-fold increase in the fengycin titer, reaching 442.51 mg/L. Furthermore, they added glutamate to further elevate the fengycin titer of BSA034 to 657.55 mg/L, resulting in facilitation of the membrane transport processes in BSA034 which led to a higher fengycin production.



Fengycin Biocontrol Activity


This family of lipopeptides has a strong fungitoxic activity, specifically against filamentous fungi such as Fusarium oxysporum, Colletrotrichum, Alternaria alternata, Gloeosporioides, and Fusarium solani among others, which exhibit potential applications in agriculture, biological control, the food and feed industry [88,93]. However, unlike surfactins, the defense mechanisms promoted by fengycins are specific to certain plant genotypes or pathogen systems [94]. The direct evidence of the role of fengycins as biocontrol derives from experiments that demonstrate their capacity, as in the case of fengycins obtained from Bacillus subtilis against Botrytis cinerea (causing gray mold) in apples, and also in the wilt of the bean crop caused by Pythium ultimum [12]; as well as the results obtained by Liu et al. [93], which indicate that they play an important role in suppressing the mycelial growth of the fungal pathogen Monilinia fructicola. Mechanically, the action of fengycins is less known compared to other lipopeptides, but they also easily interact with lipid layers and, to a certain extent, retain the potential to alter the structure of the cell membrane and permeability, in a dose-dependent manner [82]. They can also interact with plant cells as a bacterial determinant to activate an immune response through stimulation of the phenomenon of induced systemic resistance [95]. Thus, the antifungal effects of fengycin can be described as the disruption of cell membrane integrity [34], interference with bacterial quorum sensing systems [35], and stimulation of cellular apoptosis [6].






3. Extraction of Bacillus Lipopeptides


The extraction and purification of Bacillus lipopeptide-producer strains involves a series of steps to obtain the desired lipopeptides from the bacterial culture [96]. Initially, a suitable Bacillus strain known for lipopeptide production is cultured under optimal conditions to maximize yield [97]. With respect to media optimization, the well-established mineral salt medium used by Cooper et al. [98] and the Landy medium [99] are often used as references. Carbon and nitrogen sources are carefully selected to provide the necessary nutrients for bacterial growth and lipopeptide synthesis [39]. For surfactin, phosphate limitation induces stress and boosts production, while iturin and fengycin benefit from organic nitrogen sources like peptones and yeast extract [100]. Strain selection is a critical consideration, with different Bacillus strains exhibiting variations in lipopeptide productivity [12,24,36,37,38,39,40,41,42,43]. Genetic engineering approaches are employed to enhance strains for increased lipopeptide synthesis, optimizing the genetic machinery responsible for their production [101]. Furthermore, maintaining an optimal pH range is crucial for lipopeptide biosynthesis. Surfactin production is favored in slightly alkaline conditions (pH 7.0–8.0), while iturin and fengycin production thrive in slightly alkaline to neutral (pH 6.0–7.0) conditions [32]. Temperature control is also vital, with surfactin production occurring at higher temperatures (around 37 °C) compared to iturin and fengycin (32–49 °C) [32]. These controlled environmental conditions ensure the bacteria are in an ideal state for lipopeptide production. The culture is allowed to reach the late stationary phase, during which lipopeptide production is at its peak [102]. After harvesting the bacterial biomass, cell lysis methods, such as sonication or enzymatic treatment, are used to release the intracellular lipopeptides [103]. Sonication involves exposing bacterial cells to high-frequency sound waves, leading to the formation and collapse of microscopic bubbles in the culture medium, causing cell disruption and release of intracellular components, including lipopeptides [104]. While sonication is a rapid and efficient method, care must be taken to control the duration and intensity of sonication to prevent excessive heat buildup, which could potentially denature the lipopeptides [104]. On the other hand, enzymatic treatment, specifically with lysozyme, is a gentler method for cell lysis and has vastly been reported in lipopeptide extractions [105]. Lysozyme targets the peptidoglycan layer in bacterial cell walls, catalyzing the hydrolysis of β-1,4 glycosidic bonds and leading to cell wall degradation [106]. Enzymatic methods are advantageous for preserving the bioactivity and structural integrity of the lipopeptides, making them suitable for downstream applications [107]. Also, mechanical disruption methods, such as bead milling, involve the physical grinding of bacterial cells using beads or grinding media [108]. This approach is effective for larger-scale production and can be particularly useful for industrial applications [108]. The choice of cell lysis method is influenced by the need for high yields, preservation of lipopeptide bioactivity, and scalability for large-scale production.



The next crucial step involves organic solvent extraction, where hydrophobic lipopeptides partition into the organic phase, separated from cellular debris [109]. The subsequent organic solvent extraction step involves mixing the lipopeptide-containing liquid with an organic solvent, typically methanol, ethanol, or a solvent mixture [103]. This organic solvent selectively dissolves the lipopeptides from the aqueous phase, facilitating their separation. The organic phase, enriched with lipopeptides, is then isolated, and the solvent is evaporated to obtain a crude lipopeptide extract. This step is followed by purification through chromatography techniques.



A singular approach may prove insufficient for the purification of these substances. Therefore, it is typical to employ a multi-stage process for lipopeptide purification, incorporating techniques such as acid precipitation, the utilization of organic solvents, ultrafiltration, solid phase extraction, and chromatography [15]. Acid precipitation is often employed as an initial step, capitalizing on pH-induced solubility changes to separate lipopeptides from impurities, followed by centrifugation, where the precipitated lipopeptides are separated from the liquid phase [110]. Furthermore, ultrafiltration uses semipermeable membranes with defined pore sizes and concentrates lipopeptides by selectively retaining them while allowing smaller impurities to pass through, removing low-molecular-weight contaminants [111]. Chromatography and solid-phase extraction (SPE) are preferred for achieving high purity in the final stages of lipopeptide purification [15]. Both methods involve passing the lipopeptide mixture through a column, where the compounds of interest interact with the solid phase, ensuring selectivity [112]. The success of these purification methods depends on the resin type and solvent mixture, with the C18 column recognized for its efficiency in adsorbing lipopeptides due to their hydrophobic nature [113]. Despite the structural similarities within specific lipopeptide families, reverse-phase liquid chromatography methods have successfully addressed these challenges. Chromatographic techniques are not only employed for the purification of lipopeptides but are also crucial for their identification and quantification. Various chromatography variants, such as thin-layer chromatography (TLC) [114] and high-resolution liquid chromatography (HPLC), have been developed for comprehensive lipopeptide analysis [115,116].



Thus, the extraction and purification of Bacillus lipopeptides involves a comprehensive process that begins with optimized culture conditions and strain selection. An integrated approach among the discussed strategies for extraction would benefit lipopeptide extraction in regard to yield. This integrated approach ensures the isolation of highly purified Bacillus lipopeptides for further analysis.




4. Identification of Bacillus Lipopeptide-Producer Strains


Current knowledge about the biosynthesis, structure, and bioactivity of Bacillus lipopeptides has allowed the development of a great variety of methods to identify lipopeptide-producer strains across different information levels (i.e., phenotype, DNA, RNA, protein, and metabolites) (Figure 7).



For instance, PCR analysis is directed to identify the presence or absence of genes (gene-level) involved in the biosynthesis and assembly of lipopeptides [117], whereas analytical tools such as liquid chromatography or mass spectrometry are focused on identifying the lipopeptide itself (metabolite-level) [118]. Each method varies based on the purpose and maturity stage of the study. For example, if the study is in the early stages and the objective is to identify lipopeptide-producing strains in a large microbial collection (200–300 strains), high-throughput methods (i.e., PCR or drop-collapse) that allow for reducing the complexity of the collection could be a good starting point to explore lipopeptide-producing strains [119]. On the other hand, if a bioprospecting study is in advanced stages and the objective is to identify the diversity of lipopeptides produced by some interesting strains, more robust methods (ESI-MS/MS) that allow identification of lipopeptides at a homologs level could be the most appropriate approach.



4.1. Phenotype Level


Although lipopeptide production is a conserved characteristic of Bacillus strains, in part because they are metabolites involved in multiple physiological processes (i.e., biofilm formation, quorum sensing, competition for space, sporulation, etc.) [120], it has been identified that Bacillus strains are not able to produce any lipopeptide homologs [68]. In this sense, during screening assays, there are indirect methods that allow potentially lipopeptide-producing strains to be identified (Table 2). The methods used to identify strains that potentially produce lipopeptides are based on detecting changes in surface properties caused by these compounds [121], taking into account their biological activity (hemolysis test) and their amphoteric property (drop-collapse, microplate meniscus formation test, oil atomization). However, these methods have some limitations, for example: (i) it is not possible to know the type of lipopeptide and (ii) it is common to find false positives due to the production method.




4.2. DNA/RNA Level


There are two main methods for ascertaining the lipopeptide synthesis capability of bacterial species and strains: examining the final synthesized product and detecting the presence of the relevant NRPS genes within the genome. In practice, genetic profiling of bacteria is frequently accomplished through the PCR utilizing primers designed for conserved regions of NRPS-encoding genes to confirm their ability to synthesize lipopeptides [126]. The target sequences within the NRPS genes are duplicated, and the PCR amplifies the polymorphic DNA fragments [127]. Within the genus Bacillus, both species and subspecies exhibit diversity in their complement of NRPS genes.



New advances are being made toward the understanding of lipopeptides through the integration of genomic sequencing with cutting-edge bioinformatics tools through the exploration of genes and enzymes associated with lipopeptide biosynthesis, including NRPS and hybrid NRPS–PKS (Polyketide Synthase) [128]. Omic methods, in conjunction with the emergence of high-throughput sequencing technologies and robust bioinformatics pipelines, enable us to uncover the presence and organization of biosynthetic gene clusters (BGCs) [129]. High-throughput sequencing, when coupled with bioinformatics, offers a multifaceted approach to the investigation of LPs including the identification of genes responsible for LP synthesis, the anticipation of the LP’s structural composition based on genomic information, and the proposed functions and ecological roles of the LP product [44]. Among these, the Antibiotics and Secondary Metabolite Analysis Shell (antiSMASH) [130] stands out as a prominent bioinformatics tool specifically designed for BGC identification, functional annotation, and comprehensive analysis [131]. Its algorithm facilitates the alignment of microbial genomic sequences with previously cataloged BGC sequences from its database. AntiSMASH has gained extensive recognition as a screening technique for detecting diverse BGCs, encompassing those affiliated with NRPS and hybrid NRPS–PKS accountable for lipopeptide synthesis [132].



Furthermore, RT-qPCR (Reverse Transcription-quantitative Polymerase Chain Reaction) is a powerful method used for the identification of lipopeptides in Bacillus species by targeting biosynthetic gene clusters including those encoding NRPS and PKS [133]. This approach combines the precision of PCR with the ability to quantify gene expression, allowing for a more comprehensive understanding of the biosynthetic potential of these bacteria. The process begins with the extraction of RNA from Bacillus cultures, which represents the actively transcribed genetic material of these bacteria [134]. This RNA is then reverse transcribed into complementary DNA (cDNA), providing a stable and amplifiable template. Specific primers designed to target the biosynthetic genes associated with lipopeptide production are used for the subsequent qPCR amplification [135]. By comparing the expression of these specific genes across different Bacillus strains, researchers can effectively pinpoint strains actively producing lipopeptides, aiding in the selection of strains with high lipopeptide production potential. RT-qPCR, therefore, plays a pivotal role in both confirming the presence of relevant biosynthetic genes involved in lipopeptide production and providing quantitative data on gene expression, making it an essential tool in the screening and selection of Bacillus lipopeptide-producing strains.




4.3. Protein Level


Identifying lipopeptides at the protein level can be challenging but is essential for understanding their functions and potential applications. When biosurfactant extracts are derived from intricate mixtures following liquid–liquid extraction using organic solvents or precipitation, using mass spectrometry immediately after extraction might not be the most favorable approach [136]. This is primarily due to the potential interference of numerous substances within the extract, resulting in spectra with a high abundance of signals. Within these spectra, the masses corresponding to lipopeptide biosurfactants are obscured by those of other metabolites, leading to the observation of weak signals for lipopeptides [137]. In this context, the utilization of electrophoresis as a preliminary step before mass spectrometry analysis may present an intriguing method for both purifying and identifying lipopeptides, particularly within intricate sample matrices [136]. Thus, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a widely used technique for the detection and separation of proteins and peptides, and it can also be applied to the analysis of lipopeptides [138]. This method involves the use of an acrylamide gel, which, when subjected to an electric field, separates molecules based on their size and charge. For lipopeptides, which consist of both a lipid tail and a peptide head, SDS-PAGE can help in their separation and detection. In SDS-PAGE, lipopeptides are first treated with SDS, a detergent that unfolds and imparts a uniform negative charge to the molecules [104]. Post purification, the negatively charged lipopeptides are then loaded onto the polyacrylamide gel and separated based on their size. This method can reveal the presence and approximate molecular weight of lipopeptides in a sample. Additionally, by transferring the separated lipopeptides to a membrane and employing specific antibodies or stains, it is possible to further characterize and confirm the identity of lipopeptides, making SDS-PAGE a valuable tool for the analysis and detection of these compounds in complex samples [136].



Other analytical methods for detecting and quantifying lipopeptides produced from Bacillus species is the tandem mass spectrometry (MS/MS) [139]. During MS/MS analysis, the lipopeptides are first subjected to ionization and fragmentation [104]. Fragmentation patterns reveal structural information about the peptide head and lipid tail, allowing for precise identification [140]. Notably, different classes of lipopeptides, such as surfactins, iturins, and fengycins, have distinct fragmentation patterns, which can be matched against reference spectra to confirm their identity. Furthermore, by monitoring specific transitions between precursor and product ions, tandem mass spectrometry enables the quantification of individual lipopeptides in a sample. This approach enhances the understanding of the diversity and relative abundance of lipopeptides produced by Bacillus species, providing valuable insights into their potential applications in biotechnology and agriculture [141].




4.4. Metabolic Level


The identification and quantification of lipopeptides from Bacillus species at a metabolic level involve the use of various analytical techniques, including liquid chromatography (HPLC) [15], gas chromatography (GC) [121], tandem mass spectrometry (MS/MS) [142] and thin-layer chromatography (TLC) [114]. These methods enable the comprehensive analysis of the metabolic profile of lipopeptides, shedding light on their diversity, abundance, and biosynthetic pathways.



HPLC is a powerful tool for separating lipopeptides extracted from Bacillus cultures. In the case of lipopeptide analysis, reverse-phase HPLC is commonly employed, utilizing a hydrophobic stationary phase that retains lipopeptides [15]. After extraction and purification, the lipopeptides are typically separated based on their hydrophobicity and eluted in order of increasing hydrophobic character. This step helps to isolate individual lipopeptides for further analysis [143].



Another widely used method for Bacillus lipopeptide quantification is GC used to analyze the lipid tails of lipopeptides [144]. Bacillus lipopeptides often consist of fatty acid chains, and GC can separate and quantify these lipid components [145]. After saponification to release the fatty acids, the derivatized samples are injected into the GC system, which separates and quantifies the individual fatty acids in the lipopeptides [146]. This allows for the determination of the composition and abundance of the lipid tails.



Similarly, MS/MS plays a crucial role in the structural elucidation and quantification of lipopeptides from Bacillus species [147,148]. After HPLC or GC separation, the isolated lipopeptides can be analyzed by MS/MS [138]. This technique involves the ionization of the lipopeptides followed by fragmentation of the ions. The resulting fragment ions provide information about the structure of the peptide head and lipid tail. MS/MS can identify the specific lipopeptides present in the sample and determine their relative abundance [104]. Database searching and spectral libraries aid in the identification of known lipopeptides, while de novo sequencing can uncover novel lipopeptides [138].



Each technology described has its advantages and limitations (Table 3) [104,138,149,150]. Thus, the combination of these can conduct a comprehensive metabolic profiling of Bacillus lipopeptides. The obtained data allow for the identification of different classes of lipopeptides, determination of their relative abundances, and insights into the biosynthetic pathways involved. This information is valuable for understanding the potential applications of Bacillus lipopeptides in biocontrol.



Last, thin-layer chromatography (TLC) is a versatile method for lipopeptide analysis, involving the placement of a sample on an aluminum plate coated with an adsorbent-like silica gel [115]. The plate is immersed in a solvent mixture, serving as the mobile phase, and as the solvent rises through capillarity, compounds in the sample distribute differentially across the plate [115]. TLC is valuable for identifying lipopeptide families and quickly assessing compound purity during purification steps [114]. Lipopeptide identification through TLC entails comparing the Rf values between a standard and the test sample. For instance, in the identification of surfactins, iturins, and fengycins in Bacillus extracts, specific Rf values were utilized with chloroform/methanol/water (65:25:4, v/v/v) as the mobile phase and silica gel as the stationary phase [151].



The identification and quantification of lipopeptides from Bacillus species at a metabolic level necessitates a comprehensive analytical approach, employing a repertoire of techniques. Liquid chromatography (HPLC) and gas chromatography (GC) contribute to the separation and quantification of lipopeptides, providing high resolution and sensitivity. Tandem mass spectrometry (MS/MS) further enhances the precision and specificity of identification by elucidating the molecular structure of lipopeptides. Additionally, thin-layer chromatography (TLC) serves as a rapid and cost-effective tool for qualitative analysis and initial screening. The combination of these analytical techniques offers a multifaceted strategy, allowing researchers to gain a holistic understanding of the lipopeptide profiles produced by Bacillus species, crucial for applications in agriculture, medicine, and industrial processes.





5. Conclusions


Bacillus-derived lipopeptides have demonstrated exceptional antimicrobial properties that can combat a range of pathogens affecting crops. These lipopeptides act through multiple modes of action, including disruption of cell membranes, interference with signaling pathways, and modulation of host defense responses. This broad-spectrum efficacy makes them valuable tools in integrated pest management strategies. Despite lipopeptide research still being conducted in vitro, and in plant assays, due to the many limitations this has such as yield production, and complex extraction methods, this serves as a scientific background for future research of in-field applications. It gives insight into the potential effect of lipopeptide extract application as biopesticides or the application of lipopeptide-producing Bacillus species. Currently, commercialized lipopeptide-producing Bacillus species present high inhibition rates against phytopathogens. Much research is still needed to migrate this technology to in-field applications. Thus, understanding the biosynthesis of lipopeptides with biological control bioactivities provides key gene identification in molecular processes that could better the yield obtention of Bacillus lipopeptides and generates a better understanding of how these molecules are produced and their regulation.
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Figure 1. Lipopeptide’s role in the biological control of phytopathogens is divided into direct (including the two main bioactivities for pathogen inhibition) and indirect mechanisms (including induced systemic resistance and competition mechanisms). 






Figure 1. Lipopeptide’s role in the biological control of phytopathogens is divided into direct (including the two main bioactivities for pathogen inhibition) and indirect mechanisms (including induced systemic resistance and competition mechanisms).



[image: Stresses 04 00007 g001]







[image: Stresses 04 00007 g002] 





Figure 2. Structures of the three main lipopeptide families produced from Bacillus species. 
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Figure 3. Activation of master regulators in cell differentiation of Bacillus. Adapted from Kalamara et al. [49]. 






Figure 3. Activation of master regulators in cell differentiation of Bacillus. Adapted from Kalamara et al. [49].



[image: Stresses 04 00007 g003]







[image: Stresses 04 00007 g004] 





Figure 4. The Bacillus metabolism involved in surfactin production and sporulation. Signage is carried out by ComX, Pro-Phr, and the sporulation process including histidine kinases (A–E). Adapted from Boguslawski et al. [54]. 
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Figure 5. Biosynthesis of iturin and regulation by Bacillus, initiated by the activation of the ItuA gene and regulated by quorum-sensing-related genes ComX and ComA-P among others. 
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Figure 6. Biosynthesis of fengycin and regulation by Bacillus, governed by the fen cluster (fenA, fenB, fenC, fend, and fenE). 
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Figure 7. Identification of lipopeptide-producing Bacillus strains. 
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Table 1. Description of lipopeptide-producing Bacillus species and phytopathogen inhibition to suppress plant disease in crops of agricultural importance.
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	Plant Disease
	Phytopathogen
	Lipopeptide Producing Specie
	Lipopeptide Inhibiting the Phytopathogen
	Application Method
	Inhibition
	Reference





	Gray mold disease of apple
	Botrytis cinerea
	Bacillus subtilis S499
	Fengycin
	Cell-free lipopeptide applied directly to the infected apple
	70%
	[12]



	Spot blotch on wheat plants
	Bipolaris sorokiniana
	Bacillus cabrialesii TE3T
	Surfactin and fencgycin
	Foliar application of crude lipopeptide extract
	93%
	[24]



	Leaf spot on sugar beet
	Pseudomonas syringae
	Bacillus pumilus (SS—10.7) and Bacillus amyloliquefaciens (SS—12.6 and SS—38.4)
	Surfactin, fengycin and iturin
	Foliar application of crude lipopeptide extracts
	92%
	[36]



	Watermelon wilt
	Fusarium oxysporum
	Bacillus amyloliquefaciens DHA55
	Surfactin, fengycin and iturin
	Plants drenched in inoculum suspensions
	71.50%
	[37]



	Arabidopsis root infection
	Pseudomonas syringae
	Bacillus subtilis 6051
	Surfactin
	Bacterial inoculation on plant
	70%
	[38]



	Tomato wilt
	Ralstonia solanacearum
	Bacillus velezensis FJAT-46737
	Surfactin, fengycin and iturin
	Tomato seedling roots were dipped in the crude lipopeptide solution
	96.20%
	[39]



	Root and foliar diseases of soybeans
	Xanthomonas axonopodis PV. Glycines
	Bacillus amyloliquefaciens KPS46
	Surfactin
	Cell-free supernatant treatment of soybean seeds
	30%
	[40]



	Sclerotinia stem rot disease
	Sclerotinia sclerotiorum
	Bacillus amyloliquefaciens
	Surfactin and fengycin
	Spray (bacterial cells grown in MOLP) on soybean plants
	100%
	[41]



	Sigatoka disease of banana
	Pseudocercospora fijiensis
	Bacillus tequilensis EA-CB0015
	Surfactin, fengycin and iturin
	Banana plants were sprayed with liquid culture including biomass of bacteria and the lipopeptides
	100%
	[42]



	Damping-off bean
	Pythium ultimum
	Bacillus subtilis M4
	Iturin and fengycin
	Bean seed soaked in cell suspension n of 5 × 108 CFUs
	98%
	[43]










 





Table 2. Indirect screening methods to identify potentially lipopeptide-producing strains.
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	Method
	Description
	Reference





	Drop-collapse assay
	Each well of a microplate is coated with a layer of oil (i.e., mineral oil) before analysis. Then, a drop of the supernatant is added to the center of a well and observed after 1 min. The drop formed (as it is immiscible) will collapse revealing the presence of biosurfactants, including lipopeptides.
	[122,123]



	Hemolytic assay
	The bacteria are cultured on blood agar in a Petri dish. After a number of certain days of growth, the formation of a halo around the colony (β-hemolysis) indicates the production of lipopeptides.
	[123]



	Meniscus formation assay
	One volume of supernatant is placed in a 96-well microplate. When biosurfactants (including lipopeptides) are present in the supernatant, the surface of a wellbore liquid forms a concave lens that distorts the view of a grid.
	[124]



	Oil atomization
	The bacteria are grown on Petri dish agar. After a number of certain days of growth, a mist of mineral oil is applied to an agar surface with an airbrush. A halo around the colony indicates the production of biosurfactants, including lipopeptides.
	[119,125]










 





Table 3. Advantages and limitations of used techniques for identification of lipopeptides.
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	Technique
	Principle
	Advantages
	Limitations





	Liquid chromatography (HPLC)
	Separation based on hydrophobicity.
	Separates lipopeptides from complex mixtures.
	Limited to the separation of intact lipopeptides without detailed structural information.



	Gas chromatography (GC)
	Separation based on volatility.
	Quantifies fatty acid chains of lipopeptides.
	Requires saponification and derivatization, limited to the analysis of lipid tails.



	Tandem mass spectrometry (MS/MS)
	Fragmentation of ions for structural elucidation.
	Provides detailed structural information and identifies specific lipopeptides.
	Requires prior chromatographic separation, and database searching for identification.



	Thin-layer chromatography (TLC)
	Separation based on hydrophobicity.
	Provides easy visualization of separated compounds.
	Limited resolution and sensitivity.
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